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Abstract

Seaweed biomass has the potential to become an important raw material for bio-based production. The aim of this study was to
screen the overall composition of several seaweed species on the Swedish west coast, including some scarcely studied species, to
provide fundamentals for evaluation of biorefining potential and to benchmark with already potentially industrially relevant
species and commercially important land-based biomasses. Twenty-two common seaweed species (green, red, brown) were
collected and the carbohydrate, ash, protein, water and metal contents were measured. Carbohydrate content varied between 237
and 557 gkg ' dry weight (dw), making it the largest constituent, on a dry weight basis, of most species in the study. Ash, which
is considered unwanted in biorefining, ranged between 118 and 419 g kg ' dw and was the largest constituent in several
seaweeds, which were therefore considered unsuitable for biorefining. Protein content was most abundant in the red seaweeds
but was generally low in all species (59-201 g kg ' dw). High contents of several unwanted metals for processing or human
consumption were found (e.g. aluminium, arsenic, copper, chromium and nickel), which need to be considered when utilizing
seaweeds for certain applications. Potential targets for further biorefinery development mostly include species already known for
their potential (Saccharina latissima, Laminaria digitata and Chondrus crispus) while some, such as Halidrys siliquosa and
Dilsea carnosa, have not been previously noted. However, more detailed studies are required to explore biorefinery processes for
these seaweeds, as well as how to potentially cultivate them.
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Introduction out of over 10,000 known seaweed species are cultivated (FAO

2015; Guiry and Guiry 2018), and overall knowledge on the

For a sustainable future, a transition to using biomass instead of
fossil oil to produce fuels, chemicals, commodities and energy
carriers is essential. Lately, interest has risen to utilise marine
macroalgae (seaweeds) in biorefineries as it could provide bio-
mass for bioenergy, as well as high-value products, with limited
competition with food production (Jung et al. 2013; van Hal
et al. 2014). In 2015, 29 million tonnes of seaweeds were cul-
tured commercially (FAO 2015), mainly in Asia for utilisation
as food and hydrocolloid production. Currently, only about 20
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biochemical composition of most seaweed species is lacking.
Additionally, studies have shown significant intra-species varia-
tion in biomass composition depending on abiotic factors, such
as light, temperature, minerals or season, many of which depend
on where, geographically, the seaweed has been growing (Vilg
et al. 2015; Nielsen et al. 2016). Hence, suitable species for
future production of seaweed biomass could differ from place
to place, and local knowledge is necessary to evaluate potential
species on a regional basis. As such, identifying seaweed species
with suitable compositions for biorefining while also having a
sufficient growth rate for industrial-scale production in a given
location should be a priority.

The ability to extract components and generate products
efficiently for different applications from seaweed biomass
has been largely seen to be related to the composition of a
species (Harrysson et al. 2018). Like all biomass, seaweeds
contain carbohydrates, proteins, lipids and ash as their major
constituents. In general, a high carbohydrate content is re-
quired for utilisation in fermentation processes, assuming that
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the polysaccharides can be broken down into fermentable
sugars. Fermentation of another type of biomass, lignocellu-
lose, is now technically feasible with commercial-scale plants
in operation using materials such as sugarcane bagasse and
corn stover that are high in sugars (670 g kg' ww) and
utilised to make various biochemicals (Kim and Day 2011;
Troger et al. 2013; Chandel et al. 2018). However, developing
pre-treatments that break down recalcitrant lignin, without
generating inhibitory compounds, remains a significant chal-
lenge. Though discovered in at least one species (Martone
et al. 2009), seaweeds do not generally contain lignin, which
could make them an easier feedstock for fermentation than
lignocellulosic biomass. However, pre-treatment has to be
optimised for sugar release from the seaweed polysaccharides
and the fermenting organism has to be able to utilise these
monosaccharides. The isolation of valuable lipids and proteins
could improve the economic feasibility of biorefineries but are
generally a small fraction of the biomass and unlikely to be the
main product. However, the lipids and proteins have nutritious
profiles in seaweeds and if extracted and concentrated, they
could add substantial value to the process (Baghel et al. 2016).
A high ash content is a significant challenge for developing
seaweed biorefineries, which is the result of the seawater en-
vironment as well as their ability to passively and actively take
up heavy metals (Hurd et al. 2014a). Alkali and alkaline earth
metals and other ash components cause difficulties in process-
ing and only few uses have been investigated (Magnusson
et al. 2016). Another issue for processing of seaweeds is their
high water content and any process requiring dry biomass will
suffer from an energy burden, which needs to be compensated
for to make a worthwhile process (Milledge et al. 2014).
Sweden has a long coastline and the Western region has the
largest variety of seaweed species, but so far, almost no com-
mercial exploration of seaweeds has been taken place in
Sweden. It has been shown that 475 km? is highly suitable
for seaweed cultivation between Gothenburg and the
Norwegian border, and several research projects are currently
ongoing to investigate this potential closely for species such as
Ulva lactuca and Saccharina latissima (Liljenstrom 2018;
Thomas 2018). Environmental conditions that distinguish this
region are lower salinity, compared with the open ocean, due
to freshwater input from rivers and water originating from the
low salinity Baltic Sea, as well as an almost complete lack of
tides. Despite the unique conditions, the chemical composi-
tion of seaweeds from this area is largely unknown. For a
species to possess potential for biorefinery processing, certain
criteria need to be met, such as a suitable chemical composi-
tion and sufficient biomass availability. In this study, we have
sampled 22 different native species from the sea around
Kosterhavets National Park, located in the far north part of
Sweden’s west coast, to evaluate the macro-composition (total
carbohydrates, total protein, ash and water content) and ele-
mental composition (C, H, N, S, P and 17 heavy metals/
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micronutrients). All species selected are commonly found in
the sampling area and could therefore be assumed, given the
right circumstances, to potentially be able to supply a
biorefinery. Though beyond the scope of this study, this as-
sumption needs to be closely investigated in future studies.
The aim of this study was to screen the overall biochemical
composition of a wide number of Swedish species and make
appropriate comparisons with biomasses already utilised in
bioprocesses to determine species with high potential. These
data will provide the fundamental basis for evaluation of the
potential for biorefining and future applied research on the
identification and development of applications.

