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ABSTRACT (EN)

This thesis addresses the pressing issue of marine biowaste generated from the consumption of
fish and seafood, which poses significant environmental and socioeconomic challenges. With
global population growth, the generation of such waste is expected to rise, necessitating
responsible management strategies. Therefore, the valorisation potential through hydrothermal
carbonization (HTC) was investigated. HTC on eight fish and crustacean species was performed
at three different temperatures (T = 200, 220, 240°C, t = 5h, w/b = 7). The produced hydrochars
(HC) were characterized through point zero charge (PZC), elemental and proximate analysis and
FTIR. Their adsorption characteristics were evaluated using kinetic and adsorption models and
using one-point adsorption experiments with an anionic (methyl orange, MO) and cationic
(methylene blue, MB) dye. In addition, the influence of ionic strength on the adsorption
performance was evaluated. Crustacean-HC showed higher yields (37-69%) than fish-HC (15-
22%). Furthermore, crustacean-HC showed higher PZC than fish-HC (7.93 versus 6.49). The
adsorption capacity of the HCs (MB: 2.7-10.8 mg/g and MO: 5.9-9.2 mg/g) showed a higher
adsorption of MO for the crustacean-HCs. Difference in ionic strength in adsorption experiments
was concluded to notyield significantly different adsorption results. The difference inyields, PZC
and adsorption results were explained by the differences in feedstock composition, further
emphasizing the importance of elucidating the inherent feedstock characteristics for waste
utilization.
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ABSTRACT (NL)

Deze masterthesis behandelt het groeiende probleem van marien bioafval dat wordt gegenereerd
door de consumptie van vis en schaaldieren, wat aanzienlijke milieu en socio-economische
uitdagingen met zich meebrengt. Met de groei van de wereldbevolking wordt verwacht dat de
productie van dergelijk afval zal toenemen, waardoor verantwoorde beheerstrategieén nodig zijn.
Daarom werd het valorisatiepotentieel via hydrothermale carbonisatie (HTC) onderzocht. HTC
werd op acht vis- en schaaldiersoorten uitgevoerd bij drie verschillende temperaturen (T = 200,
220, 240°C, t = 5u, w/b = 7). De geproduceerde hydrochars (HC) werden gekarakteriseerd door
middel van point zero charge (PZC), elementaire en proximate analyse en FTIR. Hun
adsorptiekarakteristieken werden geévalueerd met behulp van kinetische en adsorptiemodellen
en via éénpuntsadsorptie-experimenten met een anionische (methyloranje, MO) en kationische
(methyleenblauw, MB) kleurstof. Daarnaast werd de invloed van de ionsterkte op de
adsorptiecapaciteiten geévalueerd. HC van schaaldieren vertoonde een hoger rendement (37-
69%) dan HC van vissen (15-22%). Bovendien vertoonde HC van schaaldieren een hogere PZC
dan HC van vissen (7,93 versus 6,49). De adsorptiecapaciteit van de HCs (MB: 2,7-10,8 mg/g en
MO: 5,9-9,2 mg/g) toonde een hogere adsorptiecapaciteit van MO voor de schaaldieren. De
invloed van de ionsterkte in de adsorptie-experimenten werd aangetoond niet significant te zijn.
Het verschil in opbrengst, PZC en adsorptieresultaten werd verklaard door de verschillen in de
samenstelling van de soort vis en schaaldier, wat benadrukt hoe belangrijk hetis om de inherente
eigenschappen van de grondstof voor het gebruik van afval te achterhalen.
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1. INTRODUCTION

The consumption of aquatic foods has reached unprecedented levels, with individuals
consuming approximately 20.5 kg/year per capita in 2020, more than double the consumption
rate of half a century ago [1]. This expansion underscores why the United Nations' 2030 Agenda
for Sustainable Development and the FAO recognize the critical role of fisheries and aquaculture
in ensuring food security and nutrition [2]. However, the expansion of the sector results in
increasing quantities of by-products. The FAO estimates that fish loss and waste account for 30%
to 35% of total production in most regions worldwide [3]. Depending on size, species, and
processing method, this may even constitute up to 70% of processed fish [1].

Fish and seafood consumption lies between 9.6 kg/capita/yr (Africa) and 24.7 kg/capita/yr (Asia).
Considering this, South Korea positions itself as a major fish and seafood consumer with 55.27
kg/capita/yr in 2020 [4]. Given that approximately 80% of South Korea's land comprises of
mountains and non-arable areas, aquatic resources play a vital role in meeting its food needs [5].
Consequently, effective waste management for marine biowaste holds paramountimportance in
South Korea. Especially when considering the potential hazards related to these by-products,
such as wastewater leakage, unpleasant odours, illegal landfill disposal, and ocean dumping [6].
Moreover, in the era of circular economy, the generation of waste should be minimized by
transitioning from a linear economy to a circular economy. This implies the creation of economic
value, the creation of social value and the creation of value in terms of the environment from
converting waste into secondary resources [7]. The conversion of fishery by-products into
hydrochar (HC) presents an opportunity to align the management of marine biowaste with the
principles of a circular economy.

Turning fishery by-products into HC using hydrothermal carbonization can be part of the solution
in reconciling effective marine biowaste management and circular economy. Currently, there is
a noticeable scarcity of research focused on exploring the potential of HTC for marine by-
products, particularly those beyond algae. Therefore, this thesis aims to address the gaps in the
literature and assess the feasibility of producing HC from marine biowaste. The possible
applications will also be explored keeping the chemical composition and physical characteristics
of the produced HC into account.

The general objective of this thesis is to identify the optimal parameters for hydrochar production
specific to fish and crustacean waste, as well as exploring their potential applications. To achieve
this, the thesis will begin with a literature review on feedstock streams and the production of HC.
The potential applications will also be examined in regard to the characteristics inherent to the
HC. The subsequent section will detail the experiments conducted to generate and characterize
the HC. Finally, the findings will be discussed, conclusions will be drawn, and recommendations
for future research will be provided.
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2. LITERATURE REVIEW

2.1.Feedstock

Biomass is defined as all biological material obtained from living, or recently living organisms [8].
However, it is more often associated with plants or plant-derived materials, also called
lighocellulosic biomass, which is composed of three main components: hemicellulose,
cellulose, and lignin [9]. However, biomass can also encompass microorganisms, animals,
specific parts of plants, and materials derived from them. These are defined as non-
lighocellulosic biomass (NLBM) and are composed of proteins, lipids, carbohydrates, and
inorganics with no or only a slight fraction of cellulose, hemicellulose, and lignin [10], [11]. For
hydrothermal carbonization (HTC), both lignocellulosic and non-lignocellulosic streams can be
valuable feedstocks.

It has been argued that both are convenient sources for HTC due to their widespread availability
and potential to yield high-quality hydrochars [10]. However, the reaction mechanisms of HTC on
lighocellulosic biomass have been elucidated more profoundly than on non-lighocellulosic
biomass [12], [13], [14]. Thus, the widespread non-lighocellulosic biomass waste streams are
still faced with considerable challenges and knowledge gaps for conversion into valuable
products due to their complex and diverse composition. A big challenge when choosing non-
lighocellulosic biomass in comparison to lignocellulosic biomass is -for example- the greater risk
for toxicity due to the higher contents of heavy metals and heteroatoms such as nitrogen (N),
phosphorus (P) and sulphur (S) [15], [16], [17]. The heavy metals contained in the biomass could
dissolve in water, leading to water pollution and possible accumulation in the food chain [18],
[19]. The presence of excessive N and P could also result in the eutrophication of water bodies
[15].

Despite these challenges, the wide-ranging composition of non-lignocellulosic biomass could
lead to different behaviours during thermochemical conversion, possibly yielding products of
value. The mentioned elements (N, P, S, and metals) could be of benefit during hydrothermal
conversion processes. During heating, the heteroatoms and metals could act as activators for
the biomass decomposition which could lead to the formation of a carbon framework with high-
value characteristics such as a high porosity and a great diversity in functional groups [11], [14].

