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Abstract

This research explores the valorisation of renewable algal biomass feedstocks into
materials and chemicals via green technologies in the context of a zero-waste biorefinery.
The work reported in this thesis is divided into two areas corresponding to the two algal
feedstocks explored: namely i) the production and characterisation of naturally-inherent
sulfur-containing porous carbons derived from unrefined carrageenan extracts obtained from
Irish Moss macroalgae; and their novel application to copper(ll) remediation, and ii) the
fractionation of commercial microalgae, ALGO1, into antioxidant-rich lipids via supercritical
CO, extraction, hydrogel forming defibrillated cellulose via hydrothermal microwave
processing, and proteins via tandem cell disruption and ultrafiltration methodologies.

The pyrolysis of carrageenan aerogels afforded porous chars rich in sulfur (3.9-7.6
%). Low pyrolysis temperatures (250 °C) developed acidic, sulfate surface chemistry
facilitating copper(ll) adsorption (54 mg g”') under acidic conditions (pH 1) described well by
Langmuir adsorption isotherm and pseudo-second order kinetic models. In contrast, high
temperatures (800 °C) incorporated sulfur as organic thiol/thiophene functionalities and
carbothermic reduction of deposited sulfate salts developed alkaline magnesium oxide
composites which promoted basification and deposition of copper(ll) (86 mg g, pH 4).
These results prompt future development of carrageenan-derived sulfur-containing carbons
for metal adsorption.

Lipid extracts rich in PUFAs, pigments and phenolics with significant antioxidant
activity were obtained from ALGO1 via supercritical CO, extraction (300 bar, 35-50 °C).
Supercritical CO, pretreatment perturbed hemicellulose hydrolysis, however, hydrogel
forming defibrillated cellulose was still afforded following acid-free 220 °C hydrothermal
microwave treatment of the deoiled ALGO1. Cell disruption methods, ultrasonication and
microwave treatment, were successfully implemented and evolved larger water-soluble
proteins (100-150 kDa). A maximum vyield of 3% and 12% purity was achieved following
tandem ultrasonication and ultrafiltration. This research has contributed significant new

knowledge to the concept of zero-waste algal biorefineries.
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Figure 45: 13C SSNMR spectra of Irish Moss biochars (IM, IME, RIM)
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carbonisation temperatures 250, 400, and 800 °C, alongside ATR-IR spectra
of native non-carbonised biomasses, indicated by 0 °C.

Figure 47: pXRD diffractogram of IM, IME, and RIM materials carbonised at
250 °C , 400 °C , and 800 °C, phase identification of (Na,K),SO,, CaS and
MgO salts have also been included.

Figure 48: SEM images of IME and IMEC (250-800) at a magnification of
x50,000. Indicating the change in surface porosity with temperature (red
circles).

Figure 49: SEM/SEM-EDS images of IM and IMCs (250, 400, 800 °C) at
maghnifications of x10k (SEM) and x5k (SEM-EDS).

Figure 50: SEM-EDS elemental mapping of an area of unwashed IMC250 at a
magnification of x5k. Individual calcium, sodium, sulfur, and oxygen element
maps are included for clarification of the metal sulfates present.

Figure 51: SEM-EDS element maps of carbon, oxygen, sulfur, and nitrogen for
IMC250-800. Inset are the %Wt values for each element.

Figure 52: SEM/SEM-EDS images of IME and IMECs (250, 400, 800 °C) at
magnifications of x10k (SEM) and x5k (SEM-EDS).

Figure 53: SEM-EDS element maps of carbon, oxygen, sulfur, and nitrogen for
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biochars quantified by XPS analysis.

Figure 61: XPS spectra of IM and IMC(250-800) showing the carbon binding
energy region C1s (280-300 eV) and identification of the deconvoluted
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zoomed in region of the middle image has been included to show the lattice
structure (right).

Figure 67: pKa values of Boehm titration bases and common acidic sites
present on chars 22, Included are common acidic sulfur functional groups.

Figure 68: pH Drift analysis for the determination of pH,,. values of washed
IMC250-800, IMEC250-800, and RIMC250-800 chars.

Figure 69: Total Acidity (and acidic breakdown) and Basicity determined via
Boehm Titration of washed Irish Moss Chars, IMC, IMEC, and RIMC,
carbonised at 250, 400, and 800 °C.

Figure 70: An illustration of zeta potential showing a charged particle and the
layers of solvent counter ions at the particle-solvent interface, adapted from
Yakasai et al. %*

Figure 71: The effect of pH on Zeta potential measurements of IMC (A), IMEC
(B), and RIMC (C) materials suspended in aqueous KCI electrolyte solution.
For comparison literature zeta potential values of carrageenan-derived
hydrochars and activated carbons have been included (D) .

Figure 72: UV-vis spectra of aqueous copper(ll) nitrate solutions at varying
concentrations (500-5000 mg/L Cu(NO3),).

Figure 73: Copper(ll) adsorption capacity of IMC, IMEC, and RIMC (250-800)
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materials, determined indirectly by UV-vis analysis of copper(ll) nitrate solution
(5000 mg/L, 10 mL, pH 4.5) after 24h dosed with 10, 50, or 100 mg of char
material.

Figure 74: Copper(ll) adsorption isotherm plots at pH 4.0-4.5 of IMC, IMEC,
and RIMC (250-800). Freundlich (blue line) and Langmuir (orange line)
isotherm models have been plotted for each material. Inset are zeta potential
values for each char at pH 4.5 and the end pH after 24h.

Figure 75: The effect of pH on the adsorption intensity at 810 nm of the
[Cu(H,0)¢]** complex and expected transitions as the solution becomes
alkaline ?"%%®Inset is the change in the pH of the copper(ll) solution plotted
against the corresponding UV absorbance at 810 nm for IMEC adsorption
experiments. Arrows indicate the first pH measurement (t = 0.5 h) and last (t =
24 h) of the adsorption experiments.

Figure 76: Copper(ll) adsorption isotherm plots at pH 1.0 of IMC, IMEC, and
RIMC (250-800). Freundlich (blue line) and Langmuir (orange line) isotherm
models have been plotted for each material. Inset is the end pH after 24h.

Figure 77: Copper(ll) adsorption kinetics at pH 4.0-4.5 of IMC, IMEC, and
RIMC (250-800). Pseudo-first order (blue line) and pseudo-second order
(orange line) kinetic models have been plotted for each material.

Figure 78: Copper(ll) adsorption kinetics at pH 1.0 of IMC, IMEC, and RIMC
(250-800). Pseudo-first order (blue line) and pseudo-second order (orange
line) kinetic models have been plotted for each material.

Figure 79: SEM-EDS images of IMEC materials (C250-800) following the
aqueous adsorption of copper(ll) from a copper nitrate solution (5000 mg/L) at
pH 4 and 1 after 24h. Overlaid element maps and individual element maps of
copper, sulfur and oxygen have been included. Inset are element maps of
IMECB800 'barnacles’ post copper(ll) adsorption.

Figure 80: pXRD diffractograms of IMC, IMEC, and RIMC materials
(C250-C800) before and after copper(ll) adsorption at pH 4 and pH 1. (001)
and (002) phases of copper(ll) hydroxy salts are highlighted.

Figure 81: Chemical structure of carrageenan (left) and the proposed
structures for carrageenan low temperature chars (250-400 °C, centre) and
high temperature chars (800 °C, right).

Figure 82: Acid-hydrolysed carbohydrate content of ALGO1 and EPA-free
spent ALGO1 derived via Klason analysis. Component sugars and
decomposition products are depicted and decomposition mechanism inset 2%4,

Figure 83: TGA of the dried and spent microalgae ALGO01, presenting the
mass lost (TG/%) as the biomass is heated from 20 C to 800 C at 10 K min-1
under a Nitrogen atmosphere (100 mL min-1 flow rate). The rate of mass loss
(DTG/% min-1) has been included. The 3 decomposition stages are
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highlighted.
Figure 84: ATR-IR Spectroscopy of spray dried and spent ALGO1.

Figure 85: Variation in supercritical CO, extract yield from the microalgae,
ALGO01, at various temperature and pressure extraction conditions.

Figure 86: The effect of supercritical CO, density on the extractive yield from a
2h extraction from the microalgae, ALGO1.

Figure 87: UV-vis absorption spectra of the supercritical extracts (200-400 bar
and 35-50 °C) from ALGO1 after a 2-hour extraction (focused specifically on
the region 325-725 nm). The extracts are dissolved in ethanol at a
concentration of 0.1 mg mL-1. Intense characteristic Chlorophyll and
Carotenoid absorption bands are visible in 400 bar and 300 bar extracts,
respectively.

Figure 88: Literature UV-vis spectra of chlorophyll a/b and their respective
pheophytin 27,

Figure 89: GC spectra of supercritical extracts SC(200-400)(35-50).
Compounds with a high probability (>50%) MS match with NIST library data
have been labelled. Major FFA and sterol components were identifiable by
GC-MS. Sample concentrations vary between 10-25 mg mL-1.

Figure 90: Mass Spectrum of myristic acid (C14:0) from ALGO01 extract (85.2%
similarity with library fragmentation fingerprint).

Figure 91: Mass Spectrum of palmitoleic acid (C16:1) and EPA (C20:5) from
ALGO1 extract (49.7% and 35.8% similarity with library fragmentation
fingerprint).

Figure 92: Chemical structure of identified steroids, terpenes and phenolics in
supercritical CO, extracts.

Figure 93: 300 MHz 1H NMR spectra of a supercritical CO, extract from
ALGO1 in Chloroform-d. Major signals have been labelled using HSQC and
HMBC spectra. Highlighted are hydrogen environments and the
corresponding proton in the fatty acid, EPA, these environments are also
common in many other PUFAs.

Figure 94: FT-IR spectra of the dried supercritical extracts (200-400 bar and
35-50 °C) from ALGO1 after a 2-hour extraction. Inset shows zoomed carbonyl
region.

Figure 95: Antioxidant activity of supercritical CO2 extracts from ALGO01 using
varying extraction conditions. Figures A and B show the effect of supercritical
CO, density on the TPC and TFC of the supercritical extracts, respectively.
Figure C and D show the ferrous reducing power of the supercritical CO,
extractives in comparison with known strong antioxidants, BHT and Ascorbic
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Acid.

Figure 96: Chemical structure of TPC, TFC and FRAP standards, gallic acid,
quercetin, ascorbic acid, and BHT.

Figure 97: Reaction scheme for the formation of Prussian Blue from
ferricyanide and iron(lll) 2%,

Figure 98: Cropped 300MHz 1H NMR spectrograms of various supercritical
CO, extracts in chloroform-d. Highlighted are weak aromatic proton signals at
6.70, 7.00-7.05, and 7.50-7.70 ppm.

Figure 99: DSC spectra showing the 1st heat-cool cycle of supercritical
extracts SC(200-400)(35-50). An irreproducible exothermic transition at
80-100 °C in SC30050 and SC40040, suggest the thermally labile presence of
chlorophylls.

Figure 100: DSC spectra showing the 2nd and 3rd heat-cool cycles of
supercritical extracts SC(200-400)(35-50). Labelled are the main two melts
and corresponding recrystallisations of the extracts at 0-10 °C and 20-40 °C.
Also labelled is the third melt and recrystallisation present in the SC400
extracts.

Figure 101: Defibrillated cellulose obtained via microwave treatment at the
temperatures of 160, 180, 200 and 220 °C for a total of 30 minutes (50:50
ramp:hold). Brown colour potentially described by the Maillard reaction inset.

Figure 102: Defibrillated cellulose yield (line chart) and carbohydrate yields
(bar chart) of spray dried and supercritical treated microalgal biomass at
different microwave temperatures.

Figure 103: DTG thermograms of spray-dried biomass and scCO, deoiled
biomass produced defibrillated celluloses. Spectra produced from TGA from
20-800 °C under a 100 mL min-1 N, atmosphere.

Figure 104: X-Ray diffractograms of defibrillated celluloses derived from (A)
Spray Dried biomass and (B) scCO, deoiled biomass. Black numbers indicate
crystalline cellulose | planes, red numbers indicate CaC,0, planes. (C)
Literature x-ray diffractograms of crystalline cellulose | and predominantly
amorphous cotton cellulose. (D) Crystallinity index (Crl) of defibrillated
celluloses against microwave temperatures calculated via Segal’'s method 2%,

Figure 105: Solid state *C CPMAS NMR spectra of defibrillated celluloses
derived from spray dried and scCO, deoiled biomasses using microwave
hydrothermal treatment (160-220 °C)

Figure 106: TEM images of defibrillated celluloses derived from spray dried
biomass (160-200 °C). Defibrillated celluloses of both biomasses are shown at
220 °C to contrast the defibrillation resistance of the scCO, deoiled biomass.
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Figure 107: Water holding capacities (WHC) of defibrillated celluloses derived
from both spray dried and scCO, deoiled biomass. Inset is the visual gelling
properties of the high temperature MHT treatments at a concentration of 3.0%
in water.

Figure 108: Hydrolysate carbohydrate content obtained from HPLC for spray
dried biomass (left) and scCO, deoiled biomass hydrolysates (right).

Figure 109: Yields of ultrafiltration obtained retentate and permeate extracted
from spray dried and EPA-spent ALGO1. Inset are images of the typical
appearance of freeze-dried retentate and permeate samples.

Figure 110: Simplified diagram of a micelle formed from saponified fatty acids
containing chlorophyll within a lipid droplet.

Figure 111: CHN microanalysis contents for spray dried and EPA spent ALGO01
retentate and permeate samples following aqueous extraction and
ultrafiltration, and variable cell disruption methods.

Figure 112: SDS-PAGE gel presenting the distribution of protein sizes, stained
in blue, within ultrafiltration obtained retentate and permeate samples,
extracted from ALGO1 and EPA-spent ALG0O1 samples following different cell
disruption methods: None (N), Grinding (G), Homogenisation (H),
Ultrasonication (U), and Microwave assisted extraction (M).

Figure 113: ALGO1 and EPA-spent ALGO1 retentate yields and protein
contents determined by CHN nitrogen-to-protein conversion (bar) and
Bradford assay (line).

Figure 114: Chemical structure of amino acids that bind to the Coomassie dye
and are recognised by Bradford Assay.

Figure 115: ATR-IR spectroscopy of ultrafiltration obtained retentate and
permeates extracted ALG01 and EPA-spent ALGO1 following various cell
disruption methods.

Figure 116: HPLC determined carbohydrate content of ALG01 and EPA-spent
ALGO1 ultrafiltration permeates.

Figure 117: A zoomed region (3.5-6.0 ppm) comparing the 80 °C 1H NMR
spectra of IME obtained using conventional and microwave assisted extraction
methods. Labels are pyranose proton environments of kappa carrageenan
and the ratio of kappa and iota carrageenan for each sample determined by
the ratio of the anomeric protons. Yields of Irish Moss extract (IME) using
microwave assisted extraction methods compared to conventional heating
(timings indicate ramp:hold).

Figure 118: Thermogravimetric analysis of RIM biomass from conventional or
microwave extraction processes.
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Figure 119: Carrageenan aerogels produced from freeze-drying gels of
different loadings (2.5%-25%)

Figure 120: SEM images of Carr300 materials (2.5-20.0% Gel loading) at
x500 magnification and the size of material macropores. The relationship
between gel loading and the N, adsorption porosimetry measured surface
area and pore volume is also included.

Figure 121: N, adsorption porosimetry adsorption isotherms and pore
distribution plots of unexpanded Carr300 (10%) vs expanded Carr300 (10%).

Figure 122: Supercritical CO, extraction vessel containing microalgal extract
following an extraction under 300 bar and 35 °C.

Figure 123: ALGO01 supercritical CO, extracts (300 bar, 50 °C) in ethanol, after
24h refrigerated (left) and at room temperature (right).

Figure 124: Proposed zero-waste biorefinery approaches for ALGO1
microalgae and Irish Moss macroalgae including potential applications for all
side products. Work completed in this thesis have been highlighted using *.
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Preface: How to navigate this thesis

This thesis is composed of 6 chapters. The first chapter introduces the concept of
algae, its composition, and provides context for the development of an algal biorefinery. After
a brief instrumentation and methodology chapter, the third chapter entails the development
of inherent sulfur-containing porous carbons (ISCPC) derived from macroalgal Irish Moss
components, specifically the hydrocolloid, and porous aerogel-forming sulfated
polysaccharide, carrageenan for copper(ll) remediation. This chapter's contents include the
extraction of carrageenan from Irish Moss, the detailed characterization of
carrageenan-derived ISCPCs, and the novel application of these chars to copper(ll)
remediation via adsorption. The fourth chapter entails the application of green valorisation
techniques to a microalgal stream (ALGO1). This chapter's contents includes: supercritical
CO, extraction to obtain high value lipid extracts, microwave hydrothermal treatment for
novel defibrillated cellulose materials, and green cell disruption and ultrafiltration
technologies to isolate protein-rich extracts. The thesis is concluded in the fifth chapter and
proposes ideas for the future development of algal materials and their novel applications.

The final pages contain the appendices and references of this research.
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1.1. Contextualisation: The biorefinery concept

Many pharmaceuticals, cosmetics, and construction materials come from, or are
made with, solvents and base platform molecules sourced from an oil refinery. The depletion
of crude oil resources, and climate change, have pushed for sustainable alternatives .
Biomass feedstocks are inherently more renewable than crude oil. They offer reduced CO,
emissions, offset by photosynthetic processes that occur during the growth of the biological
material 2. Also, they can be produced in various geographical locations, which enables
individual nations to produce their own resources, reducing the emissions of overseas
transportation.

A biorefinery is comparable to an oil or petroleum refinery. In an oil refinery, the crude
oil resource is separated into its valuable fractions. A biorefinery follows the same concept. It
takes organic matter (biomass) and implements a series of conversion processes to isolate
valuable fractions for use in biofuels, nutraceuticals, pharmaceuticals, and many other
industries 22. In contrast to a crude oil refinery, biomass exhibits an increased complexity. It
is typically oxidised and contains significant heteroatom content. This complexity introduces
a wider range of products, but also complicates the processes required to refine them. Many
of which are in their infancy and few are at an industrial or commercial scale *.

Biomass is often subdivided into several categories. These were initially used in the
context of biofuels, however, the pros and cons of each are still applicable in a biorefinery
context. First generation biomass includes edible crops grown on arable land, often
containing starchy carbohydrates. These feedstocks compete with food resources, however,
the growth, production, and conversion of these materials is well-known and optimised °.
Similarly the production of second generation biomass is simple; and is often lignocellulosic
waste from food industries. Lignocellulosic biomass, consisting of cellulose, hemicellulose
and lignin, has a higher complexity to first generation sugars, starches and oils, leading to
poorer efficiency in the conversion processes °. These feedstocks, however, do not compete

with food resources, but may compete for the same land. As populations continue to
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increase, the demand for available arable land for food production increases, which drives
research towards third generation biomasses. These feedstocks are non-edible and
produced on non-arable land 2. Fourth generation feedstocks encompass genetically

modified second or third generation biomasses.

1.2. Algae and algal biorefineries

Algae is considered a third generation feedstock despite many species being edible.
Algae occasionally finds itself in the public spotlight. Commonly, it is negatively associated
with environmental pollution, such as toxic blue-green algal blooms that will give you rashes,
make you sick, and kill your dog °. Further, in Ruth Kassinger’s Slime, they echo public
opinion by initially characterising algae as an unpleasant, slimy, green pest 7. In 1978,
following the 1973 oil crisis, algae was famed for the possible application of its oils in fuel
industries. This has led to further algal biotechnologies, and more, positive algal-based news
stories, for example AlgiKnit’s kelp-based yarns &, and Notpla’s biodegradable plastics °.

The term algae is not a taxonomy and is quite imprecise. They are described as
polyphyly because they do not share an immediate, evolutionary ancestor. The collective
similarities between these organisms is their ability to photosynthesise and their lack of
multicellular vascular organs such as leaves, roots, or stems; in other words they are
thallophytes '°. The classification of algae is still disputed. However, they are categorised in
a range of different kingdoms and phylums. An example of this is the kingdom Plantae
including phylums, Chlorophyta (green algae), and Rhodophyta (red algae), and the
kingdom Chromista including phylums, Bacillariophyta (diatoms), and Ochrophyta (brown
algae, yellow-green algae, and many others) "2, Algae are typically aquatic, found in both
freshwater and marine environments, although some are terrestrial. These terrestrial algae
are found in soils, on rock surfaces, in snow and ice, and on animals and plants. Algae are

truly ubiquitous, and incredibly important to healthy ecosystems.
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Algae are found as unicellular microalgae, or as multicellular macroalgae. To note the
term algae will be used to describe both microalgae and macroalgae, unless specified in
these works. Both eukaryotic and prokaryotic microalgae exist, although the latter is often
omitted from the definition of algae. Prokaryotic algae, typically cyanobacteria, include
examples such as the well-known and frequently consumed spirulina (Arthrospira), and
lesser-known Prochlorococcus; a prolific photosynthesizer responsible for much of the
oxygen in the atmosphere '*. Eukaryotic algae include the aforementioned, Chlorophyta,
Rhodophyta, and Ochrophyta. Many of these organisms have commercial applications:
Chlorella vulgaris is a green algae cultivated as nutritional feed and for its polysaccharide
content "' Dunaliella salina is another green algae, although when cultivated for
B-carotene and other carotenoids it is bright red/orange in colour (Figure 1) "2,
Nannochloropsis is a Eustigmatophyte that accumulates polyunsaturated fatty acids
(PUFAs) desirable in nutritional supplements '®. Even long-dead microalgae has commercial
applications: Celite or diatomaceous earth is formed from the silica frustule of diatoms and

has a multitude of filtration uses.

Figure 1: Light microscopy images of green microalgal species, Chlorella vulgaris (A) ' and
Dunaliella salina (B1) '®. In contrast, carotenoid-enriched Dunaliella salina exhibits an

orange/red colour (B2) °.
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Macroalgae are commonly called seaweeds. These multicellular organisms have a
similar morphology, body or thallus (Figure 2). Seaweed blades act like plant leaves,
achieving light capture and are the main source of photosynthetic chemistry in the organism;
although every algal cell is capable of photosynthesis. Many species have pneumatocysts
that are gas-filled pockets that keep the blades of the organism buoyant and closer to the
sun-rich surface. A holdfast secures the seaweed to ocean floor or rocky shore, while a

hollow, buoyant, and sugar-channelling stipe connects the blades and holdfast together ’.

Figure 2: Examples of green (a), red (b), and brown (c) macroalgae .

Macroalgae have been used in cuisine for millennia #'. Kelp or Kombu is a collection
of brown macroalgal species in the Laminaria family. This edible macroalgae has influenced
cuisine across the world. Two examples include monosodium glutamate (MSG) and
Alginates (Figure 3, left and right respectively). Dashi, a Japanese broth produced from
Kombu, has a rich umami flavour due to the combined effect of glutamic acids abundant in

this seaweed and sodium salts from other ingredients ?'. This inspired the production of
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flavour enhancers such as glutamates like MSG (Figure 3, left), which are fundamental to
some of the umami flavours of many East Asian dishes.

Alginates are a type of colloidal polysaccharide (Figure 3 right), others include agar
or carrageenan. Alginates, agar, and carrageenan are all extracted from different macroalgal
species. Alginates from species of brown algae, and agar and carrageenan from species of
red algae. These colloidal polysaccharides are often used in dairy products such as ice
creams and yoghurts, but they also have applications as gels, foams, emulsions, and films
2122 Notpla's edible water capsules, Ooho (figure 3, right), composed of alginates %, were

used in the 2019 London marathon ?* and also the 2023 half marathon, Goteborgsvarvet in

Sweden .
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Figure 3: Examples of Kelp products: Dashi flavour via glutamates (left) and NotPla

Ooho packaging using alginates (right) 262

Algal biorefineries are typically designed in two parts: the growth and cultivation
(upstream processing), and the harvesting, cell disruption, and extraction (downstream
processing). However, due to the diversity in algae, one biorefinery approach will not

necessarily fit all.
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During the cultivation stage, the algae is grown on coastlines, in open-ponds, or
photobioreactors %. The composition of the algal species can be manipulated to a certain
extent by altering the light intensity, CO, availability, temperature, pH, salinity, or the nutrient
availability in the medium %', Algae do not often require freshwater, and may utilise
wastewater mediums. In some cases this can afford a biomass enriched in certain
metabolites, for example phenolic-rich biomass from algae cultivated in spent cherry brine
3133 Algae are typically fast growing and can usually be harvested multiple times a year,
which is a much shorter timescale than most plant-based biomasses 3. These organisms
are also excellent carbon fixers, and according to a study by Zhao and Su microalgae could
theoretically sequester 1.66 tons of CO, for every ton of biomass produced each year .

Harvesting can be relatively simple in the case of macroalgae, however, separating
microalgae from its medium can be more difficult. Common methods of achieving this are
filtration, centrifugation, and flocculation *¢%". Each has their own advantages, however all
are considered an additional costly step in the biorefinery. A further difficulty is caused by
algae’s hardiness. Many species have developed defences to enable survival in harsh
environments. Complex cell wall structures consisting of layers of polysaccharides, peptides,
lipid bilayers, and occasionally algaenan, resist osmotic lysis and other external stressors
3840 Further, multicellular algae are typically bound together and coated with
exopolysaccharides, which also protects the organism and prevents it drying out during
changes in the tide. Some of these extracellular metabolites are valuable extracts *',
however, they cause difficulty in the extraction of intracellular metabolites. Introducing cell
disruption aids in the extraction of these metabolites, but adds another step and cost to the
biorefinery process. Cell disruption is a method of cracking open cells via the degradation of
the cell wall and membrane. There are many methods of achieving this, each with varying
degrees of effectiveness, costs, and selectivity, the choice of cell disruption method is
dependent on the biomass and key product desired. Cell disruption methods are discussed

further in chapter 4.
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Due to high costs in the preparation of the biomass, valorisation of as many
co-products as possible is necessary. This requires either a sequence of extraction
processes that maximise metabolite yield while limiting the degradation of remaining
co-products, or by implementing valorisation techniques (e.g. pyrolysis or fermentation) to

transform waste byproducts into valuable materials °.
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1.3. Composition of algae

Algae have a plethora of commercial applications due to their complex composition
of useful biological metabolites. This section includes some of the recognised valuable algal
components and their uses. The detailed composition of the macroalgae (Irish Moss) and

microalgae (ALGO01) used in this thesis is given in section 1.4.1.1 and 1.4.1.2, respectively.

1.3.1. Lipids

Lipids are broadly defined as a collection of hydrophobic organic hydrocarbons,
including fats, oils, steroids, waxes, and some vitamins. Although lipids are typically
hydrophobic, they are often categorised as polar or nonpolar (Figure 4). Polar lipids typically
have a polar phosphate, betaine, or sugar head attached to a glycerol or sphingosine
backbone, with non-polar fatty acid tails. Non-polar lipids include free fatty acids (FFA),
triacylglycerides (TAG), steroids, waxes, and hydrocarbons. Many lipids have bioactive
properties, however, the fatty acid composition is of keen interest for their application in

nutraceuticals.

Hydrocarbons

)\/\)\M

Polar Lipid

Steroid

Triglyceride

Figure 4: Chemical structure of some common lipid types. Highlighted is the typical steroid
skeleton (green), fatty acids (yellow), sphingosine (lilac) and glycerol (orange) backbones,

and phosphocholine (blue) polar head.
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In eukaryotic cells, lipids are found in lipid droplets and lipid bilayers. Lipid droplets
function as a storage of lipids for both energy and the replenishing of the lipid bilayer, which
functions as a membrane for the cell and organelles within it *>. Lipids in algae are typically
well researched, especially regarding the production of algal biodiesel 374345 The
extraction and chemical conversion of lipids into biodiesel or fatty acid methyl esters
(FAMEs) by transesterification, and the biochemical and thermochemical conversion of
carbohydrates and remaining biomass into bioethanol, biogas, bio-oils, or biochar, allow
algae to be a potential source of bioenergy **. The lipid content of algae, however, also
contains valuable components that would be wasted as a biofuel. PUFAs, steroids, and
fat-soluble vitamins are desired in the nutraceutical and pharmaceutical industries “°.
Equally, the high PUFA content of algal lipids, affords biodiesel that is susceptible to
oxidation and is unsuitable for long term storage .

Omega-3 PUFAs such as eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and a-linolenic acid (ALA) (Figure 5) are important for maintaining heart and brain
health . The PUFA content in algae varies from species to species, but can be significantly
enriched (Table 1). Commercial fish oils are the common source of omega-3 PUFAs. Algae,
also rich in these oils, are a potential and suitable replacement when considering issues of

overfishing, a dying ocean and the growing vegetarian/vegan population.

8]
HO T T o T T
Eicosapentaenocic acid, EPA
0
HO _ _ _ — — —
0 Docosahexaenoic acid, DHA
HO T T T

alpha-Linoleic acid, ALA

Figure 5: Chemical structures of essential omega-3 fatty acids, EPA, DHA, and ALA
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Table 1: Percentage polyunsaturated fatty acid (PUFA) content of some microalgal and

macroalgal species (dry weight (DW)), highlighting the content of valued omega-3 oils, EPA

and DHA.
Algae Phylum % PUFA Content Refs
Species
Type* (Kingdom) EPA DHA Total
Mi Chlorophyta | Pseudokirchenilla
0.57 - 6.21 16
(Plantae) Subcapitana
Mi Chlorophyta
Chlorella vulgaris | 2.26 - 26.49 4
(Plantae)
Ma Ochrophyta
Lobophora sp. 11.56 | 14.26 | 59.98 8
(Chromista)
Mi Bacillariophyta
Odontella aurita | 10.96 1.89 19.37 49
(Chromista)
Mi Ochrophyta Nannochloropsis
18.94 - 20.79 16
(Chromista) sp.
Mi Haptophyta
Emiliania huxleyi - 17.20 | 40.00 %0
(Chromista)

* Mi = microalgae, Ma = macroalgae

1.3.2. Pigments

The pigments in algae are divided into three categories: chlorophylls, carotenoids,
and phycobilins (Figure 6). The main function of these pigments is to improve or enhance
light absorption for photosynthesis. Chlorophyll-a is the main photosynthetic pigment and is
found in protein-pigment complexes within the cell’s chloroplasts. The other chlorophylls act
as accessory pigments and extend the wavelengths accessible for photosynthesis.
Chlorophylls absorb blue (450-475 nm) and red (630-675 nm) light so consequently appear

green ®'. Carotenoids and phycobilin chromophores are also bound in proteins and act as
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accessory photosynthetic pigments absorbing a greater range of blue light (carotenoids:
400-550 nm) or green and yellow light (phycobilins: 500-650 nm) °'. Chlorophyll and
carotenoid pigment-protein complexes are found within the thylakoid membrane in
chloroplasts, and are therefore fat-soluble, whereas phycobiliproteins are water-soluble and
are instead bound to the membrane via fat-soluble proteins 5'. Carotenoids also have a
secondary function protecting the cell from dangerous levels of excess light, and

oxygenating species that are produced during photosynthesis 5'%2,

(- /@ )

Chlorophyll-[a (X=CH3), b (X=CHO)]
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\\\\\\\\\Y

Y
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HO HO HO \ /
(0]

B-carotene  A-carotene Zeaxanthin  Astaxanthin Violaxanthin

Figure 6: Chemical structure of various pigments: chlorophylls (green), carotenoids (yellow),

and phycobilin chromophores (blue/red).

In algae, the chlorophyll content varies from species to species. Chen et al. reported
green algae, Ulva sp. or Sea Lettuce, to contain almost 10 mg g' (DW), brown algae,
Laminariales or Kelp, 3 mg g' (DW), and red algae, Pyropia sp. (Nori) 2.6 mg g (DW) .
Chlorophylls are a brilliant green colour and hydrophobic, and therefore have applications as
food colourants and natural dyes *. Unfortunately, they also have poor stability and often
degrade to pheophytin via dechelation of magnesium and thus, develop an unacceptable

brown colour *. However, chlorophylls and pheophytins also have a potential in
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pharmaceuticals with scientific research showing anti-inflammatory and anti-tumour effects
54‘56.

Carotenoids are classified as either a carotene or a xanthophyll. They are both
polyunsaturated hydrocarbons, however xanthophylls are oxygenated and contain functional
groups such as alcohols, ethers, or aldehydes. All carotenoids are strong antioxidants and
are highly valued in the food, nutraceutical, and pharmaceutical industries, resulting in a
global carotenoid market projected to reach over £1.75 billion by 2032 *. In many
microalgae, the most common carotene is [B-carotene. It has applications as a food
colourant, a protective antioxidant, and as a precursor to vitamin A . Like chlorophylls this
pigment is highly sensitive to heat, light and oxygen, and will isomerize to various unstable
cis forms of B-carotene *°. Extracting B-carotene from a natural and plentiful resource is far
more sustainable than large-scale synthetic routes such as the BASF method (Figure 7) .
These industrial approaches require hazardous reagents such as Grignard reagents and
produce problematic byproducts ®'. Dunaliella salina, a green microalgae, is well known for
its accumulation of B-carotene, which can account for up to 10% of its dry weight (100 mg
g™) when grown under salinity stressed conditions '°. Other algae such as Nannochloropsis
and Tetradesmus sp. are also known to accumulate B-carotene, but to a lesser degree %82,

Water-soluble phycobiliproteins are common in red algae and blue-green algae.
Phycoerythrin is an intense, red, accessory pigment biosynthesised in red algae ®3. This
protein is used in a wide range of fields. Its therapeutic and fluorescent properties allow it to
be used in immunology as an immunomodulator and fluorescent label, and in medicine to
treat cancer %%, Given its applications, phycoerythrin is unsurprisingly high-valued, around
£20-100 per mg © and an expected global market of £4.5 million by 2025 . Algae of the
genus: Porphyra, Porphyridium, Rhodomonas, and many others are potential sources of
phycoerythrin 3%, In Porphyridium sp. this pigment accounts for 60-80% of the
water-soluble proteins, and Ardiles et al. obtained a maximum of 33.85 mg g using modern

extraction techniques, such as ultrasound ©°.
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Figure 7: BASF method of B-carotene synthesis via Wittig Condensation ',

Problematic or hazardous reagents/waste have been highlighted.
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1.3.3. Phenolics

Algae and seaweeds contain a large quantity of phenolic-based antioxidant
metabolites. Phenolics are hydroxylated aromatic molecules. There is an abundance of
different phenolics, from phenolic acids to phlorotannins to mycosporine-like amino acids
(MAAs) (Figure 8). These compounds have a variety of functions in the cell, but some
examples include oxidation protection, photo-protectants (MAAs), or chemical deterrents

(bromophenols) 6769,
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Figure 8: Phenolics present in some algae, phenolic acids: tannic acid and caffeic acid,

phlorotannin components: phloroglucinol and eckol, and mycosporine-like amino acids.

Like most metabolites in algae the phenolic content varies from species to species.
Phlorotannins dominate the phenolic content of brown algae, whereas phenolic acids,
flavonoids, and MAAs account for the major fraction in red and green algae . Many of these
phenols are desired because of their effect on human health. These molecules exhibit
bioactive properties and are often desired as a neuroprotective, UV protectant, or simply as

a health supplement, such as Vitamin E (a-tocopherol) ¢,
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1.3.4. Carbohydrates

In algae, the carbohydrate content varies from 4-76% (DW) depending on the
species and the respective stressors of its cultivation environment %', Carbohydrates
include sugar molecules like glucose, xylose, and other monosaccharides, but also chains of
sugars bound through glycosidic bonds. These carbohydrates are found in the cell walls,
usually as cellulose (B-(1,4) glucan), B-(1,3) glucans (Figure 9), and hemicelluloses, and as

storage polysaccharides or starches 7.

OH
OH HO o OH
OR HO
HO 0 OH HO OR
oH HO OH OH
B-(1,4) Glucan B-(1,3) Glucan

Figure 9: Typical celluloses found in the microalgae, Nannochloropsis. On the left, a polymer
of B-glucose bound by 1,4-glycosidic bonds. On the right, a similar polymer but bound by

1,3-glycosidic bonds. B-(1,3) Glucans are often desired for their immunological effects 773,

The types of polysaccharide found within macroalgae are often dependent on their
taxonomy. In green macroalgae, there are typically sulfated polysaccharides, such as
sulfated xylans, or ulvans "°. In brown macroalgae, however, there is alginic acid, laminarin,
and fucoidan "™ whereas agars, carrageenan, and floridean starch (often called
semi-amylopectin) are more common in red macroalgae "*’*. These are just some examples

of the species-specific polysaccharides in algae (Figure 10).
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Figure 10: Common polysaccharides in green, brown, and red algae.

Sugar-rich biomass is often converted into biofuels, such as bioethanol. However,
certain polysaccharides, such as the phycocolloids, carrageenan and agar, have better
applications in food industries and pharmaceuticals. In these fields, they will have an
estimated combined market value of £1.09 billion per annum by 2027 ">, Many other
polysaccharides are also bioactive and have antioxidant, antimicrobial, anti-inflammatory
effects 7°. The low digestibility of some polysaccharides offer benefits for gut health and help
contribute to the recommended daily intake (RDI) of dietary fibre ”’.