Materials and methods
Seaweed collection

In this study, 22 species of seaweed were collected within a few
kilometres of Tjarnd Marine Laboratory (N58° 52.55', E11°
08.77) adjacent to Kosterhavet National Park in northern part
of Bohuslén region on the Swedish west coast during the sum-
mer of 2014 (Table 1). By utilising data from the environmental
monitoring point Kosterfjorden (NR16) averaged for June, July
and August for the period 20102014, some abiotic conditions
for the area were estimated. Measurements that were reported
below the detection limit were set as 0 for the reported averages
(Havs- och vattenmyndigheten 2019). The collected species
were identified based on morphological characteristics according
to taxonomic literature for the area (Rueness 1977). Collected
seaweeds were wiped with tissues or gently squeezed, depending
on morphology, to remove excess water before freezing. At least
5 specimens of each species were pooled to minimise individual
variation and only the holdfasts were not included in the pooled
samples used for further preparation. For the larger species, all
specimens were of similar size.

Sample preparation and dry matter content

Within a few weeks of sampling, the seaweed samples were
homogenised in liquid nitrogen followed by freeze-drying
(Heto Drywinner, Allered, Denmark) for 3 days at < 0.05 mbar
with a cold trap temperature of —55 °C. For the larger species,
the entire sample taken was homogenised at once and mixed to
allow representative sampling for water content measurements.
By weighing triplicate dishes of seaweed before and after freeze-
drying, the water content was determined. The freeze-dried sam-
ples were roughly ground using a pestle and mortar and further
homogenised in 5-mL grinding jars (frozen in liquid nitrogen for
1 min prior to each run) in a Tissue lyzer II (Qiagen, Germany) at
30 Hz for 1 min or longer when needed. The resulting fine
powdered seaweed biomass was again freeze-dried overnight
before storing the samples at —20 or — 80 °C.
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Ash analysis

Porcelain crucibles were cleaned in a furnace at 550 °C for 3 h
and cooled in a desiccator for at least 1 h prior to weighing.
Approx. 100 mg of biomass (exact weight recorded) was dried
in the crucibles overnight at 105 °C. After cooling for at least
30 min in a desiccator, the crucibles were weighed and then
subjected to 550 °C for 3 h in a furnace. When the temperature
had lowered to about 300 °C, the crucibles were moved to a
desiccator for at least 2 h before the final weight was recorded.
The weight of biomass after 105 °C was used to calculate the
ash content on a dry weight basis and each species was run in
duplicate.

Carbohydrate analysis

All chemicals used in the carbohydrate analysis were pur-
chased from Sigma or Fischer. Total hydrolysis of overnight
dried biomass was performed according to Manns et al. (2014)
in a two-step scheme with 72% sulphuric acid (100 mg mL™")
for 1 h at 30 °C followed by dilution to 4% and incubation for
40 min at 120 °C. The hydrolysates were stored at — 80 °C
prior to analysis and each biomass was hydrolysed and
analysed in duplicate. Concentrations of total carbohydrates
were measured on the prepared hydrolysates using the
MBTH-reagent (3-methyl-2-benzothiazolinone hydrazone
hydrochloride hydrate) method of van Wychen and Laurens
(2015) including neutralisation, but scaled down 2.5 times and
with the last dilution performed in 96-well plates (Sarstedt).
Absorbance was measured at 620 nm in a plate reader
(FLUOstar Omega, BMG LABTECH, Germany). Glucose
was used for the standard curve (0-0.05 g L™") not only due
to it being the most common sugar, but also because of it
having a similar response factor to many major sugars in bio-
mass (Anthon and Barrett 2002).

Since mannitol is not detected by the MBTH reagent, it was
analysed separately for all brown seaweeds, by high-
performance liquid chromatography (UltiMate 3000,
Thermo Scientific, USA) coupled to a refractive index detec-
tor (IR-101, Shodex, Yokohama, Japan) using a standard
curve (0—1 g L™"). For separation, a Rezex ROA-Organic
Acid H+ (8%) column (300 x 7.8 mm, Phenomenex) at
80 °C was used with isocratic elution consisting of 5 mM
H,SO, at 0.8 mL min . These samples were not neutralised
but filtered through 0.2-pum nylon filters prior to analysis.

