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In Flanders fields the poppies blow 

Between the crosses, row on row, 

That mark our place; and in the sky 

The larks, still bravely singing, fly 

Scarce heard amid the guns below. 

 

We are the Dead. Short days ago 

We lived, felt dawn, saw sunset glow, 

Loved and were loved, and now we lie 

In Flanders fields. 

 

Take up our quarrel with the foe: 

To you from failing hands we throw 

The torch; be yours to hold it high. 

If ye break faith with us who die 

We shall not sleep, though poppies grow 

In Flanders fields. 

 

John McCrae (1872-1918)  



 

ABSTRACT 

Cultivation of seaweed has been conducted for centuries in Asia, but is largely 

undeveloped in Sweden even though there is potential for this industry. 

Seaweed offers benefits compared with land-based biomass cultivation. 

Cultivation of seaweed does not occupy land areas and does not require 

irrigation or fertilizers, which contributes to avoid coastal eutrophication. 

Seaweed contains polysaccharides and is a potential feedstock for production 

of bio-based materials. The aim of this thesis was to extract and map the 

chemical structure of polysaccharides from macroalgae collected along the 

Swedish west coast. Another aim was to use the extracted polysaccharides to 

design new bio-based materials. In the first study, a fractionation strategy was 

developed to sequentially extract proteins and polysaccharides from the red 

macroalgae Porphyra. The fractionation yielded one protein fraction and three 

polysaccharide fractions. In the second study, the polysaccharide ulvan was 

extracted from two species of the green macroalgae Ulva. Two different 

extraction protocols were tested. Parameters such as the yield, molecular 

weight and monosaccharide composition of the extracted ulvan depended on 

the extraction protocol and the specie of Ulva used for the extraction. In the 

third study, ulvan extracted from Ulva was used to prepare hydrogels, which 

were tested as an adsorbent for heavy metals and the dye methylene blue. 

Ulvan was first oxidized into ulvan dialdehyde and mixed with gelatin, 

yielding hydrogels. The hydrogels showed high water-uptake capacity and a 

high adsorption capacity of methylene blue. The hydrogels also adsorbed 

heavy metal ions. In the fourth study, cellulose was extracted from Ulva and 

further used to prepare cellulose nanofibrils (CNF). Chemical analysis of the 

CNF showed that it contains mostly cellulose but also a smaller amount of a 

xylose-glucose copolymer. The CNF had a crystallinity index of 48% and 

showed typical peaks for the cellulose I allomorph. 

 

Keywords: biorefinery, seaweed, macroalgae, Ulva, Porphyra, ulvan, 

porphyran, cellulose, gelatin, hydrogel, heavy metal, methylene blue 

  



 

SAMMANFATTNING 

Algodling är en stor industri i Asien, men i stort sett outvecklad i Sverige. 

Algodling erbjuder många fördelar jämfört med odling av landbaserad 

biomassa. Algodlingar upptar inte värdefulla landområden och kräver ingen 

konstbevattning eller gödningsmedel vilket förebygger övergödning i 

kustnära miljöer. Alger är en potentiell råvara för framställning av biobränslen 

och biobaserade material. Syftet med detta avhandlingsarbete var att utveckla 

metoder för att extrahera och strukturbestämma polysackarider från 

makroalger som odlats på västkusten i Sverige. De extraherade 

polysackariderna användes sedan för att framställa några olika biobaserade 

material. I den första studien utvecklades en metod för att fraktionera proteiner 

och polysackarider från den röda makroalgen Porphyra. En proteinfraktion 

och tre polysackaridfraktioner erhölls vid fraktioneringen. I den andra studien 

utvecklades två olika protokoll för att extrahera polysackariden ulvan från två 

olika arter den gröna makroalgen Ulva. Extraktion med saltsyralösning gav ett 

högre utbyte av ulvan än extraktion med vatten. Sammansättningen av 

monosackarider hos det extraherade ulvanet varierade beroende på vilken 

extraktionsmetod som användes och även på vilken art av Ulva som användes. 

I den tredje studien tillverkades hydrogeler av ulvan som extraherats från 

Ulva. Ulvan oxiderades först till ulvan dialdehyd och blandades sedan med 

gelatin vilket ledde till bildningen av hydrogeler. Hydrogelerna visade en god 

svällningsförmåga i vatten och god förmåga att adsorbera färgämnet 

metylenblått. Hydrogelerna adsorberade också tungmetalljoner i viss 

utsträckning. I den fjärde studien extraherades cellulosa från Ulva och den 

extraherade cellulosan användes sedan vidare för att tillverka nanocellulosa 

(CNF) och regenererad cellulosa. Kemisk analys av nanocellulosan visade att 

den innehåller mest cellulosa, men även en mindre mängd av en xylos-glukos-

sampolymer. Kristalliniteten uppmättes till 48% och det uppmätta XRD 

difraktogrammet indikerade förekomst av allomorfen cellulosa I.    

 

Nyckelord: bioraffinaderi, alger, makroalger, Ulva, Porphyra, ulvan, 

porphyran, cellulosa, gelatin, hydrogel, tungmetall, metylenblått
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used for general understanding.  
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1 PURPOSE OF THE STUDY 

Cultivation of seaweed has been conducted for centuries in Asia, but is so far 

largely undeveloped in Sweden even though there is huge potential for this 

industry due to Sweden’s long coastline. Seaweed is a valuable food source, 

but it also contains several valuable components such as polysaccharides, 

proteins and lipids, which makes it a potential feedstock for the production of 

energy, biofuels, and bio-based materials. The polysaccharides in seaweed are 

of particular interest for the production of new bio-based materials. The 

specific aims of this thesis are to:  

 Develop methods for the extraction of polysaccharides from red and 

green seaweed collected along the Swedish west coast. In this thesis, 

the red macroalgae Porphyra and the green macroalgae Ulva were 

chosen as the seaweed samples. 

 Characterize the extracted polysaccharides to obtain a deeper 

understanding regarding their chemical structure. 

 Investigate how the chemical structure of the extracted 

polysaccharides depends on the extraction protocol and the specie of 

the seaweed.  

 Investigate the potential use of the extracted polysaccharides in new 

bio-based materials, including cellulose nanofibrils (CNF) and 

hydrogels for the removal of dyes and toxic heavy metals from 

aqueous solution.  
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2 INTRODUCTION 

2.1 BIOMASS VALORIZATION AND THE UN SUSTAINABLE 

DEVELOPMENT GOALS  

The worldwide dependence on fossil resources is possessing environmental 

concerns due to emission of greenhouse gases which causes global warming. 

Due to the ongoing climate-changes, there is an urgent need to utilize 

alternative resources for material and energy production. The United Nations 

(UN) formulated the UN Sustainable Development Goals to be reached in 

2030.1 To fulfil these goals, a transition from fossil-based resources to 

renewable resources is necessary and research regarding valorization of 

biomass is important.2. Biomasses such as wood, cotton and crops are 

excellent feedstock’s for a more sustainable production of energy, biofuels 

and bio-based materials due to its renewability, biodegradability, wide 

availability, non-toxicity and low cost. Biomass can either be used directly for 

energy and heat production or the vital components in the biomass such as 

polysaccharides, proteins, and lignin can be isolated and further processed for 

production of bio-based materials, biofuels and platform chemicals.3 The work 

presented in this thesis will focus on the production of new bio-based materials 

based on polysaccharides from marine biomass and is directly and indirectly 

relevant for a number of targets in several of the  UN Sustainable 

Development Goals (mainly target 7, 11, 12, 13 and 15) which targets the use 

of renewable resources for material production to reduce the effect of global 

warming (Figure 1). The work in this thesis will involve development of 

polysaccharide-based hydrogels for removal of toxic water contaminants and 

is therefore also related to target 6 and 14 in UN Sustainable Development 

Goals (Figure 1). 
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Figure 1. Seven of the UN Sustainable Development Goals, which are related 

to the use of renewable resources such as marine biomass. Image made with 

permission from the source material available at 

https://sustainabledevelopment.un.org.1 

2.2 MARINE BIOMASS 

Hitherto, the biomass used industrially for the production of energy, biofuels 

and bio-based materials almost entirely consist of land-based biomass such as 

wood, crops, and cotton. Marine biomass, such as seaweed, as an alternative 

to land-based biomass has gained increased attention during the past decades. 

More than 2/3 of the Earth’s surface is covered by oceans, which offer a so far 

largely unused area for biomass cultivation. Seaweed is a low-cost source of 

biomass that offers several benefits compared with land-based biomass 

production. The cultivation of seaweed does not compete with valuable land 

areas and does not require irrigation or addition of fertilizers which contributes 

to avoid coastal eutrophication.4 Seaweed is also absorbing nutrients emitted 

from farms and fish farms which makes seaweed a potential material for 

bioremediation of nitrogen polluted water.4  
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2.3 CULTIVATION OF SEAWEED 

Cultivation of seaweed has been conducted over centuries in Asia, especially 

in China and Japan where seaweed plays an important role in the food 

industry. Around 96% of the seaweed that is consumed annually is cultivated 

rather than wild-harvested and 99.5% of the cultivated seaweed is cultivated 

in Asia.5 In Europe, there is so far no, or little cultivation of seaweed and the 

seaweed used by the European industry is mostly harvested from the wild 

rather than cultivated. The yearly production of seaweed was around 30 

million tons in 2016 and is worth around 6 billion USD every year.5 The 

majority of cultivated seaweed consist of red and brown macroalgae from the 

five genera Gracilaria, Kappaphycus, Porphyra, Undaria and Saccharina 

which account for 81-98% of the total seaweed production.5 Cultivated 

seaweed are mainly used for direct food consumption or as raw material for 

extraction of polysaccharides such as alginate, carrageenan, and agar which 

are all used as thickening agents in the food industry.5-6 During recent years, 

some additional applications of seaweed has been developed. For example, 

seaweed can be used as a feed to improve animal health,7 as fertilizers and soil 

conditioners to improve plant growth and nutrient retention in soil,8 and as a 

renewable replacement for fossil fuels.9  

2.4 THE BIOREFINERY CONCEPT 

As mentioned in Section 2.3, cultivated seaweed biomass is still primary used 

for food consumption or for the extraction of food-additives such as alginate, 

carrageenan and agar. However, most reported extraction protocols used for 

the extraction of components from seaweeds are only targeting one 

component, but they disregard the other components. The insoluble fraction 

left after the extraction of the desired compound is usually discarded and no 

further attempts to isolate more components from the insoluble fraction are 

made, which leads to a huge waste of potentially valuable biomass. This 

approach is in direct contradiction to the rapidly emerging need to use biomass 

resources in a more sustainable way. From a biorefinery point of view, it is 

essential to develop and utilize biomass extraction protocols that allow us to 
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recover as many of the valuable components in the biomass as possible. 

Biorefinery processes are widely used to recover valuable components such 

as levulinic acid, succinic acid, and ethanol from different types of 

biomasses.10-11 Applying a biorefinery approach for isolation of components 

in seaweed is of high importance in order to obtain more value from the 

biomass.  

2.5  THE SWEAWEED PROJECT 

2.5.1 Project description 

As mentioned previously, cultivation of seaweed is largely undeveloped in 

Sweden even though there is a huge potential for this type of industry due to 

Sweden’s long coastline. To investigate the possibilities of seaweed 

cultivation on the Swedish west coast, the project SWEAWEED started in 

2015. The work presented in this thesis is done as a part of this project. The 

SWEAWEED project is a collaboration between three Swedish universities: 

University of Gothenburg, Chalmers University of Technology in Gothenburg 

and KTH Royal Institute of Technology in Stockholm. The main objective 

with the SWEAWEED project is to develop novel techniques for cultivation, 

processing, and applications of seaweed on the Swedish west coast. The 

SWEAWEED project is divided into five different work packages (WPs), see 

Figure 2. Work-package 1 (WP1) focuses on the development of specie-

specific cultivation techniques of seaweed. This part of the project took place 

at Tjärnö Marine Laboratory (formerly a part of Sven Lovén Centre of Marine 

Science) on the small island Tjärnö located on the Swedish west coast. All 

seaweed used in this project was collected and cultivated at this location. The 

other work packages (WP2, WP3, WP4, and WP5, Figure 2) are more focused 

on the processing and application of the cultivated seaweed. The work 

presented in this thesis was done mostly within WP5 (bio-based materials). 

The main goal in WP5 was to develop techniques for the extraction of 

polysaccharides from seaweed and to evaluate the extracted polysaccharides 

as a potential key component in new bio-based materials.   
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Figure 2. Schematic description of the work packages in the SWEAWEED 

project.   

 

Two different seaweed species is used in the SWEAWEED project: the red 

macroalgae Porphyra and the green macroalgae Ulva. These species were 

chosen because they grow naturally on the Swedish west coast. Additionally, 

these species also contain high levels of valuable components such as 

polysaccharides, proteins, and lipids, which all are of interest for the 

SWEAWEED project. These seaweed species have also been successfully 

cultivated at other locations, mainly in Asia. Porphyra and Ulva will be further 

described in Section 2.5.2.1-2.5.2.2. 

 

The cultivation of Porphyra and Ulva took place at Tjärnö Marine Laboratory. 

Seaweed samples was collected from the wild at locations nearby Tjärnö and 

taken back to the lab where they were placed in cultivation tanks indoors 

(Figure 3). The tanks were filled with filtered seawater that was continuously 

pumped in from the bay outside. No extra nutrients or additives were added to 

the water. The seaweed samples were cultivated for 2-4 weeks. After 

cultivation, the seaweed samples were frozen, oven-dried or freeze-dried, and 
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finally sent to the other partners of the project for further processing and 

analysis.    

 

     
Figure 3. Tank-cultivation of Ulva lactuca at Tjärnö Marine Laboratory, 

Sweden. 

2.5.2 The seaweed species 

2.5.2.1  Porphyra  

The red macroalgae Porphyra (also known as Nori) belongs to a family of red 

algae called Bangiaceae and is one of the most popular edible seaweeds 

worldwide, especially in Japan where is serves as a main ingredient in sushi. 

Porphyra is one of the most cultivated macroalgae in the world and is 

cultivated on a large scale in Asia. It also grows naturally in cold shallow 

seawater and is distributed along the coastlines across the world. In total, 133 

different species of Porphyra have been identified. Porphyra has a high 

nutrition value due to the high content of proteins, vitamin B12 and trace 

minerals (e.g. iron and iodine).12 It is also a potential feedstock for material 

production due to its high content of polysaccharides. One characteristic 

polysaccharide in Porphyra that has gained a lot of interest is porphyran13-14 

Porphyran will be further described in Section 2.6.1. The life-cycle of 

Porphyra is quite complex and involves both asexual and sexual reproduction 

mechanisms. Studies have shown that the polysaccharide composition of 

Porphyra can vary between different stages in the life cycle.15 Cultivation of 

Porphyra takes place in the sea where it grows attached to nets that are 

suspended on the sea surface. The seaweed grows quickly requiring about 45 



INTRODUCTION 

8 

days from the “seeding” to the first harvest. Multiple harvests can be taken 

from the same seeding usually with ten-day intervals.4-5  

 

 
Figure 4. A dried-sample of the red macroalgae Porphyra umbilicalis placed 

in a Petri-dish. 

    

2.5.2.2  Ulva  

The green macroalgae Ulva (which belongs to the Chlorophyta family) is 

widely distributed along the coastline in oceans across the world. Due to its 

ability to thrive under many different growing conditions, Ulva is particularly 

suitable for cultivation.16 Nevertheless, the cultivation of Ulva is still quite 

limited compared with other commercially available seaweed species such as 

Porphyra. It is mainly tank-cultivated in South Africa, Japan, and other Asian 

countries rather than cultivated in the sea. Ulva are among the most popular 

edible seaweeds worldwide with a high nutrition value due to high levels of 

polysaccharides, proteins, vitamins, and trace minerals.17 One characteristic 

polysaccharide in Ulva that has gained a lot of interest is ulvan. Ulvan will be 
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further described in Section 2.6.2. The taxonomic identification of different 

Ulva species has historically been done by morphological identification. 

However, some species of Ulva have very similar morphology which makes 

it notoriously hard to distinguish them with the naked eye. Taxonomic 

identification by genetic analysis has been developed as a new and powerful 

tool for accurate identification of different Ulva species.18-19 For example, this 

technique recently established that the specie known as Ulva lactuca from the 

Northern hemisphere actually is Ulva fenestrata.18  

 

 
Figure 5. A sample of the green macroalgae Ulva lactuca (Ulva fenestrata) 

placed in a Petri-dish. 

2.6  SEAWEED POLYSACCHARIDES  

2.6.1 Porphyran 

Porphyran is a polysaccharide found in the cell walls of the red macroalgae 

Porphyra. It is a water-soluble and sulphated polysaccharide composed of 
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repeating units of partially sulphated monosaccharides. Porphyran is a linear 

sulphated galactan with a very complex structure consisting of repeating units 

of 6O-methyl-β-D-galactose (1  4)-α-L-galactose-6 sulphate or 6O-methyl-

β-D-galactose(1 4)-α-3,6-anhydro-L-galactose.20-22 Other monosaccharides 

such as  D-galactose and L-galactose also occurs in porphyran. The chemical 

composition of porphyran varies between different species of Porphyra and 

depends on the growing conditions of the biomass.20 The chemical structure 

of porphyran is shown in Figure 6. The chemical structure of porphyran is 

very similar to the chemical structure of carrageenan which is found in many 

other species of red seaweed.   

