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The nature of marine biomass is very complex for a material scientist due to the large seasonal variation in the
chemical composition that makes it difficult to prepare standardized products. A systematic investigation of the
interaction of microwave irradiation with seaweed from Norway and Caribbean region was performed, covering

:;Z:::; d a broad temperature range (130 — 170 °C) and without and with addition of y-valerolactone (GVL) in ratios of
Alginate 1:4 and 1:2. The temperatures above 150 °C and without addition of GVL led to the closure of mass balances up

to 90 % that includes polysaccharides, “pseudo-lignin” fraction, fatty acids, and proteins. Fucoidan and mannose
represented >50 % of all detected polysaccharides in ascophyllum nodosum (AN), while aegagropila linnaei (AL)
contained mostly glucose. The presence of arabinose and rhamnose in the upper surface of the cell wall hinders
the glucose release during microwave treatment. The differences in the polysaccharide composition among both
algae samples hindered the definition of a parameters set that can be used in microwave treatment of various
seaweed species. A large fraction of protein (> 95 %) remained in the seaweed solid residue. Higher amount of
protein was determined in AL, which was dominated by leucine and lysine. Another potential barrier to the
application of seaweed in industry is the limited knowledge on the chemical composition of “pseudo-lignin” and
extractives. The total amino acid analysis was identified as the most accurate to characterize the protein yield
and composition. The results showed that microwave treatment of seaweed is indeed a viable method for pro-
ducing bioactives in the temperature range 120-150 °C, and proteins and nanocellulose at temperatures above
170 °C without using GVL. The microwave temperature and seaweed type played a dominating role in the mass
closure balances leading to >95 % identified compound.

1. Introduction

Environmental concerns and the need for sustainable alternatives to
traditionally used non-renewable materials are rising globally as con-
sumers, governments, and international organizations demand cleaner
and more environmentally friendly products and processes [1]. Arable
land area is used to a much greater degree globally than the seas [2].
Therefore, it is suggested that cultivated seaweed could be one of the
solutions in meeting the consumption demands of a growing population
and solving environmental issues like deforestation and freshwater

shortage [3]. Currently, seaweed is harvested mainly for its extractives
alginate and agar, which are used as thickening agents in the chemical
and food industry [4]. Other uses include nanocellulose manufacturing,
biofuel production, medicinal uses, and animal feed, although marginal
compared to the production of agar and alginate [5]. Seaweed is also
considered as a suitable source of protein that has promising bioactive
and functional properties [6]. Proteins derived from plants are generally
harder to digest than animal proteins, which is attributable to the high
concentration of insoluble polysaccharides. Growing concern about
consumption of foods of animal origin that contains high levels of
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saturated fats and cholesterol add value to seaweed-based proteins in
human and animal nutrition [7] [8].

Differences in carbohydrate, protein, and lipid contents between and
within seaweed species were observed between seasons and thus, vari-
ation in nutrients supply can be a potential barrier to the application of
seaweed in industry [9] [10]. Seaweed cell wall composition differences
and variety of methods for the protein extraction may also cause chal-
lenges in identification of amino acids after hydrolysis and further
process scale up [11]. Purified, acid and base treated algal cellulose has
been used in a number of applications from biomedicals to energy
storage [12], whereas the enzymatically hydrolysed proteins have been
used in animal and fish feeding sectors [13] [14] [15] [7]. Hydrolysis
aims to break a seaweed structure into various compounds, whereas
amino acids are released through breakage of peptide bonds within a
protein [16]. Proteins are inclined to chemical modifications, and
various efforts have been established to minimize unwanted reactions in
hydrolysis [17]. The operating conditions of the hydrolysis treatment
must be optimized to prevent the fractionation process from formation
of contaminants and undesired low value products via unwanted re-
actions [18]. Currently, the multi-stage acid pre-treated depolymeriza-
tion and enzymatic processes for the seaweed fractionation to
nanocellulose and protein have limitations, concurrently having a
strong environmental impact due to the low recyclability of the acid.
Another challenge in the biomass fractionation is the lack of a low en-
ergy intensive and sustainable approach with the overall reduced use of
chemicals and raw material, but with great product selectivity within
minimized operational time [19]. Recently, a one-stage, low-energy
microwave process for the depolymerization of lignocellulose which
provides high sugar yields with minimum energy inputs was reported
[20] [21]. The main advantages of the microwave treatment over the
conventional hydrolysis are short conversion time, uniformity, and se-
lective heating over the entire material. It was shown that each of the
components of macroalgae has its own temperature of activation and a
certain time for transition to a water-soluble form convenient for
isolation [22]. The previous research has demonstrated that low tem-
perature (pressure) acid-free microwave hydrolysis of cellulose is an
effective tool for a highly selective fractionation of polysaccharides and
proteins from biomass matrix [23]. The optimal conditions for the
conversion of citrus and herbaceous feedstocks can be achieved at
temperatures below 180 °C [24]. Thus, a broad range of parameters
(temperature/pressure, power/power density, sample to water ratio,
solvent addition) must be optimized to achieve a high yield of nano-
cellulose by preventing the process from formation of contaminants and
undesired low value non-cellulosic products.