Properties of algal polysaccharides have also enabled applications of these materials
in food packaging. A sustainable alternative to petroleum-based plastics, these
polysaccharides are non-toxic, relatively low cost, and biodegradable. These features when
combined with active ingredients, such as antioxidants or sensors, affords edible films that

can extend shelf-life, or indicate when food spoilage has occurred ™.
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1.3.5. Proteins

Proteins are fundamental in all organisms. In algae, they have varying functionalities
and are involved in almost all cellular activities, from carbon fixing to active transport. In
macroalgae, proteins can make up to 47% of their dry weight 7°, and in microalgae, up to
70% of their dry weight ®. These proteins are composed of amino acids and vary in size,
some upwards of 200 kDa in weight.

The proteins from algae could have a range of commercial applications. Sport
supplementation is a stable market. Many professional and amateur athletes consume food
and drink with added protein. Typically, this protein comes from whey, a product of curdling
cows’ milk, however, animal agriculture is a stress on the environment and vegetable
alternatives are rapidly becoming more common ®'. These protein powders typically contain
a mixture of denatured peptides and amino acids, which can be relatively easily obtained
from algae ™.

Many amino acids cannot be synthesised in the body, and therefore must be
obtained from our food. These amino acids are known as essential amino acids (EAA), and
many of them are present in algae. Red dulse, or Palmaria palmata, when cooked exhibited
>10 mg g’ of leucine, lysine, and valine, and also indicated the presence of histidine,
isoleucine, methionine, phenylalanine, and threonine ®. Further, other studies have
compared microalgae to common protein sources, such as peas or eggs, and recognised a

similarity in their amino acid profiles (figure 11) 8.
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Figure 11: A comparison of microalgae EAA profile with common protein sources (A) and the

fraction of the protein content EAAs account for (B). Plant based sources are coloured

green. Data obtained by Gorissen et al and reproduced as a bar graph %,
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1.4. Aims and green chemistry context

Algae is a proven biomass feedstock which should be capitalised on. Among other
applications, aspects of their composition offer forgotten dietary benefits, replacements for
petroleum-based additives in pharmaceuticals, and afford biodegradable materials for
packaging. Developing several biorefinery approaches valorising the varied algal biomasses
is a step towards renewable and sustainable industries, and ending the reliance on fossil

fuels.

1.4.1. Aims

The primary aim of this research is to investigate the valorisation of specific macro-
(Irish Moss) and micro-algal (ALGO1) species via green methodologies to yield novel
bio-based materials and chemical extracts within the context of a zero waste biorefinery.
This research is divided into two key chapters according to the two algal feedstocks. A
detailed account of the specific aims and objectives now follows including an initial brief

overview of the composition of the feedstocks: Irish Moss and ALGO1.

1.4.1.1. Macroalgae, Irish Moss (Chondrus crispus)

Irish Moss, Chondrus crispus, is an edible, red macroalgae of the family
Gigartinaceae. Red algae or Rhodophyta are a classification of algae known for their florid
complexion caused by a combination of chlorophyll and phycobiliproteins: phycoerythrin and
phycocyanin. The majority of red algae are multicellular seaweeds and inhabit marine
environments ®®, They are often present in shallow waters on rocky shores and are
therefore easy to harvest for coastal foragers. Red algae are rich in nutritional metabolites,
vitamins, and minerals such as iodine, calcium, and magnesium. The consumption of red
seaweeds such as laver (Porphyra) and dulse (Palmaria palmata) is common in east Asian

countries and was once more prevalent in British and Irish coastal diets. This type of algae
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has been recognised to contain proteins, polysaccharides, PUFA's, phenolics, and sterols
which have anti-inflammatory, anti-diabetic, antioxidant, and antimicrobial effects 8.

Irish Moss is an incredibly well researched red algal species. This algae has
branching blades that form fan-like structures . It is found with varying complexions, such as
reds, yellows, greens, and purples, but is recognisable by the blue iridescence appearing
underwater at the tip of the fronds (see figure 12). It is abundant in the north east and north
west of the Atlantic Ocean, and grows on rocky surfaces in marine waters. In regards to its
composition, Irish Moss is primarily composed of carbohydrates, approximately 50% of its
dry weight (DW) 8. Protein content can make up around 20-40% (DW) &, a significant
portion of which is often insoluble ®. The lipid content of macroalgae is typically low 1-8% .
The fatty acid and sterol composition has been studied frequently and major fatty acids
identified include: myristic (C14:0), palmitic (C16:0), w-6 arachidonic (C20:4), and -3 EPA
(C20:5), and the major sterol being cholesterol #-°'. Although lipid yield is low, PUFAs make
up a large proportion of the fatty acid content (68%) ®. Further, phenolics, such as catechin,
p-coumaric acid, and gallic acid, flavonoids, and MAAs have been found within extracts from
this algae, all of which have been documented to have antioxidant activity . Despite having
a valuable lipid content this commercially grown algae is cultivated for one particular

purpose, carrageenan.

Figure 12: Irish Moss (Chondrus crispus) exhibiting a blue iridescence underwater .
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1.4.1.1.1. Carrageenan

Many macroalgal species are mucilaginous, meaning they excrete mucilage, a highly
viscous substance composed of proteins and polysaccharides. This mucilage is often
noticed by those who frequent the seaweed-covered rocky shores on the coasts of the UK.
The slimy material excreted by these seaweeds contain jelly-like hydrocolloids, such as agar
and carrageenan, that protect the algae. The polysaccharide, carrageenan, accounts for
around 30-40% or sometimes upwards of 50% of dried Irish Moss biomass %, and was
therefore heavily utilised for the production of commercial carrageenan. The carrageenan
market shifted to eastern seaweed farms of Eucheuma and Kappaphycus as the material

became more desired and larger scale farms were required *.
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Figure 13: Forms of carrageenan (iota, kappa, and lambda). -galactose and
3,6-anhydro-a-galactose or a-galactose units covalently bound by alternating 5(1,4) and

a(1,3) glycosidic bonding.

Carrageenan is highly valued in the food industry due to its physical properties. Its
current market value in 2024 is approximately £823 million and is expected to rise ®. It is an
additive to a variety of products such as non-dairy milks, fruit juices, and salad dressings due
to its ability to be an effective stabilising, gelling, or thickening agent ™. These properties

originate from carrageenan’s polymeric structure. Composed of alternating s-galactose and
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3,6-anhydro-a-galactose or a-galactose units, this sulfated galactan exists in many different
forms. These forms are classified by the number and location of the sulfate groups. The
three most common forms are iota (¢), kappa (x), and lambda (1) carrageenan (Figure 13),
and often hybrids of the different forms can exist in some algae *. These varying chemical
structures lead to variation in the physical properties of the material and consequently their
gelling abilities. Gel formation begins upon cooling the viscous solution of carrageenan.
Typically this initial cooling causes randomly oriented coils of polysaccharide to undergo a
thermally reversible transition into a linked series of helices, cooling further results in an
aggregation of helices around cationic species in solution ™, this results in a semi-solid

matrix that can suspend micelles, in other words a very stable hydrogel (Figure 14).
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Figure 14: Rhein-Knudsen et al thermoreversible gelation mechanism of kappa-carrageenan

in the presence of potassium ions .
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Carrageenans are well researched, and they are not limited to food-based
applications. Recent examples include carrageenan-based microgel delivery systems %,
carrageenan-based films for packaging applications °, or utilising the antiviral activity of A
and (-carrageenan against SARS-CoV-2 and Influenza '%'%'. Carrageenan extraction can
be achieved using a simple aqueous extraction but to maximise yield a common industrial
method is applied which utilises a high temperature alkaline digestion to break down algal
tissue and dissolve carrageenan. This effectively cuts any potential branching side-streams
as the residual biomass is macerated and unrecoverable *. The mucilaginous nature of Irish
Moss, however, allows for the dissolution of carrageenan even in cold distilled water. Bahari
et al. evaluated the effect of extraction temperature, duration and salinity on the yields of
carrageenan from Irish Moss %. Carrageenan-rich precipitates were obtained from aqueous
extracts using antisolvent precipitation (isopropyl alcohol) with the aid of potassium chloride.
The authors recognised a linear increase in carrageenan yield from ~10 - 35 % (DW)
between extraction temperatures 22 - 90 °C, respectively. Explained simply by the increased
solubility of carrageenan in hot water. Extraction duration had limited effect on the precipitate
yield after the first 30 minutes of extraction, the further 7.5 hours showed only minor
increases in yield (+5%). The increase in extraction duration also had less impact the greater

the extraction temperature %.
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1.4.1.2. Biochars from macroalgal biomass: objectives

The aim of this section is the production and characterisation of naturally inherent
sulfur-containing porous carbons derived from Irish Moss macroalgae and its carrageenan
for their application in the remediation of copper(ll) from aqueous solutions. The chapter is

segmented into three objectives, which are also depicted pictorially in Figure 15:
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Figure 15: Flow chart depicting the aims of Chapter 3: Biochars from macroalgal biomass.
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Objective I: Characterisation of Irish Moss, its carrageenan extract and residues

A carrageenan-rich extract will be obtained from Irish Moss via acid/alkaline-free hot
water extraction. Although well characterised in literature, the variability in algal biomass
composition due to cultivation conditions, geographical location, or lifecycle stage '°%'%
indicates the need for an initial characterisation of this Irish Moss biomass and its
carrageenan extract. This macroalgae and fractions (carrageenan and residue) will be
characterised by elemental analysis, particularly CHNS microanalysis for sulfur content,
ICP-MS analysis for mineral content, and lignocellulosic analysis for cellulose, hemicellulose,
sugars and lignin content. Furthermore these analyses will be supported by TGA and
ATR-IR spectroscopy. Additionally, variable temperature (VT) '"H NMR spectroscopy will be
applied to carrageenan extracts to determine the carrageenan form, and a simple gel

formation test will be performed to determine its basic gelling capabilities.

Objective II: Production and characterisation of Irish Moss porous carbons

Porous carbons are frequently desired for and applied to a range of industrial and
environmental applications, due to their adsorptive, catalytic, and electrical properties. Those
derived from biomass materials, such as Starbons, are especially desired as a greener
alternative to traditional activated carbons. Starbons, and other biomass-derived carbons,
can have varying structural properties. The scale, temperature, rate of heating, and duration
of biomass pyrolysis can affect the thermal decomposition of these materials and result in
varying degrees of aromaticity, oxygen content, and chemical functionality in the graphitised
carbon '™ The pyrolysis of biomass or the biomass itself may also result in chars with
varying degrees of porosity. Pore shape and size are important factors in the application of
chars in adsorption, catalysis, electronics, or filtration '°. Porous solids may be classified
according to the IUPAC terminology: microporous (<2.0 nm pores), mesoporous (2.0-50.0
nm pores), and macroporous (>50.0 nm) "%,

Doping graphitic carbon with heteroatoms influences the properties of the material

and can broaden its functionality. The heteroatoms can act as binding sites, introduce
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acidic/alkaline surfaces, or alter the electronic configuration by acting as a 1r-electron donor
or acceptor. Common heteroatom dopants include nitrogen, oxygen, boron, and sulfur;
however, other rarer dopants also include phosphorus and silicon %= Heteroatoms can be
inserted into various different locations in the graphitic carbon and result in complex
structures. The location and state of the heteroatomic dopant in the porous carbon has a
significant impact on the functional properties of the material. Some doping locations are
depicted in Figure 16 and include "

e Substitution: The covalent insertion of heteroatoms into the aromatic graphite sheets.
Figure 16 shows that the heteroatoms can have different chemical environments
within the sheets, ranging from ‘pyrrolic’-like to graphitic bulk and edge.

e Intercalation: The non-covalent insertion of the dopant as a salt or an organic
compound between the graphite sheets.

e Surface Functionalization: This doping adds chemical functionality to the surface of
the carbon by covalently bonding the heteroatom to the graphitic surface.

e Nanocomposites: The presence of nanosized clusters of dopants trapped in

pores/defects on the surface or within the carbon material.

Figure 16: A representation of the different types of heteroatomic doping of graphitic carbon.
X, = pyrrolic-like, X, = pyridinic-like, X; = graphitic (bulk), X, = graphitic (edge), Y =

intercalation, Z, = surface functionalization, Z, = edge functionalization, T = nanocomposite.
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Recent publications have proposed that heteroatom-doped porous carbons have
applications in areas such as electronics "', organic pollutant removal "'? and greenhouse
gas capture '®. Doping can often be achieved via the addition of heteroatom containing
compounds to the biomass material prior to pyrolysis, this allows the heteroatom to be
included in the formation of graphite sheets. For example doping with urea or melamine
introduced a nitrogen content of 0.5-30% in a series of nitrogen-doped porous carbons
(NDPCs) '*5, Even a minor heteroatom presence in porous carbons has a range of
beneficial effects on the material. Substitution of an electron donor into aromatic carbon
sheets enhances electron acceptor/donor interactions in the delocalised 1-systems. This
enables stronger 1-1T interactions between the carbon surface and aromatic pollutants, such
as VOCs or dyes 12113116,

Sulfur-doped porous carbons (SDPCs) are well reviewed by Kicinski et al. The
stronger electronegativity of sulfur develops an increased surface polarity compared to that
of pure graphitic carbon; aiding the adsorption of polar materials and improving surface
wettability. The comparative size of sulfur atoms with carbon prevents the substitution of
sulfur into the aromatic sheets without disrupting the planar structure. This results in a
curvature of the sheets and protrudes the sulfur atoms out of the carbon layer. A benefit to
this is an increase in reactivity at the sulfur sites, enabling rapid electron transfer and surface
redox reactions to take place or for the binding of various materials, including nitrogen
pollutants and precious metals "'°. The increased electrical conductivity due to increased
electron density, as well as redox potential and surface wettability enables SDPCs to be
effective as electrode materials; more so than traditional activated carbons "#'"7. This kind of
intrinsic doping also interrupts planar interactions between the sheets and results in the
introduction of a semiconducting band gap, while also acting as an n-type dopant. The
binding of a substance at sulfur sites in SDPCs, is expected to alter the electronic structure

and result in a change in conductivity, which may allow SDPCs to act as a potential sensor

118
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Sulfur-doped carbons are typically synthesised from sulfur rich precursors, or by
doping during pyrolysis with materials such as hydrogen sulfide, thiophenes, metal sulfates,
or liquid or gaseous sulfur . This may yield carbons with a few percent to almost 20%
sulfur content "°. These methods often result in the presence of sulfur containing
nanocomposites or sulfur intercalation. This may be beneficial or detrimental depending on
the application of the porous carbon. This method of doping often results in a decreased
surface area and porosity due to the filling of pores with sulfur or metal sulfates/sulfides
(often the presence of these salts can aid in conductivity).

Sulfur surface functionalization of porous carbons is typically achieved via sulfonation
with concentrated sulfuric acid '?°. This introduces various sulfur-containing functionalities
such as thiols, sulfonic acids, disulfides, and thiophenes, the two former being most
prevalent %2 These oxidising conditions also resulted in oxygenation of the surface '%.
Thiol and sulfonic acid surface functionality enable these SDPCs to act as effective solid
acid catalysts. Further, coordination of metal ions to both intrinsic and surface sulfur atoms
enables even more catalytic activity, which is often easy due to the natural affinity of many
metals such as gold, lead, and mercury to sulfur. These metal sulfide doped porous carbons
are often also implemented in various zinc/lithium/sodium batteries as electrode or ORR
catalytic materials '#'='%, Unfortunately, the addition of toxic sulfur-containing dopants or the
use of highly corrosive sulfuric acid is problematic, and greener alternatives are required.
The chemistry of starch, pectin, and alginic acid-derived porous carbons (Starbons) is well
established, however, carrageenan-derived porous carbons are somewhat less studied.
NDPCs have been previously produced by doping with the nitrogen-rich polysaccharide,
chitin, and therefore it would be reasonable to assume the same could be done with sulfated
polysaccharides. The sulfated polysaccharide, carrageenan, can form stable hydrogels
without additional gelling agents and upon drying form a macroporous aerogel. It also has a
theoretical sulfur content of 8.30%, 13.8%, or 17.1% for kappa, iota, and lambda forms,
respectively. Utilising carrageenan as a potential SDPC precursor, would eliminate the need

for sulfur-based additives or unnecessary additional steps.
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The aim of this section is to produce sulfur-containing porous carbons from unrefined
carrageenan aerogels (IME) obtained from commercially available Irish Moss. This material
is an effective green alternative to other sulfur-doped carbons, not only due to it being a
non-toxic sulfur dopant source but also due to its sustainable sourcing from seaweed.
Pyrolysis without any external dopants or activating agents will be performed at 250 °C, 400
°C, and 800 °C to produce chars with varying degrees of carbonisation and to better
understand the pyrolysis mechanism. This mechanism will be monitored using TGA and
TG-GCMS. The chars will be characterised using FT-IR, SSNMR, elemental analysis (CHNS
and ICP-MS) and HRTEM to determine the compositional content of these materials and the
degree of carbonisation. XRD will be performed to analyse the production of salts, as
recognised in literature '?*. Surface characteristics will be determined as the material's
surface will greatly impact its electrical, adsorption, and catalytic applications. Surface
Topography and porosity will be determined using SEM-EDS and N, Adsorption Porosimetry,
while surface functionality and acidity/basicity will be determined with XPS, Boehm Titration,
Zeta potential and PZC analysis. For comparison, chars derived from Irish Moss (IM)
biomass and carrageenan-depleted Irish Moss (RIM) biomass will be produced and
characterised in an identical manner. Compiling char composition and surface characteristics
should give a detailed understanding of these chars and suggest potential applications for

these materials if any.

Objective Ill: Application of sulfur-containing chars for copper(ll) adsorption

A typical application of carrageenan-derived sulfur-containing porous carbons is as a
metal sulfide-doped carbon aerogel for metal ion storage in electrode materials 23125126,
Pyrolysis of iron-carrageenan at 800 °C leads to the presence of iron sulfide
nanocomposites embedded into the porous carbon material. This provides a site for sodium
ion storage through sodiation (FeS + 2Na* + 2e- — Na,FeS) and subsequent desodiation

with excellent cycling stability. The mesoporous aerogel also enables the storage of sodium
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cations, decreasing the diffusion distance to embedded nanocomposites, while the graphitic
carbon allows for rapid electron delivery and removal '%'?"_ This has also been achieved in
literature using nickel-carrageenan, with both materials exhibiting high performance for use
as sodium ion battery anodes 212

There is some evidence of carrageenan-derived carbons being applied to adsorption.
Nogueira et al. successfully adsorbed the antibiotic, ciprofloxacin, onto KOH activated,
carrageenan-derived porous carbon '2. Antibiotic removal from wastewater streams is
important to reduce antibiotic resistance. The 2300 m?/g highly graphitised surface area,
enabled >99% removal of the antibiotic. However, this was achieved after submersion for
24h and required a 10 fold quantity of carbon to ciprofloxacin. It was determined that various
molecular interactions were involved in the ciprofloxacin adsorption mechanism, including
-1 interactions, hydrophobic interactions, and hydrogen bonding. The effect of pH also
suggested cation-TT interactions were favoured in acidic conditions but to a lesser degree '%.
Similar interactions between aromatic carbon structures derived from carrageenan/sodium
lignin sulfonate, and methylene-blue dye have also been recognised. In this case doping
with sodium lignin sulfonate enabled the adsorption of approximately 400 mg/g of the
aromatic dye, without the need to carbonise the carrageenan material to very high
temperatures %,

Many sulfur-doped carbons have been applied to heavy metal adsorption. For
example, Saha et al explored the adsorption of metals such as mercury, cadmium, lead, and
nickel onto a sulfur-functionalized mesoporous carbon, synthesised via the addition of
sodium thiosulfate (Na,S,0;) to a carbon precursor . In another study, sulfur-doped carbon
particles were achieved through sulfuric acid functionalization of almond shell biochar, and
applied to cadmium(ll) adsorption ™. In both studies, sulfur-doped chars exhibited significant
affinity towards these heavy metals. Although the exact interactions between sulfur
functionalities and heavy metals is not fully understood it is generally accepted that heavy

metals have an affinity to sulfur containing functionalities *°. Despite carrageenan-derived
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carbons containing high levels of sulfur content, the adsorption of precious metals or heavy
metal pollutants on these materials has not been published.

Copper is a valuable heavy metal. It has applications in alloys, construction,
electronics, and clean energy '*2'33. The demand for copper is increasing with the uptake of
clean electronics such as electric cars and solar panels. China is the leading copper
producer with around 40% of the global production "*. Copper pollution from the production
of copper is a severe environmental problem. Copper(ll) ions are a major heavy metal
pollutant. These ions are formed for the use of copper in electroplating, paints and dyes,
metallurgy, and pesticides '*°. Unfortunately this pollutant ends up in many industrial effluent
streams. Copper remediation from wastewater is essential due to the high toxicity of
copper(ll) to human health and aquatic environments '** and helps towards sustainable
development goals 6 (clean water and sanitation) and 14 (conserving oceans, seas, and
marine resources). Remediation can be performed using many techniques, examples
include precipitation, ion exchange, membrane filtration, electrochemistry, or adsorption.

Adsorption is considered to be a low cost and effective method of pollutant removal.

The aim of this section is to explore the possibilities of applying carrageenan-derived
sulfur-doped porous carbons for the adsorption and remediation of copper(ll) from aqueous
solutions. To the author’s knowledge this is the first application of naturally inherent,
as opposed to sulfur-doped, sulfur-containing porous carbons for copper(ll)
remediation. A noncompetitive adsorption approach will be used to determine the
adsorption capacity of copper(ll) for the afforded chars in Objective Il. Copper(ll) adsorption
will be determined indirectly using the UV-vis adsorption intensity of the remaining solutions,
and adsorption kinetics and isotherms will be produced by varying the contact time and initial
concentration of copper(ll). The adsorption of copper will also be measured directly by
investigating the presence of copper on the used chars. This will be performed by pXRD and

SEM-EDS analysis .
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1.4.1.3. Commercially cultivated microalgae, ALGO1

ALGO1 is a novel and proprietary species of algae that has limited literature
presence. However, as informed by AlgaeCytes, the proprietary owner, this microalgae
resembles Nannochloropsis sp., which is fairly well researched.

Nannochloropsis sp. are spherical microalgae around 2-8 um in diameter '3 of the
eustigmatophyte class (yellow-green algae). They are often cultivated due to their high lipid
and PUFA content. In many species a 10-30% lipid content is common. However, limiting the
nitrogen and phosphorus availability can result in an increase in lipid content, as well as
promote vitamin E enrichment %53 Benvenuti et al. recognised a 5-fold increase (~10 to
~50 %) in TAG content of Nannochloropsis over a 120 hour period following nitrogen
starvation . The PUFA, EPA (C20:5), is abundant in this microalgae. Zanella and Vianello
estimated an average EPA content of 4%, to which they stated “an EPA amount higher than
2% is remarkable" "*¢. Other significant fatty acids include palmitic and palmitoleic acid,
commonly found in the lipid membrane of cells . As a yellow-green algae, the major
fat-soluble pigments available in this organism include: chlorophyll a, B-carotene,
violaxanthin, vaucheriaxanthin, canthaxanthin, and astaxanthin 3¢, A significant feature of
this algal species is the lack of chlorophyll b and ¢ .

In literature the isolation of lipids is typically achieved via solvent extraction. Folch,
and Bligh and Dyer methods are common standard approaches. These methods
homogenise biomass with mixtures of chloroform and methanol. The wide range of polarities
these solvents possess enables the extraction of both polar and nonpolar lipids from
biomass '*2. These methods, although effective, use hazardous solvents which conflict with
green chemistry principle 5 (see section 1.4.2). Further this method has limited selectivity,
and therefore to isolate specific lipid metabolites further purification is required, via the use of

additional solvents and processes.
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Figure 17: Fatty acid composition of Folch method lipid extracts from Nannochloropsis

gaditana. Castejon and Marko data reproduced as a bar graph '#.

The use of green solvents in the extraction of algal lipids is preferable. Castejon and
Marko implement ultrasound assisted extraction with green(er) solvent, ethanol, on
Nannochloropsis gaditana to afford a lipid extract with omega-3 fatty acid content and yield
comparable to a Folch approach 3. However, it is important to understand that although
greener, ethanol still poses a potential hazard as a volatile and flammable solvent, and the
requirement of additional heating to 50 °C and ultrasound processing is comparably more
energetically costly than Folch’s approach. Other green solvent approaches include: ionic
liquids, switchable solvents, microwave assisted extraction, and supercritical fluids '#4.

Nannochloropsis, like many other microalgae, also have significant protein content,
approximately 30-40% DW 36137145 Contrasting to lipid content, nitrogen starvation affords
protein-depleted biomass °'¢. In the same study Benvenuti et al. recognised a 5-fold
increase in lipid content, an almost equivalent decrease was measured in the estimated
protein content (from 44 to 12%) '*°. Eukaryotic microalgae require nitrogen-rich media to
produce proteins, an exception was discovered recently, when a ‘nitroplast’, a nitrogen fixing
organelle, was identified in Braarudosphaera bigelowii '¥’. The amino acid profile of
Nannochloropsis granulata exhibited significant EAA content in a study by Tibbetts et al.

equating approximately 50% of the total protein content. Specifically, valine, leucine,
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phenylalanine, and lysine, each accounted for 2-3% (DW) of the biomass . This amino
acid profile and protein content is typical of ochrophytes '*® (Ochrophyta is a subphylum
taxonomy class which Nannochloropsis sp. are classified).

Proteins, especially small peptides and amino acids, are typically hydrophilic.
Although a fraction of proteins are considered water insoluble, such as membrane proteins
99 The extraction of proteins from biomass can often be achieved via dissolution in water or
aqueous acidic/alkaline solutions. Although large proteins can be isolated if extracted in their
native form, a large portion of this protein content is bound within organelles of the cell.
Water-soluble free peptides and amino acids account for a small fraction of the total protein
content ' (Free peptides and amino acids, reference soluble metabolites sans the
hydrolysis of proteins). Further, in Nannochloropsis, non-essential amino acids account for
approximately 90% of the free amino acids '*°. These predominantly include proline and
glutamic acid, which aren’t invaluable, however the trapped essential amino acids are more
desirable.

Extraction of lipid and protein contents are restricted due to microalgal cell wall
properties. Cells are encased by a phospholipid bilayer embedded with globular proteins,
sterols, and glycolipids. At approximately 4 nm thick and bound by hydrophobic interactions,
this permeable layer is relatively weak '°. Hydrophobic solvents, such as hexane or
chloroform, penetrate and disrupt the bilayer structure introducing pores and channels for
metabolites to be extracted “°. Cell walls prevent turgor pressure-based cell lysis in
hypotonic solutions, but also offer a protective layer inhibiting organic solvents entering the
cell ¥, The unyielding nature of microalgal cell walls make them a difficult obstacle to
overcome. In Nannochloropsis, the cell wall is approximately 100 nm thick 3%4°, which will
vary depending on the growth phase of the algae 2. The cell wall in this microalgae is
composed of 2 main layers: cellulose-based inner sublayers, and a protective hydrophobic

algaenan outer layer 340151,
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Figure 18: Scholz et al produced diagram of Nannochloropsis cell wall indicating algaenan
and cellulose-based layers (A) based on quick freeze deep-etch electron microscopy (QFDE

EM) images of a cell wall cross-section (B and C) *°.

Cellulose is an abundant material. It is a polysaccharide consisting of monomer
D-glucose units bound by (-(1,4) glycosidic bonds which form crystalline, linear structures.
Within the cell wall, cellulose forms hierarchical strands of microfibrils, fibrils, and cellulose
fibres that are bound together by branched, amorphous hemicellulose. In plant cell walls
cellulose constitutes a significant fraction, alongside lignin, pectin, and glycoproteins. Algal
cell walls, however, lack lignin, and vary greatly in structure depending on the algal species.
Many species of algae have very low cellulose contents such as the green algae Koliella
antarctica. Their cell walls are primarily composed of hemicelluloses. On the other hand,
heterokonts, such as Nannochloropsis gaditana, have an inner layer of cellulose fibrils that
make up around 85% of the total cell wall polysaccharides 3%5"1%3.154 Thjs thick porous mesh

of parallel strands is elevated from the plasma membrane by cellulose-based struts 3940131,
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Algaenan is a hydrophobic, insoluble, and non-hydrolysable biopolymer 4%1%41%% The
structure of algaenan is debated, although there is some agreement. It often consists of ~32
carbon hydrocarbon chains cross-linked by ether bridges at mid-chain and terminal positions
39154156 |In some cases, polyester and polyacetal structures have been proposed along with
varying degrees of unsaturation '*>'%". However, many proposed structures are criticised due
to the severe lysis conditions used to isolate algaenan, and their potential to chemically alter

or contaminate the composition of algaenan *.
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Figure 19: Proposed algaenan structures from algae: Tetraedon minimum, Scendesmus
communis, and Pediastrum boryanum (A) "7, Nannochloropsis (B) ', and Botryococcus

braunii (C) '*°.
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1.4.1.4. Microalgal valorisation objectives

The aim of this section is the valorisation of commercial microalgae into chemicals
and materials in order to develop a potential zero waste biorefinery. Two microalgal
biomasses were supplied by Algaecytes: intact spray dried ALGO1 and EPA-free spent
ALGO1, a residue from base-catalysed ethanol extraction of EPA. Both streams were

explored to obtain oils, protein and defibrillated celluloses are summarised in Figure 66.

(Objective I:
Characterisation of ALGO1 and EPA-free ALGO1

Objective II: ALGOT Algaecytes EPA EPA-free
Supercritical Extraction of Lipids extraction ALGO1

GC-MS Lipids

UV-vis - - .
Pigments scCO, Extraction | Celldisruption &
TPC/E:SC(;FRAP § Ultrafiltration
Phenolics
Oil-free
TGA Proteins

XRD o
SSGNMR Defibrillated MHT ]
TEM Cellulose
WHC
Hydrolysates

Obijective IlI:
Microwave Hydrothermal Defibrillation of Cellulose

CHN CHN
SDS-PAGE HPLC
Bradford Assay

Objective IV:
Protein Extraction & Enrichment from Residual Biomass

Figure 20: Flow chart depicting the aims of Chapter 4: Valorisation of Commercial

Microalgae

Objective |: Characterisation of ALG01 and EPA-free ALGO1

ALGO1 is an engineered strain of microalgae, despite similarities to Nannochloropsis
sp. a characterization of this biomass is required. EPA-free ALG01 underwent a specialised
transesterification extraction for EPA isolation. Characterisation techniques will be used to
determine the composition of EPA-free/spent ALGO1 in contrast to the unaltered intact
biomass. Elemental analysis (CHN) and Klason analysis, supported by TGA and ATR-IR
spectroscopy, will be performed to give a preliminary insight into the structure and

composition of these algal biomasses.
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Objective Il: Supercritical CO, extraction of lipids

Supercritical CO, is considered a green solvent. It is non-flammable, and has
effectively zero-toxicity. Its gaseous state at atmospheric temperature and pressure (ATP)
enables simple solvent recovery from the extract and recyclability of the solvent. With current
industrial applications, for example the decaffeination of coffee or extraction of hops '8, the
technology is well-founded and commercially available, although a substantial investment.

Supercritical fluids are formed when a material is heated and pressured above its
critical point. At the critical point a substance will have properties between a liquid and a gas.
For CO, that point lies at 31.0 °C and 73.8 bar. These are achievable conditions, and
although the pressure is substantial, its frequent use has become routine in industry.
Supercritical solvents are far less viscous and have a greater diffusivity than liquid solvents,
resulting in the solvent permeating and solvating substances within a biomass matrix with
greater ease. CO, is a linear nonpolar molecule and has limited solubility towards polar

solutes, which enables it to be selective towards neutral lipids.

31.8°C
7.38MPa

—
>

critical point

Pressure/MPa

oIV it
triple point
T T T -
-80 -25 30 85 140
Temprature 7/°C

Figure 21: Phase transition diagram of carbon dioxide, indicating the critical point in which

the material becomes a supercritical fluid '*°.
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The polarity of supercritical CO, can also be influenced by the addition of
co-solvents. Adding small quantities of organic polar solvents enables the solvation of polar
molecules. In one example, following the addition of 7.5% ethanol entrainer (300 bar, 60 °C),
the extraction yield of pigments: lutein and chlorophyll a from Chlorella vulgaris, greatly
increased from ~0.5 to ~1.5 MQ/Quiomasss aNd 0 to 11 MQ/Guiomass; respectively '®°. The
entrainer effect is an important factor to account when using co-solvents. This effect
describes the influence a solute has on the solvating power of the solvent. As the quantity of
polar solutes increase, the solvent system itself becomes more effective at dissolving other
polar substances, and in turn, less effective at solvating non-polar substances '*¢. Although a
wider more selective range of solutes can be extracted using co-solvents, it could be argued
that the use of organic solvents regardless of quantity still poses similar issues, such as
extract contamination and solvent waste.

Supercritical CO, extraction is a proven method of extracting lipid, pigment and
phenolic materials. Mouahid et al. reviewed a variety of literature using scCO, extraction on
the microalgae, Nannochloropsis sp. Extracts containing fatty acids: palmitic and oleic acids,
and EPA were identified, as well as extracts containing carotenoids and a-tocopherol .
They determined the yield of neutral lipids, chlorophyll, and carotenoids are effectively
determined by the temperature and pressure of the extraction. Neutral lipid extracts are
favoured between 200 and 300 bar, and show rapid increases in yield from 9.5 to 14.5%
from 40 to 60 °C, respectively. Carotenoids and chlorophylls, however, are far more pressure
dependent, affording low 0.2% yields below 200 bar, but rapidly increased to 1% from 200 to
300 bar ®2. Further, a study by Molino et al. investigated the effect of temperature and
pressure on the yields of B-carotene and neutral lipids from D.salina. They operated at
temperatures of 50 and 65 °C and pressures 100, 400, and 550 bar and recognised that the
B-carotene recovery and purity were highly pressure dependent, and equally the neutral lipid

yields followed a similar trend .
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As informed by Algaecytes this microalgae is rich in high-value lipid metabolites,
such as EPA and B-carotene. To minimise the use of organic solvents, co-solvent-free
supercritical CO, extraction will be used to isolate the high-value lipid content of spray dried
ALGO1 (Green Chemistry Principle 5). Further, temperature (35-50 °C) and pressure
(200-400 bar) factorial experiments will be applied to investigate the extraction of these
metabolites under variable supercritical fluid densities/conditions commonly seen in
literature. The extracts will be characterised by NMR, ATR-IR, GC-MS, and UV-vis
spectroscopy, to determine the content of the variable extracts.

Oxidation is a process responsible for the degradation of many organic molecules
which is detrimental for products in nutrition, cosmetics, and pharmaceuticals. Antioxidant
metabolites inhibit oxidation and help prevent the formation of free radicals due to oxidation.
Antioxidants are beneficial supplements as they limit the formation of free radicals in the
body which are a leading cause of long term iliness and ageing '®'. The antioxidant activity of
these extracts will be determined by TPC, TFC and FRAP assay. Furthermore, the thermal
properties of these oils will be determined by DSC to provide insight into the potential

application of these oils.

Objective lll: Microalgal defibrillated cellulose via microwave hydrothermal treatment

Defibrillated celluloses are traditionally produced from cellulosic rich biomass such as
wood pulp. Mechanical and chemical extraction may be used to obtain cellulose fibrils.
However, mechanical methods, such as HPH, or grinding, cause damage to the fibres and
cannot completely remove lignin, hemicellulose, or pectin 2. Intensive chemical processing
using acid or alkaline retting, digest the labile, amorphous hemicellulose, pectin and lignin,
releasing the cellulose fibres. The applications of this material are diverse. Their functional
properties; high colloidal stability, high thermal stability, and high mechanical strength, paved
the way for their use as films and coatings, barrier materials, packaging, optically transparent

materials, aerogels, rheology modifiers, filters, and scaffolds 62,

62


https://paperpile.com/c/nOpaQX/62RPc
https://paperpile.com/c/nOpaQX/cN3Jw
https://paperpile.com/c/nOpaQX/cN3Jw

There are few studies aimed at isolating defibrillated celluloses from microalgae. One
study by Lee et al. isolate cellulose nanofibrils from Nannochloropsis residues following lipid
and protein extraction. They obtained highly crystalline (91.7% crystallinity) cellulose
nanofibrils via a bleaching at 70 °C for 4h followed by delamination using
tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidation. A cellulose fraction of 69% was
determined by X-ray diffraction, which is far higher than that of defibrillated cellulose
obtained from wood and plants "¢,

Isolation of cellulose via intensive chemical treatment is clearly successful, however,
the hydrolysis of hemicellulose and pectin can also be achieved with far greener and
sustainable methods. Microwave hydrothermal treatment (MHT) is the key feature of the
hydrothermal microwave assisted selective scissoring (Hy-MASS) concept, which utilises the
lysing potential of water at high temperatures to selectively hydrolyse amorphous
hemicellulose, pectin and lignin, and yield defibrillated cellulose material '®*. MHT is
considered to be a green, and far lower energy and time intensive method than traditional
approaches (Green Chemistry Principle 6). MHT is also an acid and bleach-free method of
obtaining defibrillated cellulose material from cellulosic biomass, and is therefore more
suitable for use in food and medicinal industries than traditional methods . This method has
been used to produce crystalline cellulose fibres from a range of biomasses including orange

peel ', ginger waste '*°, and spent pea biomass .