 

 
Figure 6. The main repeating units in porphyran, a) 6O-methyl-β-D-galactose 

(1  4)-α-L-galactose-6 sulphate b) 6O-methyl-β-D-galactose(1 4)-α-3,6-

anhydro-L-galactose. 

  

Porphyran shows excellent gelling-properties and can be used as a gelling 

agent and in edible films.21-22 Nevertheless, the use of porphyran as a 

thickening-agent in the food-industry is still very limited compared with other 

red seaweed polysaccharides such as agar and carrageenan. Instead, other 
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potential applications of porphyran have been evaluated.  Porphyran exhibits 

antioxidant and anti-inflammatory properties, which make it suitable in 

medical applications.23 Due to its water solubility, porphyran, can be extracted 

from Porphyra using hot water. The dissolved porphyran can be recovered as 

a solid product by addition of ethanol or 2-propanol to the supernatant 

followed by filtration and drying. An alkaline pre-treatment of the Porphyra 

biomass is sometimes used prior to the extraction of porphyran. The alkaline 

pre-treatment partially removes the sulphate groups in porphyran and converts 

the galctose-6-sulfate units into 3,6 anhydro-L-galactose units which leads to 

better gelling properties.20-23       

2.6.2 Ulvan 

Ulvan is a water-soluble and sulphated polysaccharide found in the cell walls 

of the green macroalgae Ulva. The total content of ulvan in Ulva can vary 

between different species and corresponds to 8 - 29% of the dry weight 

biomass.24-28 Ulvan has a complicated structure, which has been studied in 

detail for the past decades.24-28 The chemical structure of ulvan tends to vary 

between different species of Ulva and is also dependent on the growing 

conditions of the algae. Seasonal variations in the chemical structure of ulvan 

can also occur. Ulvan is mainly composed of repeating units of sulphated 

disaccharides with rhamnose (Rha), xylose (Xyl), glucuronic acid (GlcA) and 

iduronic acid (IdoA) as the main building blocks. The main repeating units in 

ulvan are β-D-GlcA (1  4)-α-L-Rha-3-sulphate, and α-L-IdoA (1  4)-α-L-

Rha-3-sulphate.24-28 The iduronic acid or glucuronic acid moieties can instead 

be a xylose (sulphated or non-sulphated) unit forming the characteristic 

repeating units β-D-Xyl (1  4)-α-L-Rha-3-sulphate and β-D-Xyl-2-sulphate 

(1  4)-α-L-Rha-3-sulphate. Glucuronic acid moieties can also occur as 

branches on C2 of the rhamnose moeties.24-28 Trace amounts of other sugars 

such as galactose, mannose and glucose can be found in ulvan. The chemical 

structures of the characteristic disaccharide motifs in ulvan are shown in 

Figure 7. 
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Figure 7. The characteristic disaccharide motifs in ulvan, a) β-D-GlcA (1  

4)-α-L-Rha-3-sulphate. b) α-L-IdoA (1  4)-α-L-Rha-3-sulphate. c) β-D-Xyl 

(1  4)-α-L-Rha-3-sulphate, and d) β-D-Xyl-2-sulphate (1  4)-α-L-Rha-3-

sulphate. 
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Several interesting applications of ulvan have been reported. Ulvan exhibit 

both anticoagulant29 and antioxidant30 properties and may serve as an 

antitumor and immune modulator.31 In addition, it was shown that ulvan has 

a strong affinity for some divalent heavy metal ions.25 The gelling properties 

of ulvan in the presence of calcium and borate ions have been investigated32-

33 as well as its’ potential use as a key component in nanofibers,34 hydrogels,35 

or scaffolds.36  There are several reported methods for extraction of ulvan, 

including hot water extraction,37-38 hot water containing a chelating agent such 

as sodium oxalate or acidified ammonium oxalate25,27 or hot diluted 

hydrochloric acid.39 It should be taken into account that parameters such as 

purity, molecular weight and chemical composition of the extracted ulvan 

depends on the extraction procedure. The extracted ulvan is usually 

contaminated with small amounts of starch, proteins, pigments, and salt which 

are all co-extracted with the ulvan. Purification techniques such as dialysis, 

enzymatic treatment and ethanol washing are sometimes implemented to 

obtain a purer ulvan fraction.25             

2.6.3 Cellulose 

Cellulose is estimated to be the most abundant polysaccharide on earth with a 

yearly production of 1010 - 1011 tons.40-41 It acts as a structural component of 

the primary cell walls in terrestrial plants. Cellulose is a semicrystalline and 

high molecular weight homopolysaccharide consisting of repeating D-

glucopyranose units linked together by β-(1  4) glyosidic bonds.42 The 

chemical structure of cellulose is shown in Figure 8.  

 
Figure 8. The chemical structure of cellulose. 
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Due to its low weight, low cost, non-toxicity, high strength, stiffness, and 

environmental benefits, cellulose is used industrially in a wide range of 

applications such as papermaking, food packaging, pharmaceutical 

applications and in biocomposite materials.43 In the native state, cellulose 

chains tend to self-assemble into microfibrils which undergo further 

aggregation into larger cellulose fibres. These cellulose fibers build up 

terrestrial plant cell walls.  Cellulose nanofibrils (CNF) are produced 

industrially by the disintegration of cellulose fibres into particles with 

diameters in nanoscale. Typically, CNF have diameters around 5 – 50 nm and 

lengths of a few micrometres. The CNF production usually involves an 

enzymatic or a chemical pre-treatment of cellulose pulp followed by a 

mechanical homogenization process. Cellulose fibres are exposed to high 

shear and pressure during the homogenization process, which will disintegrate 

cellulose fibres into the corresponding macro- and nanofibrils. Due to its 

excellent mechanical properties and environmental benefits, CNF can be used 

in a wide variety of material applications such as composite materials, 

polymer films, foams, and in biomedical applications.43 One problem with 

CNF production from terrestrial plants, e.g. wood, is that is requires 

delignification (removal of lignin) which is a very energy-consuming process. 

The final CNF may also contain residual chemicals from the delignification 

process.  

 

Aside land-based biomass, cellulose can also be found in several species of 

seaweed. The overall cellulose content in seaweed is in the range 1 - 15% 

(w/w) and vary between different species.44-46 Cellulose has been found in 

both Ulva44-46 and Porphyra.15 One big advantage with cellulose from Ulva 

and Porphyra is that these seaweed species does not contain any lignin. The 

absence of lignin in Ulva and Porphyra makes them a potential feedstock for 

the production of lignin-free CNF, which could be more suitable for 

biomedical applications than CNF from terrestrial plants.43 In contrast to 

porphyran and ulvan, cellulose is not water-soluble and cannot be directly 

extracted from the biomass using a single extraction with water. Instead, 
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another approach has to be established where all the other components in the 

biomass are removed and the cellulose will be left as an insoluble fraction. 

Even though cellulose has been found in both Ulva and Porphyra, there are 

no studies regarding the production of CNF from the cellulose fraction 

extracted from these species.  

2.6.4 Pectin 

Pectin is one of the key components in the middle lamella of cell walls in 

terrestrial plants where it plays an important role in the growth and 

development of higher plants.47 It is also proposed that pectin is involved in 

the adhesion of neighbouring cells as well as control of the cell wall porosity 

and regulation of the ionic environment in the cell walls.48 Pectin has a 

complex chemical structure that can vary between plant species and the 

composition can also change over time. The main types of pectins are 

homogalacturans and rhamnogalacturans. Homogalacturans consist of linear 

chains of (1->4)-α-D-galacturonic acid units in which some of the carboxylic 

groups in the galacturonic acid moieties are esterified. Rhamnogalacturans 

consist of linear chains of alternating galacturonic acid and rhamnose building 

blocks. Side-chains with other neutral sugars such as arabinose, galactose and 

glucose can also occur in rhamnogalacturan. Pectin is widely used in the food 

industry as a thickening agent due to excellent gelling properties. The most 

common way to isolate pectin from biomass is to use an acidic aqueous 

solution at high temperature.47-48  

 
Figure 9. The chemical structure of homogalacturan, one of the main types of 

pectin. 
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Aside terrestrial plants, pectin has also been found in some species of seaweed, 

such as Micreasterias49, Netrium digitus50 and Ulva.51 Pectin is suggested to 

play an important role in the cell wall plasticity and its availability to resist 

desiccation stress. However, there are not so many studies regarding the 

chemical structure of the pectin in seaweed and how the structure differs from 

pectin in terrestrial plants.  

2.7 POLYSACCHARIDE-BASED HYDROGELS FOR WATER 

PURIFICATION 

 

One potential material application for polysaccharides that has gained interest 

is as a key component in materials for water purification. Water pollution is a 

global environmental problem worldwide and causes the death of millions of 

people every year.52 Heavy metals are among the most problematic water 

contaminants. These heavy metals are mainly derived from mines, metal 

working operations, and textile industries. The emission of heavy metals is of 

great concern for both human health and the environment due to acute toxicity 

and the tendency to bioaccumulate in living organisms.53-54 Dyes are other 

problematic water contaminants, mainly derived from textile industries.55-56 

They are often resistant towards oxidation, photodegradation and 

biodegradation, so they will persist in the environment over time. The emitted 

dyes also discolour the seawater which impedes the light penetration of the 

sunlight and retards the photosynthesis of water-living organisms. Some 

commercial dyes are also harmful for humans at higher doses and can cause 

increasing heartrate, vomiting and shock.57 Development of efficient 

techniques for the removal of water contaminants such as heavy metals and 

dyes is an important field of research. Different strategies for the removal of 

water contaminants are used industrially including adsorption, precipitation, 

ion-exchange resins, membrane filtration and electrochemical methods.58 

Adsorption by activated carbon is one of the most popular methods for 

wastewater purification. However, activated carbon is less efficient for heavy 
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metals. Hydrogels are alternative types of adsorbents. Hydrogels are three-

dimensional cross-linked networks with a high water-uptake capacity. The 

water-uptake capacity of a hydrogel depends on several factors such as the 

porosity, hydrophilicity and the number of available binding sites of 

functional groups in the hydrogel. The functional groups in hydrogels also 

enables physical absorption of water contaminants such as heavy metals or 

dyes.59 Polysaccharides have gained increased interest as a key-component in 

bio-based hydrogels for adsorption of water contaminates due to high 

abundance, low cost, and their hydrophilic nature. Different polysaccharides 

have been evaluated in hydrogels for adsorption of water contaminants 

including cellulose,60-63 starch,64 chitosan,65 pectin,66 hemicellulose.67-68 and 

even seaweed-derived polysaccharides such as alginate, a polysaccharide from 

brown macroalgae69  
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3 EXPERIMENTAL  

3.1 CHEMICALS AND MATERIALS 

Gelatin from porcine skin (Bloom-number 170-190, Mw=40-50 kDa, pl=7-9, 

CAS-number: 9000-70-8), hydrogen peroxide (30%, CAS nr: 7722-84-1), 

hydrochloric acid (37%, CAS nr: 7647.01-0), trifluoroacetic acid (99%, CAS 

nr: 76-05-1), sodium acetate (99%, CAS nr: 127-09-3), sodium hydroxide 

(99%, CAS nr: 1310-73-2), sodium carbonate (99%, CAS-nr: 497-19-8) 

lithium chloride (99%, CAS-nr: 7447-41-8), dimethylacetamide (99%, CAS-

nr: 127-19-5), α-cellulose, from Spruce wood (99%, CAS-nr: 9004-34-6), 

carrageenan (CAS-nr: 11114-20-8), L-(+)-arabinose (99%, CAS nr: 5328-37-

0), D-(+)-glucose (99%, CAS nr: 50-99-7), D-(+)-mannose (99%, CAS nr: 

3458-28-4), D-(+)-galactose (99%, CAS nr: 59-23-4),  D-(+)-xylose (99%, 

CAS nr: 58-86-6), L-(+) rhamnose (99%, CAS nr: 10030-85-0, D-(+)-

glucoronic acid (98%, CAS nr: 6556-12-3), D-(+) galacturonic acid 

monohydrate (98%, CAS-nr: 91510-62-2), pyridine, (99.8%, CAS nr: 110-86-

1), toluene (99.8%, CAS nr: 108-88-3), methylene blue (99%, CAS-number: 

122965-43-9)  sodium (meta)periodate (99%, CAS- number: 7790-28-5), 

ethylene glycol (99%, CAS-number: 107-21-1), cupper nitrate trihydrate 

(98%, CAS-number: 10031-43-3), cobalt nitrate hexahydrate (98%, CAS-

number: 10026-22-9), nickel nitrate hexahydrate (99%, CAS-number: 13478-

00-7) zinc nitrate hexahydrate (99%, CAS-number: 10196-18-6) and PBS 

buffer tablets (MDL-number: MFCD00131855) were all purchased from 

Sigma Aldrich. Ethanol (99%, CAS nr: 64-17-5) and methanol (99.98%, CAS 

nr: 67-56-1) were purchased from VWR Chemicals. Reference ulvan from 

Ulva armoricana, type winter-heavy, purity min 90 % (≥80 % at a weight-

average molecular weight (Mw) of 90 000 – 980 000 g/mol, CAS nr: 164252-

34-0) and iduronic acid (99%, CAS nr: 2073-35-0,61199-83-5) were 

https://www.sigmaaldrich.com/catalog/search?term=9000-70-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=7722-84-1&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=127-09-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=1310-73-2&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=7447-41-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=127-19-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=11114-20-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=108-88-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=122965-43-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=7790-28-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=107-21-1&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=10031-43-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=10026-22-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=13478-00-7&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=13478-00-7&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=10196-18-6&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SE&focus=product
https://www.sigmaaldrich.com/catalog/search?term=MFCD00131855&interface=MDL%20No.&lang=en&region=US&focus=product
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purchased from CarboSynth. Sulphuric acid (72%) was purchased from 

Labservice AB, Sweden. Dialysis membranes were purchased from Spectrum 

Laboratories Inc. All chemicals were used as received. 

3.2 COLLECTION AND CULTIVATION OF SEAWEED 

SAMPLES 

 

Porphyra umbilicalis samples were collected from Inre Vattenholmen (N 

58°52.6’, E 11°06.9’), Ulva lactuca samples were collected from either Inre 

Vattenholmen (N 58°52.6’, E 11°06.9’) or at the island Saltö (N 58°52.744’ 

E 11°07.146’), and Ulva compressa samples were collected at the island Tjörn 

(N 57°59.059’ E 11°32.314’). Collected biomass samples were rinsed several 

times in natural seawater to remove grazers and loose epiphytes and brought 

back to the lab within 2 h. The biomass samples were then placed into 

cultivation tanks (60-90 L) and cultivated at neutral light cycle 12 h daylight, 

12 h darkness (Paper I) or 16 h daylight, 8 h darkness (Paper II - IV) at a light 

intensity of 140 µE m-2 s-1. The light source was an OSRAM Lumilux Warm 

White 58 W bulb. The seaweeds continuously received filtered seawater that 

was passed through 1 µm filters. No additional medium or chemicals were 

added to the water. The natural seawater used in the flow-through system was 

pumped in from outside the bay. Thus, the salinity may have fluctuated 

somewhat depending on the freshwater coming in from the coast. No salinity 

measurements were performed, but the salinity in this region is typically ca. 

25 ppt. The seaweeds were cultivated for 2 - 4 weeks in total. After cultivation, 

the samples were freeze-dried and stored for further extractions.  

3.3 FRACTIONATION OF BIOMACROMOLECULES FROM 

PORPHYRA UMBILICALIS (PAPER I) 

The protocol for the fractionation of proteins and polysaccharides from 

Porphyra umbilicalis is schematically shown in Figure 10. The individual 

steps in the fractionation are further described in Section 3.3.1-3.3.5.   
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Figure 10. Fractionation protocol for proteins and polysaccharides from the 

red macroalgae Porphyra umbilicalis.  

3.3.1 Extraction of proteins, step (1) 

Protein from Porphyra was extracted by Harrysson at Chalmers University of 

Technology as described in Paper I.70 The insoluble fraction that was left after 

the extraction of proteins was collected, freeze-dried and stored for further 

extractions. The extracted protein fraction will herein be denoted as “protein-

rich fraction”.  

3.3.2 Extraction of porphyran, step (2) 

Freeze-dried insoluble fraction (2.0 g) from step (1) was suspended in 200 mL 

1.0 M Na2CO3 and stirred at room temperature for 24 h. The sample was 

washed several times with water and then suspended in 200 mL of Na2CO3 

solution (pH = 9.5). The mixture was heated under continuous stirring at 90 

C for 4 h (Figure 10, step 2a). After cooling to room temperature, the mixture 

was centrifuged at 4000 rpm for 10 min and the supernatant was collected, 

dialyzed for 48 h, and then freeze-dried (Figure 10, step 2b).  An alternative 

work-up procedure was also investigated in which the supernatant was 

concentrated by evaporation down to 50 mL and the porphyran was 
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precipitated by addition of 200 mL EtOH to the supernatant. The precipitated 

porphyran was recovered by centrifugation 4000 rpm for 10 min and air-dried 

overnight. The insoluble fraction from the porphyran extraction was stored for 

further extractions. The extracted porphyran fraction will herein be denoted as 

“porphyran-rich fraction”.  