The subsequent sections will provide an overview of various non-lignocellulosic feedstock
options suitable for HTC. There will be a particular focus on marine biowaste as a unique
feedstock for hydrochar production as this will be the feedstock used in the experimental work.



2.1.1.Non-lignocellulosic biomass

As mentioned previously, NLBM is mainly composed of proteins, lipids, carbohydrates, and
inorganics with no or only a slight fraction of cellulose, hemicellulose and lignin [10]. Figure 1
shows the different NLBM streams which can be used for HTC as well as the main constituents
they are composed of; these will be described in the following sections.
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Figure 1: Schematic view of the main non-lignocellulosic biomass streams and their main constituents.

2.1.1.1. Proteins

Proteins are macromolecules that are present in all living things. There are 20 amino acids
forming the building blocks of most proteins. Each amino acid contains a primary amine and
carboxylic acid group, as can be seen in Figure 2. In the simplest case, R = H, which is glycine or
aminoacetic acid. In other amino acids, R can be a group which is aliphatic, aromatic,
heterocyclic, hydroxyl, acidic, amide, basic or which contains sulphur. Amino acids are linked
covalently by connecting the a-carboxyl group of one amino acid and the a-amino group of
another amino acid through an amide or peptide bond to form peptides, oligopeptides,
polypeptides, and proteins. The amide linkage in proteins is a partial double bond. A protein is
argued to be achieved when about 100 amino acids are linked. Proteins contain 50-55% carbon
(C), 6-7% hydrogen (H), 20-23% oxygen (O), 12-19% nitrogen and 0.2-3% sulphur (all in wt.%) [20].

R

NH,— co—COOH

H

Figure 2: General structure of an amino acid [20].



2.1.1.2. Carbohydrates

Most natural carbohydrates are classified as simple sugars (mono- and disaccharides),
oligomers (oligosaccharides), and polymers (polysaccharides). Monosaccharides are defined as
simple carbohydrates containing three to eight carbon atoms, however, only those with five or six
carbon atoms are common. Glucose and fructose (Figure 3(a-b)) are the two most important six-
carbon monosaccharides with the general formula C¢H1,0¢. Oligosaccharides are formed when
the reducing group of one monosaccharide connects to one of the hydroxyl groups on another
through a glycosidic bond, to form disaccharides. Many glycosidic bonds can be established to
formtrisaccharides, tetrasaccharides, etc., and ultimately polysaccharides. Polysaccharides are
formed when oligosaccharides have more than ten monosaccharides. Carbohydrates are
susceptible to a wide range of chemical reactions with other compounds due to the presence of
hydroxyl groups and in some cases carbonyl groups [21].

(a) (b) (c)

CHzOOH OH CH,OH A(";&% OH
HO
HO © HOG, o] OH
OH HO
CH,OH OR OH HOOHO

OH OH HOo1%

Figure 3: two monosaccharides: (a) fructose (B-d-fructofuranose) and (b) glucose (a-d-glucopyranose) and (c) a
polysaccharide (amylose) [22], [23], [24].

2.1.1.3. Lipids

Lipids are hydrophobic molecules which include fatty acids (FA), glycerides, phospholipids,
sterols, sphingolipids, and prenol lipids [25]. Fats and oils are triglycerides and are major
components of certain NLBM residues; therefore, these will be explained in more detail.
Glycerides have a glycerol molecule backbone joined to one or more FA molecules and the term
includes mono-, di- and triglycerides. A triglyceride contains glycerol esterified to three fatty acid
molecules, as can be seen on Figure 4 [26]. The arrangement and specific type of fatty acids on
the glycerol determine the chemical and physical properties of a glyceride. FA are long
hydrocarbon chains with a methyl group (-CHz) at one end of the chain and a carboxylic acid group
(-COOH) at the other end. Most natural FA contain 4 to 24 carbon atoms (and always an even
number inthe chain) and can be called saturated or unsaturated. FA are saturated when they only
contain single carbon-to-carbon bonds and have the general formula CH3(CH,),COOH, they are
called unsaturated when they contain one or more double bonds [21]. The melting point-range is
determined by the length of FA chains, number of double bonds and isomeric configuration [27].
Long-chain fatty acids have a higher melting point than short-chain fatty acids because there is
more potential for attraction between long chains, which means a greater force of attraction
between the molecules. The higher the number of double bonds, the lower the melting point. The
isomeric configuration refers to the cis or trans configuration of the hydrogen atoms attached to
the double-bonded carbon atoms. If they are located on the same side, they are in the cis
configuration and have a lower melting point than trans double bonds. The lower melting point is
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due to the formation of coil structures, creating less attraction between the molecules [20], [26].
Generally however, unsaturated fats have a low melting point and a liquid form at room
temperature [28].

vawou
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Figure 4: Chemical structure of an unsaturated fatty acid and triglyceride [29].

2.1.1.4. Inorganic fraction

Inorganic substances include all those that do not contain carbon-to-carbon or carbon-to-
hydrogen bonds, i.e., those that are not classified as organic compounds [30]. Vassilev et al.
(2012) have conducted a study on the inorganic matter of various biomass sources and found that
itincludes mostly mineral matter, especially mineral species and poorly crystallized mineraloids,
as well as amorphous inorganic phases. The amount varies strongly depending on the biomass
source, from 0.1 to 46% based on ash yield (dry basis). The inorganic phases in biomass can be
categorized into: (i) silicates, (ii) oxides and hydroxides, (iii) sulphates, sulphites, and sulphides,
(iv) phosphates, (v) carbonates, (vi) chlorides, (vii) nitrates and (viii) others. Depending on the
biomass stream, these fractions can vary in abundance. However, minerals are chemically inert
to heat, light, oxidizing agents, and extreme pH [31]. Therefore, the mineral composition of
biomass and carbonization products have a strong impact on processing, application, and
various environmental and technological considerations [32].

2.1.1.5. Non-lignocellulosic residues for HTC

In the previous section, the main constituents of NLBM were described. These constituents can
be quantified for various NLBM waste streams. There is a big variety of non-lignocellulosic
residues which can be broadly categorized into sewage sludge, manure, food waste, algal
biomass, and industrial residues. Table 1 gives an overview of the main composition of these
residues. The subsequent sections will provide further descriptions of these waste streams.

Table 1: Main constituents of different non-lignocellulosic biomass wastes, range is given.

Type Lipids (%) Carbohydrates (%) Proteins (%) Ash (%) Ref.
Sewage sludge (n=3) 12-27.3 8.9-27.3 9.9-42.8 32.1-42.7  [33],[34], [35]
Manure (n=3) 2.1-8.7 34.5-52.6 18.1-31.6 12-15.9 [36]
Food waste (n=3) 15.2-15.7 50.2-51.4 16.1-27.5 5.4-16.1 [37], [38], [39]
Algal biomass
Macroalgae (n=3) 0.6-3.9 30.5-33.6 9.3-12.2 17.1-35.8  [40], [41]
Microalgae (n=3) 1.1-51 7.4-24.8 14-45.2 8.9-14.4  [42],[43] [44]
Industrial biowaste 2.4-48.8 0-7.9 14.9-94.2 3.3-34.7  [45], [46], [47]

(n=3) (Chicken feathers,
leather fleshing waste, hog
hair)




2.1.1.5.1. Sewage sludge

Sewage treatment has expanded in many countries, resulting in an increase of sludge that must
be disposed of [48]. Itis imperative to manage the sludge well as it contains nutrients, pathogens,
heavy metals and other micropollutants that could cause harm if not disposed of responsibly
[49], [50]. The global production rate of sewage sludge from municipal wastewater treatment
plants in 2017 was determined as 45 dry MT per year [51]. This amount is bound to increase as
new wastewater treatment plants are established. Therefore, sewage sludge can be a viable
biomass feedstock. However, one of the main drawbacks is the presence of micropollutants and
heavy metals, raising concerns for the environment. Another factor to consider is the high ash
content (Table 1). This is due to the presence of many inorganic minerals and heavy metals. [t was
found that the major ash-forming elements in sewage sludge are Si, Al, Fe, Ca, and Mg as well as
the alkali metals Na and K. In addition, some heavy metals have also been found in sewage sludge
(Cr, Ni, Cu, Zn, Pb, Cd, and Hg). These heavy metals may originate from various sources such as
industrial wastewater, run-off, corrosion, medicine, detergents, and cosmetics. This high ash
content influences the characteristics of the products that can be yielded from sludge.
Furthermore, it will lead to a dilution of the organic content, resulting in lower combustibility and
undesirable ash deposition [52].