The objective of this study is to implement the microwave-assisted
hydrolysis using y-valerolactone (GVL) as a sustainable solvent and
reviewing existing microwave operating conditions by varying the
operating temperature and using two types of seaweed such as the
aegagropila linnaei, AL (marimo moss ball) and ascophyllum nodosum, AN
(brown algae). AL and AN were selected because the cellulose isolation
from red algae is already an established procedure, less so for green and
brown algae [25]. The GVL has been extensively used in separation of
lignin from biomass matrix including proteins and starch, and thus, it
was selected as a green solvent for nanocellulose fractionation [26].
Another objective is to obtain unprecedented visual data on the
composition of green and brown seaweed fractions after microwave
treatment to close the process mass balances. We aim in this study to
analyze the value-added products after microwave treatment using
various methods to identify new commercialization routes.

2. Materials and methods
2.1. Chemicals and materials

Ascophyllum nodosum (AN) and Aegagropila linnaei (AL) were
collected in winter 2021, then cut into smaller pieces with scissors, and
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dried at room temperature for > 4 days. Then, samples were commi-
nuted using a 20-pass mesh Wiley Mini Mill 475-A mill (Thomas Sci-
entific, US) with an operational speed of 1750 rpm. The GVL was
supplied by Sigma Aldrich with >98 wt% purity. Pure water was ob-
tained from Millipore Synergy® UV purification system (water re-
sistivity of 18.2 MQ cm).

2.2. Measurement uncertainty

The error bars represent standard deviation from the mean of the
series of experiments at each condition in the microwave reactor. The
yield of each fraction (See Fig. 1) in solid matrix and liquor for each
condition was plotted as a representative average of at least three ex-
periments. The absolute extended uncertainty of the product yields was
determined by Gaussian error propagation procedure [27]. The average
standard measurement error in the present study was +5 wt%, within a
90 % confidence interval for the microwave hydrolysis experiments. The
inaccuracy in determining the product yields was mainly caused by
weighting and water filling errors in a quartz tube of the microwave
reactor, the temperature and heating rate effect of the reactor's
controller during hydrolysis. The protein yields obtained from the amino
acids analysis showed the higher average standard measurement error of
+10 wt% due to the material loss in HCI hydrolysis and extraction.

2.3. Raw seaweed analysis

Proximate analysis was performed for both seaweed samples,
following the ASTM standard E1755-01. Ultimate analysis results
(CHNS) were acquired using a Thermo Flash Smart instrument (Thermo
Fisher Scientific, UK), following the procedure in ASTM D5373-02. The
oxygen content was calculated by the difference according to previous
study [28]. The higher heating value (HHV) was determined by a bomb
calorimeter (IKA C-200, Germany) following ASTM D2015-95. Ash
compositional analysis was performed by inductively coupled plasma-
optical emission spectrometry (ICP-OES) with prior microwave diges-
tion according to ASTM D6349-13 [29]. The Cl content in the ash was
determined by inductively coupled plasma-optical emission spectrom-
etry/ion chromatography (ICP-OES/IC) at ASG Analytics (NeusaB,
Germany).

2.4. Microwave hydrolysis

Hydrolysis experiments were conducted in 30 mL vials heated in a
microwave reactor (Anton Paar Monowave 300, Austria). For each trial,
1.5 g of AN algae (2.78 g, moist) and AL algae (1.287 g, dry) were used,
with a liquid-to-wood ratio (1:2; 1:4) after 20 mL of pure water was
added to all samples. The reaction mixture was rapidly heated (<2 min)
to the maximum temperature (130, 150 or 170 °C), and held at such
temperature for 120 min, and then firstly cooled down by compressed
air to 70 °C and then to room temperature in a water bath. The solid
residue and the spent liquor were separated by filtration with a Robu®
glass crucible (porosity 4). The solid residue was washed with 200 mL
water and then dried for 12 h under fume hood. The solid residue yield
was determined gravimetrically. The spent liquor and washing water
were collected and stored at —20 °C for subsequent analyses.