3.3.3 Extraction of pectin, step (3) 

The insoluble fraction remaining after the porphyran extraction in step 2 was 

washed several times with water in order to remove any traces of porphyran 

left from the previous extraction. The washed sample was then suspended in 

200 mL of 0.01 M HCl (pH = 2) and heated to 90 C for 4 h (Figure 10, step 

3a) under continuous stirring. After cooling down to room temperature, the 

mixture was centrifuged at 4000 rpm for 10 min and the supernatant was 

collected, dialyzed for 48 h and freeze-dried (Figure 10, step 3b). The 

insoluble fraction was stored for further extractions. The extracted pectin 

fraction will herein be denoted as “pectin-rich fraction”.  

 

3.3.4 Removal of lipids, fatty acids and other water-insoluble 

components, step (4) 

Fatty acids, lipids and other water-insoluble components were removed from 

the insoluble fraction remaining after the pectin extraction. To make this 

process more environmentally friendly, a method using toluene and ethanol 

was chosen instead of the more traditional method by Lee et al., which uses 

chloroform and methanol.71 The insoluble fraction remaining from step 3 was 

stirred in 200 mL of a 2:1 toluene/ethanol mixture for 24 h at 80 C (Figure 

10, step 4a). After cooling to room temperature, the mixture was centrifuged 

at 4000 rpm for 10 min and the supernatant was removed (Figure 10, step 4b). 

The insoluble fraction was kept for further isolation of a cellulose-rich 

fraction. No further analysis of the fatty acids and lipids in the supernatant was 

performed in this study. 



EXPERIMENTAL 

22 

3.3.5 Isolation of cellulose-rich fraction, step (5) 

A modified version of the method suggested by Siddhanta et al, 2009.72 was 

used in an attempt to obtain a cellulose-rich insoluble fraction. The insoluble 

fraction left from step 4a was suspended in 0.5 M NaOH and heated to 80 C 

for 24 h (Figure 10, step 5). The mixture was centrifuged at 4000 rpm for 10 

min. The supernatant was removed and the insoluble fraction was washed 

several times with water until the washing water reached a neutral pH. The 

procedure was repeated twice. After washing, the insoluble fraction was 

suspended in 5% HCl and heated to boiling for 30 min. The resulting slurry 

was then stirred at 60 C for 24 h. The sample was centrifuged at 4000 rpm 

for 10 min and the insoluble fraction was washed several times with water 

until the washing water reached a neutral pH. The final insoluble fraction was 

freeze-dried for further characterisation. This fraction will herein be denoted 

as “cellulose-rich fraction”.  

3.3.6 Hydrogel synthesis from the porphyran-rich fraction  

The porphyran-rich fraction recovered by precipitation with ethanol was used 

to prepare hydrogels. A commercial carrageenan (a high-purified κ-

carrageenan) was used as a reference. Porphyran samples were first dissolved 

in deionized water at a concentration of 1% (w/w), however the concentration 

of the commercial carrageenan was 0.8% (w/w) due to its high viscosity. To 

each sample, 0.5 mL of either a CaCl2 or a KCl solution (1% w/w in water) 

was added under stirring. The samples were heated to 80 °C and then allowed 

to cool to room temperature. 

3.4 EXTRACTION OF ULVAN FROM ULVA LACTUCA AND 

ULVA COMPRESSA (PAPER II) 

The two different extraction protocols used for the extraction of ulvan from 

Ulva lactuca and Ulva compressa are schematically shown in Figure 11. The 

individual extraction protocols are further described in Section 3.4.1-3.4.2.   
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Figure 11. Schematic illustration of the two different extraction protocols 

used for the extraction of ulvan from Ulva lactuca and Ulva compressa.   

3.4.1 Hot water extraction of ulvan including enzymatic purification 

from Ulva lactuca and Ulva compressa 

The hot water extraction was performed by Malmhäll-Bah at Chalmers 

University of Technology as described in Paper II.73 The ulvan samples 

extracted with this protocol are herein denoted “ulvan La water” and “ulvan 

Co water”, which corresponds to the ulvan fractions extracted from Ulva 

lactuca and Ulva compressa, respectively.  

3.4.2 Acidic extraction of ulvan from Ulva lactuca 

A simpler extraction protocol based on fewer steps than the protocol described 

in Section 3.4.1. was also performed. Freeze-dried Ulva lactuca (8.0 g) was 

suspended in 200 mL of 0.01 M HCl (pH = 2) and heated to 90 C for 4 h 

under continuous stirring. After cooling to room temperature, the mixture was 

centrifuged at 5000 rpm for 10 min. The supernatant was collected, dialyzed 
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for 48 h and then freeze-dried. The obtained freeze-dried fraction was re-

dissolved in 15 mL of water and then precipitated by the addition 60 mL of 

EtOH. The mixture was centrifuged at 5000 rpm for 10 min and the 

precipitated fraction was collected and freeze-dried. The ulvan sample 

extracted with this protocol is herein denoted “ulvan La acid”. 

3.5 PREPARATION OF ULVAN DIALDEHYDE-GELATIN 

BASED HYDROGELS (PAPER III) 

3.5.1 Synthesis of ulvan dialdehyde 

Ulvan was extracted from Ulva lactuca using diluted hydrochloric acid as 

described in Section 3.4.2. The extracted ulvan was further converted into 

ulvan dialdehyde via oxidation with sodium periodate by using the method 

described by de Carvalho et al.,74 with some modifications. Ulvan (2.4 g) was 

dissolved in 500 mL water. To the solution was added 5.33 g of sodium 

periodate and the solution was allowed to stir at room temperature under dark 

conditions for 48 h. The reaction was quenched by the addition of 10 mL 

ethylene glycol to the reaction mixture. After the addition, the reaction 

mixture was dialyzed against deionized water for 48 h and freeze-dried 

yielding ulvan dialdehyde as a white solid. 

3.5.2 Synthesis of ulvan dialdehyde-gelatin hydrogels 

The ulvan dialdehyde-gelatin hydrogels were prepared in 10 mL glass vials. 

Five different hydrogels were prepared using different mass ratios of ulvan 

dialdehyde and gelatin to investigate how the relative ratio between ulvan 

dialdehyde and gelatin effects the hydrogel properties. Three replicates for 

each hydrogel were prepared. The compositions of the hydrogels are given in 

Table 1. For example, the sample denoted GU-80-20 was prepared by 

dissolving 0.050 g ulvan dialdehyde in 2 mL 0.01 M PBS buffer (pH = 7.4) at 

80 oC. In a separate container, 0.20 g gelatin was dissolved in 2 mL 0.01 M 

PBS buffer (pH=7.4) at 60 oC. Both solutions were cooled down to room 

temperature. The ulvan dialdehyde solution was added dropwise to the gelatin 
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solution under vigorous stirring. The glass vials were sealed and placed on a 

shaking board at room temperature for 16 h to ensure complete gelation of the 

samples. The formed hydrogels were removed from the glass vials by breaking 

the vials. The hydrogels were allowed to dry in a fume-hood for 48 h. 

 

Table 1. Composition of ulvan dialdehyde-gelatin hydrogels. 

Sample name Amount of gelatin 

(g) 

Amount of 

ulvan 

dialdehyde (g) 

Mass ratio 

gelatin: ulvan 

dialdehyde 

GU-80-20 0.200 0.050 80:20 

GU-70-30 0.200 0.085 70:30 

GU-60-40 0.200 0.133 60:40 

GU-50-50 0.200 0.200 50:50 

GU-40-60 0.133 0.200 40:60 

 

3.6 EXTRACTION OF CELLULOSE FROM ULVA LACTUCA FOR 

THE PRODUCTION OF CELLULOSE NANOFIBRILS (CNF) 

AND REGENERATED CELLULOSE (PAPER IV) 

The extraction protocol for cellulose and the production protocol for cellulose 

nanofibrils (CNF) are schematically shown in Figure 12. 
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Figure 12. Extraction protocol for the isolation of cellulose and the production 

of CNF and regenerated cellulose from Ulva lactuca.   

3.6.1 Extraction of cellulose from Ulva lactuca 

The extraction of cellulose from Ulva lactuca was performed using the 

method suggested by Siddhanta et al., 200972 with some modifications to 

avoid the use of sodium hypochlorite and methanol. Sodium hypochlorite was 

replaced by hydrogen peroxide and methanol was replaced by ethanol to 

obtain a more environmentally friendly extraction protocol. The extraction 

procedure is schematically shown in Figure 12. Freeze-dried Ulva lactuca 

(50.0 g) was grinded to a fine powder using a Bosch MKM6003 coffee miller 

(Clas Ohlson, Sweden). The grinded sample was subjected to Soxhlet 

extraction in 85% EtOH for 24 h at 120 °C to remove pigments, fatty acids 

and other water-insoluble components. The liquid phase was discarded and 

the insoluble fraction was washed several times with 99% EtOH and dried in 

an oven at 37 °C for 16 h. After drying, the sample was further treated to 

remove residual green pigments and other coloured impurities by suspending 

the sample in 400 mL of 4% H2O2 followed by heating the mixture to 80 °C 

for 16 h under continuous stirring. After cooling to room temperature, the 
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mixture was centrifuged at 5000 rpm for 15 min and the supernatant was 

collected and discarded. The insoluble fraction was washed several times with 

water until the pH of the washing water was 7 and was then suspended in 400 

mL of 0.5 M NaOH. The mixture was heated to 60 °C for 16 h under 

continuous stirring. After cooling to room temperature, the mixture was 

centrifuged at 5000 rpm for 15 min and the supernatant was collected and 

discarded. The insoluble fraction was washed several times with water until 

the pH of the washing water was 7 and the insoluble fraction was then 

suspended in 200 mL of 5% (v/v) HCl. The mixture was heated to boiling and 

then cooled to 30 °C and kept at this temperature for 16 h. The solution was 

centrifuged at 5000 rpm for 15 min and the supernatant was discarded. The 

insoluble fraction containing cellulose was washed several times with water 

until the pH of the washing water was 7, collected and freeze-dried. The 

obtained freeze-dried sample will herein be denoted as “extracted cellulose”. 

3.6.2 Preparation of regenerated cellulose 

Freeze-dried extracted cellulose (0.5 g) was dissolved in 100 mL 

dimethylacetamide (DMAc) containing 8% (w/v) LiCl and stirred at 80 °C for 

16 h until the cellulose was visibly dissolved. The solution was cooled to room 

temperature and the dissolved cellulose was regenerated by the dropwise 

addition of the LiCl/DMAc solution to 100 mL of water. The mixture was 

centrifuged at 5000 rpm for 15 min and the supernatant was discarded. The 

insoluble fraction containing the regenerated cellulose was washed with 

water, collected and freeze-dried. This sample will herein be denoted as 

“regenerated cellulose”. 

3.6.3 Homogenization of the extracted cellulose for the preparation of 

celluloe nanofibrils (CNF) 

Cellulose was extracted as described in Section 3.6.1., but instead of freeze-

drying after the last HCl treatment, the extracted cellulose was kept as a 

suspension in water and diluted to 250 mL with distilled water. The resulting 

slurry was mechanically disintegrated in a homogenizer (M-110EH, 

Microfluidics Corp, United States). The slurry was first passed through two 
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large chambers in series (400 and 200 μm, respectively) at 925 bar. Thereafter, 

the samples were passed through two smaller chambers in series (200 and 100 

μm, respectively) at 1600 bar four times in total. The remaining slurry after 

the process was freeze-dried for further characterisation. This sample will 

herein be denoted as “CNF”. 

3.6.4 Acid treatment of extracted cellulose 

To obtain a cellulose fraction with higher crystallinity, 0.5 g of the extracted 

cellulose was treated with 100 mL 3 M HCl at 90 °C for 90 min. After cooling 

to room temperature, the mixture was centrifuged at 5000 rpm for 15 min and 

the supernatant was discarded. The insoluble fraction was washed several 

times with water until the pH of the washing water was 7 and the insoluble 

fraction was collected and freeze-dried. This sample will herein be denoted as 

“acid-treated cellulose”. 

3.7 CHARACTERISATION TECHNIQUES 

3.7.1 Atomic force microscopy (AFM), paper IV 

The morphology of the cellulose nanofibrils (CNF) extracted from Ulva 

lactuca was analysed using AFM (Multimode V, Bruker, Santa Barbara, CA). 

Silicon wafers (1 x 1 cm) were used as substrates. The wafers were washed 

with EtOH and MilliQ water. After washing, the wafers were placed in an air 

plasma cleaner (model PCD 002, Harrick Scientific Corporation, NY) for 3 

min at 30 W. The wafers were immersed in 0.1 M NaOH for 2 min and then 

immersed in a 0.020 g/L solution of polyethyleneimine (PEI) for 2 min. After 

washing with water, the samples were immersed in a 0.06 mg/mL suspension 

of CNF in water for 2 min. The samples were dried using a flow of N2 gas. 

The silicon wafers were attached to AFM specimen disc. The images were 

taken in the scanning-mode in height, amplitude and phase modes by using an 

RTSP silica cantilever (Bruker) having a spring constant of 5 Nm, a tip radius 

of 8 nm and a resonance frequency of 150-200 kHz. Nanoscope Software 

(version 1.4, Bruker Corporation) was used for data processing. 
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3.7.2 Nuclear magnetic resonance spectroscopy (NMR), paper I-III  

The 1H-NMR and 13C-NMR experiments were performed by dissolving either 

25 mg (for the 1H-NMR experiments) or 80 mg (for the 13C-NMR 

experiments) freeze-dried sample in 1.0 mL of D2O. NMR spectra were 

recorded at room temperature on a Bruker DMX-500 NMR spectrometer at 

500 MHz. Each spectrum was calculated as an average of either 128 scans (for 

the 1H-NMR experiments) or 16384 scans (for the 13C-NMR experiments) and 

the data were analysed using MestReNova software.  

3.7.3 Solid-state nuclear magnetic resonance spectroscopy (NMR), 

paper IV 

The solid-state NMR measurements were done in collaboration with 

Stockholm University. 1H→13C cross-polarization magic-angle-spinning 

(CPMAS) NMR spectra of the cellulose fractions isolated from Ulva lactuca 

were collected on a Bruker Avance-III NMR spectrometer at a magnetic field 

strength of 14.1 T (Larmor frequencies of 600.1 and 150.9 MHz for 1H and 
13C, respectively) using 4.0 mm zirconia rotors at a MAS rate of 14.00 kHz. 

Acquisitions involved proton 90o excitation pulse of 4 μs and matched spin-

lock fields that obeyed a modified Hartmann-Hahn condition υH=υC+υr. 

Contact time of 500 us was used and SPINAL-64 proton decoupling at 60 

kHz. From 16384 to 24576 signal transients with 4 s relaxation delays were 

collected for each sample. Chemical shifts were referenced with respect to 

neat tetramethylsilane (TMS). 

3.7.4 X-ray diffraction (XRD), paper IV 

XRD measurements of cellulose samples extracted from Ulva lactuca were 

measured at room temperature using an Empyrean PAN-analytical XRD 

operating at 45 kV and 45 mA using monochromatic CuKα radiation (λ = 

0.1541 nm) in the range 2θ = 10° - 40° with a scan rate of 1.0 min-1. The 

crystallinity index Crl(%) was calculated using Equation (1).72 
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where I200 is the intensity of the crystalline peak at 2θ=22° corresponding to 

the (200) plane and Iam is the intensity of the baseline at 2θ=18° corresponding 

to the amorphous regions of the cellulose. 

3.7.5 Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR), paper I-IV 

ATR-FTIR spectra were recorded between 4000-600 cm-1 at room 

temperature using a Perkin-Elmer Spectrum 100 FTIR with a triglycine 

detector and equipped with an attenuated total reflectance crystal accessory 

(ATR Golden Gate) from Graseby Specac LTD (Kent, England). All the 

samples were freeze-dried prior to the analysis and the measurements were 

made by placing the samples directly onto the ATR crystal. Corrections were 

made for atmospheric water and carbon dioxide. Each spectrum was 

calculated as an average of 64 scans. The data were analysed using 

PerkinElmer Spectrum software. 

3.7.6 High-performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD), paper I-II, IV 

The monosaccharide and uronic acid composition of all extracted 

polysaccharide fractions were measured with an HPAEC-PAD. Two different 

hydrolysis techniques was used to hydrolyse the polysaccharides into 

monosaccharides. Acid hydrolysis of the porphyran and cellulose fractions 

from Porphyra (Paper I) as well as the cellulose fractions from Ulva (Paper 

IV) was performed by adding 0.8 mL 72% H2SO4 to approximately 10 mg 

sample. The samples were left on a shaking board at room temperature for 90 

min. Thereafter, 9.2 mL of water was added to obtain a final volume of 10 

mL. The samples were placed on a shaking board and left for 70.5 h at 80 °C. 

For the pectin fraction extracted from Porphyra (Paper I) and the ulvan 

fractions extracted from Ulva (Paper II), an alternative mild hydrolysis 

method was used to prevent degradation of the uronic acid moieties. Each 
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sample (1.0 mg) was placed in an oven-dried Pyrex tube and 1 mL of 2 M HCl 

solution in methanol (dried with Na2SO4) was added to the tube. The tube was 

sealed and heated to 100 C for 5 h in a heating block. The solution was then 

neutralized by adding 200 µL of pyridine to the reaction tube. The sample was 

cooled to room temperature and the solvent was evaporated under flowing N2 

gas. Hydrolysis was then performed by adding 1 mL of 2 M trifluoroacetic 

acid (TFA) to the dried sample, and the solution was then heated to 120 C for 

1 h in a heating block followed by cooling to room temperature. 

