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Abstract — Seaweed valuables have been researched a lot in the last decades but there is a lack
of information on brackish seaweed at the eastern part of the Baltic Sea. Previous research
shows that Baltic seaweed can be used as a source for phycocolloids as well as for bioenergy.
The amount of available usable biomass is not clear, also seaweed in brackish seawater does
not reach the dimensions such as the same species in Western parts of the Baltic Sea where
the salinity is higher. Therefore, the use of this biomass must be smart to create economic
benefit. Three abundant Baltic brackish seaweed species were chosen, to represent green,
brown and red seaweed groups and an in-depth information analysis was made to clarify
possible focus substances that could be extracted from these species. In this paper we
summarize literature of common seaweed components, traditional extraction technology, and
potential amount in seaweed and give an overview of novel methods for extraction of seaweed
bioactive compounds.

Keywords — Bioeconomy; extraction; Fucus vesiculosus; Furcellaria Ilumbricalis;
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1. INTRODUCTION

Biorefinery is an important part of the biobased economy and biotechonomy integrating
different biomass conversion processes to produce energy and value-added products into a
single facility. Biotechonomy is the sustainable conversion of a biomass to produce energy,
food, feed, pharmaceuticals and other materials [1]-[3]. The production of these products
through a biorefinery concept and in compliance with the biotechonomy approach make the
cultivation and seaweed processing economically and environmentally feasible, respecting
social and policy angles. Nowadays the global biorefinery concept mainly includes terrestrial
biomass with plants and forest on top and only a small part has recently been devoted to
algae [4].

Marine macroalgae or seaweed have the potential to partly replace terrestrial biomass. With
current research going on in this field it is already declared that algae are a third generation
bioresource and do not compete with food and feed plants, nor do they use resources for their
growth. Valuable substances that can be found in algae can be a way to promising low-carbon
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economy. Seaweed aquaculture is already popular in Asian countries [5], but seaweed natural
distribution area covers the world, including Europe and the Baltic Sea [6]. Recently seaweed
products have become popular in Europe as a source of polysaccharides for food and
pharmaceutical use [7], [8]. The seaweed mineral content is higher than the mineral level in
terrestrial plants and animal products [9], [10]. High mineral and low-fat content makes
seaweed a suitable feedstock for food and feed.

Even though seaweed compounds have recently been widely researched, there has been lack
of information on brackish seaweed naturally growing on the eastern part of the Baltic Sea.
In any case, the amount of available biomass is not clear, but it is known that specimens do
not develop to a great size as the same species in the Western parts of the Baltic Sea. To gain
the maximum benefit from a minimum amount of biomass, a smart biorefinery strategy has
to be used.

In this review, a summary of seaweed biorefinery potential compiling the most common
seaweed compounds and their contents have been developed. Three Baltic Sea brackish
seaweed species were chosen to represent green, brown, and red seaweed groups and an
in-depth information analysis was conducted to clarify possible focus substances that could
be extracted from these species. Extraction techniques that would allow to use leftover
biomass from extraction processes were summarized and discussed.

This review focuses on seaweeds abundant in Eastern Baltic Sea region, where salinity
ranges from 5 % to 7 %. A comprehensive literature review was done to investigate the
potential added value compounds contained in three Eastern Baltic typical seaweed species
and their extraction technologies to build the analytical basis for prediction and planning of
Baltic seaweed application pathways under the biorefinery concept. An in-depth literature
search was done to summarize the research performed on seaweed extraction, and relevant
quantitative and qualitative data on seaweed extraction was summarized and combined in
tables.

2. EASTERN BALTIC SEAWEED POTENTIAL

2.1. Seaweed Components

Seaweed is composed of a special composition of substances. Even though it is often
considered as a close ancestor to terrestrial plants, substances found in seaweed are
different [11]. Known for their high nutritional and pharmaceutical value, they are widely
consumed as food and as herbal remedies to cure health problems like eczema, psoriasis, renal
disorders, digestive system problems, heart and cardiovascular diseases and are even
mentioned as a treatment for cancer [12]-[15]. Seaweed use as feed, food, fertilizer,
fungicide, herbicide has developed a demand for seaweed as a valuable resource [15]-[17].

Nutrient composition in seaweed varies, depending on the species, time of collection,
geographic location and environmental conditions such as temperature, light and nutrient
concentration in water. Even the same seaweed genus can have great differences in their
nutritional composition.