2.5. Lignocellulosic analysis

The carbohydrate and lignin contents in raw seaweed and samples
after microwave treatment were analyzed in accordance with the 2-step
hydrolysis method [30]. The pulps were firstly hydrolyzed in 72 %
HS04, with an acid-to-material ratio of 10 mL g’l, at 30 & 3 °C, for 60
+ 5 min [31]. The hydrolyzed suspension was subjected to the second
hydrolysis in 4 % H,S04, with an acid-to-material ratio of 300 mL g ! at
121 + 1 °C, for 60 min and additional 60 min for heating and cooling of
an autoclave (Systec DE23, Germany). The monosaccharides (i.e.,
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Fig. 1. Mass balance that was calculated per dry weight of the original seaweed of microwave treatment at temperatures of 130, 150, and 170 °C without GVL or
with GVL (1:4; 1:2) (A) AL, and (B) AN. The protein content in the solid residue is measured using an elemental analysis, whereas protein in liquors was determined

using amino acid analysis with HPLC.

glucose, xylose, mannose, arabinose, rhamnose, and galactose) were
analyzed by high performance anion exchange chromatography
(HPAEC-PAD, Dionex ICS-3000, Thermofisher, USA), equipped with a
CarboPac PA20 column. Pure water with flow rate of 0.38 mL min~! was
used as the mobile phase at room temperature. From the amounts of
neutral monosaccharides, the cellulose and hemicelluloses content in
wood and solid residue samples was estimated with the Janson formula
[32].

High-performance Liquid Chromatography (HPLC, Dionex Ultimate
3000, Thermofisher, USA) was used to determine dehydration products
(HMF and furfural) and acids (acetic acid and butyric acid) using ul-
traviolet (UV) detector at 280 nm and 210 nm, respectively. The column
used was Phenomenex Rezex ROA-Organic Acid H' (8 pm, 300 x 7.8

mm, Thermo Scientific, USA) and 0.0025 M H,;SO4 was used as the
eluent at a flow rate of 0.5 mL min~! at 55 °C. The injection volume was
10 pL and the total run time was 60 min [33].

Acid insoluble (Klason) lignin was determined gravimetrically while
acid soluble lignin (ASL) was determined by measuring the absorbance
at the wavelength of 205 nm (Spectrophotometer Shimadzu UV-2550,
Japan). An extinction coefficient of 110 L (g cm) ! was used for quan-
tification of ASL in accordance with the previous research [34].

2.6. Protein analysis

The protein content of liquid liquor samples was determined using
various methods (Bradford, elemental, and total amino acid analysis).
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Coomassie (Bradford) protein assay kit (Thermo Scientific, USA) was
prepared using microplate protocol on 96 well plates. A dilution series
(0-250 pg mL 1) of bovine serum albumin (BSA) was prepared (See
supplemental material, Table S-1) using BSA stock (2 mg mL 1) and MilliQ
water for dilution. Then, 35 pL of BSA each BSA standard or each un-
known sample was pipetted per well on 96 well plate. Three parallel
samples (a, b and c) were studied. Then 200 pL of the Coomassie reagent
was added per well and plate was mix on a plate shaker for 30 s at RT.
Plate was incubated for 10 min at RT and then the absorbance at 595 nm
was measured using Envision plate reader. Then an analytical curve was
prepared by plotting the average blank corrected 595 nm measurement
for each BSA standard vs. its concentration in pg/mL and the polynomial
trendline was fitted that was used to determine the protein concentra-
tion (See supplemental material Tables S-1, S-2, and S-3).

In the second method, prior analysis, lipids were removed from
microwave-treated liquor by extraction [35]. 5 mL of 1:1 volume
mixture of chloroform and methanol were added to 1 mL of seaweed
liquor sample in the presence of 10 pL of L-norleucine (Sigma-Aldrich,
Finland) as an internal standard and then vortexed vigorously. The
mixture was incubated in ice for 1 h and then centrifuged at 3600 rcf for
10 min. The upper layer was collected and placed in a glass dish to
evaporate at 35 °C overnight on the heating block. The evaporated
samples were weighed, mixed with 6 M HCI containing 0.1 v/v %
phenol, flushed with nitrogen and hydrolysed at 110 °C for 24 h under
nitrogen atmosphere. The HCl was evaporated under vacuum at 30 °C
and the remaining solids were dissolved in sodium citrate buffer (pH
3.45). The mixture was filtered with 0.2 pm GHP filters to remove
leftover particles. The total amino acid content was determined with
S$433 Amino Acid Analyzer (Sykam GmbH, Germany). Elution was done
with a gradient of sodium citrate buffer A (pH 3.45) and B (pH 10.85).
Eluted amino acids react with ninhydrin and the derivates were detected
with 570 and 440 nm UV detectors. Internal standard norleucine was
used to quantify the results.

In the third method, the nitrogen content of microwave-hydrolysed
liquor samples was measured with an elemental analyzer (see Section
2.3). Prior to the elemental analysis, the microwave-treated liquor was
extracted using chloroform-methanol procedure (see above). This value
was converted to the protein content using a literature conversion factor
of 4.78 [36].

2.7. Gas chromatography — mass spectroscopy (GC-MS)

The seaweed liquor samples were extracted with chloroform-
methanol mixture as discussed above (see Section 2.6). In addition,
dichloromethane (DCM) - hexene extraction was performed to evaluate
the impact of extraction on the extractives yields. Prior to GCMS anal-
ysis, 1 ml of seaweed extracted samples were solubilized in 500 pL
pyridine with tetracosane as the internal standard (0.1 mg mL™%) [37].
N,O-Bis(trimethylsilyl) trifluoroacetamide (300 pL) was then added into
the vial with the mixture that was wrapped with the alumina folie and
kept at room temperature for 12 h. Samples were filtered using 0.2 pm
GHP filter and analyzed using Shimadzu GCMS-QP 2010SE with EI
ionization, the exact column information and temperature program are
described previously [38].