  

The composition of monosaccharides was determined using a HPAEC-PAD 

(HPAEC-PAD, ICS-3000 Dionex, Sunnyvale, CA, USA). The column was a 

CarboPac PA1 (4 x 250 mm) column, and MilliQ water, 0.26 M NaOH and 

0.17 M NaAc were used as the mobile phase. Fucose, arabinose, rhamnose, 

galactose, glucose, xylose, mannose, galactoronic acid, glucuronic acid and 

iduronic acid were used as reference samples. The data were processed and 

analysed using Chromelon 7.1.  

3.7.7 Size-exclusion chromatography (SEC), paper I-II 

The molecular weights and dispersities of the porphyran and pectin fractions 

from Porphyra (Paper I) as well as the ulvan fractions from Ulva (paper II) 

were estimated using a Dionex Ultimate-3000 HPLC system (Dionex 

Sunnyvale, CA, USA). Dried samples (20 mg) were completely dissolved in 

10 mL of 10 mM NaOH. Before injection, the samples were filtered through 

0.20 µm PTFE filters. The HPLC system was equipped with a WPS-3000SL 

autosampler, an LPG-3400SD gradient pump, three PSS Suprema columns 

with pore sizes of 30 Å, 1000 Å and 1000 Å in series (300 x 8 mm, 10 µm 

particle size) together with a guard column (50 x 8 mm, 10 µm particle size) 

and a Waters-410 Refractive Index Detector (Wafers, Milford, CA, USA). The 

mobile phase was 10 mM NaOH and the temperature was kept at 40 C during 

the run. Pullulan samples with molecular weights averages (Mw) ranging from 

342 g/mol to 708,000 g/mol were used as reference samples.  
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3.7.8 Thermal gravimetric analysis (TGA), paper I-IV 

TGA measurements were performed using a Mettler Toledo TGA/DSC. 

Approximately 4 mg of freeze-dried sample was heated in alumina cups from 

40 °C to 800 °C at a heating rate of 10 °C/min under an N2 atmosphere. After 

being heated to 800 °C, O2 was introduced instead of N2 and the temperature 

was kept at 800 °C for 15 min. The flow rate was set to 50 mL/min. The char 

content was calculated as the weight that remained after the samples were 

heated to 800 °C in N2 and the ash content was calculated as the mass 

remaining after finalizing the heating program. The data were processed and 

analysed using STARe software. 

3.7.9 Scanning electron microscopy (SEM) and elemental analysis by 

energy dispersive spectroscopy (EDS), paper I-IV  

The surfaces and internal morphologies were observed by ultra-high-

resolution field emission scanning electron microscopy (FE-SEM) using a 

Hitachi S-4800. The samples were air-dried at room temperature overnight 

and then attached to the sample supports using double-sided adhesive carbon 

tape and sputter-coated with an 8 nm Pt/Pd layer using a Cressington 208HR 

under an inert atmosphere. The elemental composition of selected areas was 

assessed via SEM-EDS (energy-dispersive spectrum) using an X-MaxN from 

Oxford instruments. Aztec 3.0 software was used for imaging SEM-EDS data.  

3.7.10 Rheological behaviour of ulvan dialdehyde-gelatin hydrogels, 

paper III 

Ulvan dialdehyde-gelatin hydrogels were prepared as cylindrical discs with a 

thickness of 0.2 cm and a diameter of 0.8 cm as described in Section 3.5.2. 

The storage modulus (G’) and the loss modulus (G’’) as a function of 

oscillation frequency was measured by using a TA Discovery Hybrid 2 (DHR-

2) rheometer equipped with a 0.8 cm stainless steel Peltier plate at room 

temperature. The applied strain was set to 0.3% and the oscillating frequency 

range was from 0 to 100 rad/s. A solvent trap containing deionized water was 

used during all the measurements to prevent drying of the gels. The loss 

tangent tan(δ) of the hydrogels was calculated by Equation (2). tan(δ) 
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measures the ratio of the energy loss to the energy stored which provides 

information about the overall viscoelasticity of the hydrogels. 

 

'

''
)tan(

G

G
                                                  Equation (2) 

3.7.11 Swelling behaviour of ulvan dialdehyde-gelatin hydrogels, paper 

III 

The swelling-behaviour of the ulvan dialdehyde-gelatin hydrogels was tested 

separately in deionized water and PBS buffer. Dried hydrogels (0.1 - 0.3 g) 

were immersed in 100 mL distilled water or 100 mL 0.01 M PBS buffer. The 

hydrogels were allowed to swell for 48 h at room temperature. The swollen 

hydrogels were when weighed after wiping of excess water with a paper towel. 

The degree of swelling (SD) was calculated using Equation (3). 
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where me is the mass of the swollen hydrogel and m0 is the initial mass of the 

dry hydrogel before swelling. 

3.7.12 Heavy metal absorption of ulvan dialdehyde-gelatin hydrogels, 

paper III 

The heavy metal adsorption test was made for Cu2+, Co2+, Ni2+and Zn2+ 10 mg 

dry hydrogel was placed in 5 mL of heavy metal solution containing 30 mg/L 

(30 ppm) of each heavy metal. The pH of the solution was 6.5. To investigate 

how the adsorption capacity of the hydrogels depends on the initial heavy 

metal concentration and the pH value, adsorptions test where also done for a 

solution containing 150 mg/L (ppm) of each heavy metal and for a solution 

containing 30 mg/L (ppm) of each heavy metal where the pH value was 

adjusted to 3. The samples were left on a shaking board at room temperature 

for 24 h after which the hydrogels where removed from the solution. The 

heavy metal concentration in the solutions before and after adsorption was 

measured by induced coupled plasma optical emission spectroscopy (ICP-
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OES, iCAP 6500 Thermo Scientific). All heavy metal solutions were diluted 

10 times prior to the measurements. The percent of adsorption was calculated 

by using Equation (4)  
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where ce is the concentration of heavy metals remaining in the solution after 

adsorption and c0 is the initial heavy metal concentration. The adsorption 

capacities of the hydrogels (qe) given as the amount of adsorbed heavy metal 

per gram of hydrogel, was calculated using Equation (5). 
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where ce is the concentration of heavy metals remaining in the solution after 

adsorption, c0 is the initial heavy metal concentration, V is the volume of the 

solution and m is the mass of the hydrogel. 

3.7.13 Methylene blue absorption of ulvan dialdehyde-gelatin hydrogels, 

paper III 

The adsorption of methylene blue was tested using an aqueous solution 

containing either 30, 300 or 1500 mg/L of methylene blue. Adsorption test at 

higher methylene blue concentrations (2000 mg/L and 3000 mg/L) was 

performed on the sample GU-40-60 (see Table 1). Dry hydrogels (10 mg each) 

were placed in individual beakers with 5 mL methylene blue solution. The 

beakers were placed on a shaking board at room temperature for 24 h after 

which the hydrogels were removed from the solutions. The concentration of 

methylene blue before and after adsorption was measured by UV-Vis 

spectroscopy by measuring the absorbance at 668 nm. UV-Vis spectra were 

recorded on a UV-Vis spectrophotometer (UV-2410). The data was processed 

using UVProbe software. The percent of adsorption and adsorption capacities 

where calculated using Equation (4) and (5). 
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3.7.14 Optotracing, paper IV 

Optotracing was used to determine the polysaccharide composition of the 

cellulose nanofibrils (CNF) produced from the cellulose extracted from Ulva 

lactuca (Section 3.6.1-3.6.2). This method uses optotracers, a class of 

molecular probes called oligothiophenes which binds selectively to glucans 

and producing unique spectral pattern depending on the bond target. This 

method makes it possible to distinguish cellulose from other glucans and other 

glucose-containing heteropolysaccharides.75-76 Four different optotracer 

molecules were synthesized by Nilsson and Shirani at Linköping University 

as described in Paper IV.77 The optotracer molecules will herein be denoted 

as q-FTAA, p-FTAA, h-FTAA, and HS-310. Optotracing measurements were 

performed by Karolinska Institute as described in Paper IV.77  

3.7.15 Estimation of total protein content, paper I 

The total protein content of Porphyra umbilicalis and the extracted protein 

fraction was measured by Harrysson at Chalmers University of Technology 

using the method described by Harrysson et al.78 
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4 RESULTS AND DISCUSSION 

A core aim with this thesis was to develop protocols for the extraction of 

polysaccharides from seaweed cultivated on the Swedish west coast. Another 

aim was to develop new bio-based materials based on the extracted 

polysaccharides. The seaweed species used in this thesis were the red 

macroalgae Porphyra and the green macroalgae Ulva which both grows 

naturally on the Swedish west coast. Porphyra and Ulva also contain high 

levels of polysaccharides which makes them particularly interesting as a 

feedstock for the production of new bio-based materials. The work done in 

this thesis is schematically summarized in Figure 13.    

 

 

Figure 13. Summary of the polysaccharide extractions and bio-based material 

design performed in this thesis. 
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In the first study (Paper I), a fractionation strategy was devised to sequentially 

extract proteins and polysaccharides from the red macroalgae Porphyra 

umbilicalis. One of the extracted polysaccharide fractions containing the 

polysaccharide porphyran was further used to prepare a hydrogel. The second 

study (Paper II) focused on the extraction of the polysaccharide ulvan from 

two different species of the green macroalgae Ulva (Ulva lactuca and Ulva 

compressa). Two different extraction protocols were compared to investigate 

how the structure of the extracted ulvan depends on the specie of Ulva and on 

the extraction protocol. The third study (Paper III) was a continuation on the 

work done in Paper II. The study in Paper III focused on a potential material 

application of the polysaccharide ulvan extracted from Ulva lactuca. Ulvan 

was extracted, chemically modified, and reacted with gelatin yielding 

hydrogels. The formed hydrogels were tested as a potential adsorbent of heavy 

metals and dyes from aqueous solution. In the fourth study (Paper IV), 

cellulose was extracted from Ulva lactuca and the extracted cellulose fraction 

was used to prepare cellulose nanofibrils (CNF) and regenerated cellulose and 

a thorough characterisation protocol was applied to determine the structures 

of the recovered fractions.     

4.1 ANALYSIS OF FRACTIONS EXTRACTED FROM 

PORPHYRA UMBILICALIS (PAPER I) 

4.1.1 Extraction yields for proteins and polysaccharides 

The developed fractionation protocol yielded one protein fraction and three 

individual polysaccharide fractions (see Figure 10). The weight yields of the 

obtained fractions are given in Table 2. The weight yield for each fraction 

were calculated as the mass of the dried fraction divided by the dry mass of 

the starting biomass. By adding the yields for all the extractions, we obtain an 

overall yield of 47.8% (w/w) which means that 47.8% of the biomass was 

recovered during the fractionation. 
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Table 2. Extraction weight yields for proteins and polysaccharides enriched 

fractions isolated from Porphyra umbilicalis. The values are given as the mass 

of the freeze-dried fractions divided by the mass of the dried starting algae 

material. The values are given as mean values ± standard deviation of three 

replicates.      

Compound Yield % (w/w) 

Protein-rich fraction 7.5±2.4 

Porphyran-rich fraction 19.9±3.9 

Pectin-rich fraction 19.2±4.3 

Cellulose-rich fraction 1.2* 

*= No standard deviation is given because the yield calculation is based on a 

single extraction 

4.1.2 Chemical composition of Porphyra umbilicalis and the extracted 

fractions 

The protein-rich fraction was the first fraction recovered in the fractionation 

of Porphyra umbilicalis. The protein-rich fraction was isolated by Harrysson 

at Chalmers University of Technology by using the pH-shift method as 

described in Paper I.68 The total protein content in the protein-rich fraction 

was estimated to 57.2±3.8% (w/w) on a dry weight basis and was estimated 

by measuring the total nitrogen content. A conversion factor of 5 was used to 

convert total nitrogen to protein.76 The total protein content in Porphyra 

umbilicalis was estimated to 31.8±1.7% (w/w) on a dry weight basis which is 

within in the range of previously reported values for the protein content in 

Porphyra species.79-80 
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Figure 14. FTIR spectra of Porphyra umbilicalis before fractionation and the 

extracted fractions: a) before fractionation, b) porphyran-rich fraction, c) 

pectin-rich fraction, d) cellulose-rich fraction. 

 

Porphyra umbilicalis before fractionation and all the extracted polysaccharide 

fractions were analysed by FTIR spectroscopy (Figure 14). All the samples 

show many characteristic peaks for polysaccharides. The broad band at 3500-

3200 cm-1 corresponds to the O-H stretching of the hydroxyl groups, and the 

bands from 3000 to 2800 cm-1 correspond to C-H stretching.81 The band 

located between 1630 and 1600 cm-1 corresponds to the O-H stretching of 

bonded water. The sharp peaks at 1374 cm-1 and 1032 cm-1 corresponds to C-

H bending and C-O-C linkages respectively.81 The small peak at 898 cm-1 is 

characteristic of the β-glycoside bond, which confirms that sugar units linked 

together in the polysaccharides.81 The FTIR spectrum of Porphyra umbilicalis 
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before fractionation (curve a in Figure 14) also shows a band at 1544 cm-1 

corresponding to N-H bending which indicates the presence of proteins.81 

Overall, the FTIR spectra of Porphyra umbilicalis before fractionation 

confirms the presence of polysaccharides and proteins in the biomass. The 

FTIR spectra of Porphyra umbilicalis and the porphyran-rich fraction (curves 

a and b in Figure 14) show some characteristic bands for porphyran. The peak 

at 930 cm-1 corresponds to C-O stretching in the 3,6- anhydrogalactose units 

which is a typical building-block in porphyran.82 The peaks at 867 cm-1, 832 

cm-1 and 815 cm-1 correspond to C-O-SO3 stretching in sulphated galactose 

units which are also a typical building blocks in porphyran.22, 82 The pectin-

rich fraction (curve c in Figure 14) has a peak at 1700 cm-1 which may be due 

to C=O stretching in uronic acid moieties.81 Additionally, the FTIR spectrum 

of the pectin-rich fraction does not show any typical peaks for porphyran 

indicating that there is little to no porphyran in this fraction. However, the 

cellulose-rich fraction (curve d in Figure 14) shows two peaks at 930 cm-1 and 

867 cm-1 which are characteristic for porphyran22, 82 indicating that the 

cellulose-rich fraction still contains some residual porphyran. 
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Figure 15. 1H-NMR spectra of a) porphyran-rich fraction, b) pectin-rich 

fraction. 

 

The chemical structure of the porphyran-rich fraction and the pectin-rich 

fraction was further analysed with 1H-NMR (Figure 15). The spectrum for the 

porphyran-rich fraction shows some characteristic signals for porphyran 

(curve a in Figure 15). The signals at 3.3 ppm corresponds to protons in the 

methoxy group in 6O-methyl-D-galactose which is a characteristic building-

block in porphyran.83 The anomeric signals at 5.07 ppm and 5.21 ppm 

correspond to the anomeric protons in 3,6-anhydro-α-L-galactose units and L-

galactose-6 sulphate units, respectively.83 The 1H-NMR spectrum for the 

pectin-rich fraction (curve b in Figure 15) is complex and shows a cluster of 

overlapping peaks in the range 3.0-4.5 ppm which indicates a complex 

chemical structure. The pectin-rich fraction may be a mixture of different 

heteropolysaccharides with different monosaccharide composition. The 
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complex NMR spectrum of the pectin-rich fraction can also be due to the 

presence of other components that was co-extracted with the pectin.    

 

  

Table 3. The monosaccharide and uronic acid composition of Porphyra 

umbilicalis before fractionation and the extracted polysaccharide fractions 

given as the amount in mg carbohydrate/g sample. The total carbohydrate 

content (given as mg carbohydrate/g sample) was calculated as the sum of all 

monosaccharides and uronic acids in each sample. Numbers within 

parenthesis represent the carbohydrate composition given as the relative % of 

carbohydrate material calculated from the mass of each sugar divided by the 

total mass of carbohydrates.   

Sample Ara Gal Glc Xyl Rha Man GlcA GalA Total 

Porphyra  

umbilicalis 

before 

fractionation 

7.2 

(1.6) 

378.0 

(84.0) 

6.8 

(1.5) 

10.8 

(2.4) 

7.7 

(1.7) 

39.6 

(8.8) 

- 

 

- 

 

 

 

450 

 

Porphyran-

rich fraction 

- 

 

590 

(100) 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

 

590 

Pectin-rich 

fraction 

5.4 

(0.9) 

522 

(87.1) 

30 

(5.0) 

13.2 

(2.2) 

4.2 

(0.7) 

9.6 

(1.6) 

10.8 

(1.8) 

4.2 

(0.7) 

600 

Cellulose-

rich fraction 

- 

 

88 

(11.0) 

712 

(89.0) 

- 

 

- - 

 

- 

 

- 

 

800 

- = below detection limit 

 

The monosaccharide and uronic acid composition of Porphyra umbilicalis 

before fractionation and the extracted polysaccharide fractions was analysed 

with HPAEC-PAD (Table 3). Galactose seems to be the most common 

monosaccharide in Porphyra umbilicalis which indicates the presence of 

porphyran and possibly other galactans. The other monosaccharides indicate 

the presence of other polysaccharides such as cellulose, hemicelluloses, 

floridean starch or pectins.84 Mannose was the second most abundant 

monosaccharide in Porphyra umbilicalis and may be due to the presence of 

linear β(14) mannans which has been reported in previous studies.13-14, 84 

No glucuronic acid or galacturonic acid were detected in the Porphyra 
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umbilicalis sample, probably because sulphuric acid was used for hydrolysis, 

which tends to degrade uronic acids. From the HPAED-PAD data, the total 

carbohydrate content of Porphyra umbilicalis was estimated to 45% (w/w) 

which is close to the value reported in a previous study made on Porphyra 

umbilicalis collected on New Zealand.12 Galactose was the only 

monosaccharide found in the porphyran-rich fraction sample indicating that 

the porphyran is relatively pure from other polysaccharides. However, as 

indicated by the FTIR and 1H-NMR data, the porphyran fraction also contains 

6O-methyl-D-galactose and 3,6-anhydrogalactose building blocks aside 

galactose. From the HPAEC-PAD data, the total carbohydrate content of the 

porphyran-rich fraction was estimated to 59% (w/w). However, this is 

probably an underestimation since only the galactose moieties in the 

porphyran-fraction could be detected in the HPAEC-PAD analysis. The 3,6 

anhydrogalactose moieties were probably completely degraded during the 

acid hydrolysis and therefore not detected in the HPAEC-PAD analysis.84-85 

For the pectin-rich fraction, a milder hydrolysis strategy involving 

methanolysis followed by TFA hydrolysis was chosen instead of sulphuric 

acid hydrolysis to prevent degradation of the uronic acid moieties. The pectin-

rich fraction contains mostly galactose and smaller amounts of rhamnose, 

arabinose, glucose, xylose, mannose, glucuronic acid, and galacturonic acid. 