Seaweed biomass has a high polysaccharide amount (Table 1) that exists in the cell wall
structures and has numerous commercial applications in products such as stabilisers,
thickeners, emulsifiers, food, feed, beverages, etc [18], [19]. The total amount of
polysaccharides can range from 4 % to 76 % of dry weight.
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TABLE 1. MAJOR SACCHARIDES AND POLYSACCHARIDES FOUND IN EACH
OF THE THREE TYPES OF SEAWEED [20]

Green algae Brown algae Red algae
Cellulose Cellulose Cellulose
Starch Laminarin starch Floridean starch

Mannan or galactan ~ Mannitol (monomer)  Agar

Heteroglycan Alginic acid Carrageenan
Ulvan Fucoidans Xylan
Xylan Galactan

Structural features of polysaccharides give them the ability to bind water up to 20 times
their weight to give hydrogel, which qualifies them to be referred to as hydrocolloids or
phycocolloids. The formation of gel involves non-covalent interaction, such as hydrogen
bonding, hydrophobic and ionic interaction among the constituents and are formed from
cooling of heated solutions of polymers. Many polysaccharides can form hydrogels by either
heating or cooling. The gel is composed of at least two components, where a polymer forms
a three-dimensional network in a liquid medium such as water.

The amount of proteins in seaweed varies in relation to surrounding environmental factors
and species [21]. Highest protein concentrations are reported in winter and early spring
months and lowest concentrations regarding to nitrogen concentrations have been observed
from July to October. In general, red and green seaweed have relatively high protein
concentrations (10 %—30 % dry matter), while brown seaweed contains an average of 3 %—
15 % of dry weight [22]. Brackish red seaweed Furcellaria lumbricalis sometimes is
assimilated to Palmaria palmata for which protein content can represent even up to 35 % and
47 % of the dry mass. That is higher protein amount than legumes, like soybean with 35 % of
protein in dry mass, meaning it can be alternative dietary addition for vegetarian and vegan
diet. The amino acid composition of seaweeds can be compared to other protein sources such
as eggs and soybean. For most seaweed, glutamic acid and aspartic acids together make a
large part of the total amount of amino acids [21].

As photosynthetic organisms, seaweed contains pigments that are responsible for the
variety of colours observed in brown, green and red seaweed. These pigments allow seaweed
to absorb the light necessary for photosynthesis at depths that have various degrees of light
intensity. These pigments can be divided into three main groups which include chlorophylls,
phycobiliproteins and carotenoids and have various health benefits (Table 2).

TABLE 2. DOMINANT PIGMENTS REPRESENTING THE THREE MACROALGAE GROUPS

Pigment Class Green Algae Brown Algae Red Algae Reference
Chlorophylls Chlorophyll a, Chlorophyll a Chlorophylls a [23]
Chlorophyll b, Chlorophyll b Chlorophyll d
derivatives Chlorophyll ¢ derivatives  derivatives
Carotenoids o, P, y-carotene, Fucoxanthin Xanthophylls [20], [23]-[25]
Xanthophylls Xanthophylls o, B-carotene
B-carotene
Phycobiliproteins - - Phycoerythrin [23], [24]

Phycocyanin

Chlorophyll and its derivatives are associated with a number of health benefits including
antioxidant and anti-mutagenic activities which may help to prevent cancer [26]. Carotenoids
found in seaweed include B-carotene, fucoxanthin, astaxanthin, violaxanthin, tocopherol,
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zeaxanthin and lutein [19]. Fucoxanthin is another carotenoid present in brown seaweed such
as Ascophyllum nodosum and Laminaria digitata [27]. Phycobiliproteins are water-soluble
pigments that are found in red seaweed and include phycoerythrin, phycocyanin and allo-
phycocyanin. Previous scientific studies have reported that this group of proteins possess anti-
inflammatory, liver protecting, anti-viral, anti-tumour, serum lipid reducing and anti-oxidant
properties [14]. Phycobiliproteins are found in red seaweed such as Chondrus chrispus and
Furcellaria lumbricalis and are responsible for the red-brown colour of these species [28].

Lipids represent only 1-5 % of seaweed dry matter and show a valuable polyunsaturated
fatty acid (PUFA) composition particularly regarding with omega-3 and omega-6 acids which
play arole in the prevention of cardio-vascular diseases, osteoarthritis and diabetes. The green
algae show interesting levels of alpha linolenic acid. The lipid content in seaweed is very
sensitive and has significant differences between species, it also varies by geographical
location, season, temperature, salinity and light intensity [29]. Although oxidative stability of
PUFAs in brown seaweed lipids is not clear yet, these lipids could be applied to nutraceuticals
and functional foods as an oxidative stable omega-3 source.