In this study, MHT will be used to obtain defibrillated cellulose from fresh and scCO,
spent/deoiled ALGO1 biomass. The defibrillated cellulose produced will be characterised by
thermogravimetric analysis (TGA), X-ray powder diffraction (XRD), "*C cross polarisation
magic angle spinning (CPMAS) SSNMR, transmission electron spectroscopy (TEM), and
water holding capacity (WHC). ‘Waste’ hydrolysates will be analysed by HPLC to determine

their potential use as either fuel or feed.
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Objective IV: Protein extraction and enrichment

Algaecytes obtain EPA-rich extracts from ALGO1 for commercial use. Valorisation of
the microalgal residue offers this industry a process to drive towards a zero-waste approach.
Nannochloropsis is known to contain a significant protein content, which can be obtained via
simple aqueous extractions. Typically extracted alongside various polysaccharides, protein
purification is often required to afford higher value protein extracts. The extraction and
purification of proteins is discussed in a review by Liu et al '*”. They conclude that methods
such as chromatography and electrophoresis have the greatest precision regarding protein
purification. However, their costs and upscaling difficulties are a limitation . Instead, protein
enrichment via membrane filtration or precipitation can be used to reach an adequate purity
for commercial use '®°. Protein precipitation is often achieved through pH manipulation, the
addition of organic solvents, or using a salting-out method. Unfortunately each is fraught with
disadvantages; causing denaturation or contamination of proteins with organic solvents and
salts "%,

Membrane filtration is a considerably green approach that employs a porous
membrane and concentration or pressure gradients to divide metabolites based on size '°.
Varying the filtration membrane offers selective micro, ultra, or nanofiltration. These
methods are often used for desalination of proteins, however, in a few cases ultrafiltration
can be used to concentrate proteins. Ursu et al achieved a substantial 95% protein purity
following filtration via a 300 kDa membrane at pH 12. This success came from the high
molecular weight proteins (670 kDa) present in their extracts '"'. Further, the
phycobiliprotein, R-phycoerythrin, was concentrated using a 30 kDa membrane with 100%
retention, while removing smaller proteins and polysaccharides 2. However, ultrafiltration
may fail when proteins become denatured. Small peptides and amino acids are able to pass
through the membrane along with sugar and salt solutes '7°.

To overcome the rigid cell walls of microalgal species (Section 1.4.1.2.) cell disruption

technologies will be applied. Cell disruption is essentially a method of disrupting the cell
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surface to allow for ‘easier’ dissolution and extraction of metabolites. Categorised into
mechanical (physical) and non-mechanical (chemical/enzymatic) techniques, examples of
cell disruption methods include: chemical or enzymatic digestion 174  ultrasonication '"°,
microwave treatments "%’ homogenisation via high-pressure or speed '°, and
grinding/bead milling '"®. Table 11 summarises some common and novel cell disruption
methods and their efficacy.

Carbohydrases and proteases are common enzymes used in cell disruption. This is
because algal cell walls are primarily composed of cellulose, hemicelluloses, pectins, and
glycoproteins '*7°_ They are often mild and effective, although limited by their sensitivity to
the extraction conditions and in some cases effectively lyse the desired metabolite "7°. This is
an issue amongst chemical disruption methods also; alongside contaminating the extract.

Cell disruption via shear strain includes many different methods. Bead Milling, a
common process used for the disruption of microbial '®° and algal cells '’®, induces shear
strain across cells by transferring energy from bead collisions. Ultrasonication, another form
of cell shearing, promotes cavitation, the production of microbubbles that upon collapse form
waves. These waves induce high energy shear forces on the algal cells 758",
Homogenisation exists in two forms, high-pressure and high-speed, this method also
generates shear forces from high energy impacts and cavitation. However, where one
induces these shearing forces using rapid pressure changes (e.g. flow through an impact
valve), the other induces the forces near the blades of a high-speed rotor. In comparison,
ultrasonication yields a broad cell disruption efficiency of 55% '8 to 90% '°, whereas
high-pressure and high-speed homogenisation yield 70-100% '"®> and 48% '®2, respectively.
Ultrasonication pretreatment also results in an 8-fold increase in lipid extraction yields
compared to a 7-fold increase using homogenisation '"°. Beneficially, ultrasonication is also
recognised to have a much lower energy consumption than homogenisation techniques '®'.

Microwave assisted extraction is a proven green, scalable, more efficient, and faster
heating method than conventional heating '®3. Microwaves induce dielectric heating by

molecular rotation of polar materials, typically water. It has a two-fold effect: i) rapid
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simultaneous heating of intracellular water molecules exert pressure on the cell, resulting in
cell rupture (cell disruption). ii) rapid heating of the surrounding aqueous matrix allows for
more rapid dissolution of released cell contents. Using this method the microwave conditions
can determine the specific product extracted '°. It is recognised that this method reduces
solvent use and extraction time, while assisting in the recovery of lipids and pigments, such
as EPA, DHA, astaxanthin, fucoxanthin, and lutein "7, However, there are also many
limitations of MAE usage, posing a risk of degrading some of the more heat sensitive
products, especially when the cell disruption requires a higher power output 6. Other issues
include its limitation to polar solvents '"®, and the potential of forming free radicals '®'.
Mechanical methods are often effective but can be inadequate as they can be too severe

and lead to the denaturing or destruction of valuable metabolites 8.

This section will explore green, acid, base, and enzyme-free extraction of proteins
from intact, spray dried ALG0O1 and EPA-spent ALG01 to determine the potential valorisation
opportunity of EPA-free ALGO1 residues. The following cell disruption technologies will be
explored: mechanical grinding, high-speed homogenisation (HSH), ultrasonication, and
microwave assisted extraction (MAE), which will be compared against a cell disruption-free
extraction using distilled water alone. Enrichment of the protein extracts will be performed
by ultrafiltration to afford protein-rich retentates and sugar-rich permeates. Retentates and
permeates will be characterised by ATR-IR, elemental analysis (CHN), protein analysis

(SDS-PAGE and Bradford assay), and HPLC.

66


https://paperpile.com/c/nOpaQX/BXHzK
https://paperpile.com/c/nOpaQX/BXHzK+zDH8B
https://paperpile.com/c/nOpaQX/BXHzK
https://paperpile.com/c/nOpaQX/BXHzK
https://paperpile.com/c/nOpaQX/P6MZ0
https://paperpile.com/c/nOpaQX/qySTy

Table 2: A comparison of the cell disruption efficiency and increases in the product yield for a

variety of cell disruption methods.

field

Cell disruption | Conditions Cell disruption | Desired Product yield
method efficiency / % * | product increase /%
Enzymatic 13.8 mg/g Cellulyve
50LC, 53 °C, pH - Lipids 15 174
4.4, 24h.
Bead milling 0.3 mm Y stabilized
Zr,0;, 65% (VIv), 6 99 Protein 10 178
m/s, 25 °C, 1h.
Ultrasonication | Vibra-Cell™
ultrasonicator, 40 97 Lipids 785 175
kHz, 30 min.
High-pressure x1 pass through
homogenisation Emulsiflex-C, 862 68 Lipids 679 175
Bar
Microwave- 55 °C, 36 min, 60%
assisted Kot’ (ag) i - Lutein 30 7
extraction acetone.
Pulsed electric | X2 cylces of 20 _
kV/cm treatments o4 Protein 64 185

*by intact cell count
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1.4.2. Green Chemistry context

Green chemistry is a concept that attempts to minimise the environmental effects of
the chemical industry. Renewable and sustainable manufacturing is vital for preventing
further damage to the environment. It is founded on 12 principles, aiming to prevent waste,
reduce energy consumption, and limit hazards . A full list of the 12 principles are available
in appendix 1.1. In this thesis, the key principle addressed is principle 7: the use of
renewable feedstocks. Valorising a renewable aquatic biomass feedstock that requires
minimal land for its cultivation is an effective approach of reducing land based industries.
Land use is a significant global issue and reducing the land requirements will enable routes
towards sustainable development goal (SDG) 15: protecting and restoring terrestrial
ecosystems. Renewable biomass feedstocks are also effective carbon fixers, using these
feedstocks help push towards carbon neutrality/negativity which is an effective approach to
reducing/reversing the effects of climate change (SDG 13).

The second principle applied to these works is principle 5: safer solvents and
auxiliaries. Four solvents will be used in the synthetic/extraction processes of this thesis.
Water, ethanol, acetone, and supercritical CO, have been selected according to GSK’s
green solvent selection guide '®. In almost all cases distilled water will be the primary
solvent with no additional additives. Ethanol and acetone will be used in minimal quantities
where water is ineffective; and used in a manner where solvent recyclability is possible. The
processes used in this work will aim to be as inherently safe as possible (principle 12) and
limit the quantity of additional additives. This thesis will also consider all streams of the
synthetic/extraction processes where possible. Biomass residues will be considered as
potential products in alignment with a zero-waste biorefinery approach. This is a
fundamental aspect of sustainable development goal 12: responsible consumption and
production of materials. The biorefinery approach for the feedstocks used in this thesis is

depicted in figure 22 including the green principles addressed.
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Figure 22: Biorefinery approach for ALGO1 microalgae and Irish Moss macroalgae feedstocks highlighting green principles addressed.
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Chapter 2: Experimental
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2.1 Materials

Irish Moss, Chondrus crispus, was obtained from the Cornish Seaweed Company.
The dried and flaked Irish Moss was ground by coffee grinder to a granular powder (<50 um)
and labelled IM. This material was then immersed in deionized water (25:1 mL:g) and the
contents were stirred and heated conventionally (reflux at 80 °C for 30 minutes). The
resulting mixture was then immediately centrifuged using a Thermo Fisher Megafuge 4R
(3000 rpm, 30 °C, 30 min) to isolate a supernatant and pellet. Both supernatant and pellet
were dried using a Labylo Controlled Freeze Drier for 48h or until dry before being labelled
IME and RIM, respectively (IME: 54.6 + 3.3%, RIM: 38.9 £ 4.2%).

Commercially cultivated (photobioreactors) microalgae (ALG01) were obtained from
AlgaeCytes, Kent and spray dried directly after harvesting. Spent EPA-free microalgae was
also provided following an ethanol and base extraction of lipids, and subsequent air drying of
the residual biomass.

All reagents were used as supplied from either Fischer or Merck without further

purification, unless specified otherwise. Deionised water was used throughout.

2.2 Instrumentation and Analysis

2.2.1. IR spectroscopy

Attenuated total reflection infrared spectroscopy was performed using a Perkin Elmer
FTIR/FTNIR Spectrum 400 Spectrophotometer. Before sample analysis, the sapphire
window was cleaned with ethanol and a background run. For sample analysis a small
quantity of sample was placed on the sapphire window and (if solid powder) a pressure was
applied to ensure the sample makes sufficient contact with the sapphire window. Spectra
were recorded between 650-4000 cm™ (32 scans) at a resolution of 4.00 cm™.

Where appropriate FT-IR sample discs were prepared by initially drying finely ground

potassium bromide in a vacuum oven at 80 °C. Appropriate quantities of finely ground
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samples were added to make 0.5 % (w/w) mixtures. These mixtures were again dried via a
vacuum oven at 80 °C overnight. 10 mm wide and ~1 mm thick FT-IR discs were formed by
compressing 30 mg of diluted sample mixtures under vacuum to ~10 tonnes of pressure
using a Specac Manual Hydraulic Press. Samples were kept dry in a dessicator while
transferring to the spectrometer to minimise moisture absorption.

FT-IR spectra of the sample discs were taken using a Perkin-Elmer Spectrum Two
FT-IR spectrometer. A blank potassium bromide disk was used to produce a spectrum

background.6

2.2.2. Elemental analysis

2.2.2.1. CHN microanalysis

The samples were analysed using an Exeter Analytical Inc CE440 analyser.
Analyses were performed in-house by Dr. Graeme McAllister, Department of Chemistry,
University of York, UK. Samples (1.6 mg-1.8 mg) were weighed on a Sartorius SE2
analytical balance and subsequently placed in a high-temperature furnace (975°C) and burnt
under oxygen. Two measurements were conducted for each sample and the average is

reported in the results and discussion section.

2.2.2.2. Sulfur content

2 mg of sample was weighed on filter paper and then placed into a palladium cage
inside an oxygen combustion reaction flask. To the reaction flask 10 mL of the ion
chromatography eluent, (9.5 mL) sodium carbonate and sodium bicarbonate, and (0.5 mL)
hydrogen peroxide were added. A few drops of dodecanol were added to the filter paper to
act as a fuse to start the ignition. The reaction vessel was then flushed with O, and the lid
placed on. The reaction vessel was then placed in the middle of an oxygen flask combustion
unit and combusted. Once combusted the vessel was left to shake for 20 minutes to convert

all sulfur to sulfate.
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Sulfate analysis was performed using ion chromatography. A standard injection of 1
mL of a 1 in 10 dilution of the stock (Dionex Seven Anion Standard) was carried out on a
Thermo scientific Dionex Aquion lon chromatography system. Pumping an eluent of sodium
carbonate and sodium bicarbonate at a flow rate of 1 mL/min through a Dionex lonPac AS22
RFIC 4 x 250 mm Column. This was then followed by 1 mL of the required samples for

analysis. All data handling and processing was then carried out by Chromeleon 7 software.

2.2.2.3. ICP-MS

This analysis was performed by Jon Angus at the Biorenewables development centre

(BDC), York.

2.2.2.3.1. Sample Digestion

Samples (~0.2 g) were weighed out and placed into digestion vessels. This was
followed with 8 mL of trace metal grade concentrated nitric acid and 2 mL of 30% hydrogen
peroxide. A sample-free vessel was also prepared in the same way. This vessel was used as
the blank to dilute the calibration fluids later.

The digestion vessels were sealed and placed into a microwave. The microwave was
programmed to heat the contents of the digestion vessels to 200 °C over a period of 30
minutes and a thermocouple was used to monitor the temperature. Once at temperature, the
contents were kept at 200 °C for a period of 15 minutes. After this period, the microwave
heating is turned off and the digestion vessels are cooled down. The contents were
transferred into 100 mL conical flasks and diluted to up to the mark with distilled water. 10mL

of each sample was retained in preparation for the analysis.

2.2.2.3.2. Calibration curve preparation
An environmental stock calibration fluid containing the elements shown in table 3 was

used to produce the calibration standards. The calibration fluid contains various metals in

either high or low concentration. The environmental standard was diluted into several stock
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solutions at concentrations shown in table 4. The diluent was the digestion blank prepared in

section 2.2.2.3.1.

Table 3: Elements in the environmental calibration fluid.

PD, Pt, Sb, Se, Th, Tl, U

Environmental Element
standard
High Ca. Fe, Mg, K, Na
Low Ag, Al, As, Au, Ba, Be, Cd, Co, Cr, Cu, Ir, Mn, Mo, Ni, P, Pb,

.V, Zn

Table 4: Calibration concentrations for high and low concentration elements in the
environmental standard

Name Concentration high Concentration low
(ppb) (ppb)
Calibration A 100,000 1000
Calibration B 50,000 500
Calibration C 25,000 250
Calibration D 12,500 125
Calibration E 5000 50

2.2.2.3.2. ICP-MS procedure
An Agilent 7700 series ICP-MS was used to run the calibration solutions and

calibration curve was produced (see Figure 23 for high concentration elements). The

samples were then analysed and the concentration of each element was determined.
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Figure 23: ICP-MS calibration curve of high concentration elements (data points are

superimposed).

2.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was performed on a TA instruments mDSC Q2000.
Sample (5-10 mg) was loaded into a Tzero pan and sealed with a corresponding hermetic
lid. The sample pan and empty reference pan were heated to 150 °C at a rate of 5 °C/min,
cooled to -30 °C at a rate of 5 °C/min, and held isothermally at -30 °C for 30 minutes marking

the end of cycle 1. This was repeated 3 times for a total of 3 heat-cool cycles.

2.2.4. Gas chromatography-mass spectrometry (GC-MS)

Gas chromatographic measurements were made with an Agilent Technologies 6890
gas chromatograph, fitted with a Rxi-5HT capillary column (30 m 250 mm x 0.25 mm
nominal). Helium was used as the carrier gas at a flow rate of 2.2 mL/min. The initial oven
temperature was 30°C and was increased instantly at a rate of 50°C/min to 300°C and held
at this temperature for 5 minutes. The injector temperature was 250°C with a 2 L injection

and a split ratio of 10:1.
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Mass spectrometric measurements were made with a Agilent 5973 mass
spectrometer, with electron ionisation and quadrupole mass analyser. Masses were scanned
over 50 m/z to 550 m/z, with a solvent delay of 3 minutes. Total run time of 13.34 minutes.

MS data analysed using NIST library version 2.2 (2017).

2.2.5. High-performance liquid chromatography (HPLC)

Standard sugar and common acid analysis was separated using an Agilent Hi-Plex
H+ column (300 x 7.7 mm, 8 um particle size). The operating conditions were an isocratic
mobile phase of 0.005 M H,SO, with a flow rate of 0.6 mL/min. An injection volume of 5 pL
with a column temperature of 60°C, a refractive index detector at 55°C and a total run time of
55 minutes. Calibrated Standards include: cellobiose, glucose, xylose, fructose, mannitol,
rhamnose, arabinose, galacturonic acid, galacturonic acid, levoglucosan, lactic acid, formic

acid, acetic acid, and levulinic acid.

2.2.6. High-resolution transmission electron microscopy (HRTEM)

Finely ground test material was suspended in a small quantity of acetone and
sonicated before being applied to a lacey carbon film on 200 Mesh Copper grid. A Jeol 2100,
200kV Field Emission Transmission and Scanning Transmission Electron Microscope
(TEM/STEM) was then used to determine the morphology of the test material at

magnifications ranging from x50k to x500k.

2.2.7. N, Adsorption porosimetry

150 mg samples were degassed at 30 mbar and 120 °C for 20 h, before analysis by
nitrogen adsorption porosimetry. The nitrogen adsorption-desorption isotherms were
recorded at liquid nitrogen temperature (77 K) on a Micromeritics Tristar Il porosimeter and

analysed using Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) methods.
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2.2.8. Scanning electron microscopy - energy dispersive spectroscopy

(SEM / SEM-EDS)

A Jeol JSM-7800F Schottky field emission scanning electron microscope was used
to image the surface topography of the test material. The test material (<5 mg) was
suspended on an aluminium mount with carbon tape. An electron beam with acceleration
voltage of 5 kV and 15 kV was used at a working distance of 3.0 mm or 10 mm. A secondary
electron UED or LED detector was used respectively, and images between x1k and x100k
magnification were taken.

Elemental composition was determined via the insertion of Dual Oxford Instruments

large area solid state detectors for energy dispersive X-ray spectroscopy (EDS).

2.2.9. Solid-state nuclear magnetic resonance (SSNMR) spectroscopy

Solid State *C cross polarisation magic angle spinning (CPMAS) spectroscopy was
performed on a 400 MHz Bruker Avance Il HD spectrometer using a Bruker 4 mm H(F)/X/Y
triple-resonance probe and 9.4T Ascend superconducting magnet. Solid State NMR
experiments were run with a spin rate of 10,000 +/- 2 Hz, recycle delays of 5 s, a total
number of 512 scans and a linearly ramped contacted pulse of 1 ms. Chemical shifts were
referenced using adamantane (29.5 ppm) as an external secondary reference and reporting

of the chemical shifts was performed with respect to tetramethylsilane (TMS).

2.2.10. Thermogravimetric analysis (TGA)

Samples of test material (50-100 mg) were added to a ceramic thimble before being
placed into a Netzch 409 Thermal Gravimetric Analyser. The samples were heated under a
100 mL min™ flow of nitrogen, from 20 °C to 1000 °C at a rate of 10 K min™" and held at 1000

°C for 20 min.
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2.2.11. Thermogravimetric gas chromatography-mass spectroscopy

(TG-GCMS)

Samples (10-15 mg) were analysed by A Netzsch Jupiter STA 449F5 coupled with
Agilent 8890 JAS GC system and Agilent 5977B MSD. During a typical measurement the
sample is heated up to 1000 °C under helium at a rate of 10°C/min. At specified temperature
intervals samples of gaseous decomposition products were transferred to the GC by helium
carrier gas in a line at a temperature of 300 °C. The GC system was fitted with an Agilent
Technologies HP-5MS (Ul) column (30 m 250 mm x 0.25 ym nominal). Helium was used as
the carrier gas at a flow rate of 1.0 mL/min. The initial oven temperature was 40°C and was
increased instantly at a rate of 10°C/min to 310°C and held at this temperature for 5 minutes.
The inlet was set to a split ratio of 10:1. Mass spectrometric measurements were made
using an electron ionisation source (230°C) and quadrupole mass analyser (150°C) and

solvent delay of 1 minute. MS data analysed using NIST library version 2.2 (2017).

2.2.12. Powder X-ray diffraction (pXRD)

Powder X-ray Diffraction was performed on a Panalytical Aeris Powder XRD. Test
material was packed into a 2.5 cm diameter sample holder at a depth of approximately 1
mm. A wide scan from 5° to 100° 20 was performed at a rate of 0.02° sec”. Phase

identification (probability >40%) was used to identify the signals present within the materials.

2.2.13. X-ray photoelectron spectroscopy (XPS)

This analysis was performed by Dr David Morgan at the University of Cardiff. A
Kratos Axis Ultra DLD system was used to collect XPS spectra using a monochromatic Al Ka
X-ray source operating at 144 W (12 mA x 12 kV). Data was collected with pass energies of
160 eV for survey spectra, and 20 eV for the high-resolution scans with step sizes of 1 eV

and 0.1 eV respectively.
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Samples were mounted by pressing firmly into wells of 8 mm diameter of a modified
standard Kratos sample bar. The area containing the sample was electrically isolated from
the sample bar itself to ensure the samples were floated from the spectrometer.

For high sensitivity, analysis was performed using the Hybrid mode, which utilises a
magnetic immersion together with electrostatic transfer lenses to enhance electron
detection. Data was collected over a rectangular analysis area of approximately 300 x 700
um?, approximately central to the total illuminated area of 5 x 5 mm?. A magnetically
confined low energy electron charge compensation system was used to minimise charging
of the sample surface, and all spectra were taken with a 90 ° take of angle. A base pressure
of ca. 5x10° Torr was maintained during collection of the spectra.

Data was calibrated to the C(1s) line at 285 eV for samples exhibiting significant sp®
content and 284.5 eV for samples exhibiting significant sp? carbon content as evidenced by
peak asymmetry and satellite structure. The data was analysed using CasaXPS v2.3.24 %
after subtraction of a Shirley background and using modified Wagner sensitivity factors as

supplied by the manufacturer.

2.2.14. Klason lignin analysis

Klason lignin and sugar analysis was determined from the addition of sulfuric acid (1
mL, 72% w/v) to algal biomass (100.0 mg), stirred and left for 2 hours at 40 °C. This was
then quenched with water (28 mL), agitated, and placed in an autoclave at 121 °C for an
hour. An aliquot (2 mL) was removed and submitted for HPLC sugar analysis. The remainder
was filtered, washed with water, and dried in an oven. The residue was Klason lignin, after
recording the weight, the residue was placed in a furnace at 500°C for 6 hours to determine

the ash content.
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2.2.15. Boehm titration

Boehm titrations were performed according to Shannon '®. For acidic surfaces, three
basic solutions (25 ml; 0.05 M NaOH, NaHCO; and Na,CO;) were prepared. To each, the
appropriate test material (0.5 g) was added, purged with nitrogen and agitated for 12 h. The
resultant mixture was filtered and the filtrate was separated into five equal aliquots (5 ml
each). Each aliquot was acidified with 0.05 M aqueous-HCI (10 ml for NaOH and NaHCO;,,
30 ml for Na,CO,), basified with an excess of NaOH (20 ml; 0.05 M) before and back titrated
with acid solution HCI (0.05 M aqueous). For basic surfaces the same methodology was
used but the material was mixed with 0.05 M HCI solution and treated with 0.05 M NaOH
solution, treated with an excess of HCI and back titrated with 0.05 M NaOH solution.
Titrations were conducted with a 907 titrando auto titrator with an 804 titrando stirrer set up
and using a set endpoint pH (pH 4 and 10 respectively). The first titration would be set to pH
5 with an addition rate of 0.1 ml/min following a second titration with the set endpoint of pH

7.1 with a drift of 0.1 pH and a slow set addition (0.10 ul per min).

2.2.16. PZC analysis by pH drift

The pH of twelve batches of degassed (nitrogen and bubbling) pH solution (20 ml)
(pH 1 — 12; achieved by appropriate mixing of potassium chloride solution (0.1 M);
hydrochloric acid (0.1 M), and sodium hydroxide (0.1 M)) placed in to glass powder jars were
measured using a calibrated pH probe (Jenway model 6505). Once analysed, a portion of
the appropriate material (50 mg; IMC250-800WG, IMEC250-800WG, RIMC250-800WG)
was added to one powder jar, sealed and stirred for 24 h. Thereafter, stirring was stopped,

the mixture was allowed to settle prior to its pH determination.

2.2.17. Zeta potential

Solutions of approximately pH 3, 5, 7, and 9 were achieved by mixing appropriate

amounts of potassium chloride solution (0.1 M); hydrochloric acid (0.1 M), and sodium
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hydroxide (0.1 M)). Into 1 mL of each solution approximately 5 mg of sample material was
immersed before being transferred into a Malvern Panalytical folded capillary cell. Zeta
potential values were measured using Smoluchowski method in triplicate by a Malvern

Panalytical Zetasizer Nano.
2.2.18. Antioxidant activity

2.2.18.1. Determination of total phenolic content (TPC)

TPC of supercritical extracts was determined using a similar method to Chen et al. '*°
The gallic acid solution/sample solution 0.5 ml was mixed with 0.5 ml of 1N Folin-Ciocalteu
reagent (FCR). After vortexing for 15 s, 9 ml of 2% aqueous Na,CO; solution was added and
allowed to stand for 25 min at room temperature. A small aliquot of this mixture was
transferred into a clean dry UV-cuvette and its UV-vis spectrum recorded. The absorbance
was measured at 730 nm and the TPC ((mg GAE/g dry weight) was determined with respect

to a calibration graph of gallic acid standards (0-0.005 mg/ml) against absorbance.

0.5000
0.4000 }
0.3000 ET

0.2000 L E

LT ® Y= 69.658x + 0.0264
0.1000 Ty R”=0.9659

Absorbanceat 730 nm

0.0000
0.0000 0.0025 0.0050

Final Gallic Acid Concentration mg/mL

Figure 24: TPC Calibration Curve of Gallic Acid standards (0.000-0.005 mg/mL)

determined via UV-vis absorbance at 730 nm.
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2.2.18.2. Determination of total flavonoid content (TFC)

TFC was determined using Alara et al.s method '°'. 0.5 ml of standard flavonoid
solutions/sample solution was mixed with 9 ml of ethanol. Then, 0.5 ml of 2% AICI; (aq) was
added and incubated for 1h at room temperature. The contents of flavonoids compounds are
measured at 420 nm using ethanol as a reference. A standard flavonoid (quercetin) curve
with final concentrations (0-0.010 mg/ml) was plotted and the sample concentrations were
then calculated from the standard curve equation and expressed as mg quercetin

equivalents per gram of dried weight sample (mg QE/g dry weight).
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Figure 25: TFC Calibration Curve of Quercetin standards (0.000-0.005 mg/mL)

determined via UV-vis absorbance at 730 nm.

2.2.18.3. Ferrous reducing antioxidant power (FRAP) assay

FRAP assay was carried out using a similar method to Olugbami et al '%2. Mixtures of
1 ml supercritical extracts (100-1000 ppm), 2.5 ml of phosphate buffer (0.1M, pH 6.6) and
2.5 ml of 1% potassium ferricyanide were incubated at 30°C for 30 min. Then, 2.5 ml of 10%

trichloroacetic acid was added to the mixture and centrifuged for 15 min at 3900 rpm. 2.5 ml
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of the supernatant was diluted with 2.5 ml of distilled water and shaken with 0.5 ml of freshly
prepared 0.1% ferric chloride. The absorbance of mixtures was measured at 700 nm using
the Jasso 500 UV-Vis. Ethanol was used as a reference and butylated hydroxytoluene (BHT)

and ascorbic acid were used as the standards (10-1000 ppm).

2.2.19. Water holding capacity

Water holding capacity (WHC) was determined by dispersing the appropriate dry
material (2 g) and water (38 mL) in a weighted centrifuge tube and strongly agitating for 10
min. The resultant mixture was centrifuged (30 min at 3000 rpm), and the supernatant was
carefully decanted from the wet pellet. The wet pellet was weighed and the WHC was

calculated from the difference between the wet and dry pellet per gram of sample.

WHC (9, o/ 9gpmpid = Moe =My, ) =M, Equation 2.1
2

sample ry

2.2.20. Gel formation

Samples of different concentrations (0.5 % - 3 %, w/v) by mixing an appropriate
amount of material with deionised water. The samples were subsequently homogenised at
10000 rpm for 3 min to afford the hydrogels, which were then refrigerated. The inversion test
was used to test the success of hydrogel formation. A successful hydrogel has formed if,

upon inversion of the vial, the sample maintains position and does not flow.

2.2.21. Ultrafiltration

The supernatant was pumped (450 mL/min) through a microfiltration membrane
(Spectrum Labs Hollow Fiber Filter Module, mPES: 0.2 uym, S.A.: 180 cm?®) using the
Spectrum Labs KrosFlo TFF System (kR2i). The microfiltration permeate was pumped (350

mL/min) through an ultrafiltration membrane (Spectrum Labs Hollow Fiber Filter Module,
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mPES: 10 kD, S.A.: 235 cm?®) with a backpressure of 15 psi. The ultrafiltration retentate (30

mL) was then diafiltrated with water (150 mL).

Back-pressure Valve

Diafiltration Unit

Filtration Column

l

—_

Permeate Collection Sample Supernatant/

Retentate

Figure 26: Simplified diagram of a typical micro/ultrafiltration set-up.

2.2.22. Protein analysis

2.2.22 1. Protein precipitation and SDS-PAGE analysis

Retentate/permeate (20.0 mg) was added to an Eppendorf tube and dissolved in
water (100 pL). Acetone (400 uL, -20 °C) was added and the Eppendorf was strongly
agitated before being incubated overnight at -80 °C. Post incubation the Eppendorf was
centrifuged (20590 rpm, 20 min, -10 °C) and the supernatant removed via pipette. Further
acetone was added (400 uL, -20 °C) and the process repeated (excluding incubation) until

the supernatant was colourless. The final pellet was dried in air for 30 minutes to allow for
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dissolution for SDS-PAGE analysis. The dried retentate/permeate was dissolved in diluted
LDS (500 L, 1:1 water: LDS sample loading buffer (Invitrogen)), strongly agitated, sonicated
for 10 minutes, centrifuged, and heated (70 °C) for 20 minutes to denature proteins. 20 uL
was loaded into a well of the NUPAGE Bis-Tris Gel (Invitrogen) and electrophoresis by
constant voltage (120 V) was performed for approximately 1.5 hours, or until the dye front
reached the end of the gel. The gel was stained with Simply-Blue TM Safe Stain (Invitrogen)

overnight and de-stained with water for a minimum of 4 hours.

2.2.22.2. Bradford-assay analysis:

Varying dilutions of an albumin standard (BSA) in water (0.05 mL, 2000 — 25 ug mL™")
was combined and equilibrated with Coomassie Plus reagent (1.5 mL). A calibration curve
was produced using the UV-vis absorbance of these mixtures at 595 nm. This was repeated
in triplicate. Permeate/retentate (1.0 mg) was dissolved in water (0.4 mL), to 0.05 mL of this
Coomassie Plus Reagent was added (1.5 mL), once equilibrated the UV-vis absorbance was

read at 595 nm, also in triplicate.
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Figure 27: Zoomed region of Calibration curve illustrating the UV-vis absorbance at 595 nm
of varying albumin concentrations in Coomassie Plus reagent. Inset is the full curve

exhibiting poor repeatability at concentrations higher than 750 ug mL™".
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2.3. Methods

2.3.1. Pyrolysis of Irish Moss and Irish Moss components

Quartz Flask
+ Sample

Off-gas
transfer tube

Condenser

Vacuum pump

Furnace

Thermal
program panel

Figure 28: Barnstead 6000 Muffle Furnace set-up.

Seaweed material (IM, IME, or RIM) (10 g) was loaded into a quartz flask and placed
under reduced pressure (~30 mbar) and heated within a Barnstead 6000 Muffle Furnace
using the following programs: the samples were initially heated to 100 °C at a rate of 5 °C
min™', and held at this temperature for 60 min. The samples were then heated to 250 °C at a
rate of 0.3 °C min™'. Samples labelled C250 were held at this temperature for 30 minutes
before being collected (IMC250: 58.7%, IMEC250: 61.3%, RIMC250: 67.0% yield). Further
heating to 400 °C at a rate of 0.3 °C min™' proceeded. Samples labelled C400 chars were
held at this temperature for 30 minutes before being collected (IMC400: 44.8%, IMEC400:
48.1%, RIMC400: 48.8% yield). The final C800 chars were heated from 400 °C to 800 °C at
a rate of 2 °C min™ and held at this temperature for 30 minutes before being collected

(IMC800: 29.2%, IMEC800: 31.2%, RIMC800: 29.4% yield). These samples were labelled
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with their respective prefix (IM, IME, or RIM) and the pyrolysis temperature (C250, C400, or
C800).

After a sample was removed for analysis, the chars were subsequently washed with
hot water (100 mL) for 1h, filtered, and rinsed with hot water (2x 50 mL) and acetone (50 mL)

before being left to air dry.

2.3.2. Copper(ll) adsorption study

The adsorption capacity of IM, IME, and RIM chars (250-800 °C) was determined by
suspending varying quantities of test material (10, 50, and 100 mg) in 10 mL of varying
concentrations of aqueous copper(ll) nitrate solutions (100, 500, 1000, 1500, 2500, 3500
and 5000 mg/L) for 0.5 h, 1.0 h, 1.5 h, 2.0 h, 3.0 h, 4.0 h, 5.0 h, 6.0 h, and 24 h. The UV-vis
absorbance spectrum (900-400 nm) and pH of the filtered copper(ll) solution was then
measured by probe (Jenway model 6505) and the copper(ll) adsorption capacity determined

via the intensity of 1., (~810 nm), a calibration curve (figure 23), and equation 1 below.

V(ic.—c)
Q =—— Equation (2.2)

e m
Where Qe is the equilibrium adsorption capacity (mg/g), V is the volume (L), c, is the
initial concentration (mg/L), c, is the equilibrium concentration (mg/L), and m is the mass of

adsorbent (g).

Adsorption studies at pH 1 were performed in a similar manner using aqueous
copper(ll) nitrate solutions (100-5000 mg/L) derived from 0.1 M nitric acid solutions and
copper(ll) nitrate. Before use solutions were confirmed to be pH 1 (x 0.1) by pH probe

(Jenway model 6505).
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Figure 29: UV-vis Calibration curve indicating the effect of copper(ll) concentration on the

absorbance intensity at 810 nm.

The residue testing materials from copper(ll) adsorption experiments were collected

and washed with distilled water and acetone before air-drying. These samples were then

analysed by pXRD, XPS and SEM-EDS.
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2.3.3. Supercritical CO, extraction of microalgal lipids

Cellulose thimble

cO
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Figure 30: Simplified diagram of a supercritical CO, extractor.

Supercritical CO, extraction of microalgal lipids was carried out using a supercritical
extractor SFE-500 (Thar Technologies). The microalgae, ALG01 (50 g), was loaded into a
large cellulose thimble and covered with a layer of filter paper. The thimble was placed into
the extractor, sealed, and underwent extraction for 2 h at a fixed CO, flow rate of 30 g min™
but various temperatures (35-50 °C) and pressures (200-400 bar). Upon depressurisation at
0.3 bar s, the biomass was removed and the extract collected in acetone, via a 1.5 hour
cleaning run with 8% acetone co-solvent (300 bar, 35 °C). The concentrated and dried
extracts were analysed using ATR-IR spectroscopy, 'H and "*C NMR spectroscopy, UV-vis
spectroscopy, GC-MS, and differential scanning calorimetry (DSC). From now extracts will
be labelled by SCXXXYY, where XXX is the pressure in bar and YY is the temperature in °C
used to obtain this sample. For example, SC30040, is the supercritical CO, extract from
microalgae following an extraction at 300 bar and 40 °C. Extractions were completed in

triplicate and the average yields are reported.
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2.3.4. Microwave hydrothermal treatment and cellulose isolation
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Figure 31: Milestone Synthwave Reactor set-up.

Hydrothermal microwave treatment was carried out on a Milestone Synthwave
reactor (1500 W, 2.45 GHz). The spray-dried or scCO, deoiled microalgae (10 g) were then
mixed with deionized water (350 mL) at a ratio of 1:35 (w/v) in a PTFE vessel (900 mL) and
microwaved at different temperatures (160, 180, 200 and 220 °C) for a total time of 30
minutes (50:50 ramp:hold) under 10 bar of nitrogen. The resulting slurry was subsequently
centrifuged for 20 minutes on a Thermofisher Megafuge 4R for 20 minutes at 3600 rpm at
room temperature. The Supernatant was decanted to separate from the pellet and
underwent hydrolysate analysis (section 2.2.5)

The pellet was washed with hot water (300 mL, 15 min, 80 °C) followed by pure hot
ethanol (2x 300 mL, 15 min, 65 °C), ethanol (300 mL, 15 min, 20 °C) and pure acetone (300
mL, 15 min, 20 °C) followed by air drying at ambient temperatures for 24 hours in order to

obtain the desired defibrillated cellulose.
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The supernatant was subject to microfiltration (pore size: 10 pym) on a KrosFlo
Research lii Tangential Flow Filtration System using a mPES MidiKros filter module in order
to remove any solid particles and general impurities from the drying process or transport.
The resulting fraction was analysed using HPLC in order to evaluate the carbohydrate
content.