2.1.1.5.2. Manure

In the United States, 1.4 gigatons of manure are produced yearly, which is mainly used as a
nutrient source for crop production [53]. However, with a shift to confined animal feeding
operations, one type of animal is being produced in big numbers, leading to huge amounts of
manure which cannot be applied to land. This means there is a surplus of manure which could be
a valuable resource [36]. If manure is not disposed of correctly, it can lead to contamination of
soil, air, and water surfaces due to run-off, as well as serious odour nuisances [54], [55], [56]. It
can be observed from Table 1 that manure contains a high amount of carbohydrates and proteins.
With the carbohydrates mainly consisting of hemicellulose and cellulose [36]. Livestock typically
excrete 50-90% of the nutrients they are fed, depending on the feeding practices, stage of growth
and livestock type, thus the manure composition can vary greatly. The ash content of manure
likely holds substantial amounts of N, P (and K) as these are present in manure due to the
excretion of the excess nutrients by the livestock and due to the microbial breakdown of complex
molecules [57].

2.1.1.5.3. Food waste

The Food and Agriculture Organization (FAO) defines food waste (FW) as “any healthy or edible
matters that are wasted, lost, or degraded throughout the food supply chain, including organic
waste generated from various sources such as food processing plants, households and
commercial kitchens” [58], [59], [60]. It is estimated that approximately 33.3% of food produced
globally for human consumption is lost or wasted through the food supply chain, which leads to
1.6 gigatons of FW per year [61]. The composition of food waste varies by source, region, climate,
season, and culture of the country [62]. It mainly consists of waste flour, meat, eggs, vegetables,
fruit, rice, oil, and salt and thus exhibits high heterogeneity with diverse compositions of proteins,
lipids, cellulose, hemicellulose, lignin, organic acids, vitamins, and minerals [63], [64], [65]. Due
to the heterogeneous nature of the waste stream, itis difficult to give an average amount of lipids,



carbohydrates, proteins, and ash. However, in Table 1, the average was calculated from three FW
streams containing; (i) cereal, vegetables, meat, eggs, oil, and salt (ii) waste from students’ dining
hall and (iii) canned green beans, canned baked beans, potato salad, canned chicken, and
parmesan cheese. The carbohydrates make up the biggest portion of the biomass and the ash
content is rather low in comparison to the other waste streams. This is probably due to the
presence of more organics and for example, carbohydrate-rich FW such as food made from
grains and cereals, legumes, and fruits. This is backed up by research, which has shown that
vegetables (25%), cereals (24%) and fruit (12%) make up the biggest part of FW [66], [67]. Fish and
seafood waste which will be used in the experimental part of this thesis could also be categorized
as food waste, although it also fits in the category of industrial residues, as fish is not used solely
for eating purposes (e.g. fish oil production, biomolecules, pets, livestock feed...).

2.1.1.5.4. Algal biomass

Alot of undesired algal waste is generated. Eutrophication or green tide events are bound to occur
more frequently due to global warming, which generates huge amounts of undesired algal
biowaste. An example was in Qingdao (China, 2008) where the largest green tide event in the
world happened, causing 150 000 tons of wet algal biomass to be collected [68]. In Italy, 40 000
tons of algal biowaste are collected annually in the Venetian Lagoon [69]. The macroalgae for
which the composition is given in Table 1 are brown, red and green macroalgae, respectively
Stoechospermum marginatum, Haloplegma duperreyi and Ulva lactuca. The microalgae used to
calculate the range were Laminaria japonica, Cladophora sp. and Schizochytrium limacinum.
Microalgae have a much larger lipid concentration (1.1-51%) than macroalgae (0.6-3.9%). This is
because microalgae can accumulate 20% to 80% of their dry weight in lipids [70]. Macroalgae
generally do not contain lipids or only a very small fraction but have higher carbohydrate contents
and are thus more favoured for the production of biogas or alcohol-based fuels [71].

2.1.1.5.5. Industrial biowaste

Industrial biowaste can include all other NLBM waste streams which don’t fit in the other
categories, this can be waste from leather processing, hair, bone, and feathers. Table 1 illustrates
the compositional range of chicken feathers, hog hair and raw hide skin waste. Raw hide or skin
waste (fleshing, trimmings, splits, scourings) constitutes a significant portion of waste generated
by the leather industry. Currently considered as industrial waste, it commonly finds its way to
landfills or incineration facilities [47]. Out of 1000 kg of raw hide, nearly 730 kg ends up as solid
waste [72]. The leather waste used in the range represented in Table 1 had a considerably high
lipid content (48.8%) and a high ash content (34.7%). Next to leather waste, hair is also a source
of industrial biowaste. Hog hair constitutes up to 1% of total hog weight and is unfit for human
consumption. It is difficult to degrade, and huge amounts are discarded yearly on landfills,
reaching up to 34 kton/year in Spain alone. It is composed for 94.2% of protein, contains no
carbohydrates and only small amounts of ash and fats [46]. Another NLBM waste stream with
limited application possibilities are feathers. Annually, 40 million tons of chicken feathers are
generated as a by-product of the poultry industry [73]. Furthermore, they are difficult to dispose
of due to the generation of sulphur dioxide during incineration [74]. They are composed of mainly
protein (74.2%) and ash (15.5%) and only small fractions of carbohydrates (7.9%) and lipids
(2.4%) [45]. Although there has been some research into the hydrothermal carbonization of these
NLBM industry biowaste sources, it remains in the early stages of development.



2.1.2.Marine biowaste as a unique feedstock: fish and seafood

Fish and seafood waste — which will be called marine biowaste for simplicity — can be a valuable
feedstock due to its diverse chemical composition and the huge amount of waste that is
generated annually. It is estimated that 35% of the global fisheries and aquaculture production is
either lost or wasted annually, with production having reached 214 million tons in 2020, this
resulted in approximately 75 million tons of marine biowaste [1]. Besides deterioration of marine
products which leads to waste, fresh marine products also contain a considerable number of
inedible parts such as heads (9-12% of total fish waste), viscera (12-18%), bones (9-15%), scales
(5%) and skin (1-8%) resulting in the generation of substantial by-products throughout the food
supply chain [1]. It is essential to manage these by-products responsibly to mitigate the risks
associated with wastewater contamination, unpleasant odours, illegal disposal in landfills, and
ocean dumping. Due to the potential for adverse environmental impacts, pollution, and
substantial socioeconomic losses, it is important to avoid improper practices [6].

As can be seen on Figure 5, Europe, North America, Oceania, and Industrialized Asia have
significant losses in the primary fisheries production phase of the food supply chain due to
discard rates of 9 to 15%. Many consumer households also discard a significant portion of the
fish and seafood they purchase. In the remaining regions, significant losses occur mostly during
the distribution in the food supply chain. This can be explained by the deterioration occurring
during fresh fish and seafood distribution. Overall, it can be concluded that 30 to 50% of the initial
harvestis discarded, lost, or wasted throughout the food supply chain [3].
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Figure 5: Part of the initial catchings (fish and seafood harvested) discarded, lost and wasted at different stages in the
food supply chain: consumption (W), distribution (@), processing (A), post-catch (M), fisheries (O) [3].