Metals, CHN and protein analyses

Elemental analysis was performed by ALS Scandinavia AB
laboratory (Luled, Sweden). The elements Al, As, Ca, Cd, Co,
Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, P, Pb, S, Si and Zn were
measured in one sample per seaweed by induced coupled
plasma and sector field mass spectroscopy (ISCP-SFMS)

according to SS EN ISO 17294-1, 2 (mod) and EPA-method
200.8, while C, H and N were performed according to SS-EN
15104:2011/15407:2011. The protein content was calculated
based on the nitrogen content of the elemental analysis using a
nitrogen conversion factor of 5, as suggested by Angell et al.
(2016) where an extensive discussion on the topic can be
found.

Statistics

When appropriate, the standard deviation was calculated for
the collected data, though in all cases, it is from technical
variability and does not reflect natural variability. The
mineral samples were run as singles for this analysis with
the error given as expanded uncertainty defined by BIPM
et al. (2008) with an inclusion factor of 2. The principal com-
ponent analysis (PCA) was performed using the software
Origin to evaluate whether generalised conclusions regarding
metal content could be drawn based on the seaweed being
classified as green, red or brown. This was only done for the
metals in Table 3 as this makes discussion of variation easier
for those elements. The other data was either not suited for
PCA (too many components were significant) or added no
additional information.

Results/discussion
Seaweed selection and sampling

Seaweeds on the Swedish west coast were evaluated for po-
tential utilisation in biorefinery processes by investigating the
overall composition of 22 different species (Table 1) belong-
ing to all groups of seaweeds (red, green and brown). For a
species to be suitable for utilisation in biorefining in Sweden,
some key criteria have to be met: (1) the species has to be
native to the Swedish west coast (i.e. not invasive), (2) have
the potential to provide a sufficient amount of biomass and (3)
have a suitable composition. While the composition criteria
were the focus of this work, the other criteria were kept in
mind for the selection of species. Nativity is important from
a permit perspective to not transgress regulation no 1143/2014
(EU) regarding prevention of the spread of alien species
(European commission 2014). The potential to provide suffi-
cient amounts of biomass includes both fast growth rate and
length of a potential harvest season, which will not be inves-
tigated in this study. It is assumed by the commonality of the
included species in Swedish waters that they could provide
sufficient volumes of biomass for a biorefinery if given the
right conditions and for species such as the Ulva sp.,
S. latissima, Laminaria digitata and other growth rates have
been studied extensively under various conditions (Creed
et al. 1998; Taylor et al. 2001; Handa et al. 2013). In addition,
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Table 1 Major constituents and collection dates of 22 species of green,
red and brown seaweeds. Proteins were calculated from the nitrogen
content using a factor of 5. Coverage is a sum of carbohydrates,
mannitol, protein and ash. Italicised numbers mark the highest and the

lowest valuse for each column and mean of technical replicates with +
shows the standard deviation of these replicates, i.e. not biological
variation. Samples were determined in a single replicate (protein),
duplicate (ash, mannitol and carbohydrates) or triplicate (water content)

Seaweed species Collection date Water content  Carbohydrates Mannitol ~ Proteins Ash Coverage
g kg ' ww g kg ' dw gkgldw gkg'dw gkg'dw % ofdw

Chlorophyta  Cladophora rupestris 1-7-2014 741 +20 399+38 NA 184 207+0 79
Cladophora sp. 18,19,22-8-2014 8711 348 +£25 NA 139 365+1 85

Ulva intestinalis 1-7-2014 860+ 1 367+31 NA 90 319+2 78

Ulva lactuca 1-7-2014 824+1 347+10 NA 93 322+6 76

Rhodophyta  Ahnfeltia plicata 1-7-2014 695+7 302+9 NA 201 232+7 73
Brogniartella byssoides 21-8-2014 858 +1 240+ 16 NA 158 419+2 82

Ceramium sp. 18-8-2014 854+2 352+37 NA 158 328+1 84

Chondrus crispus 1-7-2014 746 £8 526+35 NA 103 272+5 90

Cystoclonium purpureum  1-7-2014 866+ 1 315+41 NA 172 386+3 87

Delesseria sanguinea 21-8-2014 732+3 259+20 NA 183 312+0 77

Dilsea carnosa 21-8-2014 791+3 477+28 NA 152 240+0 87

Furcellaria lumbricalis 1-7-2014 762+6 297+3 NA 171 329+0 80

Rhodomela confervoides  18-8-2014 8145 34017 NA 148 322+1 81

Phaeophyceae  Ascophyllum nodosum 18-8-2014 633+7 317+17 88+6 59 202+0 67
Chorda filum 1-7-2014 876+2 292+33 80+2 63 390+5 83