The galacturonic acid is a typical building block in pectin. However, the 

amount of galacturonic acid was very low compared with pectin from land-

based biomass in which the galacturonic acid is one of the main components. 

Due to the big difference in chemical composition, the pectin extracted from 

Porphyra umbilicalis may have completely different properties than pectin 

extracted from land-based biomass. Further analysis is required to fully 

characterize the chemical structure of the pectin-rich fraction. The total 

carbohydrate content of the pectin-rich fraction was estimated to 60% (w/w). 

Finally, the cellulose-rich fraction contains mostly glucose, but a smaller 

amount of galactose is also present which is probably due to residual 

porphyran left in the cellulose-rich fraction. The cellulose-rich fraction also 

had the highest content of carbohydrates of all samples and was estimated to 

80% (w/w). 
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Table 4. The molecular weights and dispersities for the porphyran-rich 

fraction and pectin-rich fractions extracted from Porphyra umbilicalis. 

Sample Mw (g/mol) Mn (g/mol) Ð (MW/Mn) 

Porphyran-

rich fraction 

1 380 000 715 000 1.9 

Pectin-rich 

fraction 

11 300 5090 2.2 

 

Size exclusion chromatography (SEC) was used to measure the molecular 

weights of the porphyran-rich fraction and pectin-rich fractions, see Table 4. 

The molecular weight of the porphyran-rich fraction was very high. However, 

the recorded values of MW and Mn are most likely overestimations. SEC 

estimates the molecular weight by measuring the hydrodynamic volume of the 

molecules. Anionic polysaccharides like porphyran tends to form aggregates 

which means that the estimated hydrodynamic volume was probably the 

hydrodynamic volume of a cluster of porphyran molecules rather than 

individual molecules. Consequently, the estimated molecular weight will be 

an over-estimation. Additionally, the estimated molecular weight was higher 

than the molecular weight of the pullulan reference sample with the highest 

molecular weight (708 000 g/mol) which made the calibration less reliable. 

Finally, the reference sample is a neutral polysaccharide while porphyran is 

an anionic polysaccharide. Therefore, the samples were likely to have 

different affinities to the eluent and the column so their hydrodynamic 

volumes are not fully comparable. The molecular weight of the pectin-rich 

fraction was much lower than the molecular weight of the porphyran-rich 

fraction. One possible explanation is that the pectin was extracted under acidic 

conditions, which may have caused partial depolymerisation of the pectin 

molecules and a reduction in molecular weight.     
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Table 5. The elemental composition of Porphyra umbilicalis before 

fractionation and the polysaccharide fractions (given as % w/w). Data are 

given as the mean values of three different areas for each sample. 

Element Porphyra 

umbilicalis 

before 

fractionation 

Porphyran-

rich fraction 

Pectin-rich 

fraction 

Cellulose-

rich fraction 

C 34.3±10.0 56.3±1.4 59.3±0.4 57.7±7.7 

O 36.6±1.1 23.2±7.3 25.0±1.6 34.4±4.2 

Na 17.4±8.4 3.6±1.3 3.1±0.1 - 

Mg 1.1±1.6 0.5±0.7 1.5±2.1 - 

Al 0.4±0.1 0.7±0.5 - - 

S 2.5±2.0 5.7±3.4 - - 

Cl 7.6±0.3 10.1±7.0 11.1±0.2 1.1±0.1 

Ca 0.2±0.3 0.2±0.2 - 6.5±3.0 

- = below detection limit 

 

The elemental composition of Porphyra umbilicalis and the extracted 

polysaccharide fractions was measured by SEM-EDS (Table 5). As expected, 

the most common elements in Porphyra umbilicalis are carbon and oxygen, 

which is due to the large content of organic molecules such as proteins, 

polysaccharides and lipids. Sulphur (S) may be due to the sulphate groups in 

porphyran or sulphur-containing amino acids. Na, Al, Mg, Cl and Ca were 

also found, and their presence may be due to the composition of the seawater 

in which the Porphyra umbilicalis biomass were collected. The 

polysaccharide fractions also have carbon and oxygen as the main elements 

together with smaller amounts of metals. Sodium (Na) was found in the 

porphyran-fraction and may be due to Na acting as the counter ions to the 

sulphate groups in the porphyran. No sulphur (S) was found in the pectin-rich 

fraction indicating the absence of sulphate groups. This is in line with the data 

from the FTIR data (Figure 14) which suggest that the pectin-rich fraction is 

free from porphyran. Importantly, no heavy metals or other toxic elements 

such as Pb, Hg, Pb and As were detected in any of the fractions. It should be 

noted that the instrument that was used for the measurements is not equipped 
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to analyse light elements (atom number <10) and the % (w/w) numbers given 

for the typical elements in organic matter, such as oxygen, nitrogen and 

carbon, are highly approximate. Hydrogen cannot be detected at all with this 

technique and no nitrogen was detected although Porphyra umbilicalis 

biomass clearly contains proteins. The results are more informative for heavier 

elements, but the numbers should be considered as rough estimates. 

4.1.3 Thermal properties of Porphyra umbilicalis and the extracted 

fractions 

 
Figure 16. TGA curves of Porphyra umbilicalis and the extracted fractions. 

 

Porphyra umbilicalis before fractionation and the extracted fractions were 

analysed with TGA to measure the char and ash contents of the individual 

fractions, as well as the thermal stability of the extracted fractions. The TGA 

curves are shown in Figure 16. All the samples show a slight loss in weight in 

the temperature range 25-100 oC which is due to the evaporation of bound 

water. The main degradation of the protein-rich fraction and the porphyran-
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rich fraction starts around 200 oC, which is due to depolymerisation and 

degradation of monomers. The cellulose-rich fraction shows a significantly 

higher thermal stability than the other fractions and starts degrading around 

250 oC. From the TGA curves, the char and ash content of all fractions were 

calculated (Table 6). The ash content of Porphyra umbilicalis was estimated 

to 9.1±0.3 % w/w which is lower than what has been reported for Porphyra in 

previous studies.12, 86 

 

Table 6. The char and ash content of Porphyra umbilicalis before 

fractionation and the recovered fractions from the fractionation. The data was 

calculated as described in Section 3.7.8.  

Sample Char % (w/w) Ash % (w/w) 

Porphyra 

umbilicalis before 

fractionation 

31.9±0.3 9.1±0.3 

Protein-rich fraction 34.3±4.2 10.7±2.1 

Porphyran-rich 

fraction 

29.2±0.8 12.1±2.2 

Pectin-rich fraction 40.6±0.8 7.7±1.6 

Cellulose-rich 

fraction 

13.6±1.9 7.7±2.6 

 

4.1.4 Morphological studies of Porphyra umbilicalis and the extracted 

fractions 

Porphyra umbilicalis before fractionation and the insoluble fraction left after 

each extraction step was analysed with SEM to investigate how the 

morphology of the biomass changes throughout the fractionation. Before 

fractionation, Porphyra umbilicalis blades have a flat structure without any 

holes and pores on the surface (see Figure 17a). As the fractionation proceeds, 

the surface of the biomass becomes progressively more and more rougher, 

eroded and cavitated indicating that extractable components were released 

(see Figure 17b-d). SEM was also used to examine the morphology of all the 



RESULTS AND DISCUSSION 

48 

extracted fractions (see Figure 18a-d). The protein-rich fraction, the 

porphyran-rich fraction and the cellulose-rich fraction (Figure 18a, 18b and 

18d) showed a porous structure while the pectin-rich fraction (Figure 18c) 

showed a flatter microstructure without any holes and pores.      

 

 
Figure 17. SEM images at 500x magnification of algal leaves of Porphyra 

umbilicalis at different stages of fractionation; a) before grinding and 

fractionation, b) after treatment in 1.0 M Na2CO3 for 24 h at room temperature 

(step 2), c) after treatment in Na2CO3 and the extraction of porphyran (step 

2b), and d) after the extraction of pectin (step 3). 
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Figure 18. SEM images at 500x magnification of the extracted fractions, a) 

protein-rich fraction, b) porphyran-rich fraction, c) pectin-rich fraction, d) 

cellulose-rich fraction. 

 

4.1.5 Hydrogel-preparation from the porphyran-rich fraction 

 

 
Figure 19. a) The porphyran-rich fraction extracted from Porphyra 

umbilicalis b) samples from the gelling experiments: commercial κ-type 

carrageenan mixed with K+ (left), the porphyran-rich fraction extracted from 

Porphyra umbilicalis mixed with K+ (middle), and the porphyran-rich fraction 

extracted from Porphyra umbilicalis mixed with Ca2+ (right). 
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Porphyran is similar to carrageenan with possible applications in hydrogels 

due to its excellent gelling-ability. To test the gelling ability of the porphyran-

rich fraction, aqueous solutions of the isolated and dried porphyran-rich 

fraction (Figure 19a) were mixed with either K+ or Ca2+ ions, heated to 80oC 

and then cooled to room temperature. A commercial carrageenan was used as 

a reference. The commercial κ-type carrageenan formed a gel with K+ (Figure 

19b, left) as expected. Likewise, the extracted porphyran-rich fraction formed 

a gel with K+ (Figure 19b, middle). However, no gel was formed when the 

extracted porphyran-rich fraction was mixed with Ca2+ (Figure 19b, right). In 

this case, an opaque solution formed but it did not gel, even after an extended 

period of time. The gelling behaviour of porphyran depends on the number of 

sulphate groups.18-21 A higher content of sulphate groups leads to a lower 

gelling ability. The high intensity of the sulphate signals in the FTIR spectra 

(Figure 14, left) indicates that the extracted porphyran has a high content of 

sulphate groups which is a possible indication why no gel was formed with 

Ca2+.   

4.2 ANALYSIS OF THE POLYSACCHARIDE ULVAN 

EXTRACTED FROM THE GREEN MACROALGAE ULVA 

(PAPER II) 

4.2.1 Chemical composition and structure of ulvan extracted from Ulva 

lactuca and Ulva compressa 

The polysaccharide ulvan was extracted from two different species of the 

green macroalgae Ulva with two different extraction protocols. The sample 

named ulvan La acid was extracted from Ulva lactuca via extraction with 

diluted hydrochloric acid as described in Section 3.4.2. The samples named 

ulvan La water and ulvan Co water was extracted from Ulva lactuca and Ulva 

compressa respectively via extraction with hot water followed by enzymatic 

treatments of the extracts to remove proteins and starch that were co-extracted 

with the ulvan. The sample named “reference ulvan” was a commercial 
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reference. According to the manufacturer (CarboSynth), the reference ulvan 

was extracted with a sodium oxalate solution from Ulva armoricana. 

 

The extraction yield (calculated as described in Section 4.1.1) for the acid-

based extraction from Ulva lactuca (ulvan La acid) was 18±2% (w/w) and the 

extraction yield for the hot-water extraction from Ulva lactuca (ulvan La 

water) was 11±3% (w/w). The extraction yield for the hot-water extraction 

from Ulva compressa (ulvan Co water) was not recorded. 

 

Figure 20. FTIR spectra of extracted and reference ulvans: a) ulvan La acid, 

b) ulvan La water, c) ulvan Co water, and d) reference ulvan. 

All the extracted ulvan fractions were analysed with FTIR spectroscopy 

(Figure 20). The spectra showed many of the characteristic peaks for 

polysaccharides. The broad band at 3500-3200 cm-1 corresponds to the O-H 

stretching for the hydroxyl groups and the bands from 3000-2800 cm-1 
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correspond to C-H stretching.81 The sharp peak around 1020-1050 cm-1 

corresponds to symmetric stretching of C-O-C linkages.81 The carboxyl 

groups in the uronic acid moieties in ulvan show two characteristic peaks: one 

symmetric stretching located around 1620-1600 cm-1 and one asymmetric 

stretching located around 1420 cm-1. The small peak around 895 cm-1 is 

characteristic for the β-glycoside bond, which is an indication of the presence 

of polysaccharides. The peaks at 1220 cm-1 and 845 cm-1 correspond to S=O 

stretching and C-O-S stretching respectively suggesting the presence of 

sulphate groups.87 All the extracted ulvan samples also give rise to a small 

peak around 1540 cm-1 which corresponds to N-H bending in proteins.81 This 

is an indication that the ulvan samples contains some proteins that was co-

extracted along with the ulvan. All the extracted ulvan fractions generate 

similar FTIR spectra which all were very similar to the FTIR spectrum of the 

reference ulvan.  

 

Table 7. The monosaccharide and uronic acid composition of the reference 

ulvan and the extracted ulvan fractions given as the amount (mg 

carbohydrate/g sample). The total carbohydrate content was calculated as the 

sum of all monosaccharides and uronic acids in each sample. Numbers within 

parentheses represent the carbohydrate composition given as the relative % of 

organic material calculated from the mass of each sugar divided by the total 

mass of carbohydrates.  

Sample Rha Ara Gal Glc Xyl Man GlcA IdoA Total 

 

ulvan La 

acid 

266 

(34.6) 

-  -  123  

(16.0) 

115  

(15.0) 

1  

(0.1) 

221  

(28.8) 

43  

(5.6) 

768 

ulvan La 

water 

318 

(41.4) 

-  -  27  

(3.5) 

116  

(15.1) 

1  

(0.1) 

268  

(34.9) 

38  

(4.9) 

768 

ulvan Co 

water 

325 

(40.7) 

- -  69  

(8.6) 

82  

(10.3) 

1  

(0.1) 

262  

(32.8) 

60  

(7.5) 

799 

reference 

ulvan 

320 

(40.8) 

-  - 75  

(9.6) 

58  

(7.4) 

1  

(0.1) 

208  

(26.6) 

121  

(15.5) 

783 

- = below detection limit 
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The monosaccharide and uronic acid composition of the extracted ulvan 

fractions was measured by HPAEC-PAD (Table 7). However, an accurate 

determination of monosaccharides and uronic acids in ulvan is difficult in 

practice. A previous study has shown that hydrolysis of ulvan with strong 

acids such as sulphuric acid leads to partial degradation of iduronic acid which 

is one of the main building blocks in ulvan.88 Furthermore, the glycosidic 

linkage between the rhamnose and glucuronic acid moieties in ulvan shows 

notoriously resistance towards acid hydrolysis.26 Consequently, strong acid 

hydrolysis will lead to inaccurate determination of the monosaccharide and 

uronic acid composition of ulvan. For this reason, a two-step process 

involving methanolysis followed by TFA hydrolysis was used to hydrolyse 

ulvan prior to the HPAEC-PAD analysis. This method leads to efficient 

cleavage of the glycosidic bonds and also prevents the degradation of iduronic 

acid.89 The estimated carbohydrate content in the ulvan samples ranges from 

76.8 to 79.9% (w/w), see Table 7. All samples contained rhamnose, xylose, 

glucuronic acid and iduronic acid, which all are typical building blocks in 

ulvan. Glucose and trace amounts of mannose were also present in all samples, 

which agrees with previous studies.24-28, 39, 87 A difference in monosaccharide 

and uronic acid composition was observed between ulvan La water and ulvan 

La acid, indicating that the monosaccharide composition of the extracted 

ulvan fractions from Ulva lactuca depends on the extraction protocol. Ulvan 

La acid had a higher content of glucose than ulvan La water (Table 7). On the 

other hand, ulvan La water showed a higher content of rhamnose and 

glucuronic acid. The higher content of glucose in ulvan La acid may be 

explained by the fact that the acid-based extraction method used did not 

include any treatment with α-amylase to remove the starch that is co-extracted 

with the ulvan. Therefore, ulvan La acid is likely to contain a higher level of 

starch than ulvan La water, which implies a higher content of glucose in ulvan 

La acid. The monosaccharide and uronic acid composition also varied 

between different species of Ulva as evident by comparison of 

monosaccharide and uronic acid composition of ulvan Co water, and ulvan La 

water. Ulvan Co water showed a higher content of iduronic acid, glucose, and 

a lower content of xylose than ulvan La water, but the contents of rhamnose 
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and glucuronic acid were similar for both samples. This is an indication that 

ulvan extracted from Ulva compressa has a higher content of iduronic acid 

than ulvan extracted from Ulva lactuca. 

 

Table 8. The molecular weights and dispersities for the extracted ulvan 

fractions. 