The mineral composition varies according to genera as well as various other factors such
as seasonal, environmental, geographical and physiological variations, as well as the seaweed
type such as wild type and cultivated type [15]. Seaweed contains significant amounts of
essential minerals (Na, K, Ca, and Mg) and trace elements (Fe, Zn, Mn, and Cu), which play
an important role in building human tissues and regulating vital reactions as related elements
of many metalloenzymes due to their cell surface polysaccharides (e.g., agar, carrageenan,
alginic acid, alginate, salt of alginate acids, and cellulose), enabling them to absorb inorganic
substances from the ambient environment [15]. The mineral content in the form of ash of the
seaweed reaches levels of up to 55 % on a dry weight basis.

Phenolic compounds are a group of secondary metabolites comprising a wide variety of
compounds produced by both terrestrial and aquatic plants, which include seaweed [30].
One of their most outstanding features is their antioxidant properties, as they prevent the
formation of many free radicals because of their metal ion chelating capacity [20], [31].
Phenolic compounds include: flavonoids — that are associated with various bioactivities,
including the antioxidant and radical scavenging activity, lignans, tannins, tocopherols, and
phenolic acids [32]. Flavonoids that are known as safe and non-toxic antioxidants, have an
important function to protect the plant against UV radiation [33]. The capacity of flavonoids
to act as antioxidants depends on their molecular structure. The position of hydroxyl groups
and other features in the chemical structure of flavonoids are important for their antioxidant
and free radical scavenging activities [34].

2.2. Eastern Baltic Seaweed Biorefinery Potential

To estimate Baltic seaweed biorefinery potential, the most abundant species were chosen
and in-depth literature research was carried out to seek for possible compositions. Findings
from researched scientific literature were summarized in Table 3. It must be mentioned that
data summarized in this table is not only from seaweed from the Baltic Sea but also from the
same species of algae growing around the world. In this way, we can evaluate all potential
quantities that could be extracted from these species of seaweed. As mentioned before,
seaweed composition can change from season, location, depth and other factors both biotic
and abiotic. This table shows all concentrations of the substances that can be expected from
these types of biomass. Before commencing any kind of production, it is necessary to carry
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out in-depth composition analysis for locally available seaweed, and repeat analysis 2—4 times
through the year to see the composition dynamics during the seasons.

TABLE 3. EASTERN BALTIC SEAWEED BIOREFINERY POTENTIAL

Green algae
(Ulva intestinalis)

Brown algae
(Fucus vesiculosus)

Red algae

(Furcellaria lumbricalis)

Carbohydrates (% DW) 31.34-92 [35]-39] 65.7 [7] 55.4
Polysacchrides 4.9-59 [35], 2.31-22 [43]
[38],
[40]-[42]
Agar 19-28 [44]
Alginate 2-59 [38]
Furcellaran 40-50
Cellulose 34-5.7 [28],
[45]
Proteins (% DW) 9.49-20.60  [35], 1.4-113 [91, 13.1-28 [28],
[371- [48] [49]-
[39], [51]
[41],
[42],
[46], [47]
Pigments (% of total pigments)
Chla 0.394 [52] 0.157-5 [52], 0.228 [52]
[53]
Chlb 0.078
Chlc 0.035 [52]
B carotenoids 0.2 [53] 13.3-28.6 [28],
[52]
Fucoxantin 1
R-phycoerythrin 0.1 [28]
Xantophyll (mg/kg) 32.8 [50]
Phenolic compounds 18.4 [20], 2.25-4.6 [28],
(% ww water extracts) [53], [52]
[54]
Lipids (% DW) 1.16-22.0 [91,[39], 3.954.38 [48], 1% [49],
[47], [58] [50]
[551-57]
Fatty acids (FA) [91, [55], [91, [50],
56], [59] [48], [51],
© ) 0606 [ :
SFA (% of total FA 25.0-60.6 24.3 [60] 38 [60]
C10:0 2.8-18.8
C14:0 1.8-5.38 7.5-13.9 5.07
C16:0 17.9-23.2 9.6-12.1 29.36
MUFA (% of total FA) 21.81-24.8 47.1 28.80
Cl6:1,n7 1.8-6.56 46.9-31.9 8.54
C18:1,n7 7.6-15.2 4.80
C18:1.n9 1.5-5.4 46.0 10.22
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PUFA (% of total FA) 14.8-37.1 258 14.45