A. Fish waste

Fish residues consist of various components, including whole waste fish, fish heads, viscera,
skin, bones, blood, liver, gonads, guts, and some muscle tissue. The composition of these
residues varies based on factors such as the species, sex, age, nutritional status, time of year,
and health. Due to the heterogeneous nature of the waste, the average composition will vary [2],
[75]. However, Table 2 illustrates the proportions of proteins, fats, fibre, and ash that are present
on average. From the table it can be observed that fish waste contains a high amount of protein
(58% dry matter) and lipids (19% dry matter), the relatively high ash content (22% dry matter)
indicates that fish waste contains a high number of minerals. The high humber of proteins leads
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to high concentrations of nitrogen in the fish waste. Alvarez et al. (2010) measured ten times
higher amount of Total Kjeldahl Nitrogen in fish waste compared to pig manure [76]. Elevated
calcium (Ca) levels (5.80 = 1.35%) are also often found as a result from the inclusion of fish bones
in the gathered waste. The metals Fe, Zn, Mn, and Cu can be found at mean concentrations of
100, 62, 6 and 1 mg/kg, respectively. No toxic substances such as arsenic (As), lead (Pb), mercury
(Hg), and cadmium (Cd) were detected in the waste samples. Additionally, no significant
difference in nutritional composition of the waste due to seasonal variability was observed,
except for the moisture content which was higher in the winter [75].

B. Crustacean waste

The high shell content in crustaceans, which can account up to 60% of a crab’s weight, causes
large amounts of waste. Most of this waste is currently disposed of in landfills or into the ocean
due to their low monetary value and costly disposal. However, chitin, minerals, proteins, and
pigments are components of this waste which can be converted into valuable products. The
composition of crustacean shells was estimated to be: minerals (20-50%), proteins (20-40%),
chitin (15-40%), and pigments (>2%). The mineral fraction consists mostly of CaCOgs; however,
carbonates break down only at very high temperatures, i.e. 750°C [77]. As can be seenin Table 2,
crab waste has an ash content of more than 25%, this canindicate the presence of a large fraction
of CaCOs;. Shrimp and crab waste also exhibit a larger fraction of crude fibre than fish waste. This
is due to the presence of a substantial amount of chitin. Chitin is a linear polysaccharide
consisting of N-acetyl-D-glucosamine and the second most abundant biopolymer found in
nature. Industrial chitin extraction from shells is already performed by a well-established
protocol due to its economically viable production [78]. Chitin breaks down at approximately
250°C [79].

Table 2: Average composition of fish, shrimp and crab waste. Data is expressed in % on a dry matter basis.

Type Protein (%) Lipids (%) Crude fibre (%) Ash (%) Moisture (% wet Ref.
weight basis)

Fish waste 57.92 19.10 1.19 21.79 73.85+2.45 [75]

Shrimp waste 87.11 3.80 7.89 1.20 81.87+2.11 [80]

Crab waste 33.89 10.28 21.04 26.49 79.41 £0.58 [81]

2.1.2.1. Availability in South Korea

The availability of marine biowaste in South Korea is of interest for this thesis as the feedstock
which will be used, will be of Korean origin. Population growth and increased food demand have
led to a rise in marine biowaste generation in South Korea. South Korea generates an estimated
annual amount of 800 to 1200 kton of fishery by-products, categorized as fish, molluscs, and
crustacean shells. Fish by-products primarily include bones, fins, intestines, and skin, while
shellfish by-products include oyster, clam, and mollusc shells. Crustacean by-products consist
mainly of crab shells and shrimp carapaces. The number of by-products which are treated as by-
products and not as waste is unclear due to insufficient available statistics [6].

The management and disposal of fishery by-products in South Korea is regulated by the 'Waste
Management Act' and the 'Act on the Promotion of Conservation and Recycling of Resources'.
These regulations categorize fishery by-products into two distinct groups based on Article 2 of the



'Waste Management Act’: waste and by-products. Article 2 defines waste as "materials no longer
necessary for human life or business activities". Accordingly, fishery by-products that fall under
this definition are considered waste and are subject to the prescribed disposal processes
mandated by the Act. Consequently, most fishery by-products are treated as waste under these
regulations. This is because all fishery by-products that originate from households and small
seafood restaurants, are treated as food waste. According to Article 2, ‘disposal’ refers to
intermediate and final disposal methods like crushing, neutralizing, solidification, incineration,
landfilling and discharge into the ocean. However, exceptions exist for fishery by-products that
are deemed "necessary for human life or business activities" at the site where they are initially
generated. In such cases, these are classified as by-products rather than waste. For example, if
fish processing by-products are transformed into products like salted fish or fish sauce, and they
are registered as business products, they are excluded from the waste category. It should be
noted that most fishery by-products that can be processed are transformed into fish meal and
feed when it comes from large seafood markets and processing facilities [6].

Marine biowaste which could be subjected to HTC to produce hydrochar would be labelled as
‘waste’ according to the current South Korean ‘Waste Management Act’. This categorization can
invoke a negative perception on their value. Thus, a change in the legislation to categorize them
as feedstocks could bring new life into the use of this NLBM stream.

2.1.2.2. Feedstock used in experiment

To familiarize the reader with the marine biowaste which will be used in the experiments of this
thesis, a short description of the eight marine species which will be subjected to HTC will be
given. These species comprise five from the subphylum Vertebrata: chub mackerel (Scomber
Jjaponicus), hairtail (Trichiurus lepturus), yellow corvina (Larimichthys polyactis), horse mackerel
(Trachurus japonicus) and olive flounder (Paralichthys olivaceus) and three from the subphylum
Crustacea: whiteleg shrimp (Litopenaeus vannamei), Gazami crab (Portunus trituberculatus) and
tiger prawn (Penaeus monodon) as can be seen in Figure 6.
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Figure 6: Species used in experimental part of this thesis [82], [83], [84], [85], [86], [87], [88].



In Table 3, the species’ mass, length, non-edible ratio (NED), and production in the world and in
South Korea can be found. The mass and length of the species varies greatly, the smallest being
whiteleg shrimp (average of 20 g, 13 cm) and the biggest being hairtail (1250 g and 100 cm) [82],
[89], [90], [91], [92], [93], [94], [95], [96], [97], [98], [99]. The non-edible ratio varies between 33
and 60%. In general, the crustaceans show higher non-edible ratios.

Most species considered in this thesis are native to the East China Sea and the Yellow Sea, their
natural habitat is therefore near South Korea. Yellow corvina is almost exclusively produced in
China, Korea, and Taiwan [100]. Olive flounder is also called the Korean halibut and Korea
accounts for 75% of its worldwide production [100]. As can be seen, whiteleg shrimp has the
highest world production, representing more than 50% of the total aquaculture species
production. South Korea produced less than 5000 ton in 2021 but there is a rapid expansion of
the species expected in Asia [89]. There is no tiger prawn being produced in South Korea currently,
however there was about 2500 ton imported in 2021. The reason for the lack of tiger prawn
production in South Korea is the surge of diseases affecting tiger prawn production in the world
[101], [102].

Table 3: Marine species, their non-edible ratio (NED) [103], the world production and production in South Korea (SK)
in 2021. Value marked with * is from 2020 [100].

Species Mass(g) Length NED 2021 world 2021 production Potential waste
(cm) (%) production (ton) in SK(ton) in SK (ton)

Chub 370 32 41 2355523 152 951 62710

mackerel

Hairtail 1250 100 33 1122636 63 056 20809

Yellow 80 20 45 320837 31562 14 203

corvina

Horse 250 25 43 517 167 69* 30

mackerel

Olive 800 50 45 59 649 44713 20121

flounder

Whiteleg 20 13 47 6348 622 4607 2118

shrimp

Tiger prawn 200 25 47 883 686 - -

Gazamicrab 250 15 60 476 026 19713 11828

TOTAL=131819
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2.2. Hydrothermal conversion

In the following section, the different hydrothermal conversion processes will be described as
well as the underlying chemical processes and the resulting reaction products. A more extensive
portion will be dedicated to the hydrothermal carbonization of non-lignocellulosic biomass, as
this process forms the core of the experimental work.