Desmarestia aculeata 8-9-2014 759+3 301+101 58+10 115 254+2 73

Fucus serratus 1-7-2014 773+9 287+21 112+0 71 203 +4 67

Fucus vesiculosus 1-7-2014 765 +£24 266+25 81+1 71 244 +£2 66

Halidrys siliquosa 1-7-2014 770 £15 237+67 197+1 79 176 +7 69

Laminaria digitata 19-8-2014 699 + 14 519+42 127+4 66 168 +1 88

Saccharina latissima 18-8-2014 692 +7 557+14 86+ 1 69 118+3 83

Sphacelaria cirrosa 18/19-8-2014 834 +1 267+11 24+0 120 288 +1 70

NA not analysed, ww wet weight, dw dry weight

the optimal harvest time is not obvious even for extensively
studied species as it depends on composition as well as set-
tling of epiphytes and could therefore differ between locations
(Vilg et al. 2015; Matsson et al. 2019). Hence, optimisation of
harvest time and season requires more in-depth studies than
provided here. Summer was chosen as collection time due to
the favourable conditions for algae growth in Sweden during
this time (elevated temperature and increased sunlight), which
leads to more species being available for sampling this time of
the year. Ability to be cultivated was not included as a criteri-
on, as several of the species in this study have not previously
been part of cultivation trials, though this study could motivate
such studies. Ascophyllum nodosum was included, despite
being slow growing as well as unlikely to be cultivatable, as
it has been shown that wild beds can sustain harvest for many
years (Guiry and Morrison 2013). A few species are common
epiphytes and will probably not be able to provide large
amounts of biomass in the natural habitat. However, they were
included as they could be present in harvested biomass and
many of them could have unknown properties of interest as
they have not been investigated previously. Economic factors
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such as the amount of labour and costs related to cultivating or
collecting biomass were not considered in the choice of spe-
cies but could be substantial and require more in-depth stud-
ies. The samples of Cladophora and Ceramium were not dis-
tinguished to species level due to the number species of these
families in the area which are only distinguishable by micros-
copy or genetic markers. However, these are quite opportunis-
tic species and any cultivation in the ocean could become a
mixture of species through biofouling/epiphytism as has been
seen for both Ceramium and Cladophora species in aquacul-
ture (Anderson et al. 1998; Pochon et al. 2015). Due to the
amounts needed for analysis of these species, the only practi-
cal possible way of evaluation of samples collected from the
environment is in bulk. It should be considered a starting point
for further evaluation into specific species of these genera, for
which monocultures in tanks are probably essential. To our
knowledge, this is the first report of any part of the composi-
tion of Brogniartella byssoides and Sphacelaria cirrosa while
the reports are scarce for several species studied.

It was decided that the samples would be analysed in bulk
as a single pooled sample of at least 5 individuals. This choice
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was made to enable the screening of 22 species as well as to
treat all species the same as biological replication is impossi-
ble for several species due to the small size of each individual.
This obviously results in a loss of biological variation and
gives an average composition. However, we believe that for
screening species to evaluate their potential and find targets
for future in-depth studies, this is a valid approach.

The abiotic factors dissolved inorganic nitrogen (DIN),
phosphate and temperature for the sampling area were esti-
mated from environmental monitoring data to have been
1.96 umol L', 0.055 pumol L™" and 17 °C respectively.
These levels of nutrients are within the normal ranges for
coastal surface water of 0-34 pumol L' for DIN and 0—
2 umol L™ for phosphate (Hurd et al. 2014b). The salinity
of the seawater in the area, in which the seaweeds were col-
lected, ranges between 20 and 30%o, depending on the depth
and conditions at the time (University of Gothenburg 2014).
The Swedish coast is also more or less atidal with a spring tide
range of 0.3 m making the area different when it comes to for
example zonation to nearby coastal areas in for example
Scotland (Johannesson 1989). To pinpoint correlations be-
tween the specific abiotic factors and the seaweed composi-
tion in the sampling area, more extensive studies should be
made and are not determined here.

Biomass macro-composition

The water content varied greatly between the different species
ranging between 633 and 875 g kg~ ' wet weight (ww)
(Table 1), with similar ranges being seen in other studies
(Machre et al. 2014; Parjikolaei et al. 2016). While being high
for biorefinery applications in general, the water content is still
comparable with what has been found in for example sugar-
cane, i.e. 632-726 g kg_1 ww (Rae and Bonnet 2013). Hence,
the water content does not rule out the use of seaweeds in a
biorefinery, but it is a major obstacle to keep in mind when
designing new processes utilizing seaweed. When making
comparisons of the water content within this data set, one
should have the differences in morphology in mind. For in-
stance, Cladophora sp., which had one of the highest water
contents, has a filamentous morphology where removing all
excess water is difficult compared with the flat fronds or
blades that e.g. A. nodosum and S. latissima possess. Factors
such as morphology hence appear to have greater impacts on
water content than phylum in this study, as high and low water
contents are found in green, red and brown seaweeds.

The carbohydrate content among the species varied from
low at 237 g kg ' dry weight (dw) to fairly high at 557 g kg™
dw (Table 2). Including the mannitol for the brown seaweeds,
S. latissima and L. digitata had the highest carbohydrate con-
tent at about 650 g kg~ dw, which is comparable with ligno-
cellulosic biomass, such as wood, at about 650-750 g kg_1 dw
(Pettersen 1984). Both of these species are already known to

be very promising for utilisation in a biorefinery, due to their
high carbohydrate content of laminarin, alginate and fucoidan,
but production is not currently believed to be economically
feasible for low-value bulk applications (van den Burg et al.
2016). To our knowledge, this is the first analysis of the total
carbohydrate content of Halidrys siliquosa. Specifically, its
mannitol content was considerably higher than all other spe-
cies at almost 200 g kg ' dw, which is almost two times higher
than the single previously reported value of mannitol content
in this species (115.3 g kg~ ' dw) (Graiff et al. 2016). Among
the red seaweeds, Dilsea carnosa and Chondrus crispus had
the highest carbohydrate content at 477 and 526 g kg ™' dw,
respectively. Chondrus crispus is well known for its use in the
production of carrageenan, while D. carnosa has not been
extensively studied but is known to contain partly desulfated
lambda carrageenan as well as floridean starch (Zinoun et al.
1990). The carbohydrate content for the green seaweeds in
this study was very similar between species at 347—
399 g kg ! and intermediate compared with the red and brown
species groups.