3. Results and discussion
3.1. Raw feedstock characterization

The ultimate, proximate and ash compositional analyses of AL and
AN algae samples were carried out and the results are shown in Table 1.

Seaweeds are known to have a higher ash content than terrestrial
plants due to their excellent absorption and accumulation properties
[39]. The macro minerals (K, Na, Ca, Mg, P, S, Cl) content was signifi-
cantly higher in AN (482,000 mg kg™!) than in AL (258,000 mg kg™ 1).
This is mostly due to the higher Cl content in AN (230,000 mg kg’l) than
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Table 1
Proximate, ultimate and ash compositional analysis of AL and AN algae samples.

Properties Aegagropila linnaei Ascophyllum nodosum
Proximate analysis

Moisture, wt% (as received) 4.3 11.9

Ash, wt% (as received) 19.4 15

Volatile matter, wt% (on dry basis) 66.9 73

Fixed carbon, wt% (on dry basis) 13.7 12

Gross calorific value, MJ kg’1 2.1 10.2

Ultimate analysis, % (on dry basis)

Carbon 36.4 45

Hydrogen 5.7 6.3

Oxygen 27.1 15.4

Nitrogen 6.8 2.1

Sulphur 4.1 8.6
Ash compositional analysis, mg kg ™! (on dry basis)

Cl 172,000 230,000

I 900 1000

Al 13,400 2100

Au 10 10

Ca 7600 76,300

Co 11 6

Cr 35 11

Cu 74 21

Fe 29,000 3200

K 20,460 30,100

Mg 10,000 36,000

Mn 500 1000

Na 2400 20,500

Ni 20 25

Pb 36 14

Si 630 1000

Zn 83 200

As 4 10

cd 0.2 0.4

Hg 4 5

Mo 5 2

P 3700 2400

Se 3 7

Ti 1500 300

in AL (172,000 mg kg™1). During the analysis chloride was detected as a
part of NaCl that usually comprises a huge portion of seaweeds dry
weight [40]. For both seaweed species, the sulphur content (4-9 wt%) is
considerably higher than common land-based biomasses such as wood
(< 0.2 wt%) or wheat straw (< 2 wt%) [41]. The sulphated poly-
saccharides, e.g., ulvan, fucoidan, form typically a part of seaweed cell
walls, which represents chemically distinguishing characteristics to
land-based biomasses [42]. The high sulphur content resulted in low
gross calorific values (2.1-10.2 MJ kg™!), which was additionally
affected by the low carbon content and relatively high ash content in
seaweeds. The nitrogen content in both seaweed samples (2-7 wt%) was
higher than in terrestrial biomass (0.02-1.5 wt%) due to the high pro-
tein presence [43]. The AL samples showed a higher nitrogen content
than AN due to nitrogen consumption from fertilizers, fish or plant
decaying material while the AN grows on minerogenic substrate [44]
[45]. The Ca, Mg and P contents in AN were higher than in previously
examined samples from Norway and Denmark [39]. The trace mineral
content (I, Cr, Co, Cu, Fe, Mn, Se, Zn) was higher in AL (30,600 mg kg’l)
than in AN (5500 mg kg™1). The AL contained higher concentrations of
Fe compared to previous investigations [46]. Algae are natural accu-
mulators of minerals in their natural environment, but they also have the
capacity to accumulate heavy metals. Heavy metals (As, Cd, Hg, Pb)
were detected in both samples. The maximum levels of toxic metals (on
dry weight) stipulated by EU countries including special requirements
used in France and Spain for edible seaweeds are Pb < 5 mg kg ™!, As <5
mgkg™!, Cd < 0.5 mg kg™}, and Hg < 0.1 mg kg™'. In the present study,
the concentrations of Pb (14-36 mg kg~!) and Hg (4-5 mg kg~!) were
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significantly above the maximum concentrations allowed for human
consumption in EU countries [47-49]. The high concentrations of N, S,
heavy metals (As, Hg, Pb), and low gross calorific values limit the use of
both AL and AN samples in the food and energy sectors [50,51].
Therefore, the biorefinery concept of fractionation and purification can
support a seaweed customization towards edible food, hygiene and
cosmetics items increasing the overall value of the product.