C16:4.n3 4.8-10.0

C18:2. 16 46-58 7.5-10 248

C18:3.n3 8.55-24.1 27-34 2.05

C18:4.n3 439-14.4 22 0.92

€20:4. n6 14-15 74 1.63

€20:5.n3 0.8-5.43 3.7-6.7 3.26

Minerals (mg/100g) [47],[60]  [6], [7], [70], [76] [60]

Mg 11 6.7 8.9

K 12 25 42

Ca 29 30 37

Na 8.5 18 10

P 1.7 1 12

Cu 5.7 3.7 6.2

Fe 5800 290 130

I 130 260 84

Mn 180 37 75

Se 0.76 0.08 0.1

Zn 21 28 23

Total ASH (% DW) 542294 [38], 18.74-30.30  [7], 9-41 [45],
[42], [9], [50],
[46], [10], [51]
[47], [61] [54]

As illustrated in the table, green algae can be rich with carbohydrates, therefore can be used
as a source for cellulose and alginate. Red algae are rich with pigments, that also are valuable
antioxidants, therefore can be used for nutritional and pharmaceutical purposes. Values of
minerals and phenolic compounds in brown algae show that those could be potential use
pathways for these types of seaweed. The amount of the substances detected in the biomass
depends mainly on the extraction technologies used.

3. TECHNOLOGICAL SCHEME OF SEAWEED EXTRACTION

3.1. Selection of Criteria for Seaweed Biomass Extraction

To determine extraction parameters for an application of seaweed extracts it is necessary to
define its field of application before using the macroalgae. The degree of purity of the product
and impurities are co-factors that determine the national economy sector in which the extract
is to be used. In context of biorefinery, the field of application also determines the number of
extraction steps, theoretical structure of the plant and technological steps [62], [63]. Seaweed
composition varies significantly between species depending on nutrient availability,
seasonality and other environmental factors [63], [64]. The choice of species of algae for the
desired production is an important factor as it affects not only the ability to produce
large-scale biomass but also the composition of valuable compounds under relevant
environmental conditions. Although each species of algae offers a unique proportion of
proteins, carbohydrates and lipids, some are high in lipids while others are high in protein or
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carbohydrates. Selection criteria should be based on their nutrient content as well as their
specific use requirements [65].
The following criteria should be considered when selecting the appropriate algae for food,
feed and fuel production:
— Constantly and steadily growing (open pond/sea);
— Produce large-scale biomass;
— Produce high quality and relatively constant ingredients of desirable nutritional value;
— Survive and grow seasonally and with daily climate change;
— Exhibit high photosynthesis efficiency and energy conversion rate;
— Provide minimal dirt from attachment to environment;
— Easy to collect and extract substances [66].

Selection of criteria also includes seaweed harvest, pre-treatment and storage methods [67].
According to the Baltic Marine Environment Protection Commission (HELCOM), the
following seaweed species are available for biomass extraction in the Baltic Sea: Furcellaria
lumbricalis, Fucus vesiculosus, Cladophora aegagrophila, Laminaria digitata, Chorda filum,
Fucus serratus, Chorda tomentosa, Fucus spiralis, Laminaria sacchari [68]. This list
includes two of the Eastern Baltic seaweed species used in this research: Furcellaria
lumbricalis and Fucus vesiculosus.

In order to obtain the highest quality product, there are several steps to increase efficiency
of seaweed extraction (Fig. 1).

| Assessment of geographical availability and mechanical harvesting of algae |
SN2

| Selection of algae or mixture of algae based on 'criteria for seaweed biomass extraction' |
SZ

| Pretreatment methods used (one or more) |

2
First pretreatment
Washing | Drying I Milling

NS

Secondary pretreatment (concerning extraction process)

Mechanical-physical pretreatment | Chemical pretreatment I Enzymatic pretreatment

Extraction process;

Conventional I Novel

Fig. 1. Scheme of seaweed handling before extraction.