The defibrillated celluloses were analysed via thermogravimetric analysis (TGA),
X-Ray powder diffraction (pXRD), 13C cross polarisation magic angle spinning (CPMAS)
SSNMR, high resolution transmission electron microscopy (HRTEM), water holding capacity

(WHC) and gel formation.

2.3.5. Cell disruption and soluble-protein extraction methodologies

Microalgal biomass (50.0 g) was immersed in distilled water (500 mL), stirred for 5
minutes, and then centrifuged for 20 minutes (3900 rpm, 10 °C). The resulting solution
underwent ultrafiltration. The resulting ultrafiltration retentate and permeate were
freeze-dried and the solids were weighed and characterised by ATR-IR spectroscopy,
elemental analysis (CHN), SDS-PAGE, Bradford-Assay, and HPLC sugar analysis
(permeate). This method was repeated for microalgae that had undergone the following cell

disruption methods.

2.3.5.1. Mechanical grinding

Microalgal biomass (50.0 g) was ground using a coffee grinder, for 7 second pulses
and 3 seconds rest for 5 minutes. The ground biomass was immersed in distilled water (500

mL), stirred, centrifuged, and treated as above.

2.3.5.2. High-speed homogenisation

Microalgal biomass (50.0 g) was stirred into distilled water (500 mL). In 100 mL

aliquots the mixture was homogenised for 5 minutes (Ystral laboratory X10 series,

91



approximate speed: 20,000 rpm). The combined homogeneous mixtures were then

centrifuged and treated as above.

2.3.5.3. Ultrasonication

Microalgal biomass (50.0 g) was stirred into distilled water (500 mL). 50 mL aliquots
were sonicated (Sonics Vibra-cell VCX 130, 20 kHz, 75% amplitude, 6 mm probe) with 3
second pulses for 20 minutes in an ice bath. The combined aliquots were centrifuged and

treated as above.

2.3.5.4. Microwave-assisted extraction

Microalgal biomass (50.0 g) was stirred into distilled water (500 mL) and placed
inside the sample vessel of a Milestone synthWAVE apparatus (see section 2.3.4). The
vessel was pressurised with nitrogen to 10 bar to avoid solvent boiling and the mixture was
stirred and treated with microwave radiation up to 80 °C and held for 5 minutes (ramp rate: 4
°C min™). Upon depressurising and cooling the resulting mixture was centrifuged and treated

as above.
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Chapter 3. Biochars from macroalgal biomass
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3.1. Characterisation of Irish Moss (IM), Irish Moss extract

(IME), and residual biomass (RIM) (Objective )

3.1.1. Preliminary compositional analysis

The experimentally determined composition of Irish Moss (IM) and its carrageenan

extract (IME) and residues (RIM) are summarised in Table 4 and the carbohydrate

composition is depicted in Figure 26.

Table 5: Compositional analysis (%) of Irish Moss (IM) and its water-soluble (IMEC) and

insoluble (RIM) fractions.

Composition (%)

Irish Moss (IM)

Irish Moss

Residual Irish

Extract (IME) Moss (RIM)
Carbohydrate ® 229+3.2 223+1.1 235+24
Protein ® 7.8+0.1 N.D. 15.0 £ 0.4
Moisture © 16.4£0.3 19.3 0.4 6.6 £0.7
Residual matter (char) © 27.5 01 291 +0.6 30.1 £0.7
Ash (estimated) ¢ 9.84 10.48 9.79
Acid insoluble content 92+44 7.3+0.7 13.0+0.9
Acid insoluble ash <0.1 <01 0.5+0.1

@ Derived via Klason acid-digestion and HPLC analysis

® Estimated from CHN nitrogen content with 3.55 conversion factor

¢ Derived via TGA 4 Assuming ICP-MS metal content as metal oxides
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3.1.2. Carbohydrate and sugar analysis

In this section the carbohydrate content of each sample was estimated by summing
the hydrolysate sugar contents following acid hydrolysis. The Irish Moss biomass (IM) used
in this research exhibited a total carbohydrate content of 24.4 % (figure 26). This is
significantly lower than literature values expected for this macroalgae. J Olssen et al
determined a 52.6% carbohydrate content 8 for Chondrus crispus, whilst A. Mathieson and
E. Tveter determined a 41-57 % carbohydrate content of which carrageenan contributed
45-87 % '®. The Irish Moss extract (IME) accounted for 54 % (DW) of the algal biomass and
was expected to predominantly contain the polysaccharide carrageenan. This material
exhibited a 22.3 % ‘carbohydrate content’ following acid hydrolysis. This is similar to the 20.7
% value obtained by Meinita et al '®. In their study they implied that acid hydrolysis afforded
simpler oligosaccharides not detected by HPLC and that sequential enzymatic hydrolysis
was required to afford a higher sugar content in the hydrolysate .

Klason analysis is one of many analytical methods for lignin estimation '®4. The
principle of this method is to perform an acid digestion of biomass to remove carbohydrate,
protein, and lipid content. In plant biomass the remaining acid-insoluble content is typically
attributed to lignin. This Klason ‘lignin’ is typically considered an overestimation 9%, A
benefit to this approach is that HPLC sugar analysis may be applied to the subsequent
lysates to determine the neutral sugars, uronic acids, and organic acids content which
provides an indication of the total carbohydrate content. It is worth noting that this sugar
analysis method only attributes common lysate sugars to the carbohydrate content. Those
sugars are listed here: -cellobiose, glucuronic acid, galacturonic acid, glucose,
xylose/fructose/mannose/galactose, mannitol, and arabinose/rhamnose. Organic acids:
lactic, formic, acetic, and levulinic acid, and dehydration products: levoglucosan, HMF, and
furfural are also included. (Some neutral sugars have overlapping HPLC peaks and are

therefore listed together)
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Figure 32: Acid-hydrolysed profile of Irish Moss (IM), carrageenan (IME) and residual Irish

Moss (RIM) carbohydrates.

The acid-hydrolysed profile of Irish Moss (IM) indicates predominantly glucose and
xylose/fructose/mannose/galactose content accounting for approximately 20 and 30% of the
total sugar content, respectively. The acid-hydrolysis of carrageenan in literature results in
the desulfation of this polysaccharide leading to neutral sugars of glucose and galactose
being identified in HPLC %', The abundance of carrageenan in Irish Moss (IM) and the
aqueous extract most likely infers that the unresolved HPLC peak of neutral sugars: xylose,
fructose, mannose, and galactose, was predominantly galactose. Organic acids, formic and
levulinic acid, were identified, which form following the dehydration and decomposition of
sugars which occur during concentrated acid-hydrolysis. This process is discussed in more
detail in section 4.1.2. The residual Irish Moss (RIM) exhibited a similar profile to the Irish
Moss (IM), whereas the carrageenan extract (IME) indicated a relatively small amount of
glucose and an increase in ‘galactose’ content.

Algae are not known to contain lignin, or at least the true lignin present in plants . The

metabolic pathway for lignin production is considered an important step in the evolution of
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vascular plants, and only lignin-precursors or lignin-like structures have been recognised in
some algal species "971%°

the 10% or so of ‘lignin’ or acid-insoluble content of Irish Moss, its aqueous extract
and residue are most likely due to humins. These are dark-coloured insoluble solids formed
from the acid-catalysed polymerisation of glucose and dehydration products 2. The ash
content (determined via pyrolysis in air) of the acid-insoluble material is negligible in Irish
moss and the carrageenan extract, however, in the residual biomass a small ash content of

0.48 % was recognised, which were expected to be predominantly inorganic salts.

3.1.3. Elemental analysis (CHNS)
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Figure 33: CHNS content of Irish Moss (IM), Irish Moss extract (IME), and residual Irish

Moss (RIM).

The elemental analysis (2 s.f) of Irish Moss (IM) revealed a carbon, hydrogen,
nitrogen and sulfur content of 29.4 + 0.25 %, 4.76 + 0.11 %, 2.19 + 0.03 %, and 1.56 + 0.09

%, respectively. For biological material a nitrogen-to-protein conversion factor of 6.25 is
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typically used to determine protein content, suggesting that IM contains 13.4 % protein
content. Furthermore, this assumes all the nitrogen detected is associated with proteins and
overlooks non-protein nitrogen %°'; often resulting in gross overestimations. |. Biancarosa et
al 2 determined the nitrogen-to-protein conversion factors of several seaweed species 2%2
and a 3.55 conversion factor for Chondrus crispus. Using 3.55 as a conversion factor yields
a protein content of 7.8% in IM. This is slightly lower than literature protein values for this
macroalgae (11.2%) % which may be attributed to the conversion factor. Often a higher
conversion factor of ~4.9 is common for red algae 2°*. The sulfur content of IM is predictably
attributed to the sulfated polysaccharide, carrageenan, which has reported 5-13.3% sulfur
content 2%, This is supported by the higher sulfur content of the aqueous extract (IME) at
4.95 %, which is expected to be predominantly carrageenan. This extract also contained
negligible nitrogen content, indicating the protein content is mostly insoluble in water and is
retained in the residue ¥. This is supported by the higher nitrogen content of the residue,
due to the removal of non-nitrogen containing polysaccharides and subsequent
concentrating of protein. The removal of this highly oxygen-containing polysaccharide has

also resulted in an increase in the carbon content of the residual material.
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3.1.4. Mineral analysis
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Figure 34: Mineral composition of Irish moss, Irish Moss extract and residual Irish Moss
determined by ICP-MS analysis. Full analysis including trace metal quantities is available in

appendix 3.1.

Alongside elemental analysis, ICP-MS analysis was performed to determine the
mineral or inorganic composition of Irish Moss (IM) and its fractions (IME and RIM). From
this data it was concluded that Irish Moss (IM) contained approximately 4.0 % metal content,
and the carrageenan extract (IME) and residual biomass (RIM) contained 4.5 % and 3.9 %,
respectively. The abundant metals present in these materials were sodium, magnesium,
potassium, and calcium. However, the entirety of the sodium and potassium content was
extracted in the aqueous extract, and therefore were absent in the residue. Trace minerals:
aluminium, iron, zinc, and strontium were also identified, and were noticed to be retained
primarily in the residual biomass. Many of these minerals may also be responsible for the

residual ash content of this fraction of Irish moss in Klason analysis (section 3.1.2.). The
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results here exhibit similarities to ICP-MS analyses of Irish Moss in literature. Todorov et al
examined the elemental composition of several edible seaweeds including Irish Moss. In this
study they recognised significant sodium (5.6%), potassium (1.9%), magnesium (1.3%), and
calcium (4.6%) content, and trace amounts of iron (~0.1%) 2%. Although the quantitative
values in this thesis are lower, this is likely attributed to the variability in seaweed biomass
due to geographical origin, seawater salinity, harvesting age (carrageenan content), or the

harvesting process (if the seaweeds are washed).

3.1.5. Thermogravimetric analysis (TGA)
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Figure 35: Thermogravimetric analysis of Irish Moss biomass (IM), the aqueous extract
(IME) and residues (RIM), and a kappa-carrageenan standard and the respective DTG

thermograms.

Thermogravimetric analysis is a method of analysing the loss in mass of a sample as
it is heated to a certain temperature. It is an informative method of investigating the pyrolysis
of biomass, as the decomposition of metabolites, i.e. proteins, polysaccharides, lipids, occur

at relatively consistent temperature ranges.
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The thermal decomposition of these macroalgal samples undergo 4 main stages:
Stage |, an initial dehydration of the material between 80 and 150 °C. Stage Il, a rapid
degradation of macromolecular polysaccharides between 180 and 230 °C. Stage lll, a slow
decomposition to produce a stable carbonised residue between 230 and 750 °C. And finally
stage IV, the decomposition of inorganic sulfate salts above 750 °C 207210,

Both IM and IME had relatively high moisture contents, approximately 15-20%, while
RIM was much drier with only 5% moisture content. This could be attributed to the higher
polysaccharide content of IM and IME, which undergo dehydration in the early stages of
pyrolysis. Carrageenans are also known for their high water retention capacity, so this loss
could also be attributed to drying "',

In Stage Il all samples exhibit a similar rapid loss in mass at approximately 210 °C,
followed by a smaller loss around 250 °C. This can be attributed to the pyrolysis of
carrageenan (figure 29). IME and RIM exhibited their major loss in mass at a similar
temperature to pure kappa-carrageenan (~210 °C), however this transition was present at a
lower temperature (195 °C) in the algal biomass (IM). The decreased purity of the
carrageenan in the biomass sample has likely aided the decomposition. The loss in mass at
this temperature is an indication of the carrageenan content of the sample. For example RIM
expected to contain minimal carrageenan exhibited a smaller loss in mass (6.6 %) at this
point compared to IM (13.2 %) and IME (19.8 %) in which carrageenan is expected. The
presence of this loss in mass in RIM, may be pertained to the incomplete extraction of
carrageenan through hot water extraction. In future studies the application of
microwave-assisted extraction should be considered to aid in complete carrageenan
extraction (see chapter 5 for preliminary results).

In literature, this mass loss in stage Il is dependent on the metal ions present in the
carrageenan.. During this stage, C-O-S linkages of the sulfated polysaccharide are broken
between 180 and 200 °C resulting in a deposition of metal sulfates '?*. These metal salts
have a catalytic effect on the pyrolysis, which varies depending on the metal ion. For

example, potassium/calcium carrageenan sees a significant loss in mass between 190-200
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°C, whereas in barium carrageenan this decomposition initiates at a cooler temperature
(165-200 °C) 28209 This effect is also visible in other algal polysaccharides, for example
Ross et al recognised that sodium cations, opposed to calcium cations, catalyse the
pyrolysis of alginates, resulting in a reduced pyrolysis temperature and cyclopentenone flue
gases as opposed to typical furfural products #'2. This catalysed pyrolysis explains why the
major loss of mass for carrageenan appears at a significantly lower temperature than other
polysaccharides such as cellulose (300-350 °C) and hemicellulose (200-350 °C) 2'3. In stage
I, IM and RIM also exhibit another loss in mass between 300 and 500 °C. The rate of this
loss in mass (DTG) is much slower than the initial 210 °C decomposition, and is likely due to
lipid and protein decomposition assumed to be present in these materials 542",

The TGA of all three materials (IM, IME and RIM) also indicated the decomposition of
inorganic salts at approximately 760 °C (Stage V). The decomposition of inorganic sulfate
salts, deposited during stage I, likely occurs via a carbothermic reduction reaction, resulting
in the formation of metal sulfides and CO, ?*’. Due to most of the salts being retained in the
aqueous extract, this loss in mass is reduced in RIM. The resulting chars at 800 °C

accounted for between 20-30% of the biomass.

3.1.5.1. TG-GCMS

TG-GCMS was performed to further explore decomposition products. GC-MS
analysis of sampled flue gases from two temperature ranges was carried out to determine
their contents and provide an indication of the pyrolysis mechanism. The two temperatures
in which the flue gas was collected were 220-240 °C to look at the volatile compounds lost
during the major loss in mass, and 320-350 °C to observe the compounds evolved during

the end phase of the major loss in mass/slow decomposition .
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Figure 36: GC-MS spectra of flue gases produced at 220-240 °C and 320-350 °C from the
pyrolysis of Irish Moss biomass under inert atmosphere (N,). Inset are assigned peaks to
known polysaccharide decomposition products. The TG plots of IM, IME, and RIM have

been included to show the regions by TG-GCMS.

TG-GCMS indicated that the rapid loss in mass observed at ~220 °C in the TG
spectra was due to the release of levoglucosenone (LGO) and furan-based gases, including
furfural, 5-methyl furfural, 2,5-difuraldehyde, and HMF as expected from the pyrolysis of this
polysaccharide 2°"-2'°, Levoglucosenone and furfural are common pyrolysis products of algae

and other biomasses ?'°. Few studies in literature have described the pyrolysis mechanism

103


https://paperpile.com/c/nOpaQX/gMydi+rjzXL+rm1cg+tVt8H
https://paperpile.com/c/nOpaQX/q9zeR

for the decomposition of carrageenan. One of which involves an initial sulfate deposition,
followed by lysis of polysaccharides to monosaccharides, ring opening, dehydration, and
finally aromatic ring formation. Others suggest a retention of the sulfate group and eventual
formation of sulfo-pyruvic acid (figure 31) although this was only seen at temperatures above
800 °C 20210 |n a study by Zhang et al, flue gas collection at 250 °C observed furan-based
compounds, such as furfural, 2-furoyl methyl ester, 5-methyl furfural, and 2-methoxyfuran .
In another study, acid catalysed pyrolysis of iota, lambda, and kappa carrageenan was
observed using TG-GCMS analysis. In this study key products included levoglucosenone
and furfural, alongside other furan-based compounds and crown ethers. Although LGO was

observed without acid catalysis, the yields were significantly higher with the acid catalyst 2'6,
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Figure 37: Mechanisms for the pyrolysis of potassium/calcium carrageenan fibres

adapted from the proposed Zhang et al mechanism 2%,

In this thesis, levoglucosenone was the most abundant pyrolysis flue gas product at
this temperature range (220-240 °C) in all three biomasses (IM, IME, RIM). Interestingly,
LGO is an important precursor to the green dipolar aprotic solvent, Cyrene™
(dihydrolevoglucosenone) 2. The formation of levoglucosenone is typically from the
pyrolysis of sawdust. The production of LGO from Irish Moss or carrageenan is an
interesting opportunity. The mechanism of LGO formation from cellobiose has been explored
in many different studies. A potential mechanism for the formation of LGO from carrageenan

is shown in figure 32 2216:218,
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Figure 38: A suggested mechanism for the formation of levoglucosenone from carrageenan.
Depolymerisation by transglycosylation (1) or ring-opening (2) %?'8, and deposition of

Sulphate salts (3) 2.

Evidence of sulfur dioxide elimination can be seen at 1.4 min in the GC spectra, this
low weight compound with a molecular ion at 64 m/z was observed in all samples and was
suspected to be SO,. This is also supported by literature data showing the evolution of sulfur
dioxide from sulfated polysaccharides via a heat elimination reaction (scheme 3.1) ?'°. For
more confidence in this assignment, however, TG-FTIR would be beneficial as sulfur dioxide

would be clearly identified by two adsorption bands at 1450-1300 and 1150 cm™ 29,

A, 2 H*
R-0-SO,-OH » R-OH + SO, + H,0 Scheme (3.1)

At ~350 °C, the yield of furfural and levoglucosenone products decrease and the
complexity of the flue gases increase with more unknown smaller peaks being introduced in
the GC spectra. This is true for even IM and RIM, which exhibit an additional DTG peak
around this temperature, suggesting this loss in mass may be attributed to the evolution of
molecular weight compounds not detected in GCMS, for example carbon dioxide. Once
again TG-FTIR would be beneficial for the identification of small molecules such as carbon

dioxide and water.
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3.1.6. Attenuated total reflection infrared spectroscopy (ATR-IR)
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Figure 39: ATR-IR spectra of Irish Moss, Irish Moss extract (IME), residual biomass (RIM),

and kappa-carrageenan.

ATR-IR spectroscopy of the macroalgal samples exhibit spectra that are similar to
that of k-carrageenan. Common absorbance bands present in all 4 samples include: O-H
stretching at 3303 cm™, C-H stretching at 2918 cm™, C=0 stretching at 1639 cm™, C-O
stretching at 1030 cm™, and asymmetric O=S=0 stretching around 1230 cm™. In literature,
the band around 1640 cm™ in k-carrageenan is due to polymerically bound water, which may
also be the case for IME, assuming high carrageenan purity. Furthermore additional bands
within the fingerprint region have been attributed to the vibration of functional groups present
in k-carrageenan in literature. Alongside the strong sulfate O=S=0 stretching absorbance
band, C-O-S stretching at 846 cm™ is present in these samples ??', and a band a 930 cm™ is
attributable to the C-O-C vibration of anhydrogalactose ??2. In the Irish Moss biomass (IM)

and residue (RIM), an additional band around 1530 cm™ is observed which may be the
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amide | stretching vibration associated with proteins 2. Elemental analysis of IM and RIM

showed 2.2 and 4.2 % nitrogen content, respectively (section 3.1.3).
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3.3.7. Variable temperature '"H NMR (VT H NMR) of IME

Good resolution in NMR analysis is heavily dependent on the relaxation of nuclei spin
states after radio frequency (RF) irradiation. Spatial or temporal fluctuations in the magnetic
field caused by molecular motion are key sources of NMR relaxation. Without molecular
motion NMR spectral lines exhibit broad chemical shifts. Carrageenan solutions form rigid
gels with high viscosity and limited molecular motion or tumbling, which causes line
broadening of the proton chemical shifts 2. Heating the gels enables enough molecular
motion to sharpen the chemical shifts and resolve several proton environments, and hence
VT NMR has been utilised to analyse carrageenan in these extracts. Tojo et al utilise this
NMR method to quantify carrageenan blends as the anomeric proton appears at significantly
different chemical shifts depending on carrageenan type. Note: the anomeric proton is the
proton of the (hemi)acetal functional group in ring-closed sugars. This stereocenter leads to

the formation of two anomers a or .
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Figure 40: Overlaid VT (20 to 90 °C) 500 MHz '"H NMR spectroscopy of conventionally
extracted IME in D,O. Assigned as k-carrageenan (structure inset), specifically noting
anomeric anhydrogalactose protons between 5.75 and 6.00 ppm of both iota and kappa

carrageenan.
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In IME, the chemical shifts of protons at 25-40 °C are broad and unresolved as
expected. Above 60 °C, the spectra clearly improve as the molecules are allowed to tumble.
At 80-90 °C, the resolution is at its highest. Although the resolution is significantly improved,
the signals produced from carrageenan have low intensity. This is due to the limited quantity
of sample that could be dissolved before the viscosity of the solution afforded a gel that was
impossible to transfer into an NMR tube, even at 80 °C.

The increases in NMR operating temperature have also caused a downfield shift in
the signals. The same was recognised in Tojo et al's study. Assuming a consistent shift to all
signals, they can be assigned to the pyranose monomers in carrageenan. There are two
different pyranose environments in k-carrageenan: the sulfated §-galactose monomer and
the a-anhydrogalactose monomer. As displayed in figure 34, galactose protons on carbons:
Cs, and Cg are visible at all temperatures studied. At 80 °C, signals between 5.0 and 6.0 ppm
become resolved and can be assigned to various galactose and anhydrogalactose
environments.

Key signals in this spectrum are those between 5.5 and 6.0 ppm. These are the
anomeric protons of a-anhydrogalactose (C,). In the study by Tojo et al, the anomeric proton
appears at 5.73, 5.97, and 6.09 ppm at 80 °C, for k-carrageenan, \-carrageenan, and
A-carrageenan, respectively ?%°. In the extracts from Irish Moss at 80 °C, two anomeric proton
signals were observed, a major signal at 5.63 ppm and a minor signal at 5.82 ppm. This
suggests that k-carrageenan is the major component extracted with a small quantity of
additional -carrageenan. Carrageenans of Irish Moss in literature are often k-1 hybrids %,
typically 64-81 % kappa carrageenan 2%, Integration of the two anomeric proton peaks
indicates an approximate ratio of 2.2:1 kappa:iota (or 69 % kappa carrageenan). A detailed

assignment is included in chapter 5.
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3.3.8. Gel formation of IME

-—

2.5mgmL? 5.0mgmL?! 12.5mgmL? 25.0mgmL? 37.5mgmL? 50.0mgmL?
0.25% 0.5% 1.25% 2.5% 3.75% 5.0%

Figure 41: Varying concentrations of IME in water, depicting the gelling properties of

carrageenan as the gels resist gravity.

As mentioned in section 1.4.1.1.1 kappa and iota carrageenans are well known for
their gelling properties. They have also been recognised to show varying gelling properties
based on the cations present ?’. In a study by Robal et al, kappa, iota, and lambda
carrageenan, and furcellaran (a specific hybrid form of carrageenan extracted from
Furcellaria lumbricalis), exhibited increased rheology or gelling properties with select cation
combinations. For example, k-carrageenan (1.5% gel) containing K* and Ca?" underwent a
20-fold increase in gel shear strength, compared to that of monocationic K* forms 22,

In this thesis, hybrid k/i-carrageenans containing a mixture of K*, Na*, Mg?*, and Ca**
(section 3.1.4) have qualitatively exhibited hard gels at a concentration of 25 mg mL™" or 2.5
% and weak gels; one that would flow slowly and upon inversion slide with gravity, from 12.5
mg mL" or 1.25%. The strength of carrageenan gels is also strongly influenced by the
presence of short polysaccharides 2?. Their presence has not been confirmed
experimentally due to the viscosity of carrageenan gels causing difficulties in the HPLC

analysis of sugar or oligosaccharide content.
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3.2. Production and characterisation of Irish Moss chars

(Objective Il)

IM, IME and RIM were carbonised at 250, 400 and 800 °C and the resulting washed
‘chars’ (Figure 36) were analysed using a variety of techniques in order to determine the
elemental composition, chemical structure, porosity, and surface topography of these

materials.

3.2.1. Char appearance and composition

Biomass ~ 250°C  400°C  800°C

IM

RIM

IME

.

Figure 42: Appearance of IM, IME, and RIM biomass materials and resulting chars following

pyrolysis at 250, 400, and 800 °C.

IM, IME and RIM materials produced black powders of varying intensity following
pyrolysis. After a 250 °C pyrolysis, the chars exhibit the brown hue of brown carbon, a
material produced from the incomplete carbonisation of organic matter #?°. At higher

pyrolysis temperatures the chars exhibit more intense darker blacks, indicating the presence
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of graphitic black carbon. In terms of the powder’s texture, IMCs and RIMCs were granular,

however, IMECs appeared almost glittery due to reflective, flat, plate-like particles.

3.2.1.1. Thermogravimetric analysis (TGA)
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Figure 43: TGA thermograms of Irish Moss biomass: IM, IME, and RIM (plot A), and their

carbons: C250s (B), C400s (C), and C800s (D).

In contrast to the biomass materials (Figure 37 A) and as expected the chars
(Figure 37 B-D) exhibit a greater stability at higher pyrolysis temperatures. The differences in
the TG plots between the three starting materials becomes less significant with pyrolysis
temperature. After 250 °C the materials behave in a similar way under temperature. These
C250 chars showed very little loss in mass up to 300 °C. The C400 chars were stable up to
475 °C, and the C800 chars maintained a fairly slow decomposition up to 1000 °C. This
suggests an increased level of carbonisation from C250s to C400s to C800s.

C400 and C800 materials of IM and IME exhibited a loss in mass due to inorganic
salt decomposition between 700 and 800 °C, which is due to a carbothermic reduction of
sulfate salts as described in section 3.1.5. This loss of mass was significantly reduced in

RIM. The C250 carbons also showed minimal loss in mass at this point, which may be due
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to the removal of salts during the washing of the chars post pyrolysis. C400 chars appear to
have retained trapped salts as composites within the chars so that they could not be
solubilised, whereas the salts were ‘free’ after pyrolysis at 250 °C. A minor loss in mass was
witnessed in the C800 chars at this temperature compared to C400s as a large portion of the

salts have already undergone decomposition during pyrolysis.
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3.2.1.2. Elemental analysis (CHNS)

Pyrolysis Temperature

Material
0°C 250 °C 250 °C 400 °C 400 °C 800 °C 800 °C
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Figure 44: CHNS content charts for IM, IME, and RIM at various pyrolysis temperatures

before and after washing with hot water and acetone, and HHV values determined by the

Channiwala formula ?*° (Numerical data available in appendix 3.2).
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In concert with the TGA data (Figure 37), the elemental analysis of the chars
suggests an increase in carbonisation following increasing pyrolysis temperatures. The
carbon content of the biomass material starts at 25-40% but as the material thermally
decomposes the content increases to 53-55%, then to 57-60%, and finally to 61-63% for
C250, C400, and C800 chars, respectively. Interestingly, IMEC800s (char produced from
IME at 800 °C) carbon content is substantially lower than literature values for other
carbonised polysaccharides which after an 800 °C pyrolysis exhibit a 75-90% carbon content
=1 As expected the hydrogen content of the chars decreases with carbonisation
temperature as do the sulfur and nitrogen content after an initial increase from biomass to
C250 char. However, even at 800 °C the chars show heteroatom presence. IMC chars
contain sulfur and nitrogen at almost equivalent quantities, maximising at around 3.0% in
washed IMC400. Whereas, IMEC contains sulfur sans nitrogen, maximising at 7.5% in
washed IMEC250. RIMC, like IMCs, also contain sulfur and nitrogen, with the nitrogen
content maximising at 5.8% in washed RIMC250. In literature this quantity of heteroatomic
doping is not exceptionally high, however, it can still have major effects on their
electrochemical, sorption, or catalytic properties %3113,

The theoretical higher heating values (HHV) were determined using Channiwala’s

formula ?*° (equation 3.2).
HHV (MJ/kg) = 0.3491C + 1.1783H + 0.1005S - 0.10340 - 0.0151N - 0.0211A Equation (3.1)

Where C, H, S, O, N, and A indicate the carbon, hydrogen, sulfur, oxygen, nitrogen and ash
content, respectively. In these works, oxygen content was assumed to be equivalent to the
Rest% fraction minus the ash content, which was estimated by ICP-MS of the chars (see
appendix 3.3). These chars have comparable HHV to common solid fuels, such as low rank
coal ?®, however the significant sulfur content of these chars would make them poor for fuel
applications. Macroalgae also typically make for poor biofuel applications as their high ash

content (specifically alkali) causes slagging, fouling and corrosion in the combustion process

232
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3.2.1.3. CPMAS solid-state nuclear magnetic resonance (SSNMR) spectroscopy
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Figure 45: *C SSNMR spectra of Irish Moss biochars (IM, IME, RIM)
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Cross polarisation magic angle spinning (CPMAS) solid-state NMR analysis is useful
to overcome the chemical shift anisotropy and dipolar coupling in solid samples that broaden
NMR peaks. SSNMR analysis of Irish Moss biochars (Figure 39) further indicate hierarchical
carbonisation of the biomass materials. IM, IME, and RIM starting materials display a range
of sharp NMR peaks indicating carbon environments including oxygen adjacent and carbonyl
between 50-100 ppm and 150-200 ppm, respectively. RIM materials also indicated aliphatic
(10-50 ppm) and alkene (120-140 ppm) carbon environments, attributable to lipid content in
the residues.

C250-800 biochars exhibited much broader NMR peaks. In C250 chars, the
conversion of pyranose structures towards that of phenolic or furfural derivatives is evident
via the loss of oxygen adjacent carbon environments and the formation of aliphatic and
alkene/aromatic environments. Further, carbonyl carbon environments implies these chars
have retained significant oxygen functionality. Acid/ester carbonyl peaks around 170 ppm
had significantly higher intensities in IMC250 and RIMC250. However, these chars
(specifically RIM) also exhibited simpler alkene/aromatic environments, with a peak at 130
ppm, compared to IMEC250, which had an intense additional shoulder around 115 ppm.

The C400 chars display further carbonisation as the aliphatic material is converted
into primarily alkene/aromatic carbon (130 ppm). In the IM and IME biochars a minor peak at
150 ppm indicates oxygenated aromatic groups, such as the presence of phenolics #3; this
peak is strong in IMC250 and IMEC250 chars also. In these C400 chars there is also a
minor implication of remaining aliphatic carbon between 10-40 ppm. C800 biochars also only
indicate aromatic and alkene environments with a broad peak at 100-150 ppm, suggesting a

highly graphitised material with little to no C'> NMR active functionality visible.
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3.2.1.4. FT-IR spectroscopy
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Figure 46: FT-IR spectra of Irish Moss biochars (IMC, IMEC, RIMC) from carbonisation
temperatures 250, 400, and 800 °C, alongside ATR-IR spectra of native non-carbonised

biomasses, indicated by 0 °C.
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Similar to the CPMAS SSNMR results (section 3.2.1.3), the FT-IR analysis also
indicated the presence of carbonyls in the C250 biochar materials. Strong stretching
vibrations at 1708 cm™ (C=0 stretch) and at approximately 1620 cm™ (C=C stretch) may be
attributed to phenolic and furfural groups forming from the thermal decomposition of
polysaccharides. A loss of carbonyl stretching appears after further heating to 400 °C, whilst
C=C stretching is retained, which is also in support of the CPMAS SSNMR results and can
be attributed to graphitisation of the material. Broad O-H stretching between 3000 and 3600
cm™ is present in the C250 chars, which becomes more tapered towards a point in the C400
chars which could imply less hydrogen bonding or free O-H such as in phenols or carboxylic
acid functionalities (note: tapering may also be an artifact of sample presentation in KBr
pellets). The sulfate O=S=0 stretch of carrageenan present in the starting materials appears
to be retained in the C250 chars, but like the carbonyl stretch is diminished following further
pyrolysis to 400 °C. In its place around 1100 cm™ C-O stretching of phenols/ethers remains.
The C800 chars displayed little IR activity similar to literature graphitic materials 2%,
However, IMC800 and RIMCB800 exhibited weak O-H, C-O, and C=C stretching vibrations

potentially indicating some retained phenolic presence.
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3.2.1.5. Powder X-ray diffraction (pXRD)
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Figure 47: pXRD diffractogram of IM, IME, and RIM materials carbonised at 250 °C , 400 °C,
and 800 °C, phase identification of (Na,K),SO,, CaS and MgO salts have also been

included.
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Powder X-ray diffraction (pXRD) utilises X-ray radiation to determine the inorganic
composition or crystalline structure of materials. A sample interacts with X-rays due to the
similarity in atomic distance and X-ray wavelength; resulting in diffraction. Using Bragg’s Law
(sin@=n\/2d), for a specific distance between crystal lattice planes, a series of angles will
result in constructive interference of the X-ray waves and a measurable increase in intensity.
Assuming anisotropic crystal arrangement in a powder, patterns of intensities at certain
angles of diffraction indicate the presence of certain crystal structures.

pXRD supported and emphasised the presence of salts being formed and deposited
during the pyrolysis of Irish Moss materials by the presence of sharp reflexes in their
diffractograms; especially in the unwashed chars. In the C250 chars, pXRD indicated the
presence of sodium/potassium sulfate salts, by their characteristic (101), (102), and (110)
signals at 21.7°, 30.0°, and 31.4°, respectively (Figure 41). This was more prominent in
IMC250 than IMEC250 and RIMC250. As the temperature increased, the C400 chars
exhibited a greater range of sulfate salts, including those of magnesium and calcium. The
reflexes in the low temperature char diffractograms are broad and sharpen in the C400 and
C800 chars, a potential explanation for this is the gradual increase in crystal size as a
greater quantity of salts are deposited/formed #°. In the IMC800 and IMEC800 chars the
presence of sulfate salts are somewhat depleted and in their place calcium sulfide is the
dominant salt. This is evident due to the presence of (200), (220), and (222) reflexes at
31.4°, 44.9°, and 55.8°, respectively. As mentioned previously this is due to carbothermic
reduction of calcium sulfate 2°’. pXRD also suggests magnesium oxide presence in the C800
materials, especially in RIMC800. This is likely also due to the thermal decomposition of
magnesium sulfate salts. The mechanism of the formation of these salts can be explained in
literature. Calcium sulfate undergoes decomposition in the presence of carbon at 800 °C to

produce calcium sulfide and carbon dioxide 2%:

Cas0, + 2C - CaS + 2C0, Scheme (3.2)
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Magnesium sulfate, however, undergoes a different mechanism in the presence of

carbon resulting in the formation of magnesium oxide at temperatures above 600 °C 237:2%:

2MgSO4 + C »2Mg0 + 2502 + CO2 Scheme (3.3)

Magnesium hydroxide was also identified in these chars following the hydration of
MgO after aqueous washing. Hydrated silica was also recognised in some chars, however, it
is likely due to contamination as silicon is not commonly abundant in this biomass. One
could suggest this is due to sand. As a coastal species, sand is a likely contaminant of this
biomass. ICP analysis of IM and IME materials confirm sodium, potassium, magnesium, and
calcium presence, at 1-2%, 0.75-1.5%, 0.4-0.6%, and 0.4-1.7% (DW), respectively.
Supporting hypotheses from thermal data, washed C250 chars exhibit very little salt
presence, whereas the C400 and C800 retain a portion of the sulfate salt content after
washing, likely due to trapping of these soluble salts as composites. The retained salt
content also explains the difference in the low carbon content of these chars in comparison
to chars produced from starch.

The diffractograms may be used to indicate the degrees of carbonisation in these
materials. A broad diffraction at 18.0-20.0° in C250 chars disappears/shifts to a higher angle
in the C400 chars suggesting a deterioration of order and crystallinity in the material. In
C800 chars this broad reflex appears at 20.0-23.0° and a second diffraction around
42.0-45.0° develops, which indicates the presence of amorphous graphitic carbon material
29 In literature graphite these appear at 26.5° and 42.4° and account for the (002) and (100)
reflexes #°. The location of the (002) broad diffraction also signifies the intermolecular
distance between the graphitic sheets *°2*! suggesting a broader polyarene interlayer
distance in these chars (0.39-0.44 nm) compared to graphite (0.34 nm). This could indicate
heteroatom (sulfur) presence within the graphitic sheets or intercalated salts between them.