Sample Mn (g/mol)  Mw (g/mol)  Ð = (Mw / Mn) 

ulvan La acid 673 700 761 540 1.1 

ulvan La water 562 590 657 025 1.2 

ulvan Co water 634 360 685 910 1.1 

reference ulvan 1 117 100 1 172 170 1.1 

   

The molecular weights of the extracted ulvan fractions were measured with 

SEC (Table 8). However, as already discussed in Section 4.1.2, anionic 

polysaccharides like ulvan tend to aggregate in aqueous solution, which leads 

to overestimations of the measured molecular weights.25 The obtained values 

are therefore estimates. Still, internal comparisons between the samples are 

possible. The reference ulvan, extracted from Ulva armoricana had almost 

twice as high molecular weight as the ulvan samples extracted from Ulva 

lactuca and Ulva compressa. The estimated molecular weights for the ulvan 

fractions extracted from Ulva lactuca (ulvan La acid and ulvan La water) are 

in the same range as the molecular weights reported in a previous study which 

was estimated to 775 000 g/mol.37 The molecular weight of the extracted ulvan 

was also dependent on the extraction conditions as evident by comparison of 

the molecular weights of ulvan La acid and ulvan La water. This is in line with 

a previous study on ulvan extracts from Ulva rotundata using different 

extraction protocols.28 The average molecular weight of ulvan La acid was 

somewhat higher than for ulvan La water. Ulvan La acid was extracted at a 

lower pH which may have led to the liberation of some high molecular weight 

ulvan chains. However, too high acidity may also lead to depolymerisation 

and molecular weight reduction of ulvan.39 The dispersity of the extracted 

ulvan fractions ranges from 1.1 to 1.2 which indicates a narrow distribution of 



RESULTS AND DISCUSSION 

55 

molecular weight. The low dispersity of the extracted ulvan is in line with 

previous studies.90 

4.2.2 Thermal properties and elemental composition of extracted ulvan 

fractions 

 

 

Figure 21. TGA curves for Ulva lactuca and Ulva compressa before 

extraction of ulvan, and the extracted ulvan fractions.  
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Figure 22. DTG curves for Ulva lactuca and Ulva compressa before 

extraction of ulvan and the extracted ulvan fractions. 

 

The thermal stability of Ulva lactuca and Ulva compressa before ulvan 

extraction and the corresponding extracted ulvan fractions was measured with 

TGA. The TGA curves and corresponding DTG curves are shown in Figure 

21 and 22, respectively. All the samples show a 5-10% (w/w) loss in mass in 

the temperature range 25-150 oC which corresponds to evaporation of bound 

water. All the ulvan samples undergo a major loss in mass in the temperature 

range 200-300 oC which corresponds to depolymerisation of ulvan chains and 

thermal degradation of the monomers. From the TGA curves, the char and ash 

content of the samples could be calculated as described in Section 3.7.8. The 

ash content of Ulva lactuca was estimated to 21.5% (w/w) which corresponds 

well with the ash content of Ulva lactuca reported in a previous study.89 The 

ash contents of the ulvan fractions was in the lower range for what has been 

reported in previous studies37, 39, 91-94 indicating high purity of the extracted 
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ulvan fractions. From the data, it is clear that both the extraction protocol and 

the specie of Ulva used for the extraction of ulvan had an impact on the ash 

content of the ulvan fraction.  

 

Table 9. The char and ash content for Ulva lactuca and Ulva compressa before 

extraction of ulvan and the extracted ulvan fractions. 

Sample Char  

% (w/w) 

Ash  

% (w/w)  

ulvan La acid 25.2 ± 2.6 14.5 ± 0.8 

ulvan La water 28.6 ± 1.9 20.3 ± 2.6 

ulvan Co water 26.2 ± 1.9 15.8 ± 0.2 

reference ulvan 27.1 ± 1.7 19.0 ± 1.0  

Ulva lactuca before 

ulvan extraction 

37.0 ± 4.2 21.5 ± 2.1 

Ulva compressa before 

ulvan extraction  

37.5 ± 1.4 25.8 ± 1.6 

 

The ashes remaining after TGA analysis were analysed with SEM-EDS to 

measure the inorganic elemental composition of the ulvan fractions (Table 

10). However, as mentioned in Section 4.1.2, the instrument used for the 

measurements is not equipped to analyse light elements (atom number <10) 

The values for atom numbers up to 16 are highly approximate and hydrogen 

cannot be detected at all with this technique. The results are more informative 

for heavier elements. The exact composition can vary from one point to the 

next and that is why calculated averages are given in Table 10. Approximately 

9.7-27.7 % (w/w) sodium (Na) was found in the ulvan fractions and this result 

was likely due to sodium acting as the counter ion to the anionic carboxylic 

and sulphate groups ulvan. Al, Mg, Cl, P, K and Ca were also found, which 

may be due to the composition of the seawater, from which the seaweeds were 

collected. The high content of Mg in ulvan La acid and the reference ulvan 

can be explained by the strong affinity of ulvan to metal ions.25 The elemental 

compositions show that Mg was found in the sample ulvan La acid, but not in 

the sample ulvan La water. This is a possible explanation why the ulvan La 
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acid had a higher molecular weight than ulvan La water. Previous studies have 

shown that the presence of metal ions causes aggregation of the ulvan 

molecules.95 The presence of Mg2+ in ulvan La acid may lead to a higher 

degree of aggregation than for ulvan La water, so the estimated hydrodynamic 

volume of ulvan La acid was probably the hydrodynamic volume of a cluster 

of ulvan molecules rather than the individual chain coils. The aggregation of 

the ulvan chains in presence of Mg2+ might also explain why the estimated 

molecular weight of the reference ulvan was so high. 

 

Table 10. Inorganic elements (% w/w of total detected elements as determined 

by SEM-EDS) in pooled ashes remaining after TGA analysis of Ulva lactuca 

and Ulva compressa before ulvan extraction, reference ulvan, and extracted 

ulvan fractions. Data are given as the mean values of three different areas for 

each sample. 

Element ulvan  

La 

acid 

ulvan  

La  

water 

ulvan 

Co  

water 

reference  

ulvan 

Ulva.  

lactuca  

before  

ulvan  

extraction  

Ulva  

compressa  

before  

ulvan  

extraction 

Na 9.7 27.7 10.0 13.1 4.0 13.9 

Mg 23.3 - 22.8 15.1 31.3 7.9 

Al - 0.5 - - - 0.1 

P 0.7 0.6 2.3 0.6 0.3 1.2 

S 6.4 14.7 8.1 8.7 2.1 3.5 

Cl 10.0 1.4 - 30.4 8.6 38.5 

Ca 1.2 - - - - 3.6 

K 7.6 2.1 - 12.5 2.6 8.1 
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4.3 CHARACTERISATION OF ULVAN DIALDEHYDE-GELATIN 

HYDROGELS (PAPER III) 

4.3.1 Characterisation of oxidized ulvan (ulvan dialdehyde) 

As discussed in Section 4.2.3, the acidic extraction of ulvan gave a higher 

yield than the hot-water extraction and also resulted in a ulvan fraction with 

high purity. For this reason, the acidic extraction was chosen as the first step 

for the preparation of ulvan dialdehyde-gelatin hydrogels. 

 

Ulvan was extracted from Ulva lactuca using diluted hydrochloric acid as 

described in Section 3.4.2. The extracted ulvan fraction was further oxidized 

to ulvan dialdehyde by sodium periodate. This reaction introduces aldehyde 

groups along the ulvan backbone. More precisely, the reaction takes place at 

the uronic acid moieties of ulvan by conversion of the vicinal diols in 

glucuronic acid and iduronic acid into aldehyde groups. The reaction took 

place under dark conditions to prevent the degradation of the periodate 

solution upon exposure to light. The reaction scheme for the oxidation of 

ulvan into ulvan dialdehyde is shown in Figure 23. 
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Figure 23. Reaction scheme for the sodium periodate-mediated oxidation of 

ulvan into ulvan dialdehyde. 
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Figure 24. FTIR spectra of a) ulvan and b) oxidized ulvan (ulvan dialdehyde). 

 

FTIR spectroscopy was used to confirm if the periodate-oxidation of ulvan 

was successful. The FTIR spectra, (Figure 24) show many characteristic peaks 

for polysaccharides. The broad peak at 3400-3300 cm-1 corresponds to O-H 

stretching and the peak at 2900 cm-1 corresponds to C-H stretching.81, 87 The 

peaks at 1620 cm-1 and 1420 cm-1 correspond to symmetric and asymmetric 

stretching of the carbonyl groups located at the uronic acid moieties of 

ulvan.81, 87 The strong peaks around 1070-1030 cm-1 corresponds to C-O-C 

stretching. The peaks at 1210 cm-1 and 845 cm-1 corresponds to S=O stretching 

and C-O-S stretching of sulphate groups located at the rhamnose and xylose 

moieties.87 By comparing the FTIR spectra of ulvan and ulvan dialdehyde 

(Figure 24) it is clear that a new peak appears at 1725 cm-1 in the spectrum of 

ulvan dialdehyde (Figure 24, curve b) which corresponds to C=O stretching 

of carbonyl groups in aldehyde groups which confirms that the oxidation 
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reaction was successful.81 However, the ulvan dialdehyde sample (Figure 24, 

curve b) still has a peak at 3300 cm-1, which indicates that there are unreacted 

OH groups left. This behaviour can be explained by the fact that the different 

building blocks in ulvan show different reactivity towards sodium periodate. 

A previous study showed that the periodate oxidation of ulvan mainly take 

place at the uronic acid moieties, while the non-sulphated rhamnose and 

xylose moieties are more resistant towards periodate oxidation which leads to 

unreacted OH groups.74    

                                                                                                                                                                                                       

 
Figure 25. 13C-NMR spectra of a) ulvan and b) oxidized ulvan (ulvan 

dialdehyde). 
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The successful oxidation of ulvan into ulvan dialdehyde was further confirmed 

by 13C-NMR. The 13C-NMR spectrum of ulvan (Figure 25, curve a) shows 

many of the characteristic signals for ulvan. The strong signal at 18 ppm 

corresponds to the carbon in the methyl group in rhamnose moieties. The weak 

signal around 175 ppm corresponds to carbons in the carboxyl groups located 

at the uronic acid moieties.74 By comparing the spectrum of ulvan and ulvan 

dialdehyde, some significant differences can be observed. New signals around 

90-92 ppm appears in the spectrum for ulvan dialdehyde (Figure 25, curve b) 

corresponding to carbons in aldehyde groups which indicates that aldehyde 

groups were formed during the periodate-oxidation.74 

 

 
Figure 26. TGA curves of ulvan, ulvan dialdehyde, and gelatin. 
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Figure 27. DTG curves of ulvan, ulvan dialdehyde and gelatin. 

 

The thermal stability of extracted ulvan, ulvan dialdehyde, and gelatin was 

measured by TGA. The TGA curves for ulvan and ulvan dialdehyde look 

similar, indicating that the oxidation of ulvan did not have any impact on the 

thermal stability (Figure 26). The DTG curves of ulvan and ulvan dialdehyde 

(Figure 27) show three degradation peaks, one small peak around 100 oC 

corresponding to evaporation of bound water, one major peak at 200 oC 

corresponding to depolymerisation and degradation of ulvan, and one small 

peak at 700 oC, probably due to carbonization of the degradation products. 

The DTG curve of gelatin shows only one degradation peak at 320 oC 

corresponding to cleavage of peptide bonds and degradation of gelatin.96 

4.3.2 Characterization of ulvan dialdehyde-gelatin hydrogels 

The isolated ulvan dialdehyde fraction was further used to prepare hydrogels 

based on ulvan dialdehyde and gelatin. The hydrogels were synthesized by 
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mixing ulvan dialdehyde and gelatin in a PBS buffer solution at pH =7.4. 

Gelation of all the samples was observed after ~ 1 h, but the samples were left 

for 16 h to ensure complete crosslinking. All the hydrogels appeared as soft 

and pliable materials that could be easily removed from the reaction containers 

and handled without damaging the gels. The hydrogels became weaker in the 

water-swollen state but did still not break when handled, even after 48 h of 

swelling. Pictures of the hydrogels are shown in Figure 28. 

 

 
Figure 28. Ulvan dialdehyde-gelatin hydrogels. The hydrogel compositions 

are given in Table 1, Section 3.5.2.  

 

The suggested crosslinking reaction is schematically shown in Figure 29. The 

aldehyde groups (-CHO) located along the ulvan dialdehyde backbone react 

with the primary amine groups (-NH2) in gelatin, mainly originating from the 

lysine amino acid moieties. The reaction leads to the formation of covalent 

C=N bonds between ulvan dialdehyde and gelatin. This type of bonds is 

known as imine bonds or Schiff-bases. Since the crosslinking reaction took 

place in PBS buffer at pH=7.4, and the pKa value of the amine groups in lysine 

is approximately 10.5,81 the amine groups will be partially protonated (-NH3
+) 

under these reaction conditions, so another possible crosslinking mechanism 

is physical crosslinking between the NH3
+ groups in gelatin and the COO- 

groups located at the uronic acid moieties in ulvan dialdehyde. Ionic 

crosslinking can also occur between the NH3
+ groups in gelatin and the SO3

- 

groups in ulvan dialdehyde. Gelatin itself can also form a gel in aqueous 

solution by physical entanglement of the gelatin molecules. The hydrogel 
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network formed in the reaction between ulvan dialdehyde and gelatin could 

therefore possibly contain two types of crosslinks and also regions consisting 

of entangled gelatin chains.  

 
Figure 29. Reaction scheme for the cross-linking reaction between ulvan 

dialdehyde and gelatin. 
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Figure 30. FTIR spectra of ulvan dialdehyde-gelatin hydrogels, a) pure 

gelatin, b) GU-80-20, c) GU-70-30, d) GU-60-40, e) GU-50-50, and f) GU-

40-60. 

 

FTIR spectra of the dried hydrogels was recorded to evaluate if a Schiff-base 

reaction occurred in the reaction between ulvan dialdehyde and gelatin. The 

spectra of the hydrogels show characteristic peaks for both ulvan dialdehyde 

and gelatin (curve b-f in Figure 30). The peaks at 3400-3300 cm-1 and 2900 

cm-1 correspond to O-H stretching and C-H stretching, respectively.81 The 

peaks at 1620 cm-1 and 1420 cm-1 correspond to symmetric and asymmetric 

stretching of carbonyl groups in the uronic acid moieties of ulvan dialdehyde. 

The bands at 1210 cm-1 and 845 cm-1 correspond to S=O stretching and C-O-
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S stretching of sulphate groups located at the rhamnose and xylose moieties 

in ulvan dialdehyde.87 The peaks at 3100 cm-1 and 1540 cm-1 correspond to N-

H stretching and N-H bending in amine groups in gelatin, respectively.96 No 

clear peak for C=N stretching in Schiff-bases around 1650 cm-1 was observed, 

maybe due to overlap with the carbonyl peak at 1620 cm-1. A shoulder peak 

around 1725 cm-1 was observed for the samples GU-60-40, GU-50-50 and 

GU-40-60 probably due to unreacted aldehyde groups in ulvan dialdehyde.    
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4.3.3 Rheological behaviour of ulvan dialdehyde-gelatin hydrogels 

 
Figure 31. Rheological behaviour of hydrogels showing the storage modulus 

(G’), loss modulus (G’’) and tan(δ) as a function of angular frequency, a) GU-

80-20, b) GU-70-30, c) GU-60-40, d) GU-50-50, e) GU-40-60.  
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The mechanical stability and rheological behaviour of the hydrogels when 

subjected to stress was evaluated by performing frequency-sweep experiments 

between 0 rad/s and 100 rad/s. All hydrogels show typical behaviour for 

crosslinked networks with storage modulus (G’) always being higher than the 

loss modulus (G’’) and the value of tan(δ) < 1 during the entire frequency-

sweep (Figure 31). This is an indication that the elastic response from the 

hydrogels dominates over the viscous response, which is characteristic for 

hydrogels. Figure 31 also shows that the storage modulus increases with 

increasing angular frequency indicating that the elastic response from the 

hydrogels becomes more and more dominant over the viscous response with 

increasing frequency.   

 

As shown in Figure 31, the storage modulus is strongly dependent on the 

hydrogel composition. By comparing the storage moduli for the samples GU-

80-20, GU-70-30, GU-60-40, and GU-50-50 with their compositions (Table 

1, Section 3.5.2), it can be observed that the storage modulus increases as the 

mass percentage of ulvan dialdehyde increases. One possible explanation is 

that when the content of ulvan dialdehyde increases, the content of aldehyde 

groups increases, which increases the number of chemical crosslinks between 

ulvan dialdehyde chain leading to a higher storage modulus. However, the 

sample with the highest mass percentage of ulvan dialdehyde, GU-40-60 had 

a lower storage modulus than the samples GU-60-40 and GU-50-50, probably 

due to that the fact that the sample GU-40-60 contained a lower amount of 

gelatin (Table 1, Section 3.5.2) which give rise to fewer crosslinks and a lower 

storage modulus. Overall, the data from the rheology experiments suggest that 

the crosslinking reaction between ulvan dialdehyde and gelatin was 

successful. 
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4.3.4 Thermal properties of ulvan dialdehyde-gelatin hydrogels 

 
Figure 32. TGA curves of ulvan ulvan dialdehyde-gelatin hydrogels. 