2.2.1.Hydrothermal conversion processes

Hydrothermal conversion is a complex process that can be broadly described as the chemical
and physical transformation of carbon-rich compounds occurring in liquid water at high
temperature and autogenic pressure [104]. The system’s pressure needs to remain at or exceed
the water vapor pressure in order to keep water in a liquid state. The physicochemical properties
of water are then altered (its density, dielectric constant and ionic product as can be seen on
Figure 7b) and thus valuable products can be produced [105]. Hydrothermal conversion can be
classified into hydrothermal gasification, hydrothermal liquefaction, and hydrothermal
carbonization according to the different regions above the pressure-temperature curve and the
critical point (T, = 374°C, P, = 22.1 MPa) in the phase diagram of water (Figure 7a).
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Figure 7: (a) Hydrothermal conversion processes with their main product on the pressure-temperature phase diagram

of water [106]. (b) Properties of water [107].

The hydrothermal processes operate in one of two states: subcritical and supercritical water.
Subcritical water is characterized by water temperatures ranging from 100°C to 374°C, with
sufficient pressure to maintain water in its liquid state. When water surpasses the critical point,
it transitions into a new state known as supercritical water [108]. Sub- and supercritical water
differ substantially from water at ambient conditions [109]. Figure 7b shows that there are
temperature-dependent changes of the density, dielectric constant and ionic product of water.
When water remains within the subcritical range, the ionic product (K.) attains its maximum value
at about 250°C whereas the density and dielectric constant of water decrease. The reduction of
the dielectric constantimplies a reduction of the polarity of water and thus the dissolution of non-
polar compounds is facilitated [110]. Next to the reduction in polarity, it also weakens the
hydrogen bonds. The increase in ion product on the other hand produces more acidic (HsO*) and
basic (OH) ions [111]. It has also been observed that subcritical water contains a higher
concentration of H" ions in comparison to water at ambient conditions, which promotes acid-



catalysed reactions of organic compounds [112], [113], [114]. It was also found that a small
amount of water molecules in carbonization reactions could directly participate in hydrolysis,
hydrogen exchange, condensation, and cracking reactions [114]. Generally, it can be said that
subcritical water amplifies the solubility of organic compounds and enhances their reactivity,
thus facilitating the decomposition and transformation processes [67], [115]. Furthermore,
processes that use sub- or supercritical water, offer several advantages in comparison to other
thermochemical conversion techniques like pyrolysis or gasification. These advantages include:
(i) a cost-efficient method due to milder temperatures (< 350°C for subcritical water), (ii)
compatible with various feedstocks and mixtures, (iii) low maintenance costs, (iv) suitable for wet
or dry feedstock, and (v) lower energy consumption [105], [107], [116].

A) Hydrothermal gasification (HTG)

Hydrothermal gasification takes place at high temperatures and pressures higher than 22 MPa
with typically the production of a syngas composed of carbon dioxide, methane and/or hydrogen
as a result. The process is typically categorized in three main types: (i) aqueous phase reforming
(215 to 265°C), (ii) near-critical catalytic gasification (350 to 400°C) and (iii) supercritical water
gasification (600 to 700°C) [107], [117], [118].

B) Hydrothermal liquefaction (HTL)

Hydrothermal liquefaction usually takes place at a temperature of 300 to 350°C and a pressure
of 15 to 25 MPa. The obtained products are a liquid “biocrude”, an aqueous solution with
dissolved organics and a gas phase dominated by carbon dioxide. The obtained “biocrude” is
often used to produce biofuels [117], [119].

C) Hydrothermal carbonization (HTC)

Hydrothermal carbonization occurs within a comparably low temperature range, typically
between 160 and 250°C and autogenous pressure, which is typically between 1 and 5 MPa [120].
Within this temperature range, liquefaction and gasification are restricted, and a carbon-rich
solid product dominates. This hydrothermal carbonization method allows various feedstocks to
be transformed into a solid with a carbon content similar to lignite, with mass yields between 35
and 60%. The primary carbon losses arise from dissolved organics in the aqueous phase, while
gas production is minimal. The distribution of products is primarily influenced by factors such as
the nature of the feedstock, process temperature, reaction duration, and the solids load.
Nevertheless, the principal product obtained from this process is hydrochar [117], [121], [122].



2.2.2.Hydrothermal carbonization of non-lighocellulosic biomass

In section 2.2.2.1, the effect of the following process parameters on the HTC process and
products will be described: temperature, residence time, hydrous condition, water-to-biomass
ratio and pressure. In section 2.2.2.2, the carbonization mechanism of NLBM constituents will be
elaborated on to gain a comprehensive understanding of the chemical transformations
occurring.

2.2.2.1. Effectof process parameters

The process parameters which will be discussed are temperature, residence time, water-to-
biomass ratio and pressure. To understand the effect in terms of NLBM, some values from
literature for various NLBM waste streams are summarized in Table 4.

2.2.2.1.1. Temperature

Temperature is a decisive parameter in HTC because it supplies the energy in the form of heat for
the decomposition and fragmentation of the biomass. Due to the increase in energy supply with
increasing temperature, the efficiency of the biomass conversion is proportional to the increase
intemperature [123], [124]. This is because the viscosity of water is able to change more than one
order of magnitude from 1.6 mPa-s at 0°C to 0.14 mPa-s at 350°C. Due to the change in viscosity,
water at higher temperatures can more easily penetrate into the biomass and therefore
accelerate the degradation [124]. In Table 4, it can be seen that the employed temperatures were
between 160°C and 300°C. However, as mentioned in section 2.2.1, the temperature employed
in HTC is typically between 160 and 250°C because these lower temperatures typically favour
charyield. The temperature affects the number of compounds that undergo hydrolysis, which will
be described more in section 2.2.2.2. However, generally it was observed in the experiments that
anincrease in temperature caused a decrease in hydrochar yield and an increase in carbon yield
because the rate of waste solubilization was greater than the rate of char formation [124].

2.2.2.1.2. Residence time

Residence time influences the quantity and composition of the hydrochar. With longer reaction
times usually increasing the severity of the reaction and decreasing the yield. As for the carbon
content, this is initially seen to decrease at short reaction times due to the solubilization phase,
which causes an increase in carbon content in the liquid phase. With longer reaction times,
secondary charring can occur and thus the carbon content in the hydrochar can increase [124].
These trends were also observed in the experiments in Table 4, where the residence time varied
from 30 minutes to 20 hours.

2.2.2.1.3. Hydrous condition and water-to-biomass ratio

Aliquid medium is essential for HTC to occur. As the liquid medium avoids the combustion of the
organic matter, which occurs in pyrolytic conditions. Furthermore, it has been observed that
biomass above the liquid surface does not carbonize. The liquid medium is usually chosen as
water as itis a good heat transfer and storage medium which avoids local temperature peaks that
might result from exothermal reactions. However, it could also be possible to carbonize biomass
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in oil even though it has been observed that the carbonization process is accelerated by water.
This is because the thermal conductivity of water (0.609 W/(m-K)) is bigger than that of oil (0.1-
0.15 W/(m-K)). Furthermore, the use of subcritical water as a solvent is cost-effective, easy to
dispose of in comparison to hazardous organic solvents, and is non-aggressive [124], [125].