3.2. Mass balance

Fractionation trials with seaweed were first conducted to determine
the optimal temperature and GVL/H50 ratio for nanocellulose produc-
tion. The behaviour of the main components of seaweed, i.e., poly-
saccharides, lignin, and protein, along with varying temperature from
130 to 170 °C and GVL/H30 ratio from 1:4 to 1:2 is shown in Fig. 1. The
undetermined fraction represents such compounds as fatty acids, ex-
tractives, etc. The protein fraction is shown in a mass balance using
results only from elemental analysis, whereas the more detailed dis-
cussion on various methods used in protein quantification is given in the
next section. The mass balance indicates that the type of seaweed has a
significant impact on the fractionation.

The microwave treatment enabled only a small fraction of poly-
saccharides to be released from the AL's matrix, whereas >70 % of
original polysaccharides were found in the AN liquor. Delignification
process led to the release of >40 % “pseudo-lignin” compounds in both
seaweed samples. The differences in lignin yields determined in spent
liquors is due to the compositional differences of “pseudo-lignin” ma-
terial and variations in “pseudo-lignin” compounds' bonding to other
fractions in seaweed, e.g., polysaccharides, metals, etc.

Although genuine lignin has not been reported in seaweed, AN were
confirmed to include a series of “pseudo-lignin” compounds such as
phloroglucinol-derived polyphenols [43]. Aegagropila linnaei species are
aggregations of the filamentous green macroalgae, and thus, “pseudo-
lignin” polyphenols using phenylpropanoid formation pathway are
present in high concentrations [52] [53]. The “pseudo-lignin” com-
plexes in green macroalgae can be significantly affected by high tem-
peratures, radiation, nutrient content, and the presence of heavy metals
[54]. The increase in microwave treatment temperature had a strong
impact on fractionation of polysaccharides and “pseudo-lignin”. Thus,
Fig. 1(A) illustrates that the increase in microwave temperature from
130 to 170 °C caused stronger delignification in AL algae leading to
release of >85 wt% pseudo-lignin found in the raw feedstock into the
liquor phase.

Fig. 1(B) illustrates that the release of polysaccharides did not
change significantly with the temperature variation. In opposite, the low
microwave treatment temperatures enhanced delignification process in
AN, whereas the polysaccharide fraction in the spent liquor increased
from 70 to 95 % with the higher temperatures. Similar amounts of acetic
and formic acids were determined in both seaweed liquors. These
organic acids are degradation products of the carbohydrates. Acetic acid
originates from the cleavage of acetyl groups in glucuronoxylan,
whereas formic acid is formed simultaneously from the degradation of
hexoses or pentoses, following similar pathways of terrestrial plants
[55]. The total amount of organic acids ranged between 10 and 18 wt%,
with nearly equal percentages of formic and acetic acids over the entire
temperature range. The impact of microwave treatment temperature
was pronounced at 170 °C for AN leading to slight decrease in formation
of formic acid. At low temperatures (120-150 °C), seaweed samples are
mostly converted predominantly to small molecular weight compo-
nents, whereas higher temperatures can cause the reaction of seaweed to
both large and small molecular weight compounds. In opposite, no
significant changes were observed during microwave treatment of AL
over the entire temperature range. Both results confirm the previous
results on correlation between formic acid formation and the feedstock
type [56]. The addition of GVL at 170 °C microwave treatment
decreased the formation of formic acid leading to increase in glucan.
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Formic acid is a well-known non-gaseous hydrogen donor and further be
used as a reactant for the high glucose recovery. The precise definition of
the reaction mechanism for glucose into formic acid at high hydrolysis
temperature is still under debate [57]. However, the present results
clearly indicate that the decrease in formic acid formation was observed
only at high concentration of GVL/H50 (1:2).

Fig. 2 illustrates differences in polysaccharides composition among
seaweed samples which were analyzed by HPAEC method. The AN
sample additionally contained fucose and mannitol derived from
mannose leading in total to higher concentration of polysaccharides (~
50 wt%) than in AL (~ 30 wt%). The amounts of mannose and xylose
were also higher in AN, supporting previous findings [58]. Glucose,
arabinose, and galactose were the main polysaccharides determined in
AL samples. The microwave treatment temperature had a dominant ef-
fect on the release of glucose, xylose, galactose, fucose, mannan and
mannitol derived from mannose. A significantly higher fraction of
polysaccharides in AN was transferred into the liquor with the
increasing microwave treatment temperature than in the case of AL. The
results on quantification of fucose and mannose derived from mannitol
correspond to the data from 2D HSQC NMR analysis (See supplemental
material Fig. S-10).