 

 
Figure 33. DTG curves of ulvan ulvan dialdehyde-gelatin hydrogels. 
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The thermal stability of the hydrogels was measured by TGA. The TGA 

curves and corresponding DTG curves are shown in Figures 32 and 33, 

respectively. The DTG curves of the hydrogels (Figure 33) show four main 

degradation peaks. The peak around 100 oC corresponds to evaporation of 

bound water, the peak at 200 oC corresponds to depolymerisation and 

degradation of ulvan dialdehyde (see Figure 26-27), the peak at 320 oC 

corresponds to cleavage of peptide bonds and degradation of gelatin, and the 

peak at 750 oC corresponds to carbonization of the degraded products. 

Consequently, the hydrogels are thermally stable up to 200 oC.  

 

4.3.5 Swelling behaviour of ulvan dialdehyde-gelatin hydrogels 

   

 
Figure 34. The degree of swelling (SD) of ulvan dialdehyde-gelatin hydrogels 

in deionized water (white bars) and in 0.01 PBS buffer (grey bars). The values 

are given as mean values ± standard deviation of three replicates.   
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The water uptake capacities of the hydrogels were investigated by measuring 

the swelling of dried hydrogels in deionized water for 48 h. After 48 h, the 

hydrogels were removed from the solution and weighed after wiping off 

excess water. The degree of swelling (SD) was calculated using Equation (3) 

from Section 3.7.11. The calculated degrees of swelling are given in Figure 

34. The sample named GU-80-20 had the lowest swelling capacity 

(SD=1000%) and the sample named GU-40-60 had the highest (SD=2400%). 

By comparing the hydrogel compositions in Table 1 (see Section 3.5.2) with 

the corresponding SD values, it is clear that SD increases as the mass 

percentage of ulvan dialdehyde in the hydrogel increases. One possible 

explanation for this behaviour is that by increasing the amount of ulvan 

dialdehyde in the hydrogel, we also increase the number of available binding 

sites for water molecules, which leads to a higher driving force for water 

uptake and therefore a higher swelling.  

 

The swelling behaviour of the hydrogels was also investigated in PBS buffer 

by swelling the hydrogels in a 0.01 PBS buffer solution for 48 h. Clearly, the 

hydrogels had lower SD in PBS buffer than in deionized water, which was 

expected due to the higher ionic strength of the PBS solution compared with 

deionized water. GU-80-20 had the lowest swelling capacity (SD=300%) and 

GU-40-60 had the highest (SD=900%). This is the same trend that was 

observed for swelling in deionized water. The observed SD in this study is 

within the range that was reported in previous studies on swelling of ulvan-

based hydrogels in PBS buffer.30, 35-36, 97 
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4.3.6 Adsorption behaviour of ulvan dialdehyde-gelatin hydrogels 

 
Figure 35. The percent of adsorption (left) and the adsorption capacities 

(right) of ulvan dialdehyde-gelatin hydrogels for the adsorption of methylene 

blue at five different starting concentrations. The values are given as mean 

values ± standard deviation of three replicates.   

 

 
Figure 36. Methylene blue solution before and after adsorption when the 

starting concentration of methylene blue is 30 mg/L (left) and 300 mg/L 

(right). The sample used for the adsorption was GU-40-60. 

 

The ulvan dialdehyde-gelatin hydrogels were investigated as a potential 

adsorbent system for the commercial dye methylene blue. The hydrogels were 

immersed in methylene blue solutions with three different starting 

concentrations (30, 300, and 1500 mg/L) for 24 h. Adsorption test at higher 
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methylene blue concentration (2000 mg/L and 3000 mg/L) were performed 

on the sample GU-40-60. After 24 h, the hydrogels were removed from the 

solutions and the methylene blue concentration before and after the adsorption 

was measured with UV-Vis spectroscopy. When the starting concentration of 

methylene blue was 30 mg/L or 300 mg/L there was a visible reduction in 

colour of the methylene blue solution after adsorption (see Figure 36). 

However, when more concentrated methylene blue solution was used (1500-

3000 mg/L), the change in colour before and after adsorption was not visible 

with the naked eye.     

 

The percent of adsorption and the adsorption capacity of the hydrogels were 

calculated using Equations (4) and (5) given in Section 3.7.12. As shown in 

Figure 35, the sample named GU-80-20 had the lowest adsorption capacity 

and the sample named GU-40-60 had the highest. By comparing the gel 

compositions in Table 1 (see Section 3.6.2.) with the corresponding adsorption 

capacities, it is clear that the adsorption capacity increases as the mass 

percentage of ulvan dialdehyde in the hydrogel increases. One possible 

explanation is that by increasing the amount of ulvan dialdehyde in the 

hydrogel, we also increase the number of available COO- groups, which could 

act as binding sites for the cationic methylene blue. More available binding 

sites in a hydrogel will result in higher adsorption. It is also clear from Figure 

35 that the adsorption capacity also depends on the starting concentration of 

the methylene blue solution. For example, the adsorption capacity of the 

sample named GU-40-60 increased from 15 mg/g to 465 mg/g as the 

concentration of the methylene blue solution increases from 30 mg/L to 3000 

mg/L. This is most probably because a more concentrated solution of 

methylene blue induces a stronger driving force for adsorption. On the other 

hand, the percent of adsorption decreased from 98% to 30% as the methylene 

blue concentration increases from 30 mg/L to 3000 mg/L, which indicated a 

limited number of binding sites in the hydrogels. The adsorption capacity of 

the sample GU-40-60 didn’t change when the methylene blue concentration 

was increased from 2000 mg/L to 3000 mg/L indicating that 465 mg/g is the 

maximum adsorption capacity of the hydrogels. The maximum adsorption 
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capacity (465 mg/g) obtained in this study is in the range of what has been 

reported for polysaccharide-based hydrogels in previous studies.62-63, 68-69  

 

 

 

 
Figure 37. The percent of adsorption (left) and the adsorption capacities 

(right) of ulvan dialdehyde-gelatin hydrogels for the adsorption heavy metal 

solution at different pH values and starting concentrations. The values are 

given as mean values ± standard deviation of three replicates.   
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The ulvan dialdehyde-gelatin hydrogels were also tested as potential 

adsorbents for different heavy metals (Figure 37). Dried hydrogels were 

immersed for 24 h in solutions containing equal concentrations of four 

commonly occurring heavy metals: Cu2+, Co2+, Ni2+, and Zn2+. The adsorption 

capacity was tested at two different initial heavy metal concentrations (30 

mg/L and 150 mg/L) and two different pH values (3 and 6.5). As shown in 

Figure 37, the adsorption of Cu2+ was constantly higher than the adsorption of 

Co2+, Ni2+, and Zn2+, so the hydrogels seems to have a stronger affinity 

towards Cu2+ ions, which agrees with a previous study on ulvan.25 The 

hydrogels have almost equal affinity towards Co2+, Ni2+, and Zn2+. The 

adsorption of heavy metals is overall lower at pH=3 than at pH=6.5. One 

possible explanation is that the carboxylic groups in the uronic acid moieties 

in ulvan dialdehyde are protonated to a higher extent at pH=3 than at pH=6.5. 

The carboxylic groups act as binding sites for heavy metal ions. The 

interaction between the carboxylic groups and the heavy metal ions in solution 

will be weaker when the carboxylic groups are protonated. At pH=3, the amine 

groups in gelatin will also be protonated to a higher extent. The protonated 

amine groups (NH3
+) could cause electrostatic repulsion of the heavy metal 

ions, which prevents heavy metal adsorption at lower pH values. 

Consequently, the affinity to heavy metal ions will be lower at pH 3 than at 

pH 6.5. By comparing the adsorption capacities of the hydrogels, we can see 

that the sample GU-80-20 had the lowest adsorption capacity and the sample 

GU-40-60 had the highest. The hydrogels reached a maximum adsorption 

capacity (for the tested concentrations) of 14 mg/g for Cu2+, 7 mg/g for Co2+, 

6 mg/g for Ni2+, and 6 mg/g for Zn2+ (Figure 37, bottom-right) which is in the 

lower range of what was previously reported in previous studies for 

polysaccharide-based hydrogels.60-61, 64-66, 98 
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4.4 CHARACTERIZATION OF CELLULOSE AND CELLULOSE 

NANOFIBRILS (CNF) EXTRACTED FROM ULVA LACTUCA 

(PAPER IV) 

4.4.1 Chemical composition and structure of the cellulose fractions 

Cellulose was extracted from Ulva lactuca as described in Figure 12, Section 

3.5. Freeze-dried Ulva lactuca was sequentially treated with EtOH, H2O2, 

NaOH and HCl after which cellulose was left as the insoluble fraction. The 

extracted cellulose was further disintegrated into cellulose nanofibrils (CNF) 

by a mechanical homogenization process. A regenerated cellulose fraction 

was also produced by dissolution of the extracted cellulose in LiCl/DMAc 

followed by re-precipitation of the cellulose by addition of water. Finally, the 

extracted cellulose fraction was also treated with 3 M HCl in an attempt to 

obtain a purer cellulose fraction with a higher crystallinity.   

 

About 1.1 g of extracted cellulose was obtained from the extraction starting 

from 50.0 g biomass which gives an overall yield of 2.2% (w/w). This value 

is lower than the yield reported for the extraction of cellulose from Ulva 

lactuca biomass harvested in India.46, 72 However, it should be taken into 

account that the chemical composition of Ulva lactuca depends on the 

growing conditions, so Ulva lactuca from the Swedish west coast cannot be 

directly compared to Ulva lactuca from India. In addition, the age of the 

biomass has a huge impact on the cellulose content.99 The Ulva lactuca 

biomass used in this study was harvested at a young age which is a possible 

explanation why the yield of the extracted cellulose was so low. It might be 

possible to improve the yield of cellulose by using Ulva lactuca biomass that 

was cultivated for a longer time.  

 

Dissolution of 0.5 g extracted cellulose in LiCl/DMAc followed by re-

precipitation with water and freeze-drying of the precipitated fraction yielded 

0.35 g of regenerated cellulose.100 This corresponds to 70% (w/w) of the 

dissolved cellulose which means that 30% (w/w) of the cellulose remains 

dissolved in the supernatant after addition of water. One possible explanation 



RESULTS AND DISCUSSION 

79 

to this behaviour is that the LiCl/DMAc solution was heated up to 80 oC during 

the dissolution of the cellulose. Previous studies have shown that heating of 

cellulose in LiCl/DMAc leads to partial degradation of cellulose due to 

cleavage of glycosidic bonds along the cellulose backbone.101-102 The cleavage 

of the glycosidic bonds will lead to formation of low molecular weight 

cellulose fragments and an overall reduction in average molecular weight of 

the cellulose. These fragments may be soluble in a DMAc/water mixture, will 

not precipitate upon addition of water, and will instead remain dissolved in 

the supernatant. Another possible explanation for this behaviour is that the 

extracted cellulose fractions contains other polysaccharides such as ulvan 

which may have a higher solubility in the DMAc/water mixture. 

 

A portion (0.5 g) of the extracted cellulose was treated with 3 M HCl and 0.34 

g cellulose remained as an insoluble fraction, which means that the cellulose 

was partially degraded during the acidic treatment. The degradation process is 

caused by acid hydrolysis, which leads to cleavage of the glycosidic bonds. 

 

Table 11. The monosaccharide and uronic acid composition of cellulose 

fractions extracted from Ulva lactuca given as the amount (mg carbohydrate/g 

sample). The total carbohydrate content was calculated as the sum of all 

monosaccharides and uronic acids in each sample. Numbers within 

parentheses represent the carbohydrate composition given as the relative % of 

organic material calculated from the mass of each sugar divided by the total 

mass of carbohydrates. 

Sample Rha Ara Gal Glc Xyl Man GlcA IdoA Total 

Extracted 

cellulose 

- - - 731 

(85) 

124 

(15) 

- - - 855 

Regenerated 

cellulose 

- - - 705 

(90) 

81 

(10) 

- - - 786 

CNF - - - 731 

(85) 

124 

(15) 

- - - 855 

Acid-treated 

cellulose 

- - - 814 

(91) 

79 

(9) 

- - - 893 

- below detection limit 
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The monosaccharide and uronic acid composition of the cellulose fractions 

was measured by HPAEC-PAD to investigate the purity of the cellulose as 

well as the presence of other cell-wall polysaccharides. As shown in Table 11, 

all the samples contain mostly glucose (85-90%) indicating the presence of 

cellulose, but also a smaller amount (10-15%) of xylose. This agrees with 

previous studies, which shows that the insoluble fraction left after bleaching 

and alkali treatment of Ulva lactuca contains mostly glucose and a smaller 

amount of xylose.44, 103-105 However, the origin of the xylose residues was 

never fully established. Lahaye et al.,44 used enzymatic depolymerisation of 

the cellulose fraction followed by HPLC analysis in an attempt to track the 

origin of the xylose residues. Their analysis suggested that the xylose residues 

do not origin from xylan, but rather from a xylose-glucose copolymer 

(xyloglucan). Consequently, the extracted cellulose fractions from Ulva 

lactuca are possibly a mixture of cellulose and a smaller amount of 

xyloglucan. Another possibility is that the insoluble fraction is not cellulose 

at all but a similar polysaccharide consisting of glucose and xylose. 

Conventional carbohydrate analysis will not be able to fully establish if the 

glucose stems from cellulose or a xyloglucan. Therefore, a new technique 

called optotracing was applied to investigate if the extracted cellulose samples 

were indeed consisting of cellulose or not. Optotracing results are further 

described below in section 4.4.4. As shown in Table 11, none of the samples 

contains rhamnose, glucuronic acid or iduronic acid which indicates that there 

is no ulvan left in any of the cellulose fractions. Both the regenerated cellulose 

and the acid-treated cellulose fraction had lower content of xylose (9-10%) 

compared with the extracted cellulose (15%). This is a possible indication that 

the dissolution of cellulose in LiCl/DMAc or treatment with 3 M HCl will 

partially remove the xyloglucan from the cellulose yielding a more enriched 

cellulose fraction. Another interesting observation is that the regenerated 

cellulose has a lower carbohydrate content (78% w/w) compared with the 

extracted cellulose (85%). One possible reason is that the regenerated 

cellulose was heated in LiCl/DMac which can lead to peeling and degradation 

of glucose monomers from the cellulose backbone.101-102 Degradation of the 
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xyloglucan residue in the cellulose fraction most likely also occur during the 

dissolution process. The acid-treated cellulose had the highest purity of all the 

samples containing 89% (w/w) carbohydrates (see Table 11) and had the 

highest glucose content. The acid treatment may have removed impurities that 

were present in the extracted cellulose fraction, yielding a purer cellulose 

fraction. 
 

 
Figure 38. FTIR spectra of the cellulose fractions a) cellulose reference from 

Spruce wood, b) extracted cellulose c) CNF, d) acid-treated cellulose, and e) 

regenerated cellulose. 

 

All the cellulose fractions were further analysed with FTIR. The FTIR spectra 

are shown in Figure 38. A commercial cellulose sample from Spruce wood 

was used as a reference. All the cellulose samples from Ulva lactuca shows 

many of the characteristic peaks for cellulose. The bands at 3500-3200 cm-1 
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and 3000-2800 cm-1 correspond to O-H and C–H stretching respectively.81 

The peak at 1620 cm-1 correspond to bonded water. The peaks at 1420 cm-1 

and 1315 cm-1 are due to H-C-H scissor vibration and H-C-H tip vibration, 

respectively.81 The strong peaks located at 1020-1050 cm-1 correspond to 

symmetric stretching of C-O-C linkages.81 The small peak around 892 cm-1 is 

characteristic for the β-glycosidic bond which indicates the presence of 

polysaccharides.81, 106 The cellulose fractions from Ulva lactuca (curve b-e, 

Figure 38) also shows a small peak around 1710 cm-1 which may be due to 

C=O stretching of carboxylic groups in oxidised cellulose (oxycellulose)107 

which indicates that some oxidation of the cellulose occurred during the 

extraction of the cellulose. Some oxidation of the xyloglucan residue most 

likely also occurred. The oxidation most likely occurred during the second 

step of the extraction which involved bleaching with hydrogen peroxide. The 

FTIR spectra does not show any peaks around 1540 cm-1 corresponding to N-

H bending in proteins indicating that the cellulose fractions are free from 

proteins.81 Additionally, the spectra show no peaks around 845 cm-1 

corresponding to sulphate groups in ulvan85 which indicating that there is no 

ulvan in the cellulose samples which agrees with the data from the HPAEC-

PAD analysis (Table 11). 
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Figure 39. CP-MAS 13C-NMR spectra of the cellulose fractions produced 

from Ulva lactuca a) cellulose reference from Spruce wood, b) extracted 

cellulose c) CNF, d) acid-treated cellulose, and e) regenerated cellulose. 