One of the advantages of HTC is the ability to work with wet feedstocks. However, it is still
relatively unclear how naturally bound water versus externally added water influences the
hydrochar characteristics. Soroush et al. (2023) investigated the effects of using fresh seaweed
with and without additional water compared to soaked dry seaweed. They found that fresh
seaweed with additional water showed higher adsorption capacity than soaked dry seaweed and
that the former showed a higher amount of carboxyl functional groups. It was concluded that
drying the feedstock and adding external water affects the hydrochar characteristics due to the
drying process [126].

Table 4 summarises the used water-to-biomass ratio (w/b) for HTC of various NLBM waste
streams, it can be seen that the ratio ranged from 1-20. In the two experiments carried out with
varying w/b, it was observed that a lower w/b resulted in higher yields. This was explained due to
the faster increase in concentration of monomers in the liquid phase at lower w/b content or
higher solids content. This pushes polymerization to start earlier. Thus, for enhanced
polymerization the solid load should be kept high, while still keeping all of the biomass
submerged [127], [128].

2.2.2.1.4. Pressure

Hydrolysis and degradation are pushed by increasing the pressure, which makes sure the water
remains in subcritical state. As pressure (in combination with the temperature) mainly affects the
density and viscosity of the water and as explained in section 2.2.2.1.1, low viscosity solvents can
more easily penetrate the biomass, thus accelerating the fragmentation. The pressure generated
in HTC is autogenous and increases isotropically, as the temperature increases [125]. Thus, the
pressure can be increased by increasing the temperature. Furthermore, Le Chatelier’s principle
applies in the reactor: to maintain equilibrium at higher pressures, the reaction equilibrium shifts
between the solid and liquid phase, corresponding to the phase that has a smaller number of
moles[124],[129]. This was observed as the dehydration and decarboxylation reactions occurred
to a lesser extent at higher pressures whereas polymerization and condensation reactions
occurred to a higher extent. However, this effect does not show a big impact on hydrothermal
carbonization. At high pressures, it is assumed that extractables in biomass are more easily
removed because encapsulated gases are compacted and therefore dissolved more easily in
water, which allows better access of the liquid water [125].



Table 4: Process parameters and achieved yields of different sources of non-lignocellulosic biomass.

Non-lignocellulosic biomass

Category Feedstock T(°C) Time(h) w/b Yield (%) Ref.
Sewage Sewage sludge 190-250 3 7.3 63-83 [130]
sludge Sewage sludge 190-220 1.4-4 7.3-19 53-68 [127]
Anaerobic sludge 200-300 0.5-2 9 49-73 [131]
Manure Swine and chicken 240 10 10 50-55 [132]
manure
Cattle manure 170-230 1 10 54-65 [133]
Pig manure 180-260 1 10 42-53 [134]
Food Food waste 200-250 1 10 40-44 [135]
waste Food waste 250 20 4 41-47 [136]
Beet pulp 180-220 1-4 20 37-56 [137]
Algal Microalgae 200-250 1 10 28-43 [135]
biomass Macroalgae 180-250 1-6 1-10 38-57 [128]
Macroalgae 180-220 0.5-2 9 26-40 [138]
Industrial Municipal solid waste 250 20 4 58-68 [136]
residues Leatherwaste 180-300 0.5 10 70-86 [139]
Chicken feathers 160-170 1-3 14.3 14-47 [140]

2.2.2.2. Carbonization mechanism

As mentioned in section 2.1.2, fish and crustaceans mainly consist of carbohydrates, lipids,
proteins, and inorganics. It can be argued that lignocellulose is negligible in their composition.
However, the components all undergo the carbonization mechanism of HTC. The hydrothermal
reaction of carbohydrates, proteins, lipids, and inorganics will be described in the following
sections and are schematically (except for lipids) given in Figure 8.

16



[ Nonlignocellulose React over 400°C

»
>
NLBM - T
Inorganic salt RS NHy' in . . " . .
(e.g. NH;/NO;/NO;) > Tiquids R1: Hydrolysis R6: Maillard reaction
— R2: Dehydratior
g % e Fmmm—mmm——-—— - — -
B = R8: Cyclization i
A4 Cydic : . . °
dipeptide R4: Decarboxylation R9: Ring condensation! )
I Protein R5: Deamination R10: Polymerization | Condensaton
|
1 Carbon nucleus
= Organic acid - '
E (e.g. acetic, fomic, lactic and 1—)[ Cyclopentanone derivates ] 1 Nucleation growth process
& proppionic acids) B e
R? —>[ - R9 Aromatic
Furanone derivates l—b
Monosaccharide Intermediates - clusters
(e.g. glucose, fructose ) (e.g. furans and furfurals) - - g
Rg—»[ Monocyclic aromatics
R10

R6 | Heterocyclic compounds
(e.g. melanoidins, etc.)

p

Y

r10.| Polyaromatic

e e e e e e

] I
| ;. |
ER'“ c: i i o pyrmoke structure char
T ! - R10 |  Dicyclic
| Prownuis | ,';{ Pyridine | Powmion |  aromatics
________________________________ - | T T
i I I
| Monommtmmm/ ! Monocyclic aromatics
: “"jv\,ﬁk' PR ,_____"_""_""’L':"‘_“‘*‘_“”_""‘ﬁ’:"’_____\: ___: :___I r:
el [ e T
“I'M:»V\/\('\'U_mr__y:___m__fsﬂ:':_': LK N Nl i
:I Lysins /l | | A ™ | :
podton: hydra gr ! |
] I
. Loxns __ L N6 __J _No __}iL___DZ_
[ Volatile matter
-I non-volatile matter (Fixed carbon)
[ Ash content
§ Hydrochar yield
0
25°C 120°C 150°C 180°C 210°C 240°C 270°C 300°C
Original phase > I < transitional phase ;Ii amorphous phase —>
Evolution pathways >

Figure 8: Reaction pathways of non-lignocellulosic biomass (excluding lipids) during hydrothermal carbonization, modified slightly from [141].

e e e e e e



2.2.2.2.1. Hydrothermal reaction of carbohydrates

Carbohydrates are essentially monosaccharide polymers (such as polysaccharides, as depicted
in Figure 8). Under hydrothermal conditions, polysaccharides get easily depolymerized and
hydrolysed to monosaccharides [142]. The increasing HTC temperatures then lead to various
reaction pathways of glucose and fructose, which are monosaccharides that cannot be
hydrolysed further into smaller sugar molecules. The Lobry de Bruyn-Alberda van Ekenstein
transformation isomerizes glucose to fructose, and vice versa [141]. It has also been observed
that fructose is more reactive compared to glucose. Glucose is more inclined to undergo
isomerization to fructose in subcritical water whereas the reverse process is not observed [143].
However, the rate of isomerization of monosaccharides, leading to the formation of different
forms, is relatively slow compared to the degradation rate of glucose and fructose [144]. In
general, glucose mainly decomposes into acetaldehyde, acetone, and other products, while
fructose generates more dehydration products, such as 5-HMF [145]. These intermediates
undergo further dehydration and sometimes cyclization and ring condensation, after which
aromatic clusters are formed. These clusters are formed once the concentration of aromatics in
the aqueous phase reaches a threshold value, after which a peak in the nucleation processes
takes place, and a considerable number of aromatic clusters are concurrently accumulated. The
aromatic clusters can undergo polymerization to form the polyaromatic structures typically
sought after in hydrochar. However, it should be noted that the predominant shift from hydrolysis
toward condensation and polymerization only occurs from 240°C. Thus, the reaction pathways
during the process are significantly impacted by the temperature, with higher temperatures
yielding more polyaromatic structures [67], [141].