The further adjustment of parameters, e.g., increase in 'H NMR
analysis temperature, could provide a better resolution of peaks allo-
cated in the range from 1 to 5 ppm, as Grasdalen suggested [59]. We
stress that both algae contain polysaccharides whose monosugars after
total hydrolysis cannot be resolved with the HPAEC column, namely
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glucuronic and mannuronic acid (from alginate) and fucose (from
fucoidan). Finer resolution of the carbohydrate composition will be
subject to further studies. Also, the impact of the microwave treatment
temperature was dominating over the additional GVL at various con-
centrations. This can be related first to the differences in the seaweed
structure and composition. AL obtained a similar structure-composition
to terrestrial plants, while AN shared several characteristics with the
yellow-green seaweed. The undetermined fraction for both seaweed
samples can represent non-measured extractives and mineral content.
The AN contained very large grains of sand in the gas bladders which
were separated from solid residue and liquor fractions and were not
taken in a mass balance. The protein concentrations varied in both
seaweed samples. However, no strong dependence was observed be-
tween protein concentration, temperature, and ratio of GVL. The mi-
crowave treatment did not cause strong release of protein into seaweed
spent liquor based on the total amino acid results. The quantities of
protein in a solid residue varied in AL from 15 to 26 wt% and in AN from
5to 11 wt%.

The AFM analysis was performed (See supplemental material Fig. S-
11). Based on the images, it appears possible to isolate nano- or micro-
cellulose-like structures without additional chemicals or solvents [60].
The issue, however, requires a devoted study and rigorous optimization
and is hence outside the scope of this contribution.

3.3. Characterization of seaweed proteins

Fig. 3 shows the large differences in protein yields which were
determined in seaweed solid residue and liquor samples. Elemental ni-
trogen measurements for protein calculations provided almost 10 times
higher values for seaweed liquors and 3 times higher protein contents for
solid residue than it was determined with the total amino acid analysis.
The recalculation procedure of elemental nitrogen adopted a conversion
factor from literature that was estimated as an average between 12
strains of algae [36]. This strain of AN was a part of the approximation.
However, a strain of AL was excluded from the research on the con-
version factor average leading to the protein yields, which significantly
differ from the actual protein content [61]. The total amino acid content
using chromatographic identification of individual amino acids after
extraction and HCI hydrolysis showed notable variation from 0.09 to
0.6 wt% in AL liquor and from 0.09 to 0.3 wt% in AN. The clear trends of
the total amino acid yields and operating condition such as microwave
treatment temperature and addition of GVL could not be established.

However, the comparison of protein yields in liquor samples and
solid residues allows to conclude that the release of protein into liquor
phase was very low and thus, the development of additional procedure
for the separation of cellulose from protein is not required. The advan-
tage of the total amino acid analysis is the possibility to obtain the
compositional characteristic of different amino acids. Cystine was found
limiting in raw AN, whereas the composition of both seaweed samples
was similar qualitatively, as shown in Fig. 4. Glutamic acid (GLU),
alanine (ALA), aspartic acid (ASP), arginine (ARG), leucine (LEU), lysine
(LYS), and valine (VAL) make up >50 % of the total amino acid content
in AL liquor. GLU and ASP are the main constituents of the AN liquor.

The qualitative composition of total amino acid content in seaweed
liquor samples only slightly changed under various operational condi-
tions of microwave treatment. LEU and LYS contents decreased with the
increase in microwave treatment temperature in AL liquor. The inter-
mediate contents of LYS and ARG were measured in raw AN which later
decreased in the temperature range from 130 to 170 °C. The protein
composition of both solid residue samples remained qualitatively similar
to the raw seaweed. However, the AN solid residue showed decreased
content of ASP and GLU, whereas AL solid residue contained less LYS,
ARG, and PRO at 170 °C microwave treatment. The total amino acid
procedure did not allow the quantification of tryptophan due to its loss
during the HCl hydrolysis. However, taking the lack of tryptophan into
consideration, the sum of the reported amino acids in liquor and solid
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Fig. 3. Protein yields which were calculated per dry weight of the original
seaweed of microwave treatment at temperatures of 130, 150, and 170 °C
without GVL or with GVL (1:4; 1:2) detected in (A) liquid liquor samples of AL
and AN using total amino acid analysis (AAA), Bradford, and elemental
methods (EA) and (B) raw seaweed and solid residue from microwave treatment
at 170 °C without GVL and with GVL 1:4 using AAA and EA methods. The Y-
axis is shown using logarithmic scale.

residues is approximated to be ~10 wt% that seems to be similar to the
actual protein content of seaweed.

Comparing the sum of the amino acids with the calculation using the
elemental nitrogen, the total amino acid amount, resulting from chro-
matographic identification, seems to be better for quantification, with
regards to accuracy and precision of the measurement, of the total
protein content. The protein yields using Bradford method were signif-
icantly less than using other methods varying from 0.005 to 0.02 wt%.
The Bradford method is based on the measurement of a colour change
caused by oxidation of aromatic amino acid residues by the Bio-Rad
Bradford dye reagent (See supplemental material Fig. S-12). The over-
and underestimation of the total amino acid content can occur when the
average sample protein profile is different from the Bradford assay since
it relies on dye binding specifically to lysine and arginine residues rather
than reacting more generally with peptide bonds [62]. The composi-
tional analysis using chromatographic identification indicated that the
sum of lysine and arginine in AL liquor was <10 wt% and in AN <3.5 wt
%. Additionally, the AN liquor samples were not homogeneous with
respect to particle size in a suspension that could lead to high analysis
uncertainty.
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Fig. 4. Protein composition using the total amino acid method (A) raw AL; (B) AL liquor, 170C; (C) AL pulp, 170C; (D) raw AN; (E) AN liquor, 170C, and (F) AN pulp,
170C. The abbreviations mean: Aspartic acid (ASP), Threonine (THR), Sericin (SER), Glutamic acid (GLU), Glycine (GLY), Alanine (ALA), Cystine (CYS)2, Valine
(VAL), Methionine (MET), Isoleucine (ILE), Leucine (LEU), Tyrosine (TYR), Phenylalanine (PHE), Histidine (HIS), Lysine (LYS), Arginine (ARG), Proline (PRO).