Extraction process of seaweed can be done in different ways depending on product quality
parameters and specific biomolecules needed. Based on previous work [62], it is clear that
the use of biorefinery principles is needed to ensure the economical and sustainable extraction
of algae products. The conceptual model proposed in the previous work states that a high
added value product is obtained and biomass is used with maximum efficiency meaning that
physical, chemical and biological transformation processes must operate in a sequential
system and in a symbiotic operation to ensure efficient, and hence more profitable, product
production [62].
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Existing scientific literature offers two perspectives on extraction. The first approach is: (a)
based on the treatment of substrates under defined conditions with conventional extraction
methods, in this case, seaweed extraction to obtain biomolecules, (b) second approach is
based on novel extraction techniques and methods that reduce the cost of extraction, reduce
the number of extraction steps and increase the yield of biomolecules.

Traditional and innovative methods can be combined to get the best extraction yield at the
lowest cost and least impact on the environment. Traditional extraction methods are based on
thermomechanical effects and chemical hydrolysis processes, while novel techniques are a
significant improvement on existing technologies and are based on the use of physical
phenomena (pressure, electric field, ultrasound, microwaves) and biological (enzymes)
effects on the matrix [69], [70]. This review article does not address groups of substances or
compounds that are relatively unexplored and commercially insignificant.

Just before the extraction of the bioactive substances, it is necessary to process the biomass
in order to obtain maximum yield. Secondary pre-treatment methods are divided into three
groups of methods that can be used to extract different bioactive substances — lipids, Pigments
and sugars [71]:

— Mechanical-physical _pre-treatment methods e.g. autoclaving, bead-beating,
microwave, sonication, freeze-drying, mechanical crushing, lyophilization and pulsed
electric field technology.

— Chemical pre-treatment methods e.g. liquid nitrogen, nitric acid, acetic acid,
hydrolysis by NaOH, HCI, H,SOj4, NaCl solution, nitrous acid.

— Enzymatic pre-treatment methods e.g. cellulase, protease K, driselase, alginate lyase S.

3.2. Conventional Extraction Techniques

Conventional extraction methods use organic solvents (i.e. petroleum ether, hexane,
cyclohexane, isooctane, toluene, benzene, diethyl ether, dichloromethane, isopropanol,
chloroform, acetone, methanol, ethanol etc.) and acids or alkalis, and water. The main purpose
of these aggressive substances is to disrupt cell membranes and allow substances contained
in the algae to enter the extraction matrix. According to current trends, the solvent used in the
extraction process should be cheap and non-toxic [71].

Several types of extraction methods have been used based on the literature on extraction of
bioactive compounds from various matrices. Existing conventional extraction methods
include:

1. Hydrodistillation;
Soxhlet extraction;
Maceration;
Percolation;
Infusion;
6. Decoction; hot continuous extraction [72].

Effectiveness of these methods depends on various influencing parameters, such as solvent
properties (polarity, toxicity, volatility, viscosity, and purity), sample size and concentration,
particle size, time, polarity of extractant [73], [74]. Drawbacks of conventional techniques
are long extraction time, need for very high purity solvents, energy consumption associated
with evaporation of a large amount of solvent, relatively low extraction yield, selective and
thermolabile degradation of the components used [75]. Traditional extraction methods are
relatively well described in scientific literature (lab scale). Environmental policy and resource

nk v
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consumption, scientific research viewpoint has advanced green extraction methods
(innovative - modern - non-conventional) [69], [70], [75], [76].

Seaweed carbohydrate extraction methods: 1) Food grade — agar, alginate, carrageenan,
mannitol; 2) Nonfood grade polysaccharides —  fucose-containing sulfated
polysaccharides/fucoidan, laminaran, ulvan; their sources, structures and physical properties
and uses are well described in Rioux and Turgeon, 2015 [77], in context of hydrocolloids [78]
and dietary fibers [76]. Generally, seaweed carbohydrate compounds are extracted using the
following methods: i) heating in water; ii) by heating in water with an alkali compound
(e.g., sodium bicarbonate) followed by cooling, separation and purification. One of the major
drawbacks of the current industrial extraction of seaweed hydrocolloids is the huge time,
energy and water consumption. Extraction of seaweed hydrocolloids usually takes 3 hours to
achieve optimum yield, depending on the type of hydrocolloids involved. Basically, agar,
alginate, and carrageenan extraction should take 2 to 4 hours, but with green methods, it may
take up to a few minutes [63], [77], [78]. Seaweed cellulose also belongs to this product group
but is not mentioned because existing land-based biomass is a much more accessible and
easily obtainable source of cellulose.