 

The cellulose fractions were also analysed with solid-state NMR spectroscopy 

(CP-MAS 13C-NMR). The NMR spectra are shown in Figure 39. The 

reference cellulose sample (curve a, Figure 39) show all the characteristic 

peaks for cellulose. The signals at 65 ppm and 63 ppm correspond to the C6 

carbon where the signal at 65 ppm corresponds to crystalline regions and the 

signal at 63 ppm corresponds to amorphous regions.108 The strong signals 

appearing at 76 ppm and 73 ppm correspond to the C2, C3 and C5 carbons.109 

The signals at 89 ppm and 85 ppm correspond C4 carbon where the signal at 

89 ppm corresponds to crystalline regions and the signal at 85 ppm 

corresponds to amorphous regions.108 The signal at 105 ppm corresponds to 

the anomeric C1 carbon.108 There are some significant differences between 

the NMR spectrum of the reference cellulose (curve a, Figure 39) and the 

NMR spectra of the cellulose samples from Ulva lactuca (curve b-e, Figure 
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39). The spectra for the extracted cellulose (curve b), CNF (curve c) and acid-

treated cellulose (curve d) all show a lower intensity of the signal at 89 ppm 

(corresponding to crystalline cellulose) than the reference sample which 

indicates a lower crystallinity of the cellulose. The regenerated cellulose 

(curve d) shows almost no signal at all at 89 ppm indicating that this sample 

is mostly amorphous. The same behaviour is observed for the signals at 65 

ppm. As indicated by the data from the HPAEC-PAD analysis, the cellulose 

fractions contain a smaller amount of xyloglucan, so we would expect signals 

from both xylose and glucose in the NMR spectra. However, the chemical 

shifts for the C1-C5 carbons in xylose is indeed very close to the C1-C6 

carbons in glucose.44 Due to the broadness of the signals in the obtained NMR 

spectra, individual signals of glucose and xylose are likely to overlap and 

cannot be distinguished. 

4.4.2 Thermal properties of cellulose fractions 

                   

 
Figure 40. TGA curves of the cellulose fractions produced from Ulva lactuca.  
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Figure 41. DTG curves of the cellulose fractions produced from Ulva lactuca.  

 

The thermal stability of the cellulose fractions was measured by TGA. The 

TGA curves and corresponding DTG curves are shown in Figures 40 and 41, 

respectively. All the samples show a slightly loss in mass (about 4%) at 

temperatures up to 150 oC which is mainly due to evaporation of bound water. 

The main decrease in mass takes place around 260 oC and corresponds to 

cleavage of glycosidic bond and degradation of the glucose and xylose 

monomers. This is an indication that the cellulose fractions are thermally 

stable up to 260 oC, in agreement with other studies, which have shown the 

thermal stability of cellulose extracted from seaweed is usually in the range 

250-300 oC and the thermal stability increases with increasing crystallinity of 

the cellulose.109-111 By comparing the DTG curves of the cellulose fractions, 

it is clear that the regenerated cellulose fractions starts to degrade at a slightly 

lower temperature than the other fractions. This is in agreement with a 

previous study which suggest that regenerated cellulose has a slightly lower 
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thermal stability than native cellulose, mainly due to a fewer hydrogen bonds 

and a lower degree of crystallinity.112  

 

Table 12. The char and ash content of the cellulose fractions produced from 

Ulva lactuca. 

Sample Char %(w/w) Ash %(w/w) 

Extracted cellulose  19.7 5.7 

Regenerated cellulose  16.0 3.4 

CNF 1.9 0.0 

Acid-treated cellulose 17.8 12.3 

 

From the TGA curves, the char and ash contents of the cellulose fractions were 

calculated as described in Section 3.7.8. All the samples show a significantly 

lower ash content than the ash content of Ulva lactuca before fractionation 

which was estimated to 21.5% (w/w), (see Table 9, Section 4.2.2), indicating 

that most of the inorganic compounds in Ulva lactuca were removed during 

the cellulose extraction. By comparing the ash content of the extracted 

cellulose and the CNF, we can see that the ash content decreased from 5.7% 

(w/w) to 0% (w/w) after the homogenization process indicating that the 

produced CNF is free from inorganic compounds. The regenerated cellulose 

had a slightly lower ash content compared with the ash content of the extracted 

cellulose, probably because the regenerated cellulose did undergo additional 

washing steps after the precipitation.        
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4.4.3 Morphological studies and crystal structure investigation 

 

 

Figure 42. a), b), c) SEM images with x10 000 magnification of CNF 

produced from cellulose extracted from Ulva lactuca, d) SEM image with x20 

000 magnification of CNF, and e) AFM image of the CNF. 
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CNF was produced via homogenization of an aqueous suspension of extracted 

cellulose. SEM and AFM were used to investigate the morphology of the 

produced CNF. The SEM images (Figure 42, a-d) show individual fibres with 

diameters in the nanometer range. The SEM images also show regions with a 

more sheet-like structure. The regions with sheet-like structures may be due 

to non-defibrillated regions, which is an indication that the homogenization 

process was not able to defibrillate the cellulose completely. Another 

explanation is that the sheet-like structures is due to aggregated cellulose 

fibres. The aggregation of the cellulose fibres most likely occurred during the 

freeze-drying step that was performed before the SEM analysis. A third 

possible explanation to the sheet-like structures is that the HPAEC-PAD 

analysis (Table 11) suggests that the CNF contains a smaller amount of 

xyloglucan. The xyloglucan chains may have a lower ability to form fibres 

and will instead remain as sheet-like regions whereas the cellulose chains will 

form fibres.     
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Figure 43. XRD diffractograms of a) reference cellulose from Spruce wood, 

b) extracted cellulose, c) CNF, d) acid-treated cellulose, and e) regenerated 

cellulose. 

 

The crystallinity index and the crystal structures of the cellulose fractions were 

analysed with XRD. A commercial cellulose sample from Spruce wood was 

used as a reference to investigate the differences in crystal structure between 

the cellulose from wood and cellulose from Ulva lactuca. The extracted 

cellulose, the acid-treated cellulose and the CNF (curve b, c and d in Figure 

42) show three distinct peaks at 2θ=16o, 2θ=22o and 2θ=34o which 

corresponds to the crystal planes (1 1 0), (2 0 0) and (0 0 4) which indicates 

crystalline regions 108,113-116 and are typical for the cellulose I allomorph. This 

is an indication that cellulose from Ulva lactuca exhibit the cellulose I 

allomorph crystal structure. The XRD diffractogram for the regenerated 
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cellulose shows only one broad peak located at 2θ=21o which is characteristic 

for the cellulose II allomorph.116-119 This is an indication that the crystal 

structure changed from cellulose I to cellulose II as the cellulose was dissolved 

in LiCl/DMAc and recovered by precipitation. The difference between the 

cellulose I and II allomorphs is still not fully established. One theory is that 

the main difference is the individual orientations of the cellulose chains; in the 

cellulose I allomorph the chains are parallel, but in the cellulose II the chains 

are antiparallel.116-119  

Table 13. The crystallinity index, Crl(%) for cellulose fractions and CNF 

extracted from Ulva lactuca.   

Sample I200 Iam  Crl(%) 

 = (I200 - Iam) / I200  

Reference cellulose 1750 500 71 

Extracted cellulose 1050 550 48 

CNF 1050 550 48 

Acid-treated cellulose 1350 500 63 

 

From the obtained XRD diffractograms, the crystallinity index (Crl%) was 

calculated using Equation (1) in Section 3.7.4. The crystallinity of the 

regenerated cellulose could not be calculated since the value of Iam could not 

be accurately estimated due to the broad peak at 2θ=21o. However, the 

regenerated cellulose fraction is believed to mostly amorphous which agrees 

with the data from the CP-MAS 13C-NMR measurements, which also suggest 

that the regenerated cellulose is mostly amorphous. Both the extracted 

cellulose fraction and the CNF had a crystallinity index of about 48%, which 

is significantly lower than the crystallinity index of the reference cellulose 

from Spruce wood, (71%). One possible explanation for the low crystallinity 

index is that the cellulose samples from Ulva lactuca contain a smaller amount 

of xyloglucan. The xyloglucan reside may disrupt the formation of cellulose 

crystals which will lead to a low crystallinity. The acid-treated cellulose had 

a higher crystallinity index (63%) indicating that acid-treatment of the 

cellulose fraction increases the crystallinity index. One possible explanation 

is that the acid-treatment partially removes the xyloglucan residue from the 
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cellulose which makes formation of cellulose crystals easier and leads to a 

high crystallinity index. The estimated values of the crystallinity however 

show the crystallinity of a mixture between cellulose and xyloglucan rather 

than the crystallinity of the pure cellulose. Hence, even if the estimated values 

of the crystallinity are low, it does not necessarily mean that the crystallinity 

of pure cellulose from Ulva lactuca is low. 

4.4.4 Structural mapping by optotracing 

Optotracing was used as an additional characterization technique to confirm 

that the cellulose fraction is indeed a mixture between cellulose and a smaller 

amount of xyloglucan. The experiments were performed by co-workers at 

Karolinska Institute as described in Paper IV.77 Optotracing is a new technique 

which uses oligothiophenes (Figure 44), which binds selectively to glucans 

and creates unique emission and excitation spectra depending on the bond 

target. This method has been used in previous studies to distinguish cellulose 

from a range of other glucans as well as other glucose-containing 

heteropolysaccharides.75-76 Optotracing can thus distinguish cellulose from 

other similar polysaccharides and provide an answer to whether the cellulose 

fractions recovered from Ulva lactuca indeed contain cellulose or if they 

instead contain a xylose-glucose copolymer. Five different optotracers were 

tested (Figure 44). Measurements were done on the CNF fraction from Ulva 

lactuca. A sample of microcrystalline cellulose (M. cellulose) from wood was 

used as a reference. 
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Figure 44. Structure of optotracers applied in this work, synthesized by P.R. 

Nilsson et al. at Linköping University.  
 

 
Figure 45. Spectral patterns of optotracers fluorescence emitted when M. 

cellulose (green) and CNF (purple) a) h-FTAA, b) HS-310, c) p-FTAA and d) 

q-FTAA. 

   

Table 15. Summary of Ex. and Em. λmax of h-FTAA, HS-310, p-FTAA, and 

q-FTAA when interacting with M. cellulose and CNF. 

  

  

hFTAA 
HS-310 

pFTAA qFTAA 

Ex. 

λmax 

Em. 

λmax 

Ex. 

λmax 

Em. 

λmax 

Ex. 

λmax 

Em. 

λmax 

Ex. 

λmax 

Em. 

λmax 

M. Cellulose             

+ Optotracer 
492 556 477 

538   

570 
446 

537       

546 
399 514 

CNF + 

Optotracer 
493 553 476 465 461 548 396 513 
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As shown in Figure 45, the CNF from Ulva lactuca shows very similar 

spectral pattern to the microcrystalline cellulose indicating the presence of 

cellulose in the CNF from Ulva lactuca. This result is another strong 

indication that the CNF fraction actually contains cellulose and the xylose 

reside found in the sample is most likely due to a smaller amount of 

xyloglucan. 
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5 CONCLUSIONS 

Extractions protocols for the isolation of polysaccharides from the red 

macroalgae Porphyra and the green macroalgae Ulva was developed. The 

extraction protocol for Porphyra was designed to enable sequential extraction 

of proteins and polysaccharides. The extracted polysaccharides were carefully 

analysed using a range of different characterization techniques to obtain a 

deeper understanding regarding their chemical structure and the relationships 

between process conditions and product structure. Some hydrogel applications 

of the extracted polysaccharides were also investigated.    

 

The fractionation of proteins and polysaccharides from the red macroalgae 

Porphyra umbilicalis yielded four individual fractions. In total, about 47% 

(w/w) of the biomass was recovered. The protein-rich fraction that was 

recovered in the first step of the fractionation contained about 57% (w/w) 

proteins which is significantly higher than the protein content of Porphyra 

which was estimated to about 32% (w/w). The porphyran-rich fraction that 

was recovered in the second fractionation step had a very high molecular 

weight and contain galactose, 3,6-anhydrogalactose and 6O-methyl galactose 

as the main building blocks. The porphyran-rich fraction formed a gel with K+ 

in aqueous solution. The pectin-rich fraction that was recovered in the third 

fractionation step contained mostly galactose and only a small amount of 

galacturonic acid indicating that it has a completely different structure than 

pectin from land-based biomass in which galacturonic acid is one of the main 

components. After all fractionation steps, a fraction rich in cellulose remained. 

The cellulose-rich fraction contained mostly cellulose, but also a smaller 

amount of porphyran indicated by the presence of galactose in the cellulose 

rich fraction. 
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The polysaccharide ulvan was successfully extracted from two different 

species of the green macroalgae Ulva (Ulva lactuca and Ulva compressa). The 

first extraction protocol was a one-step extraction, which involved extraction 

with diluted hydrochloric acid. The second extraction protocol involved hot-

water extraction followed by enzymatic purification of the extracted ulvan. 

The acid-based extraction gave a higher extraction yield (18%) than the 

extraction yield for the hot-water extraction (11%). Parameters such as 

molecular weight, element composition and monosaccharide composition of 

the extracted ulvan was strongly dependent on both the extraction protocol 

and also on the specie of Ulva used for the extraction. The ulvan fraction 

extracted with the acid-based extraction had a higher content of co-extracted 

starch than the sample extracted with hot water. 

 

Ulvan extracted from Ulva lactuca was further used in the preparation of 

hydrogels, which were tested as a potential adsorbent of heavy metals and the 

dye methylene blue. Ulvan was extracted from Ulva lactuca using the acid-

based extraction protocol. The extracted ulvan was further oxidized to ulvan 

dialdehyde leading to introduction of aldehyde groups along the ulvan 

backbone. The ulvan dialdehyde was further mixed with commercial gelatin 

in a PBS buffer leading to the formation of hydrogels. Hydrogels with 

different mass ratios of ulvan dialdehyde and gelatin were prepared. The mass 

ratio of ulvan dialdehyde and gelatin in the hydrogel had a huge impact on the 

hydrogel properties. The hydrogels showed good water-uptake capacity with 

a maximum degree of swelling of about 2400% and 900% in deionized water 

and 0.01 M PBS buffer, respectively. The hydrogels adsorbed up to 465 mg/g 

of methylene blue. The adsorption of heavy metal ions reached a maximum of 

14 mg/g for Cu2+, 7 mg/g for Co2+, 6 mg/g for Ni2+, and 6 mg/g for Zn2+. 

Rheology measurements showed typical behaviour for hydrogels indicated by 

G’>G’’ for the whole frequency sweep. TGA analysis showed that the 

hydrogels were thermally stable up to 200oC.   
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Cellulose was extracted from the green macroalgae Ulva lactuca and the 

extracted cellulose was further used to prepare cellulose nanofibrils (CNF) via 

a mechanical homogenization process. Regenerated cellulose was prepared by 

dissolution of the extracted cellulose in LiCl/DMAc followed by re-

precipitation by the addition of water. Monosaccharide analysis indicates that 

the extracted cellulose fractions contains mostly glucose (85-90%) but also a 

trace amount of xylose (10-15%) which is due to a smaller amount of 

xyloglucan present in the cellulose fractions. Acid-treatment and regeneration 

of the cellulose partially removed the xylose, but a smaller amount of xylose 

was still present in the cellulose fraction even after treatment with 3 M HCl. 

Characterization of the morphology of the CNF by FE-SEM and AFM shows 

both nanofibrils similar to those found in lignocellulose and regions with a 

sheet-like structure. Thermal analysis of the CNF shows that it is free of 

inorganic ash and thermally stable up to 260 °C. XRD analysis showed 

characteristic peaks for the cellulose I allomorph and the crystallinity index 

was estimated to 48%. After dissolution in DMAc/LiCl and precipitation in 

water, the crystal structure of the cellulose changed from cellulose I to 

cellulose II and the sample became largely amorphous.  
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6 FUTURE WORK 

The work presented in this thesis involved both extraction, characterization 

and potential biomaterial applications of some polysaccharides extracted from 

red and green macroalgae. Even though the extracted polysaccharides were 

carefully analysed with a wide range of experimental techniques, there is still 

some additional work that can be done to obtain an even deeper understanding 

regarding the chemical structure of the extracted polysaccharides. HPAEC-

PAD analysis was widely used in this thesis to map the monosaccharide 

composition of the extracted polysaccharides, but this technique does not give 

any information about how the monosaccharides are linked together in the 

original polysaccharides. A suggestion for future work would be to do linkage-

analysis of the extracted polysaccharides which will shed more light into how 

the monosaccharides are linked together in the polysaccharide. This would be 

of particular interest especially for the pectin-fraction from Porphyra which 

showed such a different chemical composition compared with commercial 

pectin. Linkage analysis on the cellulose and ulvan from Ulva could also be 

of interest, especially the ulvan which can differ a lot in degree of branching 

depending on its source. 

 

The extracted cellulose fraction from Ulva lactuca was analysed with a wide-

range of experimental techniques, but there are still some more parameters 

that would be interesting to measure. There are almost no reported studies 

regarding the molecular weight of cellulose extracted from seaweed, so it 

would be interesting to measure the molecular weight of the extracted 

cellulose from and see how it differs from the molecular weight of cellulose 

from different sources of land-based biomass. The extracted cellulose was 

further used to prepare cellulose nanofibrils (CNF) and it would also be 
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interesting to test the produced CNF in different material applications, such as 

cellulose membranes for water purification or in biomedical applications. 

 

The hydrogels produced from ulvan extracted from Ulva lactuca showed the 

ability to adsorb methylene blue, but the overall adsorption of heavy metals 

was relatively poor. Future work in this project would be attempting to 

improve the metal adsorption capacity. As shown in this thesis, the extracted 

ulvan contained some starch that was co-extracted with the ulvan. However, 

the starch fraction was not removed before the synthesis of the hydrogels. A 

suggestion for future work would be to enzymatically remove the starch 

residue from the ulvan fraction (and possible also the protein residue) prior to 

the hydrogel synthesis. A purer ulvan fraction will have a higher content of 

available COO- binding sites for heavy metal ions which possibly would lead 

to a higher adsorption capacity of the hydrogels.      
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