3.4. GC-MS analysis of extractives

Fig. 5(A) illustrates the relationship between the extraction type and
yield of extractives in AL and AN liquors. Both extractions using
chloroform-methanol and DCM-hexene give similar extractives yields in
spent liquors from microwave treatment at selected operational condi-
tion. The yields slightly vary in the range from 4.4 to 5.8 wt% for AL
samples and from 2.4 to 3.5 wt% for AN liquors, respectively. Saturated
fatty acids and their derivatives were identified to 90 % of the totally

measured compounds. These compounds were 2-methoxy-butanoic acid
(characteristic trimethylsilyl (TMS) derivatives ion m/z 262), palmitic
acid (m/z 313), stearic acid (m/z 341), glycerol monostearate (m/z 399),
1-monopalmitin (m/z 371), and dodecanal (m/z 385) at retention times
of 8.7, 30.5, 34.8, 41.9, 45.4, and 52.4 min, as shown in Fig. 5(B). The
identity of the aforementioned compounds was confirmed by compari-
son with the retention times and mass spectra of the authentic com-
pounds. The further recalculation of yields in wt% was performed using
the external standard (tetracosane at 37.9 min, m/z 338). The
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Fig. 5. GCMS analysis (A) Comparison of DCM-Hexene and Chloroform-Methanol on extractives in liquor samples of AL and AN from microwave treatment at
temperatures of 130, 150, and 170 °C without GVL or with GVL (1:4; 1:2) and (B) A representative chromatogram with detected compounds using an example of AN
liquor from 170 °C with GVL (1:4). The extractives yields were calculated per dry weight of the original seaweed.

unquantified compounds could be unusual lipids [63], flavonoids, sa-
ponins, phenolic compounds, tannins, carotenoids, etc. [64]. The mi-
crowave treatment temperature and GVL ratios did not have strong
impact on extractives yields and composition.

The presence of further compounds, e.g., levoglucosan (m/z 204),
phenol (m/z 151), L-fucose (m/z 361), D-mannose (m/z 204), p-glucose
(m/z 204), D-xylose (m/z 204), arabinonic acid (m/z 232), p-gal-
actopyranose (m/z 204) at high temperatures was observed in AN
samples, whereas the composition of AL liquors remained homogeneous
under various operating conditions. This indicates that the impact of
algae type on the yields and composition of extractives was stronger
than other factors. Moreover, the presence of p-glucose, D-mannose and

glycerol compounds in AN indicate the potential formation of uronic
acids (f-1,4-d-mannuronic acid and a-L-guluronic acid) and further
alginate via phosphate pathways [65].

The presence of L-fucose and alginate pre-cursors using GC-MS is a
comparable result to alginate and fucoidan's pattern detected in 2D
HSQC NMR analysis (See supplemental material from Figs. S-1 to S-9).

4. Discussion
This work has shown that seaweed is a significant source of poly-

saccharides, protein, and extractives, including alginate or fatty acids.
Both seaweed type and microwave temperature are critical for the
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isolation of polysaccharides. The temperatures in the range from 150 to
170 °Clead to >90 % release of polysaccharides into the liquor from AN
matrix. In opposite, the AL released <50 % of the total polysaccharide
content in the same temperature range. This is because the structure of
AL is more similar to terrestrial plants whose more elaborate, hierar-
chical construct efficiently resists hydrolytic conditions. Cell walls store
carbohydrates in the form of starch which is difficult to separate from
the AL algae matrix [66]. This study also indicated that both seaweeds
are significant sources of polysaccharides with the dominating arabinose
and glucose in AL and fucose and mannose in AN. The AL samples that
showed lower release of polysaccharides into aqueous phase will require
a prior extraction of arabinose, galactose, and xylose to make the cell
wall more flexible [67]. Fucose and mannose derived from mannitol can
be separated from the AN using a priori extraction. The high yields of
fucose and mannose derived from mannitol after microwave treatment
would enable the application in biomedical and food sectors as a sepa-
rated product stream, but it is not a mandatory requirement. Limited
studies have been done on nanocellulose manufacturing or even the
isolation of the cellulose fraction from seaweed. These results have
clearly indicated that seaweed from Nordic and Caribbean regions has
potential for the development and industrial future growth in nano-
cellulose and manufacturing of bioactive products.