This is discussed further in section 3.2.2.4.
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3.2.2. Surface topography and elemental analysis

3.2.2.1. Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDS)

Scanning electron microscopy (SEM) is an imaging technique that uses an electron
beam to determine the topography of surfaces within a nanometer scale. A scanning beam
of electrons fired at a sample causes the emission of different electrons. Important detected
electrons in this technique are backscattered (BSE) and secondary electrons (SE).
Secondary electrons are caused by inelastic scattering and result in the emission of low
energy electrons. These electrons provide topographic information. The variable distance
from the detector (i.e. a raised or depressed surface) results in varying intensity of
secondary electrons, and hence the topography can be distinguished. Elastic scattering due
to electrostatic repulsion between nuclei in a sample causes the emission of backscattered
electrons. These electrons distinguish different surface compositions as heavier nuclei cause
greater intensities of backscattered electrons. Electron dispersive X-ray spectroscopy (EDS)
also provides elemental composition, but can distinguish specific elements. The principle of
EDS uses the characteristic X-ray emission as a result of electrons from high energy states
falling into vacant lower energy states formed when secondary electrons are emitted from
inner electron orbitals. The measured X-ray spectrum indicates the presence of electronic
structures of specific elements and therefore by combining SEM and EDS, elemental maps
can be produced. The spatial resolution of elements using this technique is limited to
micrometre scale because of the penetration of the electron beam into a sample’s surface.

SEM images of the IME biochars (Figures 43, 46, & 50) reveal the shape and surface
topography of the char and biomass particles. The effect of pyrolysis on the materials is
visually similar. Despite there being variation in the shape and general topography, the
different biomass surfaces at the microscopic level are smooth and amorphous. Following a

pyrolysis at 250 °C, each biomass deposits salts, which have been recognised to contain
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metals: potassium, sodium, magnesium, and calcium using EDS analysis. This is in support
of pXRD and ICP-MS results (section 3.2.1.5 & appendix 3.2.) Two main types of deposit
appear: round clusters, and spindles, the crystal types of these solids remain difficult to
determine via SEM imaging. As the pyrolysis temperature increases the size of the deposits
also increases, ranging from tens of nanometres in the 250 °C chars, to hundreds in the 400
°C chars, to a few micrometres in the 800 °C chars. Most of these deposits are water-soluble
and are washed off, however, in the 800 °C chars a few salt deposits remain. This visually
confirms the suspicions deduced from pXRD analysis.

Post-washing the textures of the surfaces of each char become clear. Increasing
degrees of pyrolysis afford increasing degrees of surface decomposition. At 250 °C the
surface looks dried and cracked, heating further (400 °C) introduces micropores on the
surface, and finally at 800 °C the surface is visibly crumbling as more pores are introduced.
An example of the change in surface porosity is shown below (figure 42). The following

sections discuss IMCs, IMECs, and RIMCs separately.

IME , 250 °C

400 °C

Figure 48: SEM images of IME and IMEC (250-800) at a magnification of x50,000. Indicating

the change in surface porosity with temperature (red circles).
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3.2.2.1.1. Irish Moss chars (IMC)

IM Biomass

Unwashed
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250°C
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Figure 49: SEM/SEM-EDS images of IM and IMCs (250, 400, 800 °C) at magnifications of

x10k (SEM) and x5k (SEM-EDS).

The macrostructure of IM is composed of fragments of blades and stipes. Figure 43
A1 shows a cross-sectional view of one of these fragments and reveals the dried hull of algal
cells. The material is mostly smooth with granules of amorphous material clustered on the
surface. After pyrolysis, the granules are coated with salt crystals. In figure 44 EDS
elemental mapping clearly shows areas rich in sodium, sulfur, and oxygen. Combined with
pXRD analysis it can be said with high certainty that these salts are predominantly sodium

sulfates. Other metals, such as calcium are also found amongst sulfur rich areas. The metal
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content accounts for ~6%, ~13%, and ~26% (%Wt) of the surface in unwashed IMC250,
400, and 800, respectively. Indicating the increasing deposition of salts with temperature. In
the biomass materials inorganic metals, calcium and potassium, appear to be dispersed
homogeneously across the surface, however, after pyrolysis these metals appear clustered
in these salt composites. In the washed IMCs the salt content drops significantly (<1.0%Wt)

and typically only calcium and magnesium are present (maximum 3.0%Wt in IMC800).

Ca Kal

Na Kal,2

S Kal

Spm

Sum L

Figure 50: SEM-EDS elemental mapping of an area of unwashed IMC250 at a magnification
of x5k. Individual calcium, sodium, sulfur, and oxygen element maps are included for

clarification of the metal sulfates present.

The surface elemental composition of the chars is somewhat consistent with CHNS
microanalysis, however, it is worth noting SEM-EDS only provides surface (~1 pm)
elemental analysis for a selected region rather than the overall average content. The sulfur
content at the surface of the washed chars ranged between 4-6 %wt, which is similar to the
initial sulfur content of the seaweed biomass. The sulfur content appears to increase

generally with pyrolysis temperature, although the content varies within the same sample
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across different particles so it is hard to distinguish any real trends. Similarly the oxygen
content appears to decrease with temperature, which does align with the trends shown

across other analytical techniques (CHNS/SSNMR/FT-IR).

IMC250 IMC400 IMC800
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Figure 51: SEM-EDS element maps of carbon, oxygen, sulfur, and nitrogen for IMC250-800.

Inset are the %Wt values for each element.
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Besides the general porosity changes caused by pyrolysis temperature discussed
earlier, the porosity of the IMC surfaces seems to be mostly composed of circular
macropores a few micrometres wide. These macropores seem to be a product of the
formation and then removal of salt composites. Many of the macropore structures also
appear as deep tunnels running into the material. Other macroporosity includes cracks
between conglomerates of particles. Smaller oval mesopores are also present on the
surface. These appear to be produced during the decomposition of the material's surface
and are around 15-20 nm in diameter. The porosity is further discussed in section 3.2.2.2 (N,

adsorption porosimetry).

129



3.2.2.1.2. Irish Moss extract chars (IMEC)
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Figure 62: SEM/SEM-EDS images of IME and IMECs (250, 400, 800 °C) at magnifications of

x10k (SEM) and x5k (SEM-EDS).

IME also has a smooth surface but with sheared sharp cross-sectional edges that
exhibit a flaky, layered texture. The particles appear as plates that vary in size from 10 ym to
a few 100 ym and when the plates are broken the internal structure appears macroporous.

As stated previously this material also deposits a large quantity of salts during
pyrolysis. In contrast to the seaweed, IM, its extract, IME, affords chars with a far lower salt
coverage as metals (Na, K, Ca, and Mg) account for no more than ~15 %wt at each

temperature interval. Also the substantial deposition occurs at a lower temperature than in
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IM. In the 250 °C chars potassium and sodium account for ~11 % of the surface by EDS,
which only gradually rises by a few percent between 400 °C (~13 %) and 800 °C (~14 %).
This is explained by the deposition of metal salts in carrageenan at temperatures exceeding

180-200 °C '** as discussed in section 3.1.5.

IMEC250 IMEC400 IMEC800
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Figure 53: SEM-EDS element maps of carbon, oxygen, sulfur, and nitrogen for

IMEC250-800. Inset are the %wt values for each element.
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Washing chars IMEC250 and IMECA400 afford materials of little to no salt content,
which in turn substantially decreases the sulfur content from ~10 % in extract to 3-4 %wt at
the surface suggesting that sulfur in these chars is primarily inorganic sulfates. This
decrease is very visible between images A2, and C2 and E2 in figure 46 by the reduction in
yellow hue. In washed IMECB800, however, the sulfur content is retained around 10 %.
Unexpectedly, a nitrogen content is measurable on the surface of these chars, unlike
elemental analysis by CHN (section 3.2.1.2).

Interestingly, above 800 °C and due to the decomposition of salts at this temperature,
the surface topography of IMEC800 differs from that of the other chars in this family. In both
the washed and unwashed chars, although far more prevalent in the washed chars,
spherical deposits appear across the surface. These deposits are composed of magnesium,
calcium, oxygen, and sulfur. After washing, barnacle-like structures are preserved and under
closer inspection via SEM-EDS, these barnacles are composed of a calcium sulfide core and
magnesium oxide shell, which is supported by the pXRD results. Curiously, each barnacle,
although varying in size (~0.5-3 um) also fashions a single hole of almost uniform size (~200

nm) to its neighbouring barnacles.
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Figure 54: SEM-EDS image of washed IMEC800 at x10k magnification. Elemental maps of
magnesium, calcium, oxygen, and sulfur have been included to show the elemental

composition of magnesium oxide ‘barnacles’.

The presence of these salts is explained in section 3.2.1.5, however, the formation of
these structures is not entirely understood. M. Scheidema studied the reductive formation of
magnesium oxide from magnesium sulfate in the presence of various metal sulfate impurities
238 Magnesium sulfate and iron sulfate in a carbon monoxide reducing environment formed
similar structures to this thesis, but with an iron sulfide core instead. M. Scheidema
suggested that the iron sulfate aids in the reduction of magnesium sulfate and hence this
structure appears. Under the conditions of this study, one could suggest the calcium sulfate
acts similarly to that of iron sulfate. However, when M. Scheidema performed the same
experiment with calcium sulfate impurities this was not seen, instead a conglomerate of
calcium, magnesium, oxygen, and sulfur was formed, which may be due to the reductive
difference between carbon and carbon monoxide, or the complexity of carrageenan and the
conditions of M. Scheidema’s study 2.

Regarding the porosity of the carrageenan chars, it would seem the external plates
underwent little decomposition and rather the walls of porous internal structure began to

degrade and thin. At 800 °C the internal structures become very fragile and allow the outer
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plates to be free as the internal structure crumbles (Figure 49). The residual structure at this
temperature is almost sponge-like. A macroporous structure containing small circular

mesopores around 5-15 nm.

Pyrolysis temperature

Figure 55: A simple diagram showing the formation of IME porous structures, and SEM

images of IMEC800WG at x1000 magnification exhibiting the porous internal structure and

smooth flat external structure.
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3.2.2.1.3. Residual Irish Moss chars (RIMC)

RIM Biomass

250 °C

400 °C

800 °C

Figure 56: SEM/SEM-EDS images of RIM and RIMCs (250, 400, 800 °C) at magnifications

of x10k (SEM) and x5k (SEM-EDS).

RIM particles appear as smooth amorphous granules. The defined structure of what
was once IM has been lost during the hot extraction process. After pyrolysis and similar to
IM biomass, the RIM particles become coated in salt deposits and their surface becomes
dried, cracked and porous. The deposited salts are predominantly potassium and sodium at
~8 %wt in C250 and C400, and ~20 %wt in C800, although calcium and magnesium are also
present at ~2 % in C250 and C400, and ~4 % in C800.

These chars contained substantially more nitrogen (maximum 14 % in RIMC250)

than the IM or IME materials. Elemental analysis by CHNS gave quantitatively different
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values to SEM-EDS, however, it also recognised significant nitrogen content in RIM chars.
These materials also had a quantity of silica impurities present throughout the material
(which can be seen in E2 of figure 50), however, these are likely fragments of sand particles
present on the seaweed's surface as discussed earlier in section 3.2.1.5. The position of
heteroatomic elements oxygen, sulfur and nitrogen are dispersed relatively evenly across
the surface with the exception of a few concentrated regions of sulfur and oxygen which are
likely due to metal sulfate salts in RIMC400 (figure 51). Most of the porosity of this material
appears to have formed from folds or cracks in the surface, or from the clustering of RIMC
particles. Due to the nature of these pores most are macropores a few microns in size.
Areas of these RIMC particles had spherical/oblong mounds extruding from the surface

which had increased nitrogen content and reduced sulphur content.
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Figure 57: SEM-EDS element maps of carbon, oxygen, sulfur, and nitrogen for

RIMC250-800. Inset are the %Wt values for each element.
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3.2.2.2. Porosity

Porosimetry is often measured using gas adsorption, particularly that of nitrogen.
This porosimetry method measures the physisorption of nitrogen gas onto an adsorbent at
approximately -196 °C or 77 K and implements a model isotherm to calculate the materials
surface area, pore volume and pore diameter. Common models include: linear (Henry’s),
Langmuir, Freundlich, and Brunauer-Emmett-Teller (BET) isotherm models '8°2*2, In a
system at a particular temperature, the number of sites on the surface occupied by
adsorbate molecules will depend on the pressure (in the case of a gas) or concentration of
the adsorbate. At low pressures or concentrations all isotherms obey Henry’s law and are
linear. At higher pressures the Langmuir isotherm has been successfully applied to a number
of different systems, however it is restricted to monolayer coverage 2. BET is the common
model implemented for nitrogen adsorption due to its effectiveness for physisorption and
multilayer coverage *.

Adsorption isotherms exhibited by surfaces can be attributed to one of six types
classified by Brunauer, Denning, Denning and Teller (BDDT) (see figure 52). Type | closely
resembles a Langmuir isotherm plateauing at monolayer coverage; it may also be
characteristic of ‘micropore filling’. Type Il is characteristic of non-porous or macroporous
solids exhibiting multilayer adsorption. Type Il indicates weak interactions between
adsorbent and adsorbate and therefore adsorption occurs due to high relative pressure.
Type IV is characteristic of mesoporous solids. The hysteresis upon desorption indicates
pore condensation within narrow pores. Type V is rare and type VI indicates a multilayering
system where each step corresponds to first, second and third layers 95245,

The hysteresis in type IV or V isotherms may also define the type of mesopore shape
present. Figure 52 also includes observed hysteresis shapes for common pore structures.
H1 indicates uniform cylindrical mesopores, whereas the delayed desorption in H2 implies

ink-bottle-like mesopores with a narrow opening. H3 and H4 are characteristic of slit-like
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pores. The narrower opening in H4 mesopores also presents a more perturbed desorption

but of low volume ',

1 1
H1

T 1 v T ==
k= E =

2
£ g
E g H3 H4
S+ vi = I l l.
£ j
< Py

Relative/pressure === Relative pressure —p

Figure 58: The IUPAC classification of adsorption isotherm types (I-VI) (left) and the

hysteresis shapes for different pore types (H1-4) (right) "%.
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Figure 59: N, adsorption porosimetry isotherms (A) and pore size distributions (B) for

carbonised IM, IME, and RIM at temperatures of 250, 400, and 800 °C.
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N, adsorption porosimetry data supports the microscopy data in most cases. IM, IME
and RIM exhibit mesoporous hysteresis curves in the isotherms of their chars, and the pore
distribution curves of these materials indicate a volume of pores around 15 nm in IMC400
and IMC800, and groups of pores around 5 and 15 nm in IMEC400 and IMEC800. These
chars exhibit limited microporosity.

The volume of mesopores appear to also increase with carbonisation temperature in
both IMC and IMEC chars. Similarly they also increase in RIMC chars, with a broad range of
mesopores between 4 and 15 nm in RIMC400, however, they appear to have collapsed in
the RIMC800WG materials which appears to result in a small increase in microporosity and
hence the difference in micropore:mesopore ratio. All three materials carbonised at 400 °C
and 800 °C exhibit incomplete hysteresis curves indicating some pore blocking. Some of the
C250 chars are likely considered non-porous due to their low surface area and pore volume.
It is important to note, however, that these materials have undergone no activation or doping
with catalytic acids, and hence their surface area is likely to be lower than those that have.
This is evident in comparison to Starbon materials '*, activated carbons or comparable red
seaweed biochars. These IM chars exhibited a fraction of the surface area or pore volume of
Norit (a commercially available activated carbon), red seaweed chars, or carrageenan chars
(table 5). These samples exhibit very high surface areas and pore volumes but are
synthesised using activation (AC-k) or acid etching (SWBC and SCA-700) 2824 Despite a
lack of activating agent the C800 Irish Moss chars exhibit increased porosity, which could be
attributed to the etching of the surface as the sulfate salts undergo carbothermic reduction
around 750 °C. Remaining inorganics, however, have likely filled pores reducing surface

area and porosity.
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Table 6: Surface Characteristics of IMC, IMEC, RIMC washed Chars from temperatures of

250 °C, 400 °C, and 800 °C, and literature values comparable red seaweed chars.

BET Surface BJH Adsorption Pore BJH Average Pore
Material Area (m? g) Volume (cm® g™) Width (nm)
800WG 80 0.08 8.4
IMC 400WG 31 0.04 12
250WG 8.2 0.03 20.2
800WG 290 0.18 5.3
IMEC 400WG 253 0.15 4.8
250WG N/A N/A N/A
800WG 104 0.02 5.6
RIMC 400WG 31 0.04 7.1
250WG 9.5 0.03 11.1
Norit 612 0.49 7.8
Red Seaweed Biochar
926 0.57 2.45 247
(SWBC)
lota-carrageenan char
1669 - 1.0-2.3 246
(SCA-700)
kappa-carrageenan char
2346 1.34 2.3 128

(AC)

The isotherm types of Irish Moss chars are typical type IV mesoporous, exhibiting

two key inflection points in their hysteresis. There are significant differences in the hysteresis

between IMC, IMEC, and RIMC biochars. IMCs exhibit only a minor delay in desorption due

to pore condensation at high relative pressure (P/P,), before reaching a plateau around 0.6

P/P, and rapid desorption around 0.5 P/P,. This H3 hysteresis shape could indicate slit-like

pores, however, there were only minor instances of that seen in SEM. The hysteresis in the

isotherm of IMEC materials reach their desorption plateau at high relative pressure and

maintain the absorbed nitrogen until 0.5 P/P,. This behaviour implies H2 mesopore
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structures or ink-bottle pores. There also appears to be a small step within the hysteresis
region around 0.7 P/P, which could indicate the formation of an additional layer within the
mesopore region (type VI). Unlike IME carbons, carrageenan carbons in literature (AC-k and
SCA-700) are predominantly microporous, although this may be a result of activation/acid
etching '%24¢_ RIMC materials displayed fluctuating hysteresis shapes. In RIMC400 the
hysteresis was similar to that of IMEC chars, whereas in RIMC250 and RIMC800 the
isotherm hysteresis indicated slit shaped pores. Folds and channel-like cracks were
commonly seen across the surface in SEM analysis which supports this.

To note, IMEC250 N, adsorption porosimetry data has not been included due to the
variability of the data. On one instrument (Micromeritics Tristar Il porosimeter) the material
showed an unusual linear adsorption isotherm, whereas when tested on another instrument
(Micromeritics ASAP 2020) the material behaved as non-porous (see appendix 3.3 for
isotherm plots). At this point it is not clear as to why the material has behaved this way. One
could suggest that the low temperature char may have been susceptible to a thermal

restructuring during the heated degassing process.
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3.2.2.3. X-ray photoelectron spectroscopy (XPS)

XPS analysis of these seaweed-derived chars describes the elemental composition
of the materials at the surface (approximately 1 ym) and their electronic state. This analytical
technique works on the principle of the photoelectric effect. Photoionization using X-ray
radiation results in the emission of electrons with specific kinetic energies. From these
electrons the the binding energy of each electron can be calculated using the photoelectric

equation:
Ek = hv — Eb - ¢ Equation (3.2)

Where E, is the kinetic energy, hv is the incident photon energy, E, is the binding energy, and
¢ is the work function of the material. The measured binding energies indicate the specific

elements and electronic states of said elements present in the material.

This analysis identified a range of elements at the surface of these chars many of
which were to be expected (Table 6). Once again silicon was observed in some samples,
which has been attributed to sand impurities as mentioned previously. A clear observation
from this analysis is the increase in metals, sodium, calcium, and magnesium on the surface
after pyrolysis at 800 °C. Magnesium is a very abundant element at the surface in C800
chars, especially RIMC800, and is found in almost equivalent quantities to nitrogen and
sulfur. The binding energies of the magnesium 2s electrons at 90 eV and 2p at 51 eV %,
suggest a mixture of magnesium sulfate and oxide, as previously determined in XRD
analysis. Appropriate deconvoluted spectral lines in the oxygen 1s (531.5 and 532.7 eV) and

sulfur 2p (168.0 eV) are also present and support this 24°.
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Table 7: Elemental Composition of the surface of washed IMC, IMEC, and RIMC chars from

pyrolysis at 250 °C and 800 °C.

Material XPS Elemental Surface Composition %
C1s O 1s N 1s S2p Na 1s Ca2s Mg 2s
IM 62.4 28.7 4.6 1.9 0.8 0.6 0.5
IMC250 73.6 20.5 3.9 1.2 0.1 0.1 0.3
IMC400 73.4 16.5 4.5 1.8 1.2 0.6 1.1
IMC800 78.1 13.8 2.6 2.5 0.2 0.4 2.0
IME 50.1 40.4 1.3 4.2 2.5 0.2 0.6
IMEC250 74.2 22.1 1.8 1.0 0.2 0.1 0.2
IMEC400 68.5 22.3 2.3 1.3 0.4 0.4 4.0
IMECS800 73.5 19.8 1.3 1.3 0.4 0.5 3.1
RIM 65.8 27.8 2.0 2.5 0.7 0.4 0.5
RIMC250 77.8 17.2 3.9 0.7 0.0 0.0 0.1
RIMC400 71.2 17.5 6.3 1.3 0.5 0.8 1.9
RIMC800 66.8 22.1 4.9 0.8 0.6 0.7 3.7

The elemental composition is somewhat similar to CHNS elemental analysis,
however, higher carbon contents and lower heteroatom (oxygen, sulfur, and nitrogen)
contents were measured. In IMC and IMEC materials there is a reduction in O:C ratio from
the biomass to C800 chars suggesting a loss of oxygen functionality at the surface
(figure 54). This ratio significantly decreases from 0 to 250 °C and plateaus from 250 to 800
°C. The exception is RIM biochars which appear to gradually increase after the initial drop in
O:C ratio, potentially due to the very large presence of magnesium sulfate and oxide on the
surface in the C800 char. Carbon 1s deconvoluted spectral lines support the loss in oxygen
functionality as C-O, C=0 and O-C=0 spectral lines at 286, 287, and 289 eV, respectively,

are reduced and replaced with graphitic carbon binding energies at 284 eV (Figure 55).
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Figure 60: O:C, N:C, and S:C ratios at the surface of IMC, IMEC, and RIMC biochars
quantified by XPS analysis.
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Figure 61: XPS spectra of IM and IMC(250-800) showing the carbon binding energy region

C1s (280-300 eV) and identification of the deconvoluted spectral lines.
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XPS suggests nitrogen is present on the surface of all three materials, in contrast to
CHN analysis. These extract chars, however, exhibit a far smaller quantity of nitrogen in
contrast with the other two biomasses. Apparently the nitrogen content in these IMEC
samples is below the detection limit for CHN analysis (0.15%) which may indicate a
concentration of nitrogen at the surface. Comparing materials from 0 °C to 800 °C the N:C
ratio is variable across all three biochars. In RIM the N:C ratio increases before dropping
above 400 °C, whereas in IM and IME the N:C ratio tends to decline with pyrolysis
temperature. Deconvolution of the XPS data shows primarily a nitrogen spectral line at 400
eV in the C250 chars, which could be assigned to a range of nitrogen compounds including
amines (C-NR;), amides (N-C=0), and carbamates (N-(C=0)-0) to name a few ?°. In the
C800 chars, the deconvoluted spectra become more complex with binding energies ranging
398 and 406 eV, suggesting a far greater number of nitrogen environments have been
produced during pyrolysis. RIM and RIMC250-800 N 1s XPS plots are available in appendix
34.

Sulfur is found in lower concentrations than expected in contrast to CHNS
determinations, and decreases with carbonisation temperature likely due to the deposition
and removal of sulfate salts. Similar to the oxygen content the S:C ratio on the surface
decreases across the chars, however, the chemical complexity of the sulfur increases
(Figure 56). Unlike nitrogen, the spectral lines of sulfur compounds are more resolved and
can be identified. As mentioned previously a binding energy around 168-169 eV was
assigned to a metal sulfate of magnesium, this area between 167 eV and 170 eV is typical of
sulfur 2p,, spectral lines of oxidised sulfur in sulfates and sulfonic acid groups %', These
are dominant in C250 chars, and are more complex in IMC250. Another sulfur environment
binding energy is recognised in the C250 chars between 163 eV and 165 eV, and could be
assigned to organic sulfur (C-S), or elemental sulfur (S;). In C250 chars, this is likely caused
by retained sulfur (sulfo-pyruvic acid) seen in literature and its gradual incorporation into the
carbon material. One may also suggest that this organic sulfur in the low temperature chars

could be associated with sulfur-rich proteins/amino acids such as cysteine, however without
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an amino acid profile or protein contents of these biomasses this is just speculation.
However, this band is present in IM and RIM biomass and more intense in IM and RIM
C250s which would correlate to the insoluble protein content often found in Irish Moss ®’.

In C800 chars, the region between 163 eV and 165 eV becomes more complex
which could be due to deposition of elemental sulfur "° or the inclusion of sulfur into organic
structures such as thiols or thiophenes. In the C800 chars a third sulfur environment is
visible in some chars between 161 eV and 163 eV, this is assigned to highly reduced sulfur
in metal sulfides. As can be seen in the XPS spectra these account for a small quantity of
the sulfur content at the surface, as a large portion of the calcium sulfide deposits as
previously mentioned in XRD analysis are removed during washings. Further due to these
washings, the presence of metal sulfates in C250 and C800 chars is not expected, and
hence in the C800 materials it is likely the oxidised sulfur in these materials is due to

sulfones or sulfonic acid groups.
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Figure 62: XPS spectra of IM, IME, and RIM biomass and chars from pyrolysis temperatures of 250 °C to 800 °C showing the sulfur binding

energy region (280-300 eV) and identification of the deconvoluted spectral regions.
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3.2.2.4. High-resolution transmission electron spectroscopy (HRTEM)

The internal structures of the chars have been determined using TEM imaging. From
these images, it is recognised that the internal porosity of these chars increases with
temperature, and tend to align well with the N, adsorption porosimetry results. IM chars after
250 °C pyrolysis exhibit little contrast in their images suggesting the granules are solid
nodules, which occasionally contain pores around 20-50 nm in diameter. After 400 or 800 °C
pyrolysis, however, these chars show a much greater degree of porosity. The images of
these materials have regions of high and low contrast almost storm-cloud-esque, indicating

small mesopores between 10-20 nm in size (figure 57).

IMC250WG:

Composite

IMC800WG:

x50k x200k x500k

Figure 63: HRTEM images of washed IMC250, IMC400, and IMC800 chars at magnifications

of x50k, x200k, and x500k. Circled areas indicate regions of porosity.
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A similar trend is visible in the extract chars (IMECs), however, the 250 °C chars are
initially far more porous, containing far more macropores (50-100 nm) and mesopores
(10-30 nm) and appear sponge-like. At 800 °C, the particles of this char are not
homogeneous and their pore sizes vary, in some mesopores of 20-50 nm are most common,
in others mesopores of 5-10 nm make up the internal structure (pictured in figure 58). RIMCs
are recognisably the least porous, with RIMC250 to RIMC800 all exhibiting what appears to
be solid particles, the only porosity present appears to be changes in the surface texture
(figure 59).

IMEC250WG:
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Figure 64: HRTEM images of washed IMEC250, IMEC400, and IMEC800 chars at

magnifications of x50k, x200k, and x500k. Circled areas indicate regions of porosity.
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Figure 65: HRTEM images of washed RIMC250, RIMC400, and RIMC800 chars at

magnifications of x50k, x200k, and x500k. Circled areas indicate regions of porosity.

In all 3 biomasses, their washed chars contained crystalline composites. In IMC800
two sizes of composites were imaged. Large (>100 nm) composites were imaged using
HRTEM and interplanar distances of approximately 0.28 nm were measured. Unfortunately,
this could not be assigned as both calcium sulfide and magnesium hydroxide exhibit a 0.284
(200) and 0.272 (100) nm interplanar distance, respectively. Due to the abundance of
magnesium in comparison to calcium, one could assume that these composites are the

latter. Smaller (5-10 nm) composites are also present in this sample and in RIMC800. These
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composites were assigned as magnesium oxide using the interplanar distances of 0.20 (200)
and 0.25 (111) nm measured.

Most IMEC800 particles contained very few composites. Rarely round 100 nm
composites were identified with interplanar spacing of approximately 0.27 and 0.24 nm,
which were assigned to the (100) and (101) planes of magnesium hydroxide. Since each of
the chars underwent prolonged grinding to produce small enough particles for TEM, this

could be a remnant of a hydrated magnesium oxide barnacle (figure 60).

Figure 66: Magnesium hydroxide composite observed in IMEC800 using HRTEM imaging at

magnifications of x200k (left) and x500k (middle). A zoomed in region of the middle image

has been included to show the lattice structure (right).

HRTEM also enabled the microstructures of these chars to be imaged. In low
temperature (250 °C) chars, the material is amorphous and disordered. At 400 °C and 800
°C, graphitic microcrystals begin to appear. The graphite planes appear curved and their
interplanar distances measured to be 0.36, 0.39 and 0.41 nm in IMC800 (2.5%S), RIMC800
(2.6%S), and IMEC800(4.2%S) respectively. The substitution of sulfur (and nitrogen in the
case of IM and RIM) into the graphite sheets appears to have effectively enlarged the
interlayer distance compared to that of pure graphite (~0.34 nm) 2*°, The presence of sulfur
(IMEC ~0.41-0.42 nm) also has a much greater effect than that of nitrogen (RIM ~0.39-0.40

nm), consistent with literature 2*'.
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3.2.2.5. Boehm titration, PZC analysis, and zeta potential

The surface of materials often shows acidity or basicity depending on the functional

groups present on the materials surface. pH Drift analysis determines the pH in which the

surface exhibits a neutral charge, or point-of-zero charge (PZC). A low pH,,. indicates an

acidic surface and high pH,, indicates a basic surface. Boehm Titration then allows the

types of surface acidity to be classified depending on their ability to neutralise certain bases.

This method typically determines carboxylic acid, lactonic, or hydroxyl group quantities,

however, it is important to note that various other heteroatomic functionalities are

acidic/basic and may interfere with quantification.
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Figure 61: pK, values of Boehm titration bases and common acidic sites present on chars

252 Included are common acidic sulfur functional groups.
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pH Drift analysis of the washed C800 chars indicate a highly basic surface, this is to
be expected from the ‘fully’ carbonised C800 materials as the surface chemistry becomes
more graphitic. The pH,,. of these IM-based chars, however, are more basic than activated
carbon or Starbon materials, these materials tend to have pH,, values around 8.0-9.0,
whereas our chars range from 10.5 to 10.8 to 11.1, for IMEC800, IMC800, and RIMCB800,
respectively. This increase in basicity may be due to the presence of basic sulfide/oxide salts

embedded on the surface.

CaS +H,0 - Ca(OH), + H,S Scheme (3.4)

Mg0O +H,0 - 2Mg(OH), Scheme (3.5)

B Material | Pyrolysis PHpzc
E Temp. /C
6 250 4.4
IMC 400 8.4
800 10.8
4 250 3.6
IMEC 400 9.3
800 10.5
2 250 42
RIMC 400 8.8
800 111
0

Initial pH

—8— IMC800WG IMC400WG IMC250WG IMEC800WG —@— IMEC400WG —@— IMEC250WG —@—RIMC800WG —@—RIMC400WG —@—RIMC250WG

Figure 68: pH Drift analysis for the determination of pH,,. values of washed IMC250-800,

IMEC250-800, and RIMC250-800 chars.

154



Boehm titration supports pH,,. determination. Basic C800 chars were recognised to
have little total acidity (<0.2 mmol/g) and greater total basicity (0.30-0.45 mmol/g), due to
graphitisation of the polysaccharides, loss of surface functionality, and the deposition of
basic salt composites on the surface. Whereas, the acidic C250 chars have the reverse;
high total acidity (0.4-0.5 mmol/g) and low total basicity (<0.1 mmol/g). The loss of highly
oxygenated and acidic carboxylic groups from C250s to C800s likely due to decarboxylation
at high temperature, is also in agreement with XPS results. Reviewing the structure of
carrageenan, acidity at 250 °C is to be expected as some original functionality is likely to be

retained, suggesting the presence of acidic sulfate groups.
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Figure 69: Total Acidity (and acidic breakdown) and Basicity determined via Boehm Titration

of washed Irish Moss Chars, IMC, IMEC, and RIMC, carbonised at 250, 400, and 800 °C.
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Zeta Potential is a parameter that measures the size of a bound solvent layer at a
particle-solvent interface. A charged particle’s surface in a solvent system has a Stern layer
of solvent counter-ions that are adsorbed to the surface, beyond that layer there are more
diffuse counter-ions. The solvent layer that travels with the charged particle is known as the
slipping plane and is measured when calculating the zeta potential. Measurement of this
parameter is often achieved using electrophoretic light scattering (ELS). This technique
measures the variation in scattered light caused by the Doppler effect of particles in motion.
By applying an electric field to a solution, the charged particles move according to their

charge and their electrophoretic velocity (ve) can be determined. The zeta potential (¢) can

then be calculated using the Smoluchowski equation:

=—r% Equation (3.3)

Where 1 is the viscosity, € is the relative permittivity (dielectric constant) of the solution, g, is

the electric permittivity of a vacuum, and E is the applied electric field.
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Figure 70: An illustration of zeta potential showing a charged particle and the layers of

solvent counter ions at the particle-solvent interface, adapted from Yakasai et al. 23
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Zeta potential measurements of Irish Moss derived chars were performed to
determine the surface charge. All materials exhibited a negative charge between pH 3 and 9,
and under more acidic conditions the surfaces trended towards having a closer to neutral
charge. The C250 chars experienced the greatest change in zeta potential (AQ) attributed to
the presence of oxygen or sulfur functionality on the surface that undergo deprotonation in
more basic solutions and afford an anionic surface (i.e. carboxylic acids pK, 3-6). The C400
and C800 materials experience a smaller AT due to fewer functionalities that deprotonate
within this pH range (i.e. phenolics pK, 8-11). These materials, specifically those of IM and
IME, had a more consistent negative zeta potential around -15 mV to -25 mV. RIMC400 and
RIMC800, however, showed a similar AC to its C250 counterpart. These results can be
explained by the Boehm titration acidic functionality. RIMC materials retain a fraction of
carboxylic or lactonic-like groups on the surface even in C800 chars. In IMC800 a greater
quantity of the acidic sites are associated with phenolic-like groups, and in IMEC800 almost
all of the acidic sites are phenolic-like.

Nogueira et al explored the zeta potential of kappa, iota, and lambda-carrageenan
hydrochars and activated carbons. In this study they recognised the oxygen containing
groups present in the hydrochars afforded more negative values of ¢ in basic solutions,
whereas the activated carbons, which were more carbonised and had fewer oxygen
functional groups on the surface, appeared less charged '?®. They also commented that very
negative zeta potential values (<-30 mV) indicate high colloidal stability which would prevent

flocculation. This is discussed further in section 3.3.1.1.
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Figure 71: The effect of pH on Zeta potential measurements of IMC (A), IMEC (B), and
RIMC (C) materials suspended in aqueous KCI electrolyte solution. For comparison literature
zeta potential values of carrageenan-derived hydrochars and activated carbons have been
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3.3. Copper (ll) adsorption kinetics and mechanism

(Objective Ill)

3.3.1. Indirect copper(ll) adsorption measurement (UV-vis)

Noncompetitive adsorption of copper(ll) was achieved by immersing the Irish

Moss-derived chars in varying concentrations of aqueous copper(ll) nitrate solutions. After a

specified length of time had passed the solution was filtered and its UV-vis absorption

spectrum measured. Copper(ll) forms a distorted octahedral [Cu(H,O)s]** species in acidic

aqueous solutions that have a2 at 810 nm 24 Figure 66 shows the UV-vis spectra of this

species formed from varying concentrations of aqueous copper(ll) nitrate (see section 2.3.2

for calibration curve). The effect of adsorbent dosage, initial copper(ll) concentration, and

adsorption contact time were explored to determine the adsorption capacity, kinetics, and

isotherms for each char (IMC250-800, IMEC250-800, and RIMC250-800).
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Figure 72: UV-vis spectra of aqueous copper(ll) nitrate solutions at varying concentrations
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3.3.1.1. Effect of char dosage
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Figure 73: Copper(ll) adsorption capacity of IMC, IMEC, and RIMC (250-800) materials,
determined indirectly by UV-vis analysis of copper(ll) nitrate solution (6000 mg/L, 10 mL, pH

4.5) after 24h dosed with 10, 50, or 100 mg of char material.

Preliminary adsorption experiments of copper(ll) onto Irish Moss-derived chars
exhibited adsorption capacities ranging from 20 to 120 mg/g. A dosage of 1.0 mg/mL tended
to show the maximum adsorption capacity of the char materials under these conditions.
Although at this dosage the margin of error was typically larger and significantly overlapped
with the adsorption capacities derived from a 5.0 mg/mL dosage. At this stage the chars
derived from carrageenan (IMECs) exhibit the highest adsorption capacities, specifically that
of IMEC800 (121 £ 11 mg/g, 1.0 mg/mL dosage). The effect of pyrolysis temperature on IM
and RIM chars’ adsorption capacity is yet to show any significant trends.