Protein was a minor component and the content varied
between 59 and 201 g kg ' dw. The highest protein content
was seen in the red seaweed Ahnfeltia plicata, but it is still low
compared with terrestrial vegetable protein sources, such as
soybean at 400 g kg ' dw (Karr-Lilienthal et al. 2006).
Despite the low content, seaweeds could be considered poten-
tial sources of protein for human and animal nutrition as the
fraction of essential amino acids is high in most species
(Fleurence 2004).

The ash content of the seaweeds was found to be between
118 and 419 g kg ' dw, which is very high compared with for
example wood at approximately 1% (Klass 1998). One factor
behind this is the passive uptake of ions, by interactions with
charged polysaccharides in the seaweed cell wall, as well as
active uptake (Hurd et al. 2014a). Another contributor to the
ash content is the salt in the residual seawater associated with
the biomass after collection.

In general, the results presented in this study are in overall
agreement with the available literature on the composition of
seaweeds from Northern Europe, though some discrepancies
can be found. Comparisons between studies on seaweed com-
position can be difficult due to methodological differences and
due to the fact that composition varies seasonally and geo-
graphically (Fiset et al. 2017) giving dissimilarities, which
roots can only be speculated at. One example is the fairly
new MBTH-reagent method for measuring sugars, which
has been shown to be better than the classic phenol-
sulphuric acid method for algal carbohydrates (Van Wychen
et al. 2017) but is not yet extensively used. Protein determi-
nation is known to be troublesome in seaweeds when utilising
nitrogen to protein conversion factors as some seaweeds are
known to accumulate nitrate (Young et al. 2007), and the
amounts of inorganic and organic nitrogen are known to differ
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depending on growth locality and season (Hurd et al. 2014b;
Marinho and Holdt 2017). Despite some species in this study
having individual factors determined (Biancarosa et al. 2018),
the universal seaweed factor of 5 was chosen as it was calcu-
lated as an average of many seasons, species and localities as
discussed in Angell et al. (2016). In addition, using the same
factor for all species avoids the introduction of biases between
novel species and those previously studied and allows com-
parison within the study. Variability caused by seasonality and
environmental conditions is well documented for seaweeds
(Galland-Irmouli et al. 1999; Schiener et al. 2015; Vilg et al.
2015; Manns et al. 2017), but which causes variability com-
pared with similar studies for the investigated species cannot
be elucidated with the methodological approach in this study.

Maehre et al. (2014) characterised, among other compo-
nents, water, proteins (as total amino acids) and ash in 10
species along the Norwegian coast and their results for
L. digitata, Fucus vesiculosus, Cladophora rupestris, Ulva
intestinalis and U. lactuca could be compared with the
results in this study. In another Norwegian study, Biancarosa
et al. (2017) measured protein (as total amino acids) for sev-
eral species. In both studies, discrepancies can be found, most-
ly in the protein content, but values are similar for the species
in common. Parjikolaei et al. (2016) did an estimation of pro-
tein using conversion factors in Danish waters and found sim-
ilar values to this study, when data was converted to the same
factor as in this study. They also studied water and ash content,
for which C. crispus and D. carnosa contained similar
amounts, while A. plicata, Delesseria sanguinea and
Furcellaria lumbricalis contained less ash. In general, the car-
bohydrate contents of the seaweed species investigated in this
study compare very well to values reported in the literature for
red and brown seaweeds (Morrissey et al. 2001; Manns et al.
2017), while for the green U. lactuca, variable carbohydrate
contents have been reported worldwide such as 240 g kg ' in
the Netherlands by Bikker et al. (2016) and 460 g kg ' in
Egypt by Khairy and El-Shafay (2013) as compared with
our measured 347 gkg . The observed discrepancies indicate
the effects of environmental conditions and seasonality on
composition, which will be important to study in detail for
evaluating the full potential of promising species in this study,
especially if the content of certain components should be
maximised.