Extraction of seaweed proteins, peptides, and amino acids is mainly done on a laboratory
scale. Main methods for extracting seaweed protein fractions in the context of traditional
methods are solvent extraction, proteolytic hydrolysis (enzymes from microorganisms,
plants), hydrolysis by proteolytic microorganisms during fermentation. The overall view of
protein in seaweed and extraction methods, is well considered in Pangestuti and Kim, 2015;
Bleakley and Hayes, 2017; Kazir et al., 2019 [79]—-[81]. Algae proteins are extracted by water,
acid and alkali methods followed by several centrifugations, dialysis and recovery steps using
methods such as ultrafiltration, precipitation or chromatography. Successful extraction of
algae proteins can be greatly influenced by the availability of protein molecules, which are
significantly inhibited by high viscosity and anion cell wall polysaccharides such as alginates
and carrageenans [80].

Macroalgae are generally considered unsuitable for the production of oil-based products
since most species have a low total lipid content <5 % by weight [64], [82]. Oils from algae,
plant biomass are extracted through a variety of methods including organic solvents and
water [83]. However, the green extraction process is better suited for low oil oxidation and
high yield [84]. The most common traditional lipid extraction methods are water vapour
extraction or solvent extraction, such as soxhlet [72].

Seaweed contains a large amount of minerals, up to 30 % of dry weight. Minerals include
Na, Ca, Mg, K, CL, S and P and trace elements (Fe, Zn, Mn, Cu). Mineral content of seaweed
is generally high (8—40 %). Minerals and trace elements essential for human consumption are
predominantly in brown and red algae [64], [82]. Part of the minerals from the algae biomass
can be extracted by incineration and acid treatment of the resulting material [85].

3.3. Novel Extraction Techniques

Extraction of biologically active compounds from macroalgae can be conducted through
novel methods. These methods are often qualified as green methods. Green methods have
several advantages over conventional, including reduced amount of solvent used (including
its recovery), shorter time of extraction, and technological performance at lower
temperatures. These methods also include improved selectivity for isolation of the desired
compounds while avoiding the formation of by-products during extraction and adverse
reactions [86]. Most of the extraction methods listed below are considered “green” because
they meet the standards that have crystallized in green extraction [87], [88]. Compared to
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conventional extraction methods, the main advantages of innovative extraction methods are
higher efficiency, use of water, renewable raw materials, more environmentally friendly
treatment conditions, significantly reduced use of hazardous chemicals, safer co-solvents,
energy efficiency, reduced derivatives [72]. Based on the reviewed papers and others, there
are six novel techniques for biomolecule extraction from seaweed [67], [71], [72], [74], [75],
[86], [89]:

— Supercritical fluid extraction (SFE) — SC-CO»;

— Microwave-assisted extraction (MAE);

— Ultrasound-assisted extraction (UAE);

— High-pressure methods (HPM);

— Tonic liquids extraction (ILE);

— Enzymes-assisted extraction (EAE);

— Pulsed electric field extraction (PEF) (see Annex Table 1).

Supercritical fluid extraction (SCF-CO,) applies supercritical fluids to separate compound
from matrix using SC-CO; as solvent. The most important factors affecting the extraction are
pressure, temperature, time and SC-CO; flow rate. The prerequisite for the method is
extraction in a dry environment where humidity is below 20 % in the extraction matrix. As a
result, SCF-CO, extracts non-polar materials. The co-solvents used, such as methanol or
ethanol, make the spectrum and method of extraction more efficient (for polar materials).

Microwave-assisted extraction (MAE) uses microwaves to warm the solvents in contact
with solid matrix to extract contents from the solution. The solvents used, the temperature
range, the time of extraction and the power used affect the MAE. This method makes it easier
to obtain a spectrum of different polar compounds. The selectivity is affected by the solvent
used.

Ultrasound-assisted extraction (UAE) utilizes ultrasound to penetrate solvents in contact
with the solid matrix to extract content from the solution. The advantages of the UAE method
are the low operating temperatures, efficient cell disruption and various extraction media.
Disadvantages are high energy consumption and low extraction volumes, which significantly
complicate the technology scale-up.

Enzymatic hydrolysis uses exogenous enzymes to digest material. The efficiency of the
method is influenced by the enzyme used, its activity and concentration, temperature, pH.
The method is ineffective at elevated temperatures due to enzyme denaturation. Hydrolysis
is stopped by heating the material.