This work showed that only a combined use of measurement tech-
niques for the product characterization, e.g., protein, extractives will
make it possible to close the mass balance up to >90 wt%. The value-
added by-products detected in AN liquor are alginate and fucoidan,
whereas AL liquor is rich in protein and fatty acids. The observed fatty
acids and other extractives are direct products of combined microwave
extraction with the hydrolysis process and not a result of hydrolysis
decomposition. The alginate, fucoidan, and fatty acids in seaweed were
characterized using NMR and GCMS techniques. However, the unde-
termined fraction in both seaweed samples could be formed by bioactive
compounds, e.g., carotenoids, flavonoids, and unusual lipids. The
seaweed species could also contain sulphonated polysaccharides which
were not possible to analyze with the HPAEC and HPLC methods due to
unequivocal structure of intact seaweed fucoidan and ulvan [68].

Compared with the previous studies [69,70], the present results
clearly showed that a procedure for the polysaccharide separation from
proteins is not required. The micron-sized cellulosic structures were
observed during AFM analysis of the fraction composed of cellulose and
proteins. Furthermore, only a small protein fraction (< 2 %) was
released into the aqueous phase during microwave hydrolysis. In addi-
tion, this study demonstrates that the yields and composition of proteins
vary with the seaweed type by depending less on other factors. In
addition, seaweeds are known to have “pseudo-lignin” structures in their
composition of the polyphenolic origin. The polyphenolic compounds
are easier to separate in the AL samples, whereas the yields of “pseudo-
lignin” species mostly remained unchanged in the AN liquor. The liter-
ature reports a similar composition of ascophyllum nodosum with the
Japanese beechwood, whereas structures similar to P, G and S type
lignin were found in green algae due to the cell wall evolution [71].
More research will be required to characterize the chemical composition
of “pseudo-lignin” compounds in seaweed. This will guide with the
choice of a potential green solvent to fractionate selectively poly-
saccharides of the highest purity.

Low temperatures for nanocellulose manufacturing have been sug-
gested due to the lower footprint and lower energy consumption [24].
Despite all advantages of low microwave treatment temperatures, the
present results demonstrate that the higher temperatures (> 150 °C) can
lead to a more heterogenous composition of extractive products. As a
disadvantage, the yields of some value-added compounds, i.e., formic
acid used in biofuel and bioplastic manufacturing can decrease with an
increase in microwave temperature. A balance must be found between
the energy consumption, cost, reactor design, and environmental issues
to obtain products of the highest purity for specific industrial use.

From the technical point of view, it is viable to use the two-step
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microwave treatment in one reactor. This work confirmed that a clear
advantage of the two-step microwave treatment is a fine-tuning of
products using a limited number of operating parameters in the sus-
tainable manufacturing environment. While the high environmental and
economic costs of nanocellulose production remain unsolved for the
time being [72], the results of this study are promising with respect to
reduction of process chemicals used and solvent free process operation.
The high content of minerals in seaweed and a variety of seaweed spe-
cies requiring the modification of extraction conditions hinder the im-
mediate scale-up of microwave hydrolysis. However, the design of the
high-pressure microwave reactor (up to 25-30 bar) could enable pre-
cise frequency and microwave power control to avoid significant mis-
readings of the actual values during the experiments. This will lead to
less variations in product composition by tuning the liquor structure to
several value-added products. In addition, it will make the overall
product composition more homogeneous and less dependent on a
seaweed type.

5. Conclusion

The microwave treatment of seaweed was investigated through a
systematic experimental study. The effect of three variables, seaweed
type (Ascophyllum nodosum and Aegagropila linnaei), microwave tem-
perature (130-170 °C), and y-valerolactone solvent addition (1:4; 1:2
ratios) on the product yield and composition was studied. The micro-
wave temperature and seaweed type played a dominating role in the
mass closure balances leading to >90 % identified compounds in the
temperature range from 150 to 170 °C. Both seaweed cultures are sig-
nificant sources of polysaccharides with the dominating arabinose and
glucose in Aegagropila linnaei and fucose and mannose in Ascophyllum
nodosum. The released extractives in the aqueous phase during Asco-
phyllum nodosum microwave treatment are dominated by alginate and
fucoidan, whereas fatty acids were determined in both seaweed samples.
The formic and acetic acids over the entire microwave temperature
range are value-added products for the energy and chemical sectors. For
the first time, the accurate characterization of protein composition using
the total amino acid method showed that >95 % of protein remains in a
seaweed solid residue during microwave treatment. The comparison of
three protein characterization methods identified that the total amino
acid analysis provides both quantitative and qualitative description of
protein with the higher accuracy than other methods. This work clearly
presents convincing arguments that the two-step microwave treatment
of seaweed through the fine-tuning of products using a limited number
of operating parameters is a promising sustainable process for both
materials and energy sectors.
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