The compounds analysed in this study (carbohydrates,
mannitol, proteins and ash) covered between 70 and 90% of
the total content of the biomasses (Table 1), indicating that
there were not only substantial amounts of other compounds
not determined in the seaweeds, but also great variation in the
fraction of other components than the common main constit-
uents of seaweeds. One of the classes of compounds which
were not included in this study was lipids as it is normally less
than 40 g kg ! dw (Overland et al. 2019). For some species
included in this study, the lipid content is known from other

studies, such as the previously mentioned studies from
Norway and Denmark. Laminaria digitata, F. vesiculosus,
C. rupestris, U. intestinalis and U. lactuca contained 8.8—
35 g kg' dw (Machre et al. 2014) and the red species
Ahnfeltia plicata, Chondrus crispus, Delesseria sanguinea,
Dilsea carnosa and Furcellaria lumbricalis collected in
Denmark contained 10-13 g kg ' dw (Parjikolaei et al.
2016). Another class of compounds left out was phlorotannins
and other phenolic compounds, which can be abundant in
brown seaweeds. For H. siliquosa, the phenolic content has
been measured to be 18% (total phenolics dw ), and up to
30% in some other brown seaweeds (Stiger-Pouvreau et al.
2014). The lack of phenolics data is likely why the two Fucus
species, F. vesiculosus and F. serratus, had the lowest total
mass balances (less than 70%) as 20% total phenolics have
been observed in this family (Stiger-Pouvreau et al. 2014).
Other compounds that also could contribute to closing the
mass balance are sugar alcohols and nucleic acids.

CHN, minerals and metals

Both the carbon and hydrogen content were highest in
S. latissima at 404 and 55 g kg™' dw respectively, while the
sulphur content was the lowest at 7.47 g kg' dw (Table 2).
This was expected due to its low ash content and that the only
polysaccharide that is sulphated in brown seaweeds is
fucoidan, which constitutes a small part of the biomass (20—
100 g kg ™' dw). Contrastingly, sulphated polysaccharides in
green and red seaweeds, such as ulvan (80290 g kg ™' dw)
and carrageenan (220880 g kg ' dw), are generally abundant
(Lahaye and Robic 2007; Holdt and Kraan 2011; Rioux and
Turgeon 2015). Consistently, the sulphur content was espe-
cially high in the red and green seaweeds, reaching as high as
70 g kg ' dw in C. crispus, compared with the brown sea-
weeds with the highest found in £ serratus at 28.3 gkg ' dw.
For all the seaweed species, the sulphur content is consider-
ably higher than common land-based biomasses such as wheat
straw at 3.2 g kg' dw (Niu et al. 2014). The high sulphur
content also results in a lower energy content, which is also
significantly affected by low carbon content caused by the
relatively high ash content in seaweeds. Even the carbon con-
tent in S. latissima is low compared with that in wood, where
values close to 500 g kg ' dw are common (Pettersen 1984).

In general, alkali and metal content seems to correlate well
with low ash as seen by L. digitata, S. latissima and D.
carnosa having the lowest contents of several elements in
Tables 2 and 3. This is especially true for alkali where the
brown seaweeds showed down to 40 g kg™ of summarised
sodium and potassium (S. /atissima), whereas the lowest for
the greens was as high as 73 g kg ™' (C. rupestris). The ele-
mental compositions of seaweeds from Scandinavia are large-
ly unknown, but this study shows values of the same order of
magnitude for 11 common species and 9 elements to the
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recent study by Biancarosa et al. (2018). Also in the study on
Scottish S. latissima and L. digitata, the 9 analysed elements
in common showed the same magnitude with the exception
that the Al and Fe levels in L. digitata were about 10 times
lower in our samples (Schiener et al. 2015). It should be noted
that no rinsing was performed of the seaweeds in this study
which does give some influence of seawater in the values
reported for species where excess water was difficult to re-
move (filamentous seaweeds). However, we argue that rinsing
would also affect the levels of minerals as rinsing with
deionised water would likely remove minerals adhered to
the surface of the seaweeds, though the differences caused
by these approaches need to be investigated further. As rinsing
with freshwater, for large-scale biorefinery applications, is
questionable from a sustainability perspective, it was chosen
to remove surface water by squeezing gently or wiping with
tissues.

In Table 3, the heavy metals and minerals of lower concen-
tration are listed. The data is discussed here mainly from a
human consumption perspective due to the inherent difficulty
in predicting where the minerals accumulate in hypothetical
biorefinery concepts. While not being a focus of the study, the
levels of these elements suggest both risks and potential ben-
efits from consuming seaweeds. The cadmium content of food
supplements consisting exclusively or mainly of dried sea-
weed is restricted in the EU to 3 mg kg™ and this limit is only
exceeded in Cystoclonium purpureum. Lead in seaweeds is
regulated for consumption as vegetables to a maximum con-
tent of 0.1 mg kg ' wet weight (ww) (European commission
2006). This level is exceeded (calculation not shown) by more
than half the seaweeds in this study and only Ulva intestinalis,
C. crispus, C. purpureum, D. carnosa, A. nodosum, C. filum,
F serratus and H. siliguosa would be allowed for utilsation in
food as analysed here. Notably, S. latissima and L. digitata,
which are common in research cultivations in Europe, are
above at 0.12 and 0.24 mg kg~ ww, respectively. However,
metal content in seaweeds is known to vary by factors such as
size, age and nutritional state (Hurd et al. 2014a), which was
not considered in this study. Hence, further study is needed to
determine if these levels can be avoided by more selective
sampling or cultivation.