High-pressure methods use solvents under critical conditions (increased temperature and/or
pressure) to speed up extraction rate of solvents used. There are different variations of
high-pressure methods. For example, “Subcritical Water Extraction (SWE)” and “Accelerated
Solvent Extraction (ASE)”. The influencing parameters are pressure, extraction temperature,
solvent concentration and time. In the case of water as a solvent and other solvents, these
parameters differ significantly (see Annex Table Al).

Tonic liquid extraction uses specially designed ionic liquids to extract a wide range of
compounds. Applied extraction conditions strongly depends on target compound.
Pulsed electric field extraction utilizes an electric field to disintegrate cell matrix.

4. CONCLUSION

Literature analysis shows several reviews on extraction of biomolecules from biomass in
different contexts, like conventional and novel extraction, as well as pre-treatment of algae
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biomass, compounds from other marine organisms such as fish and crustacean. Our review
shows there are many differences in bioactive compounds between Baltic seaweed species. It
is possible to extract main seaweed polysaccharides, proteins, lipids, pigments, minerals
using novel methods. The studies referred to in this review show the possibility of using
eastern Baltic seaweed biomass to extract different kinds of valuables. Even though the
quantities of valuables can change a lot due to environmental parameters, this analysis can be
used to predict and plan Baltic seaweed application pathways. Novel methods are
characterized by more environmentally friendly extraction conditions, high power
consumption, need for ongoing optimization of processes. Availability and quality of algae
species play an important role in integrating these extraction methods (scale-up). Seaweed
biorefinery focuses on single product extraction, newer literature shows increase in products
and extraction techniques. For development of more than single phase extraction system,
further research in different directions, regarding optimal process parameters, consumption
of chemicals (co-solvents), biotechnology and extraction vessels is needed. Our analysis also
shows that most extraction processes and results are obtained from laboratory-scale
experiments and there is a need for industrial scale data. Limited technologies and
unpredictable amounts and quality of seaweed biomass still could be serious problems to limit
extraction. This review can be used as a tool to consider ways to apply cascade principle to
extraction process.

Still many challenges remain with respect to use of Baltic seaweed for chemical production,
such as seaweed availability and large seasonal variation in the chemical and nutritional
composition of the seaweed. Seaweed biomass varies between species, locations, season and
the yields and type of products obtained are highly dependent on the processing technologies.
Further research is suggested to analyse seaweed biomass and change of biomass composition
during the different seasons and locations.
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ANNEX

TABLE A1l. OVERVIEW OF NOVEL METHODS FOR SEAWEED BIOACTIVE COMPOUND EXTRACTION

Extraction technique Seaweed species under investigation Extracted bioactive compounds Application outlook References
Conditions (C) and influencing parameters
(IP)
Supercritical CO, (SC-CO») Cladophora glomerata, Chara fragilis, Fucoxanthin, polyphenols, High investment cost; [84], [86],
(C) Pressure 9.1-40 MPa, Temp. 25-75 °C, Chondrus crispus, Dictyopteris phlorotannins, carotenoids, ) Operates in elevated [90]-[93]
Time 50360 min, membranacea, Fucus serratus, pigr.nents,_fattyl acids, cytokinins, | pressure (safety);
. Gracilaria mammillaris, Hypnea charoides, auxins, microelements, ;

>2 mL CO2/min . o macroelements High power
Coosol ] Hypnea spinella, Halopytis incurvus, consumption.
EO(;SP(I) (\;esnti's % Porphyra sp., Laminaria digitata,

! T . Sargassum muticum, Sargassum vulgare,
Sunflower, soybean, canola oil 0.5-2 %. Ul lathrat
(IP) Water %, T °C, pressure. Flow of CO,; va c-a Tﬁa 4 ) ] o
Extraction type: continuous, co-solvent Undaria pinnatifida, Polysiphoniucoides,
soaking ’ ? ’ Saccharina japonica, Sargassum horneri,

. Undaria pinnatifida, Ulva flexuosa,
Microwave-assisted extraction (MAE) Ascophyllum nodosum, Carpophyllum Polysaccharides, alkaline, Hard to scale up; [86], [94]-
(C) Power 300-1000 W; flexuosum, Carpophyllum plumosum, galactans, carrageenans, agar, Generation of heat leads [98]
Frequency — 2450 MHz; Caulerpa racemose, Carpophyllum phlorotannins, phloroglucinol, to degradation of
. flexuosum, Ecklonia radiata, Enteromorpha | iodine, bromine, phenols, thermolabile compounds;
Temperature — 10-185 °C; prolifera, Fucus vesiculosus, Padina phytosterols, phytol Low efficiency when
Solvents — EtOH, H>0, acetone, propanol, pavonica, Sargassum thunbergii, usine volati
i L. . g volatile solvents.