A trend recognised from these experiments was the decrease in adsorption capacity
with increasing material dosage. As the quantity of copper(ll) available was in an excess it is
unlikely that an increase in dosage resulted in a lower adsorption capacity due to
competition (i.e. copper being shared over a larger quantity of material). Instead it is more
likely that at higher dosages flocculation of the char particles becomes an issue. The initial

pH of the copper(ll) nitrate solutions was approximately 4.0-4.5. At this pH, these chars

160



exhibit zeta potential values of approximately -5 to -20 mV (section 3.2.2.5) indicating limited
stability or instability of these chars in solution 2°°. After a 24 h period in the water-shaker
bath obvious sedimentation of the char material had occurred. This is likely to have a greater
effect at higher doses of material due to a lower surface area of char being available for the

adsorption of copper(ll). From this point onwards a dosage of 5.0 mg/mL has been used.

3.3.1.2. Effect of initial copper(ll) concentration

Measuring the adsorption capacity of an adsorbent against the initial concentration of
the adsorbate produces an adsorption isotherm. The type of adsorption can then be
determined by applying appropriate adsorption models. In this section two adsorption
isotherm models were applied, Langmuir and Freundlich. As mentioned in section 3.2.2.2,
the Langmuir isotherm model assumes monolayer formation on a homogeneous surface and

indicates a saturated coverage ?*2. The Langmuir equation is written below:

quLC

q.= TR Equation (3.4)

Where q, is the measured adsorption capacity at concentration, C, qa. is the maximum
adsorption capacity, and K, is the Langmuir constant.

The Freundlich isotherm, on the other hand, is applicable to multilayer adsorption on
heterogeneous surfaces 2°°. The Freundlich equation is written below:

1
q. =K. & Equation (3.5)

Where, once again, q, is the measured adsorption capacity at concentration, C, KF is the

Freundlich coefficient, and n is the Freundlich constant.

The surface topography and chemistry will have a significant effect on the adsorption
isotherm. The surface chemistry is variable under different acidities and basicities (section
3.2.2.5). Linear regression has been used to determine Freundlich and Langmuir isotherm

constants for the adsorption of copper(ll) at pH 4.0-4.5 and pH 1.0. They are summarised in
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table 7 (pH 4.0-4.5) and table 8 (pH 1.0). Linearised plots of the two models are listed in

appendix 3.5.

3.3.1.2.1. pH 4.0-4.5

Table 8: Isotherm model constants determined for the adsorption of copper(ll) to IMC, IMEC,

and RIMC chars (C250-800) at a pH of 4.0-4.5.

Langmuir Isotherm Freundlich Isotherm
Material
K, (LImg) | q_(mg/g) R? K, (L/mg) - R?

IMC250 0.00172 35.0 0.867 0.973 0.447 0.893
IMC400 0.00970 20.6 0.969 0.707 0.475 0.755
IMC800 0.0128 27.0 0.941 2.48 0.352 0.932
IMEC250 0.0125 38.6 0.876 2.85 0.391 0.872
IMEC400 0.0148 35.1 0.927 4.72 0.292 0.800
IMEC800 | 0.00298 87.0 0.523 6.93 0.346 0.894
RIMC250 | 0.000920 56.8 0.989 0.214 0.703 0.991
RIMC400 | 0.000195 156.3 0.999 0.0333 0.957 0.983
RIMC800 | 0.00175 45.2 0.985 0.649 0.549 0.971

Excluding IMEC800, all chars exhibited an R? between 0.867 and 0.999 for the
Langmuir model. The chars also showed R? values between 0.755 and 0.991 for the
Freundlich model. In many cases the R? values of the two applied models were very close
indicating both models showed a good fit with the experimental data. In some cases the char
material showed an adsorption isotherm with closer similarity to a specific model. IMEC800
best fits a Freundlich model, indicating the adsorption of copper(ll) of this surface has
multilayer character and heterogeneous adsorption sites. IMC400 and IMEC400, however,
best fit a Langmuir model which indicates the adsorption of copper(ll) to these surfaces has

monolayer character and the surfaces have uniform adsorption sites. IMC250, IMC800, and

IMEC250 showed R? values that were too close to distinguish a better fit. XZ errors, and sum
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square errors (ERRSQ) have been calculated alongside linear regression R? values in an
attempt to determine the better fit (appendix 3.6 & 3.7). In most cases there is agreement
between the two errors and R? values regarding best fit. Considering this additional error
analysis, IMC250, IMC800 and IMEC250 indicate a better fit to a Freundlich isotherm model.
RIMC materials also showed R? values that were too close to distinguish a better fit,
however, error analysis did not improve the ability to distinguish between the models. This is
clearly visible in the RIMC plots of the isotherm models alongside the measured adsorption

capacities shown in figure 68.
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Figure 74: Copper(ll) adsorption isotherm plots at pH 4.0-4.5 of IMC, IMEC, and RIMC
(250-800). Freundlich (blue line) and Langmuir (orange line) isotherm models have been
plotted for each material. Inset are zeta potential (() values for each char at pH 4.5 and the

end pH after 24h.
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Langmuir calculated q. values showed some similarities to the experimental data in

most cases. The value calculated for RIMC400, however, was significantly higher than the
value experimentally determined at the highest copper(ll) concentration used. This material
exhibited some linearity in its experimental data indicating surface saturation had not been
achieved within this concentration range. Adsorption capacities of these chars exhibited no
obvious trend with carbonisation temperature or zeta potential. With the exception of
RIMC400, C400 materials appeared to exhibit the poorest adsorption capacities, compared
to their C250 and C800 counterparts. This may be attributed to the reduced surface
functionality compared to C250 materials, but without the higher surface area and pore
volume achieved at higher carbonisation temperatures (i.e. at 800 °C).

Copper speciation varies with the pH of the solution. As stated earlier, in acidic
solutions the free cupric ion (Cu?*) forms the metal hydroxo complex as shown in figure 66.
With increasing pH the removal of a proton forms the hydrated CuOH* complex and further
deprotonation affords the precipitation of copper hydroxide 2°":%%¢, Figure 69 shows the effect
of pH on the absorbance intensity of aqueous copper(ll) at 810 nm. A significant decrease in
absorbance around pH 5 is observed indicating the conversion of [Cu(H,O)s]**. In these
adsorption experiments the surface acidity and basicity of the char materials resulted in a
shift in the pH of the copper solution. The C250 materials caused a decrease in pH to
approximately pH 3 due to the acidity of the surface of these chars. This likely had little effect
on the copper speciation and the difference in absorbance is therefore a result of copper(ll)
adsorption (see figure 69). The C400 and C800 materials, however, have basified the
solution to pH 5 (excluding IMEC400) (figure 68), which would have potentially resulted in a
change in copper(ll) speciation. Figure 69 also shows the effect of IMEC800 on copper
speciation. The plot of pH against UV absorbance intensity for this adsorption experiment
follows the copper (ll) speciation curve, implying that the measured adsorption capacity is, at

least partially, a result of basification. Adsorption under more acidic conditions should
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minimise the effect of basification, however, it will likely protonate anionic adsorption sites on

the chars also. Copper(ll) basification is also evident in SEM-EDS and XRD analysis

covered in sections 3.3.2.1 and 3.3.2.2, respectively.
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Figure 75: The effect of pH on the adsorption intensity at 810 nm of the [Cu(H,0)** complex

and expected transitions as the solution becomes alkaline 2°7?%, Inset is the change in the

pH of the copper(ll) solution plotted against the corresponding UV absorbance at 810 nm for

IMEC adsorption experiments. Arrows indicate the first pH measurement (t = 0.5 h) and last

(t = 24 h) of the adsorption experiments.
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3.3.1.2.2. pH1.0

Table 9: Isotherm model constants determined for the adsorption of copper(ll) to IMC, IMEC,

and RIMC chars (C250-800) at a pH of 1.0.

Langmuir Isotherm Freundlich Isotherm
Material
K, (L/mg) | q_(mg/g) R2 K, (LImg) - R?

IMC250 0.000370 58.5 0.922 0.178 0.647 0.844
IMC400 0.00231 29.3 0.825 0.707 0.475 0.755
IMC800 0.000740 30.7 0.829 0.249 0.569 0.611
IMEC250 0.00081 100.0 0.930 0.188 0.790 0.936
IMEC400 | 0.000440 91.7 0.480 0.0300 1.01 0.873
IMEC800 0.00103 62.1 0.533 0.466 0.614 0.671
RIMC250 | 0.0000786 263.2 0.980 0.0208 0.991 0.976
RIMC400 | 0.000100 196.1 0.987 0.0305 0.918 0.988
RIMC800 | 0.00042 48.1 0.879 0.0205 0.970 0.911

The adsorption isotherms for these chars under strongly acidic conditions (pH 1)
differ from those under mild acidic conditions (pH 4). In these experiments the isotherm plots
exhibit a poorer fit with both the Langmuir and Freundlich models compared to the previous
section (3.3.1.2.1). All IMC materials showed a best fit with the Langmuir model (R? =
0.825-0.922). Whereas all IMEC materials exhibited better fitting to the Freundlich model (R?
= 0.671-0.936) and RIMC materials once again showed a good fit to both models. These
results indicate that certain materials, specifically IMC250 and IMECA400, exhibit different
surface characteristics under these more acidic conditions. In IMC250, this may be attributed
to a transition from copper adsorption occurring at carboxylate adsorption sites (monolayer)
to adsorption within pore structures (multilayer), as the carboxylate sites become protonated
under these acidic conditions. Whereas, in IMEC400 and the other C400 and C800

materials, the effect of basification is removed and the remaining adsorption can be
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attributed to surface characteristics. The end pH values further imply a lack of basification
occurring, which for each adsorption experiment was less than pH 2 (figure 70).

Langmuir calculated q, values were often overestimated compared to the

experimental data (figure 70). In some cases, such as RIMC materials and IMEC400, the
isotherms once again exhibited linearity and cannot be extrapolated to determine the
maximum adsorption capacity. However, in IMC250 and IMEC250 the experimental data
appears to plateau around 20 and 53 mg/g, but the Langmuir’s calculated values suggest a
maximum of 58.5 and 100.0 mg/g, respectively. Despite having a good R? fit, this could
suggest a different model would be better suited to these adsorption experiments. The
measured experimental adsorption capacities for IMCs and RIMCs have decreased between
pH 4 to pH 1, but for IMECs the adsorption capacities have increased (excluding IMEC800,
where adsorption via basification has been prevented).

In regards to the trends across materials, it is evident that a higher carbonisation
temperature results in poorer copper(ll) adsorption under strongly acidic conditions. Likely as
a result of anionic adsorption sites in these materials becoming protonated, but also due to
the ceased basification. For all three materials: IM, IME, and RIM, the highest adsorption
capacities were achieved by the C250 materials, which decreased sequentially for the C400
and C800 materials. This may be attributed to the functional sites on the chars surface,
specifically those that are strongly acidic, and remain deprotonated at pH 1. For these
materials this is likely sulfate functionality (pK, <-2.6), which is likely to decrease with
carbonisation temperature (section 3.2.2.3). That also implies that the surface chemistry has
a greater impact on the adsorption of copper(ll) over material porosity, which is known to

increase with carbonisation temperature (section 3.2.2.2).
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Figure 76: Copper(ll) adsorption isotherm plots at pH 1.0 of IMC, IMEC, and RIMC
(250-800). Freundlich (blue line) and Langmuir (orange line) isotherm models have been

plotted for each material. Inset is the end pH after 24h.
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3.3.1.3. Effect of adsorption contact time

An adsorption kinetic study was performed by measuring the adsorbed copper(ll) at
intervals of time. Applying a kinetic order model enables the metal adsorption mechanism
and rate controlling steps to be estimated. The most widely used kinetic models are the

pseudo-first order and pseudo-second order models.

dq
Pseudo-first order: d—; = kl(qe — qt) Equation (3.6)
dqt 2 .
Pseudo-second order: ek kz(qe — qt) Equation (3.7)

Where q, is the adsorption capacity at time, ¢, q, is the adsorption capacity at equilibrium (in
the pseudo-first order model equilibrium was assumed to be met after 24 h), and k1 and k2

are the rate constants for the pseudo-first and second order models, respectively. The
pseudo-first order model typically describes physisorption adsorption processes, whereas
the pseudo-second order model better describes chemisorption. The determination of kinetic
parameters for the two models are summarised in table 9 for the adsorption of copper(ll) at
pH 4.0-4.5 and table 10 for the adsorption of copper(ll) at pH 1.0. Linearised plots of the two

models are available in appendix 3.8.
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3.3.1.3.1. pH 4.0-4.5

Table 10: Kinetic parameters for pseudo-first and second order models determined for the

adsorption of copper(ll) to IMC, IMEC, and RIMC chars (C250-800) at a pH of 4.0-4.5.

Pseudo-first order Pseudo-second order
g mg/ ]

Material (qtqft( :9 zgih) K (min™) R? a. (mglg) I;Zm1(§; mg’’ R?

IMC250 25.69 0.0045 0.953 26.39 0.00097 0.998
IMC400 24.64 0.0051 0.472 20.53 0.0049 0.857
IMC800 30.61 0.0070 0.756 40.82 0.00029 0.893
IMEC250 | 43.27 0.0019 0.460 44.24 0.00030 0.993
IMEC400 | 30.72 0.0047 0.975 32.26 0.00065 0.952
IMEC800 | 86.24 0.0033 0.936 95.24 0.000084 0.992
RIMC250 | 38.23 0.0070 0.5461 38.46 0.00092 0.981
RIMC400 | 37.70 0.00070 | 0.406 15.02 0.00012 0.709
RIMC800 |40.48 0.0058 0.589 44.05 0.00039 0.956

In almost all cases every material exhibited a better fit towards a pseudo-second
order model (R? = 0.709-0.998). The only exception was IMEC400 which had a good fit to
both models (R?* > 0.95). This implies that the adsorption of copper(ll) onto the Irish

Moss-derived chars is undergone by a chemisorption-like mechanism. The calculated q,

values were often also close to the experimental values. In literature, the adsorption of
transition metal ions onto bio-derived chars typically exhibits pseudo-second order rate
kinetics 31259260 |n one particular study by Zhao et al, a sulphur-doped graphene sponge
exhibited rapid adsorption of copper(ll) (k, = 0.0544 g mg™ min™") which was described well
by a pseudo-second order model (R* = 0.999) #°. Of the materials tested here IMCs
exhibited the fastest adsorption kinetics (k, = 0.00029-0.0049 g mg" min™), followed by
RIMCs (k, = 0.00012-0.00092 g mg™" min™") , and IMECs were significantly slower (k, =

0.000084-0.00065 g mg™ min'). Compared to literature, such as the study by Zhao et al
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above, the inherent sulphur-containing materials derived from Irish Moss showed far slower
adsorption kinetics than that of the sulphur-doped material in Zhao et al’s study.

Although the carbonisation temperature showed little correlation with the
pseudo-second order rate constant under these conditions. The plotted data shown in
figure 71 could indicate otherwise. The copper(ll) uptake by the C800 materials appears
significantly slower than the uptake of copper by the C400 and C250 materials. In the C800
adsorption kinetic plots the linear portion of adsorption is measurable within the first 2 hours
of contact time. In comparison the C400 and C250 materials have achieved approximately
50% of their maximum uptake potential within the first 30 minutes (excluding RIMC400). This
difference could be attributed to the wetting of the char materials, as the aromatic surface of
the C800 chars is likely to be more hydrophobic than the oxygen functionalized surface of
the C250 materials. However, it is more likely a characteristic of the mechanism of
basification as this slower rate is subdued in the more acidic pH 1 solutions (see the

following section 3.3.1.3.2.).
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Figure 77: Copper(ll) adsorption kinetics at pH 4.0-4.5 of IMC, IMEC, and RIMC (250-800).

Pseudo-first order (blue line) and pseudo-second order (orange line) kinetic models have

been plotted for each material.
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3.3.1.3.2.pH 1.0

Table 11: Kinetic parameters for pseudo-first and second order models determined for the

adsorption of copper(ll) to IMC, IMEC, and RIMC chars (C250-800) at a pH of 1.0.

Pseudo-first order Pseudo-second order
- q, (mg/g) i

elera (q, ,et = 24h) (mlfé-1) R? q, (mg/g) Kzn(]?nT)g1 R?

IMC250 19.22 0.00068 0.617 20.04 0.00045 0.948
IMC400 20.01 0.00081 0.502 21.05 0.00040 0.954
IMC800 13.87 0.0027 0.201 14.41 0.00065 0.932
IMEC250 54.09 0.004 0.503 54.95 0.00069 0.999
IMEC400 45.19 0.0054 0.724 45.87 0.00086 0.999
IMEC800 39.52 0.020 0.747 37.88 0.0032 0.999
RIMC250 35.60 0.018 0.449 34.48 0.0029 0.998
RIMC400 28.83 0.0008 0.109 27.25 0.00091 0.917
RIMC800 29.76 0.0063 0.527 29.85 0.00289 0.998

Under strongly acidic conditions these materials still show a good fit to a

pseudo-second order rate model (R? = 0.917-0.999), and once again the calculated q,

values are close to the experimental value. As a result of the more acidic conditions the
mechanism of adsorption has likely changed and in many cases this has affected the
adsorption kinetics. IMCs now exhibit slower adsorption kinetics and IMECs and RIMCs
exhibit much faster kinetics. A slower rate of adsorption can be easily explained by the less
negative zeta potential value which would result in a reduced/slower interaction between the
chars and the metal copper(ll) ions, but also by an increase in the competition between Cu?*
and H* at anionic sites on the char under these more acidic conditions. An increase in rate,
at least for the C800 materials, could be explained by the removal of a slow but abundant
adsorption mechanism (i.e. basification), so that a faster but less abundant adsorption

mechanism is visible. Hence, a smaller adsorption capacity (qe) and an increased rate
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constant (KZ) are measured. The rapid chemisorption of copper(ll) onto C800 materials

under the strongly acidic conditions is likely as a result of an interaction between copper(ll)

and organic sulphur sites present on these materials. The vacant 4s orbital of copper(ll) and

other transition metals interact strongly with electron donating elements such as sulfur or

sulfur containing groups such as thiols and thiophenes and form stable Cu-S-R structures

%1 These structures are likely the adsorbed form of copper on the surface of the thiol rich

chars (C800s).

800

14

12

IMC
Adsorption Capacity (mg/g)

0 500

1000 1500
Contact Time (min)
45
240
Ess
230
O 3
w2
S 20
=
— S5
2 i
$10 |
2 i
< 5

0 500 1000 1500
Contact Time (min)

35

RIMC
Adsorption Capacity (mg/g)

0 500 1000 1500
Contact Time (min)

Adsorption Capacity (mg/g)

2000 0 500 1000 1500

Contact Time (min)

2000 0 500 1000 1500

Contact Time (min)

e )
o o o o

Adsorption Capacity (mg/g)

o

o

2000 0 500 1000

Contact Time (min)

1500

2000

2000

2000

Adsorption Capacity (mg/g)

Adsorption Capacity (mg/g)

250

0 500 1000 1500
Contact Time (min)

0 500 1000

1500
Contact Time (min)

0 500
Contact Time (min)

1000 1500

2000

2000

2000

Figure 78: Copper(ll) adsorption kinetics at pH 1.0 of IMC, IMEC, and RIMC (250-800).

Pseudo-first order (blue line) and pseudo-second order (orange line) kinetic models have

been plotted for each material.
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3.3.2. Direct copper(ll) adsorption measurement

3.3.2.1. SEM-EDS

SEM-EDS analysis of the char materials post-copper(ll) adsorption indicates the
presence of copper on the surface of these chars and the success of copper(ll) adsorption.
C800 and C400 materials (excluding IMEC400) showed the formation of concentrated
copper-containing structures on the surface following adsorption at pH 4. These structures
were only present on materials that caused the basification of the copper solution above pH
5, and when the same materials underwent copper adsorption at pH 1 the structures no
longer appeared. This is an indication that they are a direct result of basification and the
precipitation of copper. These structures were rich in copper and oxygen and are likely the
copper hydroxy salts recognised in the following section (3.3.2.2). The C250 materials
following adsorption at both pH 1 and 4 showed a dispersion of copper across the surface
which appears to favour areas where oxygen is present. This supports the hypothesis of
these materials adsorbing copper via oxygen-containing functionalities such as carboxylates
and sulfates. C400 and C800 materials following pH 1 adsorption display an even copper
dispersion without a clear indication of an affinity towards sulfur or oxygen. Images of IMEC
are visible in figure 73. IMC and RIMC images are available in the appendix 3.11 and 3.12. A
feature of IMEC800 copper(ll) adsorption was the interaction of the material’s magnesium
oxide ‘barnacles’ with the copper(ll) solution. Post-adsorption the barnacle structures were
enriched with copper and indicated that the basic magnesium oxide barnacles (magnesium
hydroxide in aqueous solutions) acted as a site for adsorption. The formation of the copper
salts are likely as a result of the following reaction recognised in a study by Aguirre et al 2%
and are supported by the presence of copper hydroxy nitrate in the pXRD analysis of

IMEC800.

3Mg(OH), . + 4 Cu(NO,) ~ 2 Cu, (OH),NO,  + 3Mg(NO,) Scheme (3.6)

2(s) 2 (aq) 2 (aq)

175


https://paperpile.com/c/nOpaQX/KH41j

IMEC250

IMEC400 IMEC800
[ Sua R =

IMEC800

Cu Lal,2 \

pH 4.0-4.5

1) 5 ) )

Cu Lal,2 S Kail Cu Lal,2 O Kal

4 , o
1 . . rh o3
. @ »

2.5pm O Kal

9.

pH1.0-1.5

g " l’ §
EE@é‘EEI

- v.spm

Figure 79: SEM-EDS images of IMEC materials (C250-800) following the aqueous adsorption of copper(ll) from a copper nitrate solution (5000
mg/L) at pH 4 and 1 after 24h. Overlaid element maps and individual element maps of copper, sulfur and oxygen have been included. Inset are

element maps of IMECB800 'barnacles’ post copper(ll) adsorption.
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3.3.2.2. pXRD
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Figure 80: pXRD diffractograms of IMC, IMEC, and RIMC materials (C250-C800) before and
after copper(ll) adsorption at pH 4 and pH 1. (001) and (002) phases of copper(ll) hydroxy

salts are highlighted.

pXRD analysis of the copper-containing Irish Moss-derived materials identified the
copper composites present in some of the material’'s SEM-EDS maps. They were identified
as copper hydroxy nitrate salts (Cu,(OH);X, where X represents a variable anion in this case
NO;). The formation of these hydroxy salts are often achieved via the treatment of copper(ll)
nitrate with sodium hydroxide. The pH, temperature and reagent concentration are controlled
to avoid copper hydroxide or copper oxide formation 262263, Characteristic (001) and (002)
phases of the layered structure of copper hydroxy salts were recognised in IMC400,
IMC800, RIMC400, RIMC800, and IMECB800. The presence of weaker bases such as MgO

or metal sulphates on these chars appears to have allowed the formation and deposition of
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these salts on the surface of the material. In the case of IMC400, which is rich in sulfate
anions due to retained sulphate salts, copper hydroxy sulfate was identified. Similar to C250
materials in both adsorption experiments at pH 4 and 1, the C400 and C800 materials
exhibited no crystallinity due to copper following copper(ll) adsorption at pH 1. In almost all
cases no indication of crystallinity was recognised in these materials besides the broad
phases of graphitic carbon, suggesting the increased acidity resulted in the dissolution of

any remaining/trapped salt content.
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3.4. Section summary

This chapter has explored the extraction, pyrolysis, and application of Irish Moss
carrageenan. In these works it was recognised that the strain of Irish Moss used in this study
was rich in carrageenan, accounting for up to half of the biomass’ dry weight. Simple hot
water extraction was sufficient to produce this extract (IME). IME exhibited no sign of protein
content according to elemental analysis and the sharp loss in mass during thermogravimetric
analysis, similar to that of the industry standard, indicated high carrageenan purity. Kappa
and iota carrageenan were the recognised forms of carrageenan in a 2:1 ratio, respectively,
which explained the ability of these extract’s gelling properties and rich sulfur content. The
residual Irish Moss material displayed similar characteristics to the starting Irish Moss
biomass, but lacked a significant portion of carbohydrate content causing an increased
nitrogen content and reduced oxygen and moisture content.

Pyrolysis of the lIrish Moss-extracted carrageenan and residual fractions under
variable temperatures afforded 9 different carbons. Much like the pyrolysis of other biomass
materials in literature, such as pectin, starch or alginic acid 5%, a hierarchical degree of
carbonisation was recognised in all three families of carbons (IMCs, IMECs, and RIMCs). At
250 °C, the materials exhibited poorer thermal stability, but higher levels of oxygen
functionality such as carboxyls, carbonyls, and alcohols, which gave the materials an acidic
surface. At 400 °C the materials lost much of this functionality but exhibited an increased
thermal stability and porosity. Finally at 800 °C the materials were almost entirely
graphitised, showing limited (phenolic) oxygen functionality on its now basic surface, and

had very high thermal stability, and increased porosity.
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Figure 81: Chemical structure of carrageenan (left) and the proposed structures for
carrageenan-derived low temperature chars (250-400 °C, centre) and high temperature

chars (800 °C, right).

Sulfur-containing porous carbons were successfully produced in these works. All
three chars in the carrageenan family (IMECs) exhibited sulfur content (3.9-7.6 %). This
content began as sulfate functionalities in carrageenan, which were partially retained
following pyrolysis at 250 °C and 400 °C. A significant portion of the sulfur content was
deposited as metal salts during pyrolysis and removed during the washing process. Above
400 °C some of the sulfur content was incorporated into the chars as organic sulfur, which
was evidently present in the graphitic structure by a widening of the interplanar distance in
IMEC800. Without the addition of any activating agent these chars exhibited high
mesoporosity with pores around 5 nm. Washed IMEC800 showed the highest surface area
and pore volume at 290 m?/g and 0.18 cm?®g, respectively. One may also suggest that this
porosity is aided by the deposition of sulfate salts, either by acting as an pseudo-activating
agent or by leaving pores following the removal of these soluble salts.

Retained salts in the C400 and C800 materials attributed towards the basic surface
of all 9 of these materials. These salts aided in the copper(ll) adsorption at pH 4 via the
basification of the solution and providing a surface for precipitation. IMEC800 exhibited the
highest experimental copper(ll) adsorption capacity (86 mg/g) at this pH which was
described well by a Freundlich adsorption isotherm and followed a pseudo-second order

adsorption kinetics. The formation of copper hydroxy nitrate salts at magnesium oxide sites
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on IMEC800 supported this multilayer chemisorption mechanism. At pH 1 the basic sites on
the chars were effectively neutralised preventing basification of the copper solution. Under
these conditions IMEC250 exhibited the highest experimental adsorption capacity (54 mg/g).
The adsorption was described well by a Langmuir adsorption isotherm and followed a
pseudo-second order kinetic model suggesting an adsorption mechanism of a uniform
chemisorption at sulfate sites across the surface.

IMC and RIMC materials exhibited both sulfur and nitrogen content, and appeared to
have similar surface chemistry to the IMEC materials despite the additional nitrogen content.
These materials exhibited poorer copper adsorption to IMEC materials. The key difference
between these materials was the porosimetry/surface topography characteristics suggesting
the increased surface area of IMEC materials was a significant factor for the increased
copper(ll) adsorption capacity of these materials. RIMC materials showed potential for
copper(ll) adsorption. Langmuir adsorption isotherm models predicted high adsorption
capacities at pH 1, despite experimental values being far lower. Future work could entail the
measurement of copper adsorption at higher initial concentrations to compare against the
extrapolated Langmuir model predictions. However, one could debate the need for a material
of this kind that only has high adsorption at high concentrations of copper(ll).

These works have successfully demonstrated a simple hot water extraction of Irish
Moss carrageenans, the conversion of freeze-dried carrageenan aerogels to
sulfur-containing porous carbons without dopants or activating agents, and the first

application of these materials to copper(ll) adsorption.
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Chapter 4. Valorisation of commercial

microalgae
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4.1. Characterisation of spray dried and EPA-free ALGO1

biomass (Objective 1)

4.1.1. Preliminary compositional analysis

The preliminary composition of ALG0O1 and spent ALGO01 is summarised in table 12:

Table 12: Summarised ALG0O1 composition.

Composition (%)
ALGO1 EPA-free ALGO1
Carbohydrate ? 253140 29.3+£0.9
Protein ® 34.7 36.2
Moisture °© 51+13 42+0.2
Residual matter (Char) ° 243+3.3 257+43
Acid-insoluble content 28.1+3.2 15.3+3.9
Acid-insoluble Ash <01 <0.1

@ Derived via Klason acid-digestion and HPLC analysis

® Estimated from CHN nitrogen content using 5.1 as a conversion factor

¢ Derived via TGA
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4.1.2. Carbohydrate and sugar analysis
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Figure 82: Acid-hydrolysed carbohydrate content of ALGO1 and EPA-free spent ALGO1
derived via Klason analysis. Component sugars and decomposition products are depicted

and decomposition mechanism inset 2%,

The carbohydrate content of ALGO1 and EPA-free ALGO1 was estimated by Klason
analysis (Figure 78). An average carbohydrate content of 25.3 % was determined for this
algae and 29.3 % for its spent counterpart. This increase in carbohydrate content may be
attributed to lipid removal during EPA extraction. The carbohydrate content is mostly
retained in the biomass during this process. One should note the carbohydrate content of
ALGO1 is incredibly variable, especially between different batches supplied by AlgaeCytes.
As discussed in section 1.3 the metabolite content is very sensitive to minor changes in the
cultivation conditions.

In both biomasses the types of monosaccharides present were predominantly

glucose and glucuronic acid, contributing 35-50 and 20-25 % of the total carbohydrate
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content, respectively. Glucose is the monomer constituent of structural and storage
polysaccharides such as cellulose and laminarin, respectively 3%2%°. Glucuronic acid is a
common component of hemicellulose 2%, but is also present in many storage or exo
polysaccharides #7. Another component of hemicellulose, xylose, was also identified,
contributing approximately 2 %. The remaining content was organic acids: formic, acetic,
lactic, and levulinic acids, levoglucosan, and hydroxymethylfurfural (HMF). Levoglucosan
and HMF form from the dehydration of sugars like glucose, and further decomposition
affords these organic acids (figure 78) #**. The carbohydrate profile is similar between
ALGO1 and EPA-free AIGO01, any base-catalysed hydrolysis of polysaccharides during EPA
extraction is hidden following the harsh acid-catalysed hydrolysis during this analytical
technique. In comparison to literature, microalgae such as Nannochloropsis sp. is suggested
to have around 20% carbohydrate content, 60% of which accounted for by glucose and
hemicellulose sugars, mannose/mannitol 2. This aligns well with ALG01, however, in this
algae mannose/mannitol does not appear to be present in the hemicellulose content.

Klason Analysis estimated an average ‘lignin content’ of 28.1 and 15.3 % for ALGO1
and EPA-free ALGO1, respectively. Microalgae in literature often have no lignin so a fraction
of this content could be pertained to algaenan or humins 2°%¢ The cause of the difference
between intact and spent algae “lignin content” is unclear. It could be associated with an
acid-insoluble lipid content present in ALGO01 that has been extracted during EPA extraction,
although there is little literature to support this. It is unlikely that the base-catalysed process
has any effect on algaenan content as this material is considered highly resistant to both
acid and base hydrolysis %5415 Pyrolysis of the insoluble fraction afforded negligible ash
content in both biomasses, indicating very little inorganic content accumulates within the

insoluble material.
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4.1.3. Elemental analysis (CHN)

CHN determination (2 s.f) of ALGO01 revealed a carbon, hydrogen, and nitrogen
content of 47 + 1.7 %, 6.6 £ 0.20 %, 6.8 + 0.23 %, respectively. In comparison, EPA-free
ALGO1 exhibited a minor reduction in carbon (40 %) and hydrogen (5.5 %) content and an
increase in nitrogen content (7.1 %).

As stated previously in section 3.1.3 a nitrogen-to-protein conversion factor of 6.25 is
often a gross overestimation. Templeton and Laurens deduced nitrogen-to-protein factors
for several microalgal species. Nitrogen contents of 2.6-6.8 % was determined for
Nannochloropsis sp., and across the Nannochloropsis sources tested they suggested an
average conversion factor was 5.1 %°. For ALGO01, this is equivalent to an estimated protein
content of 34.7 %, which is comparative to literature data ">. Assuming no nitrogen content is
extracted in the EPA extract, an estimated protein content of 36.2 % could be given to
EPA-free ALGO1. However, this may be an underestimation if non-protein nitrogen is

removed during the EPA extraction process.
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4.1.4. Thermogravimetric analysis (TGA)
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Figure 83: TGA of the dried and spent microalgae ALGO01, presenting the mass lost (TG/%)
as the biomass is heated from 20 °C to 800 °C at 10 K min™" under a Nitrogen atmosphere
(100 mL min’ flow rate). The rate of mass loss (DTG/% min™) has been included. The 3

decomposition stages are highlighted.

Intact and spent ALGO1 biomass underwent 3 main decomposition stages during
TGA analysis: dehydration (stage 1), devolatilization (stage Il), and finally the slow
decomposition of the carbonaceous char content (stage lll) (figure 79). In ALGO1, stage |
occurs between 40 and 120 °C and has a maximum rate of mass loss (or DTG peak) around
90 °C. A shift in maxima occurs in the spent biomass towards 100 °C. This stage accounts
for the moisture content and is equivalent to approximately 5 % in both biomasses.

Stage Il, between 150 and 500 °C, accounts for a mass loss of approximately 60 and
70 % for the spent and intact biomasses, respectively. The difference here is once again
associated with lipid removal. This stage in ALG01 has a DTG peak around 310 °C, with

points of inflection at ~260 and 410 °C. From literature, carbohydrate decomposition takes
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place between 150-400 °C, protein between 250-350 °C, and lipid between 310-450 °C
194214 This suggests the change in the rate of mass loss at 260, 310, and 410 °C may be a
result of overlapped carbohydrate, protein, and lipid decomposition, respectively. In
literature, the macromolecule, algaenan, typically undergoes decomposition between
460-560 °C ", and is therefore likely to undergo slow decomposition in stage IIl.

In EPA-free ALGO1, the maximum rate of mass loss of stage Il occurs at a lower
temperature (285 °C). This is likely associated with the base-hydrolysis of carbohydrate and
protein content during EPA extraction reducing the thermal stability of these metabolites.
Furthermore, the shoulder at 410 °C is significantly reduced indicating the absence of lipid
content within this biomass “°. Alternatively, any remaining fatty acid content will likely have
been esterified during Algaecytes EPA extraction. The volatile fatty acid ethyl esters will
likely boil before their TAG or free fatty acid counterparts, and may be lost in the bulk mass
loss ?°. An unidentified additional DTG peak appears in this sample around 150 °C, likely
due to liberated volatiles following base hydrolysis. The final stage above 540 °C accounts
for the remaining 25.7 and 24.3 % for the spent and intact biomass, respectively, and

signifies the fixed carbon or char content.
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4.1.5. Attenuated total reflection infrared spectroscopy (ATR-IR)
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Figure 84: ATR-IR Spectroscopy of spray dried and spent ALGO1.

ATR-IR spectroscopy of dry ALGO1 and EPA-free ALGO1 (figure 80) exhibit
absorption bands at 3280 cm™ associated with hydroxyl O-H or N-H stretching. Alongside
C-H and C-O stretching at 2895 and 1064 cm, respectively, these three absorption bands
are characteristic of glucans. Further, hydrogen bonding between hydroxyl groups is
indicated with a broad O-H absorption band. This intermolecular interaction is significant in
many structural polysaccharides, such as cellulose and hemicellulose.

Unsaturated organic compounds are recognised by their characteristic C=C
stretching and sp? hybridised C-H stretching present in this spectra at 1646 cm™ and 3013
cm™, respectively. Neighbored with carbonyl stretching at 1738 cm™, these absorption bands
could be associated with PUFA content. These absorption bands are significantly reduced in
EPA-free ALGO1, especially the carbonyl stretch which is absent, further evidencing lipid

absence in this biomass.
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4.2. Supercritical CO, extraction of lipids (Objective Il)
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Figure 85: Variation in supercritical CO, extract yield from the microalgae, ALGO1, at various

temperature and pressure extraction conditions.

An increase in yield was observed at the highest extraction temperature (50 °C),
however, increasing extraction temperature did not consistently increase extraction yield. In
the high-pressure extractions (400 bar) the temperature appeared to have minimal effect on
the yield. There was, however, significant overlap in the extractive yields across the varying
extraction conditions. Only the low-pressure extracts had consistent data, showing low yields
of around 0.3-0.6% DW. The low yields of this extraction method compared with literature,
suggests a significant portion of the lipid content in ALGO1 is polar and has poor affinity
towards this non-polar solvent. This is evident in comparison to solvent extractions. Ethanol
and heptane extractions yielded approximately 25% and 6%, respectively (see appendix
4.1). The poorer supercritical CO, yields may also be attributed to the resistant nature of

algal cell walls preventing efficient extraction of lipid material 2",
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The nitrogen content is negligible across all extracts (<0.5% nitrogen). As expected,
this supercritical fluid has little affinity towards proteins, and hence they are absent in these
extracts. The extracts exhibited similar carbon and hydrogen contents at around 70 and
10%, respectively. H/C ratio ranges between 1.7 and 2.1. Comparatively, n-Octane has a
ratio of 2.25, suggesting these oils have potential applications as fuels. However, the extract
yields are significantly low and it is expected that the composition of these oils have higher

value in nutrition, cosmetics, or pharmaceuticals.
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Figure 86: The effect of supercritical CO, density on the extractive yield from a 2h extraction

from the microalgae, ALGO1.
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4.2.1. UV-vis spectroscopy
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Figure 87: UV-vis absorption spectra of the supercritical extracts (200-400 bar and 35-50 °C)
from ALGO1 after a 2-hour extraction (focused specifically on the region 325-725 nm). The
extracts are dissolved in ethanol at a concentration of 0.1 mg mL™". Intense characteristic

Chlorophyll and Carotenoid absorption bands are visible in 400 bar and 300 bar extracts,

respectively.