The levels of arsenic are also concerning as the range of
3.7-58.9 mg kg~ dw seems very high in comparison with
legislative limits, though in line with previous findings
(Biancarosa et al. 2018). However, the inorganic arsenic is
the more toxic form and, while there is no restricted limit for
seaweeds, it is restricted in for example white rice to less than
0.20 mg kg ' wet weight (European commission 2006).
Despite the lowest total arsenic in this study being as high as
0.66 mgkg ' ww, the form of the arsenic was not investigated,
and it is unknown whether the investigated species are close to
the restricted levels of inorganic arsenic or not. However, in
Biancarosa et al. (2018), the content of inorganic arsenic was

found to be particularly high in H. siliquosa at 10% of total
arsenic, which would translate to 2 mg kg~ ' dw or
0.45 mg kg ' ww in this study. Likely, seaweeds with this
amount of inorganic arsenic would not be allowed for con-
sumption judging by the available limits for other products.
This clearly motivates future studies investigating the inorgan-
ic arsenic levels in Swedish seaweeds. Another toxic element
facing heavy regulation is mercury. However, mercury was
reported to be <0.01 mg kg ' for all the species analysed
and thus, it will be of low concern for these species, at least
from this part of Sweden. Some of the other elements mea-
sured are essential minerals in a healthy diet, i.e. P, Fe, Ca, K,
Cu, Cr, Mg, Mn and Zn (Tables 2 and 3). For example, to
ingest the recommended daily intake of copper at 0.9 mg set
by the Nordic countries (Nordic Council of Ministers 2012),
one would be required to eat between 71 g and 2.6 kg of wet
seaweed depending on the species, not considering accessibil-
ity of copper from seaweed biomass. This hints at the large
variation among the studied species and a potential market
could be as dietary supplements for people deficient in certain
minerals.

Principal component analysis of the elements in Table 3,
visualised in Fig. 1, does not show any systematic difference
between the different phyla. While the brown seaweeds most-
ly group in the lower left, two species do not and the only axis
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T T T
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|Fe
/ 22
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Fig. 1 PCA over the metal content of 22 species of green, red and brown
seaweeds. Five components were extracted and these accounted for
96.8% of the variance (1 and 2 reflects 65.5%) and each vector
represents one element. The dots are colour coded in receding greyness
for green (triangles), red (circles) and brown (squares) seaweeds, and
numbers refer to single species as follows: (1) Cladophora rupestris,
(2) Cladophora sp., (3) Ulva intestinalis, (4) Ulva lactuca, (5) Ahnfeltia
plicata, (6) Brogniartella byssoides, (7) Ceramium sp., (8) Chondrus
crispus, (9) Cystoclonium purpureum, (10) Delesseria sanguinea, (11)
Dilsea carnosa, (12) Furcellaria lumbricalis, (13) Rhodomela
confervoides, (14) Ascophyllum nodosum, (15) Chorda filum, (16)
Desmarestia aculeate, (17) Fucus serratus, (18) Fucus vesiculosus, (19)
Halidrys siliquosa, (20) Laminaria digitata, (21) Saccharina latissima,
(22) Sphacelaria cirrosa
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going to the lower left quadrant is arsenic. Considering the
lack of grouping as well as the low impact of the arsenic axis,
it cannot be argued that brown seaweeds have a systematically
higher arsenic content. In fact, the low impact of the arsenic
axis, indicating lack of variation, together with the actual
values in Table 3 shows that regardless of species, there will
be a considerable amount of arsenic in seaweeds. Conversely,
the toxic heavy metals cadmium and lead have highly impact-
ful axes. It can therefore be argued that they could be
minimised by choosing species in the opposite quadrant to
the direction of these axes and not e.g. C. purpureum or
S. cirrosa, which deviate strongly from the mean. Other spe-
cies that deviate strongly are Cladophora sp. with its chromi-
um and copper content, and B. byssoides with high levels in
several of the studied components. However, one also has to
consider that the seaweeds used in this study are from a single
location and at a single time point and might not depict the full
picture of metal variation in seaweeds.

Interestingly some groupings within seaweed families
are seen as the two Ulva species are in close proximity
and the same goes for the two Fucus species in the study.
This could indicate a systematic difference caused by the
properties shared among closely related species. The exis-
tence of such a difference is contradicted by the two
Cladophora species, which are not in close proximity to
each other, and more species from these families would be
needed to draw any conclusions regarding the existence of
a systematic difference.

Potential applications

To a large extent, the pros and cons of utilizing seaweeds for
biorefinery found in this study are in line with earlier studies.
Alkali and alkaline earth metals are always expected to be a
large fraction of seaweed biomass and could cause fouling of
combustion/boiler systems (Skoglund et al. 2017).
Additionally, for applications in combustion, the nitrogen
and especially sulphur content are likely to cause corrosive
emissions. Furthermore, the potassium content strongly af-
fects the product yields in pyrolysis and together with other
inorganic compounds in seaweeds, it also affects the specific
surface area of the produced char (Milledge et al. 2014).
However, some of these minerals could be washed away and
concentrated to a seaweed salt which would make processing
easier (Magnusson et al. 2016). Combustion and pyrolysis
generally require dry biomass and the net gain in energy
would be lowered by the drying process required to dry the
wet seaweeds.