ethyl acetate, 0.1 M HCI, petroleum ether. Monostroma latissimum, Ulva meridionalis,
ethyl acetate? ’ ’ Ulva ohnoi, Ulva prolifera, Undaria
Time — 2-30 min. pinnatifida,
(IP) Particle size, solvent used, time, capacity,
and frequency of microwave
Ultrasound-assisted extraction (UAE) Hormosira banksia, Ascophyllum nodosum, | Polyphenols, laminarin, High power consumption | [99]-[103]

Ascophyllum nodosum, Laminaria
hyperborean, Ecklonia cava, Gelidium

phycobili-proteins, taurine,

and difficult to scale up.
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(C) Ultrasound Equipment — Ultrasonic bath,
Ultrasound probe;

Frequency — 20-60 kHz;

Power — 100-750 W;

Temperature — 20—60 °C;

Time — 2-720 min;

Solvents: ethanol, 0,03 M HCI, methanol,
water;

Small sample — 1-10 g.

(IP) Ultrasonic frequency, power, time and
medium.

pusillum, Sargassum muticum, Osmundea
pinnatifida, Codium tomentosum, Laurencia
obtuse, Porphyra yezoensis

fucose, uronic acid, antioxidants,
prebiotic compounds

High pressure methods

“Subcritical Water Extraction (SWE)”
“Pressurized liquid extraction (PLE)”
“Accelerated solvent extraction (ASE)”

(C) Water extraction:

Pressure — 1.3-52 MPa;

Temperature — 50-420 °C;

Time — 5-25 min;

Solvent Extraction: 50-200 °C; 3.5-20 MPa

(IP) Temperature (°C), solvent concentration
(%), static time (min), pressure (psi), weight of
sample (g), and flush volume (%).

Ascophyllum nodosum, Fucus spiralis,
Codium fragile, Cystoseira abies-marina,
Sargassum muticum, Padina pavonica,
Fucus serratus, Laminaria digitata,
Gracilaria gracilis, Porphyra spp.,
Sargassum vulgare, Undaria pinnatifida,
Halopitys incurvus, Himanthalia elongate,
Pelvetia canaliculata, Ulva intestinalis.
Saccharina japonica, Ulva lactuca, Fucus
vesiculosus, Dictyota dichotoma, Cystoseira
baccata, Himanthalia elongate

Polyphenols, phlorotannins,
fucoidan, total organic carbon,
minerals, monosaccharides,
amino acids, polar compounds;
fatty acids

Not suitable for
thermolabile compounds;
Less selective than SFE.

[86], [104]-
[106]

Enzyme-assisted extraction (EAE)

(C) Time 1-4 h

Temperature 40—60 °C

The ratio of enzyme to substrate ~ 0.5-5 %
(IP) Type, activity and

amount of enzyme used, pH.

Absence of endogenous enzymes.

Sargassum horneri,brown seaweeds,
Undaria pinnatifida, Sargassum coreanum

Antioxidants, fucoxanthin, fatty
acids, polysaccharides

Costs of enzymes are
very high;
Selectivity of enzymes.

[107], [108]
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Ionic liquids extraction (ILE)

(C) Chemicals: For phenolic extraction 0.5 M
[C4C1lim][BF4],

1:32 w/v mixing ratio;
time 24 h, stirring at 500 rpm;
Optional extraction vessel and pressure.

Extraction conditions (ionic liquids used)

strongly depends on target compound.

(IP) Chemicals, vessel, pressure used.

Kappaphycus alvarezii,
S. japonica

Phenolic compounds,
polysaccharides, carrageenan,
terpenoids, alkaloids

Some ILEs require
purification process

[109][111]

Pulsed electric fields (PEFs)
(C) field strength of 0.5-1.0 kV/cm

treatment time 100-10,000 ps or 1-10 kV/cm
and shorter time (5-100 ps)

(IP) Field strength, time, conductivity of intact
and disintegrated cells

Phenols, proteins

Optimization of process
by using different
parameters is needed.
These include pulse
duration, pulse interval,
electric field strength, or
other electrical pulse
shapes.

[74], [112]
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