2.2.2.2.2. Hydrothermal reaction of proteins

As mentioned in section 2.1.1.1, proteins consist of amino acids that are linked by peptide bonds
formed between the carboxyl and amino groups of adjacent amino acids. The peptide bonds are
susceptible to hydrolysis under hydrothermal conditions. Thus, when the temperature rises the
polypeptides gradually undergo hydrolysis to form amino acids. Dehydration of amino acids to
linear dipeptides could also take place, as can be seen in Figure 8 but this was observed to occur
less [141]. The different amino acids characterized by their side chains lead to a variety of
products via individual and synergistic reactions. The general decomposition of individual amino
acids under hydrothermal conditions was determined as decarboxylation to produce CO, and
amines and deamination to produce NH* and organic acids [146]. Additionally, self-
rearrangement between amino acids can result in the formation of mono-cyclic aromatics and
dicyclic aromatics at higher temperatures. There is also a synergistic reaction between amino
acids and reduced sugars. This interaction is known as the Maillard reaction which produces N-
containing heterocycles like melanoidin. When the temperature further increases above 240°C,
it was found that aliphatic methylene or other O-containing functional groups on the aromatic or
heterocyclic rings were thermally cracked, yielding more condensed structures via aromatization
and ring condensation. Thus, polymerization of small aromatic and heterocyclic ring systems
progressively formed polyaromatic structures [141], [147].
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2.2.2.2.3. Hydrothermal reaction of lipids

A common form of lipids are the triglycerides, which consist of a glycerol backbone esterified with
three fatty acid molecules, as mentioned in section 2.1.1.3 [107]. When the temperature of HTC
increases, the polarity of the water in the HTC system decreases, making water more like non-
polar organic solvents and causing lipids to dissolve in aqueous solutions. It was observed that
the solubility of fats and oils in water increases, and when water reaches its supercritical state,
fats and water become completely compatible [144]. Triglycerides can easily hydrolyse into
glycerol and various types of long-chain fatty acids above temperatures of 280°C. Glycerol can
then undergo secondary decomposition and generate alcohol compounds (methanol, ethanol,
propylene glycol) and aldehyde compounds (formaldehyde, acetaldehyde, and trace amounts of
organic gases) [148]. It was also observed that free fatty acids can be degraded at hydrothermal
conditions and yield long-chain hydrocarbons [149]. Some long-chain fatty acids can yield
alkanes with a carbon number greater than 16 under hydrothermal conditions through
decarboxylation and dehydration reactions [67].

2.2.2.2.4. Hydrothermal reaction of inorganics

The inorganic fraction in raw materials has a certain influence on the hydrothermal conversion.
The minerals within the inorganic fraction can have an influence. It was for example observed that
there are higher concentrations of alkali (e.g., sodium salts) and alkaline (e.g., calcium salts)
earth salts in biomass which can enhance (catalyse) the hydrolysis of carbohydrates [150]. It was
also reported that iron ions in iron oxides have a high activity in HTC of starch, which promote the
formation of hydrochar microspheres [151]. It was also observed that in algal biomass, noble
metals usually promote the decarbonylation reaction activity whereas the non-precious metal
nickel promotes the deoxygenation reaction of algal lipid groups [106], [152]. Next to the
minerals, the ash content in general will usually only react at temperatures over 400°C but for
some materials it was observed that the ash content in the hydrochar decreased with higher
temperatures whereas with other materials the contrary was observed. This is due to the specific
ash chemistry of the feedstock. An increase in ash content can occur if the feedstock has a
smaller proportion of inorganic material removed in comparison to the proportion of organic
material removed. Thus, even though inorganic material was removed it can become increasingly
concentrated within the hydrochar [135].
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2.3. Hydrochar

In the following sections, hydrochar (HC) will be defined through its chemical and physical
characteristics. After which the characterization will be explored through the following
techniques: the point of zero charge, elemental analysis through the van Krevelen diagram, and
dye-adsorption. Specifically, the adsorption properties involving methylene blue and methyl
orange will be described. The last section will focus on applications of hydrochar.

2.3.1.Characteristics

2.3.1.1. Chemical characteristics

Hydrochar is a carbonaceous solid product produced through HTC, as mentioned in section
2.2.1. The chemical characteristics vary according to the type of feedstock, HTC temperature and
reaction time. This is especially true for NLBM sources, the composition of the raw feedstock is
very diverse, leading to varying chemical characteristics of the resultant HC. However, some
properties are deemed typical of all types of HC. When HTC occurs, it has been studied that the
deoxygenation and dehydration reactions cause HC to have an increased carbon content
compared to the raw feedstocks. This can be explained as the decrease in the number of low
energy H-C and O-C bonds and increase of high energy C-C bonds leads to an improved energy
density [153]. With regard to fuel applications, a high carbon and low oxygen content are
preferable.

Besides elemental composition, surface functionality plays an important role in their application
for surface-based phenomena, such as adsorption and catalysis [154]. The surface of HC shows
a high degree of aromatization with abundant oxygen-containing functional groups (OFG),
including hydroxyl, carboxyl, phenol, carbonyl groups and others, depicted in Figure 9 [11]. The
HC microspheres generally present a core-shell chemical structure consisting of a highly
hydrophobic aromatic nucleus (ether, quinone...) and a hydrophilic shell with many reactive OFG
(hydroxyl, carbonyl, carboxyl, phenolic, ester, epoxy etc.) [155]. The presence of many hydrophilic
OFG on the surface of HC explains its affinity for water; therefore, it could be used to increase the
water retention capacity of the soil [9]. The abundance of OFG is also favourable for the design of
carbon-based energy storage materials, such as supercapacitors [156].
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Figure 9: Oxygen-containing functional groups on carbon materials [156].
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The pH of the HC is strongly dependent on the HTC conditions. It has been observed that lower
temperatures produce more acidic HCs because acidic groups such as carboxyl and hydroxyl are
lost when HTC temperatures increase [157]. The pH of the feed water was reported as having no
influence on the hydrochar pH although biomass decomposition is different in acidic and alkaline
media [158].

2.3.1.2. Physical characteristics

Hydrochar has low pore volume and BET surface area compared to activated carbon (1000 m%/g
and higher) or biochar (up to 100-400 m?/g) [159], [160]. However, during the HTC process, pores
with different sizes are created leading to an increasing internal surface area compared to the raw
feedstock [9]. The pores can be classified based on their sizes: macropores (> 50 nm), mesopores
(2-50 nm) and micropores (< 2 nm) [161]. Khoshbouy et al. (2019) produced hydrochar of
wastewater sludge (260°C, 1 h, w/b = 8.9) and obtained a BET surface area of 6.3 m?/g and a total
pore volume of 0.015 cm®g, of which 98.68% were mesopores and the remainder were
micropores. The average pore diameter was 2.98 nm [162]. The surface area of the HC is very low,
scanning electron microscopy (SEM) images show a mostly non-porous surface (Figure 10a).
However, chemical activation of the hydrochar (mixing KOH 1:1 w/w, 700°C, 1 h) can lead to
increases in surface area and porosity with well-developed pore structures (Figure 10b). Another
study which produced HC from food waste (mixtures of vegetables, fruits, staple foods and meat
waste, at T = 200-300°C, t = 1 h, w/b = 3) obtained a BET surface area of 5.23 to 7.14 m?/g [163].
Hydrochar produced from algae (T = 180-250°C, t = 1-6 h, w/b = 1-10) obtained a BET surface area
of 4.9to 51.7 m?/g [128]. Despite their low surface area, the HCs gain their advantage in the great
variety of OFG present on the surface.
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Figure 10: SEM images of (a) hydrochar produced at 260°C and (b) chemically activated hydrochar [162].

2.3.2.Characterization techniques

2.3.2.1. Pointofzero charge

The point of zero charge provides important information on sorption mechanisms. Three different
points of zero charge are described in literature: (i) point of zero charge (PZC), (ii) point of zero net
charge (PZNC) and (iii) point of zero net proton charge (PZNPC). The PZC is the pH value at which
the net surface charge is zero, and the diffuse ion swarm disappears [164]. The PZNC represents
the pH at which the overall charge resulting from sorbed ions, other than H and OH", equals zero.
This aligns with the point where the anion exchange capacity and cation exchange capacity of the
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substrate are in equilibrium [165], [166]. On the other hand, the PZNPC is the pH value at which
the net charge, originating from H* and OH™ ions complexed by surface functional groups,
becomes zero [167]. This section will focus on the first type (PZC) as this will be measured in the
experimental part.