Historically, seaweeds have been used as fertilizers but not
all species in the present study are suitable for this application.
For example, B. byssoides and C. purpureum exceed the
1.5 mg kg ' dw threshold of cadmium allowed for bio-
fertilizer and Cladophora sp. exceeds that of copper for eco-
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certified compost and digestate at 70 mg kg ' dw (European
commission 2008). The level of phosphorus is also much too
low for direct use in a large scale, as 20 kg of phosphorus per
hectare is a normal dosing which is approximately 8000 kg of
fresh Ceramium sp. As the average Swedish farm is 40 ha, the
needed amounts required per farm become unfeasible (~
320,000 t). This scenario is similar for nitrogen. In addition,
this is a relatively low-value application of the biomass. One
approach which has been demonstrated to extract and concen-
trate nitrogen and phosphorus in an aqueous form from sea-
weeds is hydrothermal liquefaction (HTL) (Raikova et al.
2017). Additionally, this method extracts energy in the form
of a bio-oil and a gas phase from wet material, avoiding the
issue with drying, and has been shown to work on a variety of
seaweeds (Raikova et al. 2017).

Another potential route is a refinery based on converting the
sugars by fermentation. Through fermentation by microorgan-
isms, most biomolecules could be produced, but topical exam-
ples are ethanol and succinate (Hou et al. 2015; Marinho et al.
2016). Like the HTL, the biomass does not have to be dry as
processings before fermentation are wet processes. However,
these processes have to degrade the complex polysaccharides in
seaweed into monomeric sugars and the monomers have to be
utilizable by the production organism. The concept has been
demonstrated for all phyla of seaweeds (Yanagisawa et al.
2013), but ethanol, currently, has too low value to be profitable
even in combination with alginate production, since the current
alginate market is too small and would quickly saturate (Konda
et al. 2015). Efforts have been made to enable fermentation of
laminarin and mannitol as well as alginate (Enquist-Newman
et al. 2014), which could improve the economic case for sea-
weeds as a feedstock for fermentation. As the usefulness, for
fermentation, of the studied species depends on how easily
degradable the polysaccharides are as well as what monosac-
charides are present, it is difficult to put a number on how large
the sugar fraction must be for them to be a useful feedstock.
However, lignocellulosic biomasses are also complex mixtures
of polysaccharides (cellulose and hemicellulose) and, despite
difficulties with profitability, there are biorefineries producing
ethanol, succinic acid, glucaric acid and many other biochem-
icals (Chandel et al. 2018). The feedstock varies in commercial
refineries, but among the more common are sugarcane bagasse
and com stover, with a sugar content around 670 g kg ' dw
(Kim and Day 2011; Troger et al. 2013). Only S. latissima and
L. digitata are really close to these levels, when including the
mannitol, displaying why the economics of utilizing seaweeds
for ethanol is difficult. Chondrus crispus and D. carnosa are
somewhat close as well and increased need of biochemicals
from fermentation could validate further investigations into
these species as well. A common trait among these species is
also that they had a low ash content indicating that there are
more than sugars to be extracted into potentially valuable side
streams.
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A biorefinery based on fractionation could also isolate pro-
tein and lipid fractions, which are likely to be of high value in
most seaweeds due to the nutritious profile (Harrysson et al.
2018). However, due to its low content in the biomass, it likely
needs to be combined with products based on the more abundant
components of seaweeds. The low-value applications discussed
above have considerable drawbacks, while giving little value,
and thus, the most likely path for commercialisation of seaweeds
is connected to recovery of high-value products in biorefineries.

An unexpected find in this study was the mannitol content
of H. siliquosa at almost 200 g kg™' dw. The demand for
mannitol is predicted to increase in the future, and it has ap-
plications within food, pharmaceuticals and other areas
(Grand View Research 2016). This potentially makes
H. siliguosa an interesting species for future studies to see if
its mannitol content varies with the seasons and could be
further improved.

Along the Swedish west coast, there are certainly addition-
al unstudied species, out of the about 300 species present, with
potential in biorefining to explore in future investigations. The
results of this study compare well to other studies, but detect-
ing any geographical, population or seasonal differences in
composition is beyond its scope. For the future, it would be
interesting looking into monosaccharide profiles of the sea-
weeds as many monosaccharides present in seaweeds, such as
the rare uronic acid and iduronic acid, and their diverse poly-
saccharides could have wide industrial uses in food, chemical
or medical areas (Holdt and Kraan 2011).

Conclusion

This study has shown the overall biochemical composition of 22
species of seaweed common on the Swedish west coast. The
results showed that the species that are widely being studied for
utilisation in biorefining, such as S. latissima, L. digitata and
C. crispus, are also among the most promising species on the
Swedish west coast. However, the data revealed species previ-
ously unexplored for biorefinery, such as H. siliquosa, if the
interest lies in mannitol, and D. carnosa, for future research.
But in general, few seaweeds are obviously unsuitable for
biorefinery and the deciding factors for which species might
be utilised in the future likely lie in their cultivability and pro-
ductivity, as well as the incurred costs. However, few species
reach the same levels of commercial sources of sugars for fer-
mentation and no species reaches those for the common protein
source soy making the profitability questionable for these
utilisations. Before seaweeds can be utilised for food, feed and
bioenergy, robust processes based on fractionation or recovery
of high-value compounds, that deal with the discussed short-
comings of this productive biomass, need to be developed and
shown to be economically feasible. While doing this, one has to
keep in mind where the heavy metals accumulate and have a

strategy for how they are to be dealt with in bio-processing
operations. In summary, our work has found new and interesting
species with potential for biorefining in Sweden and hopefully
this data will be used to motivate future studies which can make
such an industry a reality.
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