The appearance across the range of extraction conditions indicated a change in
extract pigment composition. From 200 to 300 to 400 bar, the colour of the extracts turned
from yellow/brown to red/brown to green/brown, respectively. The red/brown hue of the
extracts deepened from 50 to 35 °C (figure 83). The consistency of the oils also varied. High
pressure extracts (400 bar) exhibited solid waxy oils, whereas those of lower pressure were
thinner viscous liquids.

UV-vis spectra suggest carotenoid and chlorophyll-like content in some of the
extracts. The UV-vis spectra of chlorophyll a in literature is recognised by characteristic
Soret (430 nm) and Q, (610 and 661 nm) bands (in ethanol). Carotenoids are similarly

identifiable by a ‘triplet’ of absorption bands (I, 11, 1ll) between 400 and 500 nm. The intensity
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and wavelength in which the bands appear vary depending on the specific carotenoid #2.
Violaxanthin (419, 440, 470 nm), vaucheriaxanthin (420, 442, 470 nm), canthaxanthin (474
nm), astaxanthin (478 nm), and [3,3-carotene (425, 450, 477 nm) have been identified in
Nannochloropsis 2% and each could be attributed to the 425, 449, and 473 nm absorption
bands present in some of these extracts.

Figure 83 collectively displays UV-vis spectra of the supercritical extracts. SC400
extracts exhibited absorbances at 409 and 666 nm, indicating chlorophyll-derivative
presence. In these samples the Soret absorption band has undergone a hypsochromic
(blue) shift (-21 nm) and the Q, band a small bathochromic (red) shift (+5 nm). This transition
could suggest the conversion of chlorophyll to pheophytin, by loss of its magnesium centre,
a process caused by acidification, heat, or light exposure #4275, Borello et al explored the
evolution of chlorophyll a into pheophytin a by UV-vis in the presence of acetic acid (pH 4),
and recognised a complete conversion after 166 min #*.  Supercritical CO, is inherently
acidic in the presence of water due to the formation of carbonic acid (pK,, 6.4, pK,, 10.3) .
Considering the moisture content of the biomass, the extraction process may be responsible

for chlorophyll degradation.

2x10°

— Chlorophyll a
— Chlorophyll b
— Pheophytin a
— Pheophytin b
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Figure 88: Literature UV-vis spectra of chlorophyll a/b and their respective pheophytin %’
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The SC300 extracts also exhibited the absorption bands of chlorophylls, however,
these were a minor component of the overall UV absorption of these extracts. The highest
intensity absorbances of the SC300 extracts were at 425 and 449 nm, characteristic of the
carotenoid materials mentioned earlier ?’2. The SC30040 and SC30035 extracts had the
greatest intensity of these carotenoid bands, whereas those of the SC30050 and SC400
extracts were less intense. In fact, the 425 nm band is absent or hidden in the SC400
extracts. Further, many of the bands exhibit shifts in the absorbance wavelength: SC30050
exhibits a blue shift and red shift of the 409 and 449 nm bands, respectively. Additionally,
SC30035 exhibits a blue shift of the 425 nm band. This could indicate variation in the
carotenoid profile, or simply the presence of compounds interfering with the T to m*
transition responsible for these absorption bands.

The UV-vis spectra of the SC200 extracts, however, suggested little chlorophyll or
carotenoids, with their major absorption band between 250 and 350 nm in the
near-ultraviolet region, likely due to saturated fatty acids 27,

These results suggest that the supercritical extraction conditions are selective of the
pigments extracted from the microalgae. The increased pressure of the SC400 extraction
conditions appear to favour chlorophyll/pheophytin solubilisation and extraction. Whereas,
the 300 bar extraction conditions favour carotenoid extraction instead. Increased extraction
temperature, however, has a negative effect on extraction of carotenoids, but a positive

effect on the extraction of chlorophylls/pheophytins.

194


https://paperpile.com/c/nOpaQX/FEVDl
https://paperpile.com/c/nOpaQX/PJ14E

4.2.2. Gas chromatography-mass spectrometry (GC-MS)
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Figure 89: GC spectra of supercritical extracts SC(200-400)(35-50). Compounds with a high
probability (>50%) MS match with NIST library data have been labelled. Major FFA and
sterol components were identifiable by GC-MS. Sample concentrations vary between 10-25

mg mL™".

In the supercritical extracts, 4 major FFAs were identified with good certainty by
GC-MS: myristic (C14:0), palmitoleic (C16:1), palmitic (C16:0), and EPA (C20:5). This aligns
well with the Nannochloropsis lipid profile seen in literature '**. El mass spectra of myristic
and palmitic saturated fatty acids exhibited a series of oxygen-containing (m/z 45 [COOH]",
59 [CH,COOHY*, etc.) and alkyl fragments (29 [C,Hs]*, 43 [CsH/]*, 57 [C,H,]", etc.), as well as
characteristic McLafferty rearrangement m/z 60 peak (figure 86) 8. The molecular ion and

retention time were key distinguishing characteristics between these fatty acids.
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Figure 90: Mass Spectrum of myristic acid (C14:0) from ALGO1 extract (85.2% similarity with

library fragmentation fingerprint).

Highly unsaturated fatty acids tend to have a molecular ion peak with low intensity
due to instability and fragmentation. In some cases [M-18]* ions from the loss of water are
common fragments which can help identify these molecules. However, underivatized fatty
acids of this kind have few distinguishable features to locate double bond positions.
Detection of EPA or DHA is particularly difficult by mass spectra, therefore the retention
times of commercially available standards were used to identify these fatty acids (EPA: 7.58
min, DHA: 7.95 min); although no extract exhibited DHA presence.

All extracts exhibited myristic acid as their primary fatty acid component. Its GC peak
was often shouldered by an unidentified compound eluting around 5.95 min. The ratio of
these free fatty acids shifted with the variation in the extraction conditions. EPA exhibited a
large variation across supercritical extraction conditions. At higher supercritical fluid densities
SC40035, SC40040, and SC30035 (~972, 956, 929 kg m™, respectively) the myristic acid to
EPA ratio is around or just under 1:1. Below 925 kg m™ the ratio is >2:1 (Myristic:EPA). This
suggests high CO, density favours an EPA richer extract. Palmitic and palmitoleic acids were

extracted in a fairly consistent ratio with myristic acid, similarly the compound at 5.1 minutes
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was also extracted in a consistent manner. Three unidentified compounds, eluting at 7.5, 8.0
and 8.5 minutes were significant in the 200 bar extracts. They appeared to favour low

density scCO, conditions gradually increasing in intensity from 35 to 50 °C.
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Figure 91: Mass Spectrum of palmitoleic acid (C16:1, top) and EPA (C20:5, bottom)

from ALGO1 extract (49.7% and 35.8% similarity with library fragmentation fingerprint).

Other metabolites detected via GC-MS include phytosterols: cholesterol (10.4 min)
and y-sitosterol (11.5 min), and in very small quantities, terpenes: neophytadiene (6.1 min)

and phytol (7.0 min). These lipids are commonly found in Nannochloropsis and other
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microalgae #'?’®, In the SC300 extracts, additional compounds eluted after 10 minutes
accompanying the identified sterols. A compound eluting at 10.2 minutes is present in almost
all extracts, and in SC30050 it is a considerably major component. The corresponding MS
spectra suggests that this compound is a-tocopherol, characteristic 430 m/z molecular ion
and 165 m/z fragments, is supported in literature 2°. Proton NMR of SC30050 also exhibited
significant aromatic proton environments which further indicates phenolic presence

(figure 94).
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Figure 92: Chemical structure of identified steroids, terpenes and phenolics in supercritical

J

CO, extracts.

These microalgal extracts are a complex mixture of lipids. In contrast to typical sharp
peaks of typical proton NMR these spectra often contain broad bands of compiled proton
environments. NMR spectroscopy of these extractives utilising 'H, *C, HSQC, and HMBC
provided supporting evidence of lipid material. Vinylic carbon and hydrogen environments
are characteristic of PUFA content, as well as carotenoids and chlorophyll. Alcohol and

oxygen-adjacent protons present between 3.5 and 4.5 ppm, could be associated with fatty
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alcohols.

associated with most lipids.
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Figure 93: 300 MHz 'H NMR spectra of a supercritical CO, extract from ALGO1 in

Chloroform-d. Major signals have been labelled using HSQC and HMBC spectra.

Highlighted are hydrogen environments and the corresponding proton in the fatty acid, EPA,

these environments are also common in many other PUFAs.
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4.2.3. ATR-IR spectroscopy
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Figure 94: FT-IR spectra of the dried supercritical extracts (200-400 bar and 35-50

°C) from ALGO1 after a 2-hour extraction. Inset shows zoomed carbonyl region.

Evidence of fatty acid presence was supported by ATR-IR spectroscopy. Carbonyl
C=0 stretching of acid and ester functional groups was prevalent in all extracts, coupled with
C-H stretching around 2900 cm™. Sp? hybridised C-H stretching and C=C stretching supports
the presence of unsaturated alkene environments of PUFAs. Further, an absorption band
appears in some extracts that shoulders the carbonyl stretching around 1680-1700 cm™.
This could potentially be assigned to a conjugated carbonyl. Broad O-H stretching was
evident in most extracts, however, only one extract, SC30040, exhibited monomeric (free)
O-H stretching. This may be attributed to phenolics or xanthophylls, present in these

extracts. In this same extract C-O stretching was also prominent.
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4.2.4. Antioxidant activity: TPC, TFC, and FRAP assay
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Figure 95: Antioxidant activity of supercritical CO, extracts from ALGO1 using varying
extraction conditions. Figures A and B show the effect of supercritical CO, density on the
TPC and TFC of the supercritical extracts, respectively. Figure C and D show the ferrous

reducing power of the supercritical CO, extractives in comparison with known strong

antioxidants, BHT and Ascorbic Acid.

Total phenolic content (TPC) and total flavonoid content (TFC) are useful for
determining antioxidant properties of biomass extracts as these phytochemicals are common

antioxidants found in plant materials. TPC is determined using the Folin-Ciocalteu (F-C)
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method. In alkaline solutions the F-C reagent (FCR) is reduced by phenolic compounds,
which is recognisable by the formation of a blue complex (765 nm). Compared to a known
phenolic standard, often gallic acid, the TPC is expressed in gallic acid equivalents 2%, TFC
is deduced via aluminium chloride colorimetric assay. The absorbance of the
flavonoid-aluminium chloride complex formed during this experiment is variable dependent
on the flavonoid. Quercetin is a common flavonoid standard for TFC determination and its

complex exhibits a maximum absorbance around 420 nm 280281,

HO O HO OH
H OH
HO
N—0H
HO OH ©
CH (0]
Gallic Acid Quercetin Ascorbic Acid BHT

Figure 96: Chemical structure of TPC, TFC and FRAP standards, gallic acid, quercetin,

ascorbic acid, and BHT.

TPC and TFC of the supercritical CO, extractives will be expressed in gallic acid
(GAE) and quercetin (QE) equivalents, respectively. These extractives contained between
40 and 140 mg GAE/g with the maximum achieved using 300 bar and 35 °C supercritical
extraction conditions. No clear trend between extraction conditions and TPC of the
extractives was observed due to large overlaps in the TPC repeat tests. TFC tests, however,
indicated a gradual increase in the presence of quercetin equivalent compounds in the
extractives with supercritical CO, density of the extraction, despite similar overlaps in the
repeat tests. A maximum TFC content was observed in the 300 bar, 40 °C supercritical CO,
extract (285 mg QE/g). Supporting these tests, proton NMR spectroscopy of these

extractives revealed weak aromatic signals between 6.0 and 7.7 ppm (figure 94). Phenolic
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and Flavonoid compounds have been recognised in many algal species and their presence
in lipid extracts is not unfamiliar in literature 222,

Ferric reducing antioxidant power or FRAP assay is one of many methods of
determining the antioxidant activity of a compound. Potassium ferricyanide, the ferric reagent
used in this assay, undergoes reduction to form Prussian blue which is quantified by
spectrophotometry (see figure 93) %3, The quantity of iron(lll) chloride must be limited to
avoid the precipitation of Prussian blue. For comparison FRAP assay was performed on

known antioxidants, ascorbic acid (vitamin C) and butylated hydroxytoluene (BHT).

Fed* reduction Fe?*
Fe(lN(CN)e> —22ueton _ co iy CN)s*
Fe3* + Fe(ll)(CN)g* _.._H -~ Fe(lll)[Fe(ll)(CN)s]" Prussian Blue

Figure 93: Reaction scheme for the formation of Prussian Blue from ferricyanide and iron(Ill)

283

The supercritical CO, extracted lipids exhibited antioxidant activity via FRAP assay,
specifically those extracted under 300 bar and 50 °C conditions. At 1 mg/mL this extract
revealed equivalent antioxidant power to BHT at 0.1 mg/mL. However, the extracts produced
via supercritical extraction conditions of low pressure and high temperature; otherwise
recognised as low density supercritical fluids, resulted in poorer antioxidant power. The high
antioxidant activity could be explained by the suggested presence of phenolics and
flavonoids in these extracts, but also due to the presence of unsaturated fatty acids (C16:1

and C20:5) and carotenoids, which too have antioxidant properties.
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Figure 98: Cropped 300MHz 1H NMR spectrograms of various supercritical CO, extracts in

chloroform-d. Highlighted are weak aromatic proton signals at 6.70, 7.00-7.05, and 7.50-7.70

ppm.

4.2.5. Differential scanning calorimetry (DSC)

The extracts tended to become more solid and waxy from higher pressure and lower
temperature extractions or as the density of the supercritical fluid increased. DSC analysis of
the extracts revealed that the extracts were composed of a complex mixture of materials.
Melts and crystallizations were typically broad across all samples.

First heat-cool cycles (Figure 95) showed the presence of thermally labile material in
SC30050 and SC40040, as an irreproducible exothermic transition was observed between
80-110 °C in both samples. The presence of chlorophyll suggested by UV-vis spectroscopy
could explain the presence of this transition in SC40040. Literature decomposition of
chlorophylls is around 117-130 °C 2%, however, in the presence of a complex mixture the

melt/decomposition is likely to have been reduced to lower temperatures.
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Figure 99: DSC spectra showing the 1st heat-cool cycle of supercritical extracts
SC(200-400)(35-50). An irreproducible exothermic transition at 80-100 °C in SC30050 and

SC40040, suggest the thermally labile presence of chlorophylls.

Second and third heat-cool cycles (Figure 96) showed 2 main melts and
corresponding crystallisations in all extracts. Generally as the extracts are heated from -30
°C the extracts begin to melt. The first melt peak (m’) appears between 0 and 10 °C, which
could be attributed to the unsaturated fatty acids. In literature, palmitoleic and linoleic acid
melt just below 0 °C %% EPA melts at -53 to -54 °C, therefore it is unlikely this study's
experimental range will exhibit a transition associated with this lipid. The second melt (m?)
occurs between 20 and 40 °C. Despite aligning closer in literature with lauric acid (m, 44 °C)
25 this transition m? is likely due to abundant fatty acid, myristic acid melting which will have
been shifted from around 54 °C to lower temperatures due to its low purity 2%. The sample
continues to melt slowly until around 110 °C, no further noticeable transitions occur up to 150
°C (or 200 °C in SC40050 and SC30050 extracts). Upon cooling a rapid first crystallisation

(r?) occurs around 35 °C (between 29 and 37 °C across all samples) corresponding to the
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second melt and a following second slower crystallisation transition (r') occurs between 0
and 10 °C corresponding to the first melt.

The peak of these transitions shift depending on the extract. The lower pressure
extracts tend to show first melts at higher temperatures than those of the high pressure
extracts. The lower pressure, 200 bar extracts are assumed to contain ‘solely’ fatty acid
material, this higher purity could explain this transition. The ratio of the first melt in
comparison to the second melt also varied across the extracts with the first melt being more
prevalent in the SC20035, SC20040, SC300 35, and SC30040 extracts. These extracts are
not necessarily enriched in unsaturated fatty acids that have been associated with this melt,
however, unidentified compounds in these extracts could be responsible also. The second
melt also varied across the extracts, however, a trend was not recognised. In the high
pressure extracts (SC400) an additional melt (m®) and recrystallisation (r’) was observed

around 45 °C.
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Figure 100: DSC spectra showing the 2nd and 3rd heat-cool cycles of supercritical extracts
SC(200-400)(35-50). Labelled are the main two melts and corresponding recrystallisations of
the extracts at 0-10 °C and 20-40 °C. Also labelled is the third melt and recrystallisation

present in the SC400 extracts.
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4.3. Microwave hydrothermal defibrillation of microalgal

cellulose (Objective lll)

Spray-dried biomass scCO, deoiled biomass
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Figure 101: Defibrillated cellulose obtained via microwave treatment at the
temperatures of 160, 180, 200 and 220 °C for a total of 30 minutes (50:50 ramp:hold). Brown

colour potentially described by the Maillard reaction inset.

Defibrillated celluloses from both spray dried microalgal biomass as well as scCO,
deoiled biomass has been successfully generated during microwave processing at various
different temperatures (160-220 °C). As shown in figure 97, an increased brown coloration
can be observed with increasing temperature which is a result of the Maillard reaction or
development of humins (section 3.1.2). The Maillard reaction involves the interaction of
carbohydrates and proteins at high temperatures, which in this case are achieved during the

microwave treatment, to form brown polymers known as melanoidins 287-2%,
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Figure 102: Defibrillated cellulose yield (line chart) and carbohydrate yields (bar chart) of

spray dried and supercritical treated microalgal biomass at different microwave

temperatures.

Figure 98 depicts the trends in defibrillated cellulose yields and hydrolysate

carbohydrate yields. The former decreases by approximately 10 % per every 20 K increase

from 51 % down to 15 % reflecting the effect of microwave-induced degradation and removal

of microalgal cell components such as lipids, pigments, hemicellulose and proteins 2%-292,

Both spray dried as well as the deoiled biomass afford similar yields within a margin of 5 %

of each other suggesting a limited effect of the supercritical process on the cellulose material

within microalgal biomass. Analogous with the degradation and defibrillation of cellulose, the

carbohydrate hydrolysate yield similarly increases linearly from 6 % to a maximum of 22 %

164-166 Characterisation of the hydrolysate is covered in more detail in section 4.3.6.
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4.3.1. Thermogravimetric analysis

1 Moisture + Volatiles Cellulose
0 %
-1 4
1 — 160
-2
— 180
O 3] 200
0 ] — 220
-4 160 scCO:
| 180 scCO:2
-5 - ——— 200 5¢cC0:
. ——— 220 scCO2
-6 -
-7 4 -
T T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Figure 103: DTG thermograms of spray-dried biomass and scCO, deoiled biomass produced
defibrillated celluloses. Spectra produced from TGA from 20-800 °C under a 100 mL min™" N,

atmosphere.

Thermogravimetric analysis of defibrillated celluloses derived from both biomasses
are shown in figure 99, plotting the first derivative (difference thermogravimetry, DTG). From
the DTG traces more information about the nature of the hierarchical MHT-derived
defibrillated celluloses can be extracted.

Similar to the decomposition of the initial biomasses, these materials undergo two
stages of decomposition between 0 and 500 °C. The first stage (50-125 °C) involves the loss

of volatiles and moisture accounting for 4-8 % of mass. The second stage (280-390 °C)
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involves cellulose decomposition accounting for 55-65 % of mass. For the first 3
temperatures (160, 180, and 200 °C) the DTG spectrum is comparable with the spray dried
and deoiled biomasses. However, there is a noticeable shift in the second stage for the
highest microwave temperature run (220 °C). The peak maximum for cellulose
decomposition shifted approximately 30 °C higher in temperature (see arrow in figure 99).
This indicates microwave heat treatment results in a shift towards a more stable crystalline
structure of cellulose. Only at the highest temperatures does this behaviour occur; it is
therefore likely that microalgal cellulose requires very high temperatures for this structural

change to take place.
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4.3.2. X-ray diffraction
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Figure 104: X-Ray diffractograms of defibrillated celluloses derived from (A) Spray Dried

biomass and (B) scCO, deoiled biomass. Black numbers indicate crystalline cellulose |

planes, red numbers indicate CaC,0O, planes. (C) Crystallinity index (Crl) of defibrillated
celluloses against microwave temperatures calculated via Segal’s method 2. (D) Literature

x-ray diffractograms of crystalline cellulose | and predominantly amorphous cotton cellulose.

The XRD patterns of defibrillated celluloses derived from both biomasses are shown
in figure 100. The diffraction patterns arising from crystalline cellulose are marked in black
numbers arising at 206 = 16.5° and 22.5° 2%-2%_ With the higher microwave temperatures the
intensity of the peak at 26 = 16.5° increases indicating a higher crystallinity which is
confirmed by the crystallinity index derived from the XRD patterns. The crystallinity index

was determined via Segal’'s method, which is the ratio of the intensity of crystalline cellulose
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(22.5°) to amorphous cellulose (18.0°). Interestingly, the traces of the 200 °C and 220 °C
defibrillated celluloses (only 220 °C from the deoiled biomass) follow a slightly different
pattern than the lower temperatures. In these samples the 18-20° peak is diminished,
indicating a perceivable shift in cellulosic structure towards a more crystalline structure which
is in line with DTG findings portrayed in figure 99.

Additional sharp peaks at 26 = 15.1°, 24.4°, and 30° might indicate the presence of
insoluble calcium salts, most notably calcium oxalate (CaC,0,) which can be present in
microalgal cell structures, especially the vacuole and the cell wall '°¢2%2% There does not
seem to be any noticeable change in intensity for these calcium salt peaks, suggesting they
are a constant component of microalgal MFC regardless of the temperature of the
microwave treatment.

The crystallinity index (Crl) reveals a steady increase in the crystallinity peaking at
200 °C for both methods (29.8 % for spray dried and 23.0 % for the scCO, deoiled
defibrillated celluloses) followed by a subsequent drop for the highest temperature of the
microwave processing to levels similar to the ones seen at 180 °C 2%32%82% | grge differences
can also be recognised between the defibrillated celluloses of the two biomasses. Spray
dried biomass yields a higher cellulose crystallinity from 180 °C onwards. The difference in
Crl at the same temperatures reaches its largest value at the peak position at 200 °C with A
= 6.8%. Crystallinity values increase with temperature due to the gradual removal of
amorphous impurities from the biomass such as starch and hemicellulose which will be
hydrolysed and released from the cellulose matrix. Compared to previous studies on pea,
orange and ginger waste, which unlike microalgae also contain lignin, the values seem to be
comparable with similar Crl as well as developments showing a peak at 200 °C "' The
final drop of Crl at the 220 °C can be explained by temperature-induced cellulose
decomposition 3% The slight discrepancy in overall Crl between the two methods
indicates scCO, pre-treatment to have a preventive effect with regards to crystallinity
formations within the cellulose structure while still following the same general trend as the

standard method.
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4.3.3. Solid state "*C cross polarisation magic angle spinning NMR
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Figure 105: Solid state °C CPMAS NMR spectra of defibrillated celluloses derived from
spray dried and scCO, deoiled biomasses using microwave hydrothermal treatment

(160-220 °C)

Figure 101 shows the *C SSNMR spectra of the defibrillated celluloses. A signal at
175 ppm present in all defibrillated celluloses corresponds to the carbon environment of
carbonyl and carboxylic acid groups, typically found in hemicellulose, more specifically
regarding this biomass it could be attributed to glucuronic acid in hemicellulose (section
4.1.2). As the hydrothermal temperature increases this signal in the spray dried samples
appears to reduce in intensity suggesting hemicellulose hydrolysis. Whereas in the deoiled
samples this signal’s intensity is retained, which further suggests the scCO, pretreatment
has a preventative effect. A chemical ‘hardening’ of hemicellulose content may also be
evident in the preliminary characterisation of scCO, oil-free ALG0O1 biomass (appendix 4.2 &
4.3). Klason analysis of this biomass exhibited an increased acid-insoluble ‘lignin’ content
and reduced hydrolysate sugar/organic acid content compared to the spray-dried ALGO1
biomass, suggesting the supercritical CO, treatment has induced a resistance to

carbohydrate hydrolysis.
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The signal at around 130 ppm indicates the presence of C=C carbon. In the spray
dried biomass this could correspond to the unsaturation found in the polyunsaturated fatty
acids (PUFAs) which contribute a significant fraction of this microalgae **2. However, the
presence of this signal in the deoiled biomass suggests it could also be attributed to
algaenan 3%, Another signal appears at 32 ppm which can also be attributed to alkyl carbon
environments present in lipids and algaenan. As microwave temperature increases the
intensity of these signals in the spray dried materials decrease suggesting lipid degradation
at higher temperatures. Once again the deoiled biomass exhibits a resistance to
degradation, likely due to the non-hydrolysable nature of algaenan.

Cellulose carbon signals are present in the region between 120 ppm — 60 ppm and are
assigned in figure 101 %2, These signals are broad, which is likely caused by retained
amorphous polysaccharides, in contrast to sharper signals typically found in crystalline

cellulose 304,
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4.3.4. Transmission electron microscopy
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Figure 106: TEM images of defibrillated celluloses derived from spray dried biomass

(160-200 °C). Defibrillated celluloses of both biomasses are shown at 220 °C to contrast the

defibrillation resistance of the scCO, deoiled biomass.

TEM imaging of the afforded defibrillated celluloses displays the effect of hierarchical
hydrothermal temperatures. In the 160 °C materials, the structure appears mostly
amorphous, showing globular structures of what is likely hemicellulose. Any visible cellulose
is still found clustered together in fibres. In the 180 °C materials, large quantities of the
amorphous hemicellulose have been removed to reveal the cellulose fibres around 20-200
nm wide. The finer microfibrils appear to be highly ordered and remain bound together in
parallel. Further heating to 200 °C and these cellulose fibres begin to bulge to +300 nm.
Amorphous materials binding the cellulose microfibrils have undergone hydrolysis enabling

the individual fibrils to spread, however free fibrils cannot yet be seen. In the final heating
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stage, the individual fibrils are free, disordered and have cleaved into smaller individual
units, concurrent with literature %% These fibrils are now around 10-20 nm wide and
around a hundred to a few hundred nanometers long. This is true for the spray dried
biomass, however, the deoiled biomass continues to appear resistant to hydrolysis.
Contrasting the two defibrillated celluloses from 220 °C hydrothermal treatments, the
fibrils from the deoiled biomass still appear to be bound together in clusters, potentially by
retained hemicellulose suggested in SSNMR analysis (section 4.3.3). Although some

regions appear to have fragmented into smaller units and are no longer clearly ordered.

4.3.5. Water-holding capacity and gel formation
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Figure 107: Water holding capacities (WHC) of defibrillated celluloses derived from both
spray dried and scCO, deoiled biomass. Inset is the visual gelling properties of the high
temperature MHT treatments at a concentration of 3.0% in water. (Biomass WHC and error

analysis available in appendix 4.4)
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The water holding capacities (WHC) of the different defibrillated cellulose samples
are summarised in Figure 103. WHC values fluctuate around 4.5 g H,O/g without any
noticeable trend between the microwave temperatures or initial biomass. These values are
lower than literature lignocellulosic or pectinaceous biomass derived defibrillated celluloses
suggesting that the material generated from microalgal biomass is not able to hold as much
moisture as the compared defibrillated celluloses '8*"'%. This may be due to retained
hydrophobic algaenan present in the microalgal celluloses preventing water retention.

Hydrogel formation tested at various concentrations of defibrillated cellulose in
deionized water (0.5 %, 0.75 %, 1.0 %, 1.5 %, 2.0 % and 3.0 %) has shown that hydrogel
formation is possible. However, only the materials produced from microwave temperatures
above 200 °C formed a gel; and only at the highest concentration (see inset Figure 103).
These gels are also unstable, maintaining inversion for only 5 seconds before breaking and
sliding to the bottom of the vial. Gel formation is also temporary, after a few hours the gel
properties subside and the sample needs to be re-homogenised to reform the gel.

These defibrillated celluloses have the ability to hold water and form hydrogels which
presents a potential application for these materials in sectors such as food, pharmaceutical

and cosmetics, as coatings, films and barrier materials .
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4.3.6. Hydrothermal microwave hydrolysate sugar content
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Figure 108: Hydrolysate carbohydrate content obtained from HPLC for spray dried biomass

(left) and scCO, deoiled biomass hydrolysates (right).

Figure 104 shows the HPLC-determined sugars obtained via microwave hydrolysis of
algal biomass. Most concentrated in the sugar-rich hydrolysate is glucuronic acid, which is,
as stated earlier, an integral building block of the algal cell wall hemicellulose, along xylose
and mannitol which both appear in the hydrolysate but at lower concentrations %%, Unlike
acid-hydrolysed ALGO01 carbohydrate content (section 4.1.2), mannitol is present, which
aligns with literature 2. Increasing yields of total hydrolysates are afforded with greater
microwave operating temperatures. Amorphous polysaccharides hydrolysed below 200 °C
contribute primarily glucuronic acid to the hydrolysate, however, above 200 °C there is a
decrease in concentration. This may be attributed to hydrothermal decomposition of
glucuronic acid to lactic acid *. In contrast to glucuronic acid and mannitol which decrease
in concentration with temperature, xylose concentration remains fairly constant. No
significant quantity of glucose has been identified in these hydrolysates, this is likely
because microwave hydrothermal treatment at these temperatures is unable to hydrolyse

crystalline cellulose 6456,
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Comparing the hydrolysates of ALGO1 to the deoiled biomass, the deoiled biomass
exhibits a perturbed release of glucuronic acid and mannitol, further indicating the treatment
with a supercritical fluid has caused a hardening of hemicellulose content.

The concentration of lactic acid (Figure 104) continues increasing with increasing
microwave temperature, indicating that the depolymerization of carbohydrates into small
organic acids is a significantly favoured process under increasing temperatures. Lactic acid
also appears to be the main breakdown product for microwave treatment of this biomass at

these temperatures.
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4.4. Extraction of proteins from EPA-free spent ALG01

(Objective IV)

This section explores acid, base, and enzyme-free cell disruption methods in tandem
with ultrafiltration to afford protein rich extracts. These approaches have been applied to
both ALG01 and EPA-free spent ALGO1 to determine the validity of sequential EPA

extraction and protein extraction for application in a zero-waste biorefinery.
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Figure 109: Yields of ultrafiltration obtained retentate and permeate extracted from spray
dried and EPA-spent ALGO1. Inset are images of the typical appearance of freeze-dried

retentate and permeate samples.

Aqueous extraction was performed on spray dried and EPA-spent samples. Following

ultrafiltration a retentate was obtained, in most extracts this accounted for around 10 % of

the total water soluble content. Assuming ultrafiltration is successful, the majority of the
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water-soluble content are small molecules <10 kDa in size, such as sugars, amino acids,
and salts.

An increase in retentate and permeate yield was observed in extracts from EPA-free
ALGO1. The EPA extraction process has been recognised to have a destabilising effect on
residual ALGO1 biomass (section 4.1), which has increased its free water-soluble content.
The green colour of EPA-spent ALGO1 extracts, plausibly suggests chlorophyll presence.
Suggesting the EPA extraction process has liberated pigmentation which is not attainable
through dissolution in water alone. Unlike similar studies performed by Ribeiro et al and Safi
et al, the pigmentation is evident in both retentate and permeate. Literature suggests that in
aqueous extracts chlorophyll is contained within small lipid droplets, which would suggest in
this work some of these droplets are small enough to to pass through the ultrafiltration
membrane '7%3%° A potential cause for the extraction of chlorophyll in spent ALGO1 protein
extracts may be due to the saponification of fatty acids during the base extraction of EPA;
resulting in micelles of captured chlorophyll (figure 106). Chlorophyll presence in protein
extracts is undesirable for certain applications where a green colourant is not desired '7°,
however, the pigmentation can be removed using acetone precipitation, which affords a dark
green solution and precipitates a pale grey/pink protein precipitate. Despite the simplicity of

chlorophyll removal, avoiding the use of organic solvents, like acetone, is preferable.
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Figure 110: Simplified diagram of a micelle formed from saponified fatty acids containing

chlorophyll within a lipid droplet.

In both the spray dried and spent ALGO1, the appearance of the retentates are
fibrous and ‘fluffy’, whereas the permeates are crystalline. Following cell disruption
treatments, the appearance of the retentates and permeates changed very little. The cell
disruption methods used in this study also caused little change to the retentate yields
afforded from spray dried ALGO1. In some cases the retentate yield decreased, for example
using microwave assisted extraction (MAE). The permeate yield following mechanical
grinding or homogenisation of this biomass increased significantly. These results suggest
mechanical grinding and homogenisation assist in the release of water soluble content; but
specifically metabolites less than 10 kDa in size. Ultrasonication and MAE appear to have no
positive effect on the extraction of water soluble content from spray dried ALGO1.

Spent ALGO1 was more susceptible to ultrasonication and MAE cell disruption.
These methods exhibited approximately a 2 and 1.5 times increase in the retentate yield and
a 2 and 4 times increase in the permeate vyield, respectively. Mechanical grinding and
homogenisation, on the other hand, had very little effect. It is interesting that these cell

disruption methods, mechanical grinding and homogenisation, were effective at disrupting
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spray dried ALGO1 but not spent ALGO1 and vice versa for ultrasonication and MAE. It
would seem that some of these physical cell disruption methods are ineffective on ALG01’s
small microalgal cells without chemical treatment (i.e. base hydrolysis during EPA
extraction). In the future, microscopy would be a useful technique to see if any cell disruption

is visible, and potentially explain this phenomenon.
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4.4.1. Elemental analysis (CHN)
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Figure 111: CHN microanalysis contents for spray dried and EPA spent ALGO1 retentate and
permeate samples following aqueous extraction and ultrafiltration, and variable cell

disruption methods.

Although EPA-spent ALGO1 exhibited higher retentate yields, CHN determination
revealed a nitrogen content of 2.69% compared to a 4.69% content for the retentate of the
spray dried sample. In fact, the retentates and permeates of EPA-spent ALGO1 almost
always had lower nitrogen contents than those of ALGO1, regardless of cell disruption
method. Furthermore, for both algal biomasses, retentate nitrogen content was typically
higher than that of the permeate, indicating protein enrichment in the retentate. A few minor
exceptions include: a) the water soluble content obtained from ALGO1 via grinding and that
obtained from EPA-spent ALGO1 via ultrasonication, which both exhibited equivalent
nitrogen content in both retentate and permeate. b) the water soluble content obtained from
both EPA-spent and spray dried ALGO1 via microwave assisted extraction, which both
exhibited a greater nitrogen content in the permeate. The nitrogen content ranged from 2-5%
across all samples, which is equivalent to a protein content of 13-31% assuming all nitrogen
is associated with protein (6.25 conversion factor). Permeate samples typically had a higher
residual content than retentate samples. Assuming the residual content is predominantly

oxygen, one could associate this with polysaccharide presence also high in oxygen content.
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4 .4.2. Protein visualisation
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Figure 112: SDS-PAGE gel presenting the distribution of protein sizes, stained in blue, within
ultrafiltration obtained retentate and permeate samples, extracted from ALG0O1 and
EPA-spent ALGO1 samples following different cell disruption methods: None (N), Grinding

(G), Homogenisation (H), Ultrasonication (U), and Microwave assisted extraction (M).

SDS-PAGE was used to determine the molecular weight distribution of the protein
content in ALG0O1 and EPA-spent ALGO1 retentates and permeates. This electrophoresis
technique resolves unfolded, charged, SDS-bound proteins based on their ability to pass
through a polyacrylamide gel, which is typically determined by protein length/size 3'°. All
samples exhibited heavy smearing, even after several dilutions and acetone precipitation to
remove impurities, which could indicate degradation of the protein content. This degradation
has produced a mixture of protein fragments that are not clearly resolved and resulted in a
significant quantity of low molecular weight proteins around and below 10 kDa. Cell
disruption does not seem to be the immediate cause of proteolysis as smearing is evident
even without cell disruption. It is likely that spray drying, which involves a process of
pressurised spraying from a 180 °C nozzle, and the EPA extraction process have degraded

a significant portion of protein content.
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Despite the above problem, a faint protein band at 37 kDa in size was recognisable
in all retentate samples. In EPA-spent ALGO1 retentates, following cell disruption, bands
between 100-150 kDa appear. These were not present in the ALGO1 retentates or
EPA-spent retentate without cell disruption, suggesting a combination of base-catalysed
weakening of the cell wall (EPA extraction) and these cell disruption methods enabled the
liberation of larger proteins trapped within the cell.

In most of the permeate samples little to no protein was identified by SDS-PAGE.
Ultrasound extracted ALG01 and microwave extracted EPA-spent ALG0O1 permeates, exhibit
a strong band below 10 kDa. Due to their low weight and size these proteins have been able
to pass through the ultrafiltration membrane. In some cases ultrafiltration fails with proteins
of approximately 15 kDa in size appearing in the permeate. Why the technique fails in these

samples is not clear.
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4.4.3. Protein content via Bradford Assay
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Figure 113: ALGO1 and EPA-spent ALGO1 retentate yields and protein contents determined

by CHN nitrogen-to-protein conversion (bar) and Bradford assay (line).

Bradford assay is a technique that utilises Coomassie Blue G250 dye to quantify
protein content. In the acidic assay reagent solution this dye takes on a protonated cationic
form, which is red in colour (470 nm). The dye undergoes a colour change when bound to
proteins and becomes a brilliant blue (590 nm) . The intensity of absorbance at 595 nm can
be used to quantify the protein concentration based on a protein standard (albumin). The
dye favours binding to basic amino groups in protein structures, typically associated with
amino acids such as arginine and lysine. The Coomassie dye also binds to aromatic amino
acids, such as histidine, phenylalanine, tryptophan, and tyrosine, but to a lesser extent. It is
also important to note a limitation of this dye is that it only binds to protein residues
containing these amino acids, not free amino acids or peptides smaller than 3 kDa in size 3"'.
Further a significant uncertainty in Bradford-Assay analysis appears at high concentrations
of protein. The calibration curve produced during Bradford assay analysis becomes heavily
uncertain at concentrations above 750 ug mL™" (Figure 22), which is equivalent to around
30% protein content (considering the concentration of the samples is 2500 ug mL™"). Sample

dilution was performed to minimise the protein concentration below this threshold.
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Figure 114: Chemical structure of amino acids that bind to the Coomassie dye and are

recognised by Bradford Assay.

In these works, Bradford assay indicated protein presence around 10-30 % across
the retentate samples obtained from ALGO1 and EPA-spent ALGO1. Protein extractions
using water alone, exhibited the lowest protein contents at 10 % for both algal biomasses.
The highest contents (28-29 %) were obtained from ALG01 biomass treated with mechanical
grinding or homogenisation. Ultrasonication and microwave assisted extraction caused a
poorer increase in protein content (15-25 %). Ultrasonication appeared to extract/produce
the highest quantity of low weight protein molecules according to SDS-PAGE visualisation,
which explains the low Bradford assay protein content but high nitrogen content, as Bradford
assay has difficulty recognising these small peptides 3"". This is also evident in the
EPA-spent samples. However, in these samples only homogenisation appears to cause an
increase in the protein content (20 %) but to a much lesser extent than extractions from
ALGO1. These results contrast with protein contents determined by a nitrogen-to-protein
conversion ratio of 6.25, specifically the samples obtained via ultrasonication. The nitrogen
content of both ALG01 and EPA-spent ALGO01 derived retentates using ultrasound assisted
extraction equates to 43 and 24 % protein content, respectively. Bradford assay indicates 25

and 12 % for these samples, respectively. This could be attributed to multiple reasons:
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overestimation of nitrogen content protein due to non-protein nitrogen, or an underestimation
of Bradford assay protein due to proteolysis, or proteins of low arginine and lysine content.
Bradford assay of permeate samples determined protein contents of less than 2%,
which indicates successful protein/sugar fractionation. However, the protein content in the
permeates is likely small proteins (<10kDa), peptides, and amino acids, which once again

are often unrecognised by Bradford assay.
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4.4.4. ATR-IR spectroscopy
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Figure 115: ATR-IR spectroscopy of ultrafiltration obtained retentate and permeates

extracted ALGO1 and EPA-spent ALGO1 following various cell disruption methods.

Retentate and permeate samples from both biomasses exhibit O-H or N-H stretching

around 3300 cm™ and C-O stretching around 1050 cm™. These are features present in both

protein and polysaccharide compounds. Two overlapping bands at 1630 and 1560 cm

attributable to amide | and amide |l vibrations. Amide | arises mainly due to C=0 stretching,

however, because of hydrogen bonding between amide bonds in folded proteins the N-H

bond also contributes to this vibration 222, The same is true for Amide Il which arises mainly

due to N-H bending, but with contribution from the C=0 bond. In the retentates, the 1630

cm™” band is typically more prominent, whereas the reverse is true for the permeates. An

additional carbonyl stretch at 1720 cm” in some samples suggests some acid/ester

presence too. These could be attributed to aspartic or glutamic acid known to be present in

Nannochloropsis protein extracts, accounting for approximately 10% of the total amino acid

content each in literature '*°.
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4.4.5. HPLC analysis of ultrafiltration permeate
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Figure 116: HPLC determined carbohydrate content of ALGO1 and EPA-spent ALGO1

ultrafiltration permeates.

HPLC sugar analysis of the permeates found an average carbohydrate content of
20.0% and 18.1% for the spray dried and EPA-spent algal permeates, respectively. The
carbohydrate composition for the spray dried permeate was determined to mainly be
composed of levoglucosan (44%), a product of thermal degradation, indicating the effect of
the high temperature drying process. Other components include glucuronic acid, glucose,
and xylose which accounted for 40% of the carbohydrate content. The composition of the

spent algal permeate differed slightly. The main component was cellobiose (26%), a
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hydrolysis product of cellulose *'2. This further indicates the effect of the EPA extraction
process. Similar to the spray dried algal permeate, glucuronic acid, glucose, and xylose still
accounted for almost 40% of the carbohydrate content.

Cell disruption did not appear to have a significant effect on the carbohydrate content
of the permeates. Cell disruption treatment of ALG0O1 appeared to slightly increase the total
carbohydrate content. Specifically ultrasonication, which liberated a greater quantity of
uronic acids, which indicates further breakdown of the hemicellulose content. The opposite
was observed in the EPA-spent permeate samples (except homogenisation which was

almost equivalent to the ‘untreated’ biomass).

232


https://paperpile.com/c/nOpaQX/kEBD9

4.5. Chapter summary

This chapter has explored green valorisation techniques: supercritical CO, extraction,
microwave hydrothermal defibrillation of cellulose, and the extraction and enrichment of
proteins using green cell disruption technologies.

In these works it was recognised that co-solvent-free supercritical CO, extraction is a
suitable method of affording extracts containing high-value polyunsaturated fatty acids,
pigments and phenolics from microalgae, ALGO1. A factorial approach indicated selectivity
regarding pigment and lipid content, with carotenoids favouring 300 bar pressure,
chlorophylls/pheophytins favouring 400 bar pressure, and EPA favouring 35 °C temperature
and pressures above 300 bar. These extracts had significant antioxidant power due to their
PUFA, carotenoid, and phenolic content. The maximum achieved via a 300 bar and 50 °C
extraction. These oils were thermally stable for 3 cycles between -30 and 150 °C, with only 2
samples exhibiting decomposition (SC30050 & SC40040). These results offer potential
applications for these oils as nutritional supplements 3'3%'4, With further research these oils
could have a more novel application as a coating in edible films, providing protection against
food oxidation/spoilage whilst adding nutritional value 3'>3"7.

In literature microwave hydrothermal defibrillation of cellulose has been recognised
as a suitable green method of valorising cellulose-rich biomass residues. Successful
defibrillation of microalgal cellulose has been achieved in these works using microwave
treatment above 200 °C. Microwave-induced hydrolysis of hemicellulose material within
ALGO1 cell walls, afforded highly crystalline defibrillated cellulose material which is capable
of retaining approximately 5 times its weight in water and forms weak gels. This valorisation
technique was applied to supercritical CO, deoiled residues with a degree of success.
Defibrillated cellulose was obtained following microwave treatment at 220 °C, this deoiled
biomass exhibited a preventative effect which appeared to slow the defibrillation process. It
is unclear as to why this effect takes place. In contrast to literature, which proposes

supercritical fluids as a promising pretreatment or cell disruption method 3'8, the results of
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this study could suggest this pretreatment caused a pseudo-hornification of hemicellulose
and cellulose fibrils 3'°. This effect, however, had minimal effect on the defibrillated cellulose
water holding or gelling capacity and therefore these materials have various applications as
films, coatings, rheological modifiers, and more .

EPA production and extraction from the microalgae, ALGO1, is already at a
commercial scale. This chapter has successfully valorised the EPA-free ALGO1 residue,
affording a protein enriched fraction using only water and green cell disruption and
ultrafiltration technologies. Base-catalysed extraction of EPA liberated a fraction of the
protein content via hydrolysis, which resulted in double the retentate yields in comparison to
intact ALGO1. Compared with similar approaches in literature, the total protein recovered is
relatively low in this research. One article achieved 12 % total protein yield and almost 85 %
retentate protein content **. SDS-PAGE and Bradford Assay confirmed protein presence
and identified proteins of 37 and 10 kDa in weight, however, these methods also indicated
protein degradation. The addition of ultrasonication or microwave assisted extraction cell
disruption, increased the retenate yield by 2 or 1.5 times the untreated EPA-free ALGO1,
respectively. Cell disruption technologies also enabled the liberation of larger proteins
around 100-150 kDa in weight. Permeate fractions were recognised to contain high
carbohydrate and protein content, however, the success of ultrafiltration limited the size of

the proteins to less than 15 kDa.

234


https://paperpile.com/c/nOpaQX/xQ998
https://paperpile.com/c/nOpaQX/cN3Jw
https://paperpile.com/c/nOpaQX/I4VlP

Chapter 5. Future work & conclusions
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5.1. Future work

Due to time constraints and availability of equipment over the duration of COVID
lockdown several ideas that were initially explored had to be stopped. The following section

highlights these ideas as potential for future work.

5.1.1. Carbonisation of microwave-assisted carrageenan extracts

The extraction of carrageenan from Irish Moss by microwave-assisted extraction
followed by the sequential pyrolysis of the polysaccharide and production of ISCPCs would
be a useful piece of future work. In literature, microwave-assisted extraction has been used
for the extraction of carrageenan. Ponthier et al. reported that carrageenan was successfully
extracted from the red algae, Masticarpus stellatus, using microwave irradiation (70-190 °C,
3-6 min) and water alone. Isolation via antisolvent precipitation (acetone), revealed a
maximum yield of 60 % after a 6 minute extraction at 150 °C. Ponthier et al. also reported
that the extraction temperature could selectively influence the molecular weight distribution
and gelling properties of the carrageenan extract, and stated that “microwave heating
temperature should be increased up to 170 °C whenever it is sought to promote the strength
of the hydrogels” '#.

Our preliminary studies of microwave-assisted extraction afforded similar
carrageenan extracts to conventional heating. Methodologies included in appendix 5.1.
Equivalent yields, appearance, and characteristic TGA and VT NMR data, was obtained at
100 °C and 50 °C microwave runs compared to conventional hot water extraction

(figure 113). Microwave-assisted extraction also produced more consistent yields.
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Figure 117: A zoomed region (3.5-6.0 ppm) comparing the 80 °C 'H NMR spectra of IME
obtained using conventional and microwave assisted extraction methods. Labels are
pyranose proton environments of kappa carrageenan and the ratio of kappa and iota

carrageenan for each sample determined by the ratio of the anomeric protons. Yields of Irish
Moss extract (IME) using microwave assisted extraction methods compared to conventional

heating (timings indicate ramp:hold).

Examining the residual Irish Moss biomass also indicated that microwave extraction
resulted in a higher efficiency of carrageenan extraction. Following a 20 min 100 °C
microwave extraction, complete carrageenan removal was achieved according to the TGA of
the residues (figure 114). Conventional and low temperature (50 °C) microwave extraction,
exhibited carrageenan presence in the residue by the DTG peal around 210-220 °C. Despite
identical behaviour between microwave and conventionally obtained Irish Moss
carrageenan, a measure of polysaccharide hydrolysis is important. HPLC of this highly

viscous gel is difficult, instead the application of size exclusion chromatography (SEC) would
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be beneficial to understand polysaccharide chain length distribution and obtain any

indication of carrageenan oligosaccharides.
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Figure 118: Thermogravimetric analysis of RIM biomass from conventional or microwave

extraction processes.

Preliminary studies have proven that hydrothermal microwave processing is a faster
and less energy intensive technique for carrageenan extraction compared to conventional
hot water extraction. Future work now needs to explore the carbonisation and application of
these materials compared with those reported in chapter 3. It is envisaged the properties of

these carbonised materials will behave in a similar manner.
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5.2.2. Optimisation and tuning the methodology of carrageenan-derived
sulfur-containing porous carbons

The method of producing IME ISCPCs in this thesis involved the formation of
carrageenan aerogels directly from the extract, sequential pyrolysis of these aerogels, and
aqueous washings. These chars obtained from carrageenan had sufficient properties for
copper(ll) adsorption, however, further development of the production methodology could be
applied to attempt to enhance the porosity, sulfur content, etc. As a result, the rate of
adsorption or the adsorption capacity of copper may increase. A preliminary study applied
different carrageenan gel concentrations, gel preparation methods, and acid washing to

afford the next generation of IMECs.

Figure 119: Carrageenan aerogels produced from freeze-drying gels of different loadings

(2.5%-25%)

Gels of Irish Moss carrageenan ranging from 2.5% to 25% were produced and
freeze-dried. The average concentration of carrageenan in solution immediately after
extraction from the biomass was 2.5 %; the other concentrations required additional steps to
produce the different aerogels. These aerogels were carbonised at 300 °C and washed with

aqueous HCI (10 M) for 48h. These new chars were labelled Carr300 to signify their
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difference to IMECs. N, adsorption porosimetry of these Carr300 carbons exhibited an
increased surface area and pore volume in comparison to IMECs. Carr300 materials ranged
from 300-600 m?g surface area, 0.1-0.2 cm®/g pore volume, and average pore diameter of
2.3-2.6 nm. Surface area appeared to positively correlate with gel loading between 5 and
20%, however, at 25% the porosity of the material decreases potentially due to incomplete
dissolution of carrageenan (due to approaching saturation). This relationship is visible in
figure 116, and shows no apparent trend in the pore volume. This figure also shows SEM
images of Carr300 particles, where a decreasing macropore size is visible over an
increasing gel load; from ~20 ym at 2.5 % to ~2 ym at 20 %. Macroporosity could be further

measured via NMR cryoporometry 32!,

10 20

Carrageenan gel load (%)

Figure 120: SEM images of Carr300 materials (2.5-20.0% Gel loading) at x500 magnification
and the size of material macropores. The relationship between gel loading and the N,

adsorption porosimetry measured surface area and pore volume is also included.

Starbons are well developed mesoporous carbons and their production stems from

expanded starch, alginic acid, or pectin ?**. Expanded aerogels are achieved by solvent
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exchange with ethanol, acetone, or t-butanol, followed by a drying method such as
supercritical CO, drying or freeze-drying. Ethanol expanded carrageenan aerogels (10 %
Carrageenan loading) were treated as above to produce another generation of Carr300
materials. The expanding method seems to have introduced a different pore structure in
these chars. Mesopores between 20-80 nm are seen in these materials which in turn have
increased the pore volume (see figure 117). Further characterisation and application of these

further developed carrageenan-derived carbons would be a useful piece of future research.
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Figure 121: N, adsorption porosimetry adsorption isotherms and pore distribution plots of

unexpanded Carr300 (10%) vs expanded Carr300 (10%,).
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Preliminary studies have proven that prior ethanol assisted expansion of
carrageenan derives sulfur-containing carbon materials with appreciable porosity of
approximately twice the surface area of the materials produced in chapter 3, and enhanced
mesoporosity. Future work now needs to explore the application of these materials to metal
adsorption similar to those reported in chapter 3. It is envisaged that these carbonised

materials will have enhanced adsorption capabilities and with the possibility of desorption.

5.2.3. Pyrolytic bio-oils from Irish Moss

Gases evolved from the pyrolysis of Irish moss and carrageenan were analysed
using TG-GCMS (section 3.1.5.1). The contents of these gases included primarily
levoglucosenone and furfural compounds. Future work should explore the condensation of
these gases to afford valued bio-oils. The isolation of levoglucosenone for the production of
Cyrene™ (dihydrolevoglucosenone) could be a potential alternative to the pyrolysis of wood
chips/sawdust #'". Further, residual furfural compounds may offer applications as biofuels 3%,

platform molecules 2°* or monomers in poly furans 3.

5.2.4. Further metal adsorption onto inherent sulfur-containing porous

carbons

Copper(ll) adsorption has been explored as an application for these sulfur-containing
chars. In future work, more variables for adsorption should be explored to ensure the
behaviour of these ISCPCs is understood. Copper(ll) adsorption at a wider range of pH
values would be beneficial for the application of these materials to a range of effluent
streams. Competitive adsorption should be applied to compare the affinity of these materials
to different metal cations. The affinity of this material to copper also implies the potential
affinity to pollutant transition metals and heavy metals (nickel, cobalt, cadmium, mercury,

etc.), and valuable critical elements (silver, gold, and platinum group metals (PGMs)) %.
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5.2.5. Additional applications of inherent sulfur-containing porous
carbons

A novel application would be the development of metal sulfide or metal oxide
catalysts from carrageenan. IMEC800 have been shown to produce a porous surface
containing magnesium oxide and calcium sulfide salt composites. Carrageenan cation
exchange is possible through dissolution in salt solutions. Metal sulfide-doped carbons have
been achieved from lIron, cobalt, nickel, copper, zinc, and cadmium-carrageenans. These
materials have been applied to sodium ion storage in literature '¥". However, doping porous
carbon materials with metal sulfides/metal oxides also allow the material to act as a catalyst.
For example, molybdenum oxide-doped Starbon materials have been recognised as an
effective catalyst for the reduction of 4-nitrophenol and DPPH radical quenching for use in
waste-water treatment 3?°. Further, bismuth sulfides/oxides supported on a porous carbon
have also been shown to have catalytic activity. This bismuth(lll) sulfide and bismuth(lll)
oxide doped carbonaceous material is capable of CO, conversion to formic acid due to its
electrochemically reducing metal salt layered surface *?’. Further alkali metal-containing
carbons derived from seaweed have been used for carbon capture. Specifically magnesium
oxide played a key role in CO, sorption % The chars produced in this work exhibit a
combination of magnesium oxide and calcium sulphide bound to a porous carbon surface,

which could be an effective material for carbon capture and conversion.

5.2.6. Advancing microalgal supercritical CO, extraction

Supercritical extracts from the microalgae, ALG01, have been shown to contain a
heavy mixture of lipid material, including identified fatty acids: EPA, myristic, palmitic, and
palmitoleic acids, and phytosterols: cholesterol and sitosterol. Varying extraction conditions
have been shown to manipulate the composition of the extractives.

Although certain extraction conditions favour certain biomolecules, these extracts

were complex mixtures of materials as evidenced by DSC and GC-MS analysis. In future
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work, supercritical fractionation of the extracts should be attempted to isolate EPA,
carotenoids, or other highly valued extractives. Supercritical CO, fractionation is a technique
which involves passing the extract/solvent mixture through several vessels set at varying
temperature and pressure, enabling the selective deposition of certain metabolites in
separate vessels. Isolation of valued omega-3 fatty acids without expensive distillation of
lipid material is desired. Fractionation of omega-3 fatty acids from fish oils has been
achieved in literature %°. These microalgal extracts showed potential for fractionation.
Figure 118 shows deposits of dark red material (likely carotenoid rich) at the top of the
vessel, which indicates an immediate deposition of this material as the pressure decreases.
Yellow oils can be seen at a much greater depth into the vessel suggesting they are carried
by the depressurising solvent for longer. Applying several vessels at a gradient of decreasing

pressures would likely produce fractions of concentrated metabolites.

Figure 122: Supercritical CO, extraction vessel containing microalgal extract following an

extraction under 300 bar and 35 °C.
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5.2.7. Applications of microalgal lipid extracts

Antioxidants and oils have been recently infused within biodegradable food
packaging films and edible films to reduce the permeability of the films and to provide an
antioxidant layer that prevents oxygenation and loss of nutritional quality of the food 783'6:317,
The microalgal supercritical extracts produced in this thesis have moderate antioxidant
properties. Infusing these extracts with biodegradable films may afford a material containing
a built in oxidation barrier and potential pigment indicator of spoilage/poor handling.
Figure 119 shows the colour change of an ALGO01 lipid extract following ‘mistaken handling’
where the sample was not refrigerated. Applied to food films, this colour change could
indicate a spoiled food product, or improper food storage within the chain of safe food

handling. This could potentially be a novel research area.

Figure 123: ALGO1 supercritical CO, extracts (300 bar, 50 °C) in ethanol, after 24h

refrigerated (left) and at room temperature (right).
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5.2.8. Oil/protein-depleted ALGO01 processing for bio-oil and biochar
using hydrothermal liquefaction and microwave pyrolysis

Pyrolysis should be considered a last resort for a feedstock rich in high value
materials. However, following EPA extraction, cell disruption, and protein extraction, the
remaining residues are likely stripped of any extractable high value materials due to the
destructive nature of some of the extraction and cell disruption techniques. In some cases
hydrothermal liquefaction has been applied to valorise these residues. Biller et al used
hydrothermal liquefaction (300 °C) on defatted and microwave processed Nannochloropsis
microalgae to afford bio-crude with a HHV of ~40 MJ kg™ ?*°. Hydrothermal microwave
processing was applied as a pre-treatment for lipid extraction but also to reduce the ash and
nitrogen content of the bio-crude products. In the case of Nannochloropsis, this effect was
limited 2*°. However, deoiled and protein-depleted ALG01 residues may exhibit reduced
nitrogen contents following protein extraction and could afford bio-crude products with
increased HHVs.

Microwave-assisted pyrolysis (MAP) is a green technology used to convert biomass
into bio-oils and biochars. In a study by Du et al, Chlorella was converted to bio-oil via
500-1250 W MAP and afforded long chain aliphatic and aromatic hydrocarbons **°. Budarin
et al achieved similar bio-oils at higher sample sizes (mass) but also recognised lower
sample sizes offered a varied bio-oil rich in dehydrated sugars **'. Applying varied
microwave pyrolysis approaches to ALGO1 residues may be another valuable piece of future

work to complete the holistic biorefinery.
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5.2. Conclusions

This thesis has explored green chemistry technologies to obtain materials and
chemicals from renewable algal biomasses. Chapter 3 has shown the successful production
of inherent sulfur-containing porous carbons from Irish Moss carrageenan which have an
affinity towards aqueous copper(ll); a common toxic waste stream. The production of these
materials required minimal chemicals and steps, and is as follows:

1. Hot water extraction from Irish Moss.

2. Centrifugation for separation of supernatant and pellet.

3. Freeze-dry supernatant to afford carrageenan aerogel.

4. Pyrolyse carrageenan aerogels at desired temperature for specific

characteristics.

5. Aqueous wash of pyrolysed char materials.
This method offered beneficial results in contrast to pyrolysing the macroalgae without
treatment. Extracting the porous aerogel-forming carrageenan content enabled IMEC
materials to exhibit increased porosity in contrast to IMC and RIMC. The higher carrageenan
purity also afforded chars containing a higher, but also sole sulfur content in contrast to the
sulfur and nitrogen content of IMC and RIMC. These IMEC materials then exhibited a higher
copper(ll) adsorption capacity compared with IMC materials under mildly acidic (pH 4) and
strongly acidic conditions (pH 1). The presence of sulfur and high surface area of IMEC
materials appeared to be a significant aspect to copper(ll) adsorption under these
conditions. These results should prompt the further development of carrageenan-derived
inherent sulfur containing carbons for metal adsorption.

Chapter 4 provided potential holistic biorefinery approaches for the microalgal
biomass ALGO01. These methods afforded lipid and protein-based extracts with potential
applications in nutritional supplements and novel defibrillated cellulose materials. The main
aim of this work was to explore valorisation techniques in order to develop a zero waste

biorefinery. These results offer two approaches to ALGO1:
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1. Supercritical CO, isolation of lipids, pigments and phenolics, followed by the
microwave hydrothermal treatment for defibrillated cellulose and sugar rich
hydrolysates.

2. Industrial Algaecytes EPA extraction for EPA and lipid content, followed by
cell disruption combined protein extraction and tangential ultrafiltration for

protein rich retentate and sugar rich permeate.

In conclusion this research has proven that both micro and macroalgae can serve as
viable renewable feedstocks in the context of a zero-waste third generation biorefinery using
green technologies, that produces novel sulfur-containing biochars, lipid extracts, enriched
protein extracts, and defibrillated celluloses. These chemicals and materials have potential
applications as metal adsorbents for waste-water treatment, antioxidants, proteins for
renutrition, and rheology modifiers, respectively. A potential zero-waste algal biorefinery is

summarised in figure 120.
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all side products. Work completed in this thesis have been highlighted using *.
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Appendices:

Chapter 1:

Appendix 1.1. 12 green chemistry principles %

Green Chemistry Principle

Description

1.

Prevention

Waste prevention is preferable to waste treatment or
cleaning up waste after its production.

Atom Economy

Efficient synthesis of products by maximising the
incorporation of every aspect of reagents into the final
product.

Less Hazardous Chemical Synthesis

Synthetic processes should be designed to use and
generate materials that have minimal toxicity to
human or environmental health.

Designing Safer Chemicals

Chemicals should be designed to be less hazardous
and have minimal toxicity, while retaining
functionality and efficacy.

Safer Solvents and Auxiliaries

The use of auxiliary substances such as, solvents
and separation agents, should be made unnecessary
wherever possible and, innocuous when used.

Design for Energy Efficiency

Energy requirements should be associated with their
environmental and economic impact and should be
minimised. Ambient conditions are preferable.

Use of Renewable Feedstocks

Feedstocks should be renewable rather than
depleting to ensure the sustainability of the industries.

Reduce Derivatives

Unnecessary derivatization should be minimised or
avoided if possible, because such steps require
additional reagents and can generate waste.

Catalysis

Selective catalytic reagents are superior to
stoichiometric reagents.

10.

Design for Degradation

Products and waste if unavoidable should be
designed to safely degrade and not persist in the
environment.

1.

Real-time Analysis for Pollution Prevention

Analytical methodologies need to be developed to
allow for real-time, in-process monitoring and control
prior to the formation of hazardous substances.

12.

Inherently Safer Chemistry for Accident
Prevention

Substances used in chemical processes should be
selected to minimise the risk of chemical accidents.
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Appendix 3.1. Full ICP-MS measured mineral concentrations for IM, IME, and RIM.

Appendix 3.2: Table of CHNS contents for IM, IME, and RIM at various pyrolysis

temperatures before and after washing with hot water and acetone.

Pyrolysis Temperature
Material
0°C 250 °C | 250 °C 400 °C | 400 °C 800 °C | 800 °C
Washed Washed Washed
IM C% 294 45.8 55.2 1.3 57.0 57.6 63.3
+0.04 +0.09 +0.10 +0.25 +0.12 +0.06 +0.07
H% 4.8 3.5 5.0 2.3 3.1 1.6 1.69
+0.16 +0.06 +0.04 +0.14 +0.05 +0.08 +0.07
N% 2.2 3.2 4.1 3.6 3.1 3.0 3.1
+0.04 +0.10 +0.08 +0.07 +0.07 +0.03 +0.02
S% 1.6 4.4 2.1 3.7 3.3 1.7 2.5
+0.13 +0.08 +0.04 +0.23 +0.06 +0.23 +0.26
R% 62.1 43.1 33.7 39.1 33.6 36.1 294
IME C% 254 39.3 53.9 46.2 59.4 51.0 62.9
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+0.07 +0.05 +0.08 +0.09 +0.06 10.16 +0.25
H% 43 1.8 3.4 2.5 1.2 0.4 0.8
+0.01 +0.04 +0.08 +0.05 +0.08 +0.06 +0.09
N% N.D N.D N.D 0.5 N.D N.D N.D
+0.06
S% 4.9 7.5 7.6 3.5 3.9 3.7 4.3
+0.23 +0.25 +0.09 +0.13 +0.16 0.1 +0.21
R% 65.4 514 35.1 47.3 35.5 449 32.0
RIM C% 40.5 46.9 54.4 58.1 60.7 64.4 61.3
+0.37 +0.09 +0.26 +0.04 +0.13 +0.05 +0.14
H% 6.8 3.4 4.7 3.0 2.9 1.0 1.2
+0.38 +0.09 +0.05 +0.04 +0.01 10.13 0.10
N% 4.2 4.4 5.8 5.0 4.2 5.7 5.5
+0.16 +0.10 +0.06 +0.13 +0.11 +0.09 +0.08
S% 2.3 5.0 2.0 2.98 2.1 3.3 26
+0.23 +0.10 +0.08 +0.13 +0.06 +0.09 +0.11
R% 46.1 40.2 33.1 30.9 30.1 256 294
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Appendix 3.3. ICP-MS measured mineral contents of IM, IME, and RIM chars from pyrolysis

at 250, 400, and 800 °C.
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Appendix 3.3. N, adsorption porosimetry isotherms of IMEC250 from two different

instruments Micromeritics Tristar and ASAP 2020.
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Appendix 3.5. Freundlich and Langmuir linearised copper(ll) adsorption isotherm plots

Linearised Langmuir:

Linearised Freundlich:

log(q) = log(K,) + - - log(C)

256



. . . 2
Appendix 3.6. Table of linear regression R? values, x~ errors, and sum square errors

(ERRSQ) for the fit between Freundlich and Langmuir isotherm models and the adsorption

isotherm of copper(ll) onto IM, IME, and RIM chars at a pH of 4.5.

Freundlich Langmuir

Material Linear Linear

regreRszsion X ERRSQ regr(;szsion X ERRSQ
IMC250 0.893 3.97 72.0 0.867 5.46 72.3
IMC400 0.755 7.39 68.5 0.969 2412 146.6
IMC800 0.941 2.02 52.3 0.932 5.50 147.0
IMEC250 0.872 10.37 528.0 0.876 19.22 1010.3
IMEC400 0.800 7.85 256.0 0.927 6.76 252.1
IMEC800 0.894 38.06 1285.7 0.523 43.36 1882.5
RIMC250 0.991 0.42 12.1 0.989 0.80 231
RIMC400 0.983 23.45 29.7 0.999 31.14 27.3
RIMC800 0.971 8.19 134.5 0.985 11.79 208.7

. . , 2
Appendix 3.7. Table of linear regression R? values, x~ errors, and sum square errors

(ERRSQ) for the fit between Freundlich and Langmuir isotherm models and the adsorption

isotherm of copper(ll) onto IM, IME, and RIM chars at a pH of 1.

Freundlich Langmuir
Material Linear Linear
regreRszsion X ERRSQ regreRszsion X ERRSQ

IMC250 0.844 15.84 70.7 0.922 10.28 48.8
IMC400 0.755 7.39 68.5 0.825 8.28 59.2
IMC800 0.611 4.19 94.8 0.829 3.85 80.4
IMEC250 0.936 5.49 247.8 0.930 2.88 83.7
IMEC400 0.873 10.27 278.0 0.480 14.21 428.8
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Freundlich Langmuir
Material Linear Linear
regression X ERRSQ | regression X ERRSQ
R? R?
IMEC800 0.671 30.20 264.4 0.533 21.83 2355
RIMC250 0.976 0.84 30.3 0.980 1.07 40.1
RIMC400 0.988 0.26 2.5 0.987 0.34 3.6
RIMC800 0.911 3.14 27.8 0.879 7.25 142.8
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Appendix 3.8. Pseudo-first and second order linearised copper(ll) adsorption kinetic plots

Linearised forms of pseudo-first and second order models are expressed below, respectively. In both

equations boundary conditions have been applied where att = 0, q,

Linearised pseudo-first:

. . t
Linearised pseudo-second: b
t

ln(qe - qt) = lnqe - k1t

=0andt=t,qt= q.

e
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Appendix 3.9. Table of linear regression R? values, x~ errors, and sum square errors

(ERRSQ) for the fit between Pseudo-first and second order kinetic models and the

adsorption kinetics of copper(ll) onto IM, IME, and RIM chars at a pH of 4.5.

Pseudo-first order Pseudo-second order
Material Linear Linear
regreRszsion X ERRSQ regr(;szsion X ERRSQ
IMC250 0.953 29.37 523.3 0.998 2.65 47.2
IMC400 0.472 51.40 1725.4 0.857 25.64 742.9
IMC800 0.756 2.33 48.9 0.893 6.74 160.6
IMEC250 0.460 88.97 2480.9 0.993 11.24 312.8
IMEC400 0.975 43.34 1327.0 0.952 23.00 815.7
IMEC800 0.936 27.69 1117 .4 0.992 5.57 376.2
RIMC250 0.546 65.05 2909.0 0.981 33.41 1483.2
RIMC400 0.961 14.18 140.8 0.709 44.35 421.6
RIMC800 0.589 20.24 349.8 0.904 49.05 744.5

Appendix 3.10. Table of linear regression R? values, XZ errors, and sum square errors

(ERRSQ) for the fit between Pseudo-first and second order kinetic models and the

adsorption kinetics of copper(ll) onto IM, IME, and RIM chars at a pH of 1.

Pseudo-first order Pseudo-second order
Material Linear Linear
regreRszsion X ERRSQ regreRszsion X ERRSQ
IMC250 0.617 69.81 883.1 0.948 13.90 169.5
IMC400 0.502 47 .43 581.6 0.954 30.62 254.1
IMC800 0.201 25.20 272.7 0.932 13.27 142.7
IMEC250 0.503 91.99 3947.7 0.999 2.24 105.0
IMEC400 0.724 66.89 2406.6 0.999 4.16 144.6
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Pseudo-first order Pseudo-second order
Material Linear Linear
regression X ERRSQ | regression X ERRSQ
R? R?
IMEC800 0.747 2.69 93.1 0.999 14.44 2434
RIMC250 0.449 15.46 490.1 0.998 2.61 81.7
RIMC400 0.109 127.21 3046.0 0.917 10.13 211.3
RIMC800 0.527 21.51 564.2 0.998 0.46 471.2

~ pH4.0-4.5

IMC250

Cu Lal,2 S Ka1l

pH 1.0-1.5

Cu Lu1 2 S Ka1l

O Ka1l

IMC400

Cu Lal,2 S Ka1l

1

O Ka1 Cu Lal,2

MC800

Appendix 3.11. Copper-containing IMC SEM-EDS elemental mapping images
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RIMC250 RMCBOO

pH 4.0-4.5

Culal,2 CL12

pH 1.0-1.5

 Sum !
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Appendix 3.12. Copper-containing RIMC SEM-EDS elemental mapping images
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Appendix 4.1. Yield comparison between ethanol and heptane solvent extractions from
spray dried ALGO1 and the highest yielding supercritical extraction (300 bar, 50 °C).

Appendix 4.2. Preliminary characterisation of ALGO1 post supercritical CO, extraction of oils

Composition (%)
scCO, oil-free ALG01

Carbohydrate ? 18.9+1.7

Protein ® 428 £1.0
Moisture °© N/A
Residual matter (Char) © N/A

Acid-insoluble content 59.2 +18.8

Acid-insoluble Ash 17.9+6.0

@ Derived via Klason acid-digestion and HPLC analysis

® Estimated from CHN nitrogen content using 5.1 as a conversion factor
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Appendix 4.3. Acid-hydrolysed carbohydrate content derived via Klason analysis (left) and

elemental composition (right) of scCO, oil-free ALGO1.
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Appendix 4.4: Water holding capacities (WHC) of defibrillated celluloses derived from both

spray dried and scCO, deoiled biomass.
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Chapter 5:

Appendix 5.1. Methodology for microwave assisted carrageenan extraction

Irish Moss biomass was ground by coffee grinder to a granular powder (<50 um).
This material was then immersed in deionized water (25:1 mL:g) and the contents were
stirred and heated by microwave. Microwave-assisted extraction of carrageenan was carried
out on a Milestone Synthwave reactor (1500 W, 2.45 GHz). The algae water mixture was
added to a PTFE vessel (900 mL) and microwaved at 50 or 100 °C for a total time of 20 or
10 minutes (50:50 ramp:hold).

The resulting mixture was then immediately centrifuged using a Thermo Fisher
Megafuge 4R (3000 rpm, 30 °C, 30 min) to isolate a supernatant and pellet. Both
supernatant and pellet were dried using a Labylo Controlled Freeze Drier for 48h or until dry
before being labelled IME and RIM respectively. Subscripts X/Y were added where MAE was
applied where X is the microwave temperature and Y is the extraction duration. The aerogels
were characterised by CHNS, TGA, VT NMR, ATR-IR, and gel formation. (IME;qy2: 59.6

1.49%, IME 00 54.8 % 3.33%, IMEsgpo: 51.7 £ 1.29%).

Appendix 5.2. Methodology for next generation Carr300 carbons

Dried IME materials were dissolved in distilled water at concentrations of 2.5 - 25.0 %
(w/v) and maintained at 80 °C for 30 minutes to ensure complete dissolution. Gels were
cooled and refrigerated for 24 h. The retrograded hydrogels were rapidly frozen in liquid N,
and freeze-dried using a Labylo Controlled Freeze Drier for 48h.

Expanded carrageenan aerogels were produced from 10 % retrograded gels by
mixing the gel with ethanol (1:1 ratio by volume) for 30 minutes. The now alcogels were
freeze-dried as above.

Aerogels (10 g) were loaded into a quartz flask and placed under vacuum (~30 mbar)
and heated using the following program: the samples were initially heated to 100 °C at a rate

of 5 °C min™, and held at this temperature for 60 min. The samples were then heated to 300
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°C at a rate of 0.3 °C min™. The chars were subsequently washed with HCI (10 M) (50 mL)
for 48h, filtered, and rinsed with hot water (2x 50 mL) and dried by vacuum oven at 80 °C

overnight.
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