The PZC is a pH value at which the surface charge components become equal to zero at a given
temperature, applied pressure and aqueous solution composition [168]. This means that there
are equal amounts of positive and negative charges at the pHezc. Substrates characterized by low
PZC values are most suitable for treating effluents contaminated with cations, whereas
substrates with high PZC values are better suited for capturing anions [167]. This is because at a
pH of the solution higher than the pHec, the surface of the substrate is negatively charged
whereas the surface charge is positive if the pH of the solution is lower than the pHpzc.

The method usually used for measuring the PZC of organic substrates is the pH drift method due
to its easy methodology. This technique should be performed by adding identical amounts of
substrate to a set of solutions of the same ionic strength at different pH values and measuring the
pH after equilibrium [167], [169], [170].

2.3.2.2. Elemental composition: van Krevelen diagram

For chemical characterization of the hydrochar, an elemental analysis can provide valuable
insight. Van Krevelen proposed a diagram depicting the atomic H/C versus O/C ratio to analyse
the chemical transformation of cellulose and glucose (mono- and polysaccharides) during HTC
[171]. It has been observed that the H/C-O/C ratio decreases where the energy density increases
with an increase in reaction time and temperature for the HTC process. For fuel applications, a
fuel with low O/C-H/C atomic ratio is considered highly favourable because of the decreased
watervapor, energy losses and smoke during combustion [172]. The European Biochar Certificate
(EBC) requires that the molar ratios of O/C and H/C should be less than 0.4 and 0.7, respectively
to qualify for the certification. Values that exceed these recommendations, indicate non-pyrolytic
chars. No certificates have been made specifically for hydrochar yet [173].

Figure 11 was made using the data of different types of feedstock (willow, miscanthus, oak,
greenhouse waste, food waste, municipal waste, secondary sewage sludge, AD press cake,
macroalgae (Laminaria hyperborea) and microalgae (Chlorella spp.)) and hydrochars made at
200°C and 250°C with w/b = 10 for one hour [135]. It can be observed that the O/C and H/C ratios
decrease with increasing reaction severity, indicating that decarboxylation, decarbonylation and
dehydration reactions occurred during HTC. Decarboxylation degrades the carboxyl (-COOH),
whereas decarbonylation degrades carbonyl groups (C=0), forming CO, and CO respectively.
Dehydration removes hydroxyl groups (-OH) from the feedstock leading to less hydrophilic
functional groups. Both reactions can therefore reduce the oxygen content significantly and thus
improve the energy density [135].
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Figure 11: van Krevelen diagram of raw feedstock and produced hydrochars at 200°C and . Willow (@),
miscanthus (+), oak wood (M), greenhouse waste (A), food waste (®), AD press cake (==), municipal waste (X), sewage
sludge (X), macroalgae (8), microalgae (O). Made with data from [135].

2.3.2.3. Dye adsorption

The adsorption process in the liquid phase comprises multiple steps: mass transport of the
adsorbate in the bulk of the fluid phase, diffusion of adsorbate in the film at the solid-fluid
interface, pore diffusion of the adsorbate through the adsorbent and surface reaction where the
interactions between adsorbent and adsorbate take place [174].

Kinetic tests are performed to characterize the performance of an adsorbent. Fitting kinetic
models to experimental data allows to estimate the rate of adsorption, indicating how fast the
uptake of an adsorbate is. Additionally, it can help identify the steps in the adsorption process
that control the entire process. The latter is known as the slowest step and provides information
about the mechanism that drives sorption (e.g., diffusion or surface reactions). The interactions
between the adsorbate and the adsorbent are governed by different phenomena such as: surface
precipitation, surface complexation, ion exchange, cation-it and m-1 interactions, Coulomb
forces, van der Waals forces, hydrogen bonding, etc (Figure 12). The kinetic models cannot
determine the kind of interaction that takes place but give an indication whether one or a
combination of these interactions are controlling the adsorption [175].

The most used models to describe the adsorption kinetics, are the pseudo-first order kinetic
model (PFOM) and the pseudo-second order kinetic model (PSOM). These are empirical models
and are called pseudo due to: (i) the assumption that there is a constant concentration of the
adsorbate in the solution and (ii) it is based on adsorption capacity of solids instead of the
concentration in the liquid phase. PFOM assumes that the adsorption processes are mainly
controlled by physisorption (low enthalpy of adsorption, formation of multilayers and
reversibility) and diffusion; the PSOM assumes that the adsorption processes are controlled by
the chemisorption (electron transfer, formation of ionic or covalent bonds, occurring on
monolayers only and irreversible), mainly including the electronic sharing or exchange processes
between adsorbate and adsorbent [175], [176], [177].
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Figure 12: Examples of possible adsorption mechanisms on carbonaceous material [178].

2.3.2.3.1. Methylene blue

Methylene blue (MB) is a synthetic cationic thiazine dye with molecular formula Ci¢H1sCIN3S
(Figure 13). It is a dark green powder with a deep blue colour in agueous solution where it
dissociates into an MB cation and a chloride anion. The dehydrated MB properties are: molecular
weight (319.9 g/mol), width (14.3 A), height (6.1 A), thickness (4 A), molecular volume (241.9
cm®/mol), and molecular diameter 0.8 nm [179]. Its topological polar surface area is 43.9 A2 [180].
The overall pK, of MB is 8.33. Thus, at a pH smaller than the pK,, MB is positively charged whereas
at a pH bigger than the pK,, MB is negatively charged [181].
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Figure 13: Chemical structure of methylene blue [182].

2.3.2.3.2. Methyl orange

Methyl orange (MO) is an anionic azo dye with molecular formula Cq4H14N3NaO;S. Its molecular
weight is 327.34 g/mol and its topological polar surface area is 39.5 A2 [183]. The pK, of methyl
orange is 3.47. Thus, at a pH higher than 3.47, MO is negatively charged whereas it is positively
charged at a pH below 3.47.
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Figure 14: Chemical structure of methyl orange [182].
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2.3.3.Applications of hydrochar

Hydrochar is considered a promising material which has potential for a range of applications.
Literature has reported applications as low-cost adsorbent, for soil amendment and carbon
sequestration, catalyst support and supercapacitors.

2.3.3.1. Low-cost adsorbent

Hydrochar usually has poor characteristics for adsorption due to its low surface area and pore
volume which provide less sorption sites for contaminants (versus biochar for example) [184].
Furthermore, its negative surface charge is unconducive to adsorbing negatively charged
substances [185]. Hydrochar also has a high volatile organic compound (VOC) content, which
may leach into water. And even though most of the VOCs in hydrochar are water soluble, rinsing
the HC is often not sufficient [186], [187]. However, some studies have shown that due to the
diverse surface functionalities of HC, it has strong sorption capacities for both polar and non-
polar organic contaminants [188], [189]. Thus, HC has been proposed as a low-cost adsorbent
for contaminants in aqueous solutions [190]. These contaminants can be metals, dyes, organic
pollutants (e.g. pesticides, pharmaceuticals), and some studies have even evaluated its
adsorption potential for pathogens. However, for the removal of contaminants with HC it is
crucial to determine the surface area, pore volume, surface charges and surface functionality
[190].

To give hydrochar better characteristics for adsorption, activation can be carried out. Hydrochar
can be activated with chemicals during HTC (1-step) or after HTC (2-step) [190], [191], [192].
Studies have shown that modified HCs have higher sorption capacities than their unmodified
version [190]. A distinction between chemical and physical activation can be made, which will be
briefly explained below.

Chemical activation

Chemical activation can be done by either adding chemicals directly in the HTC container or by
washing the HC in a chemical solution after HTC. When washing the HC with a chemical solution,
the HC can be used after rinsing with DI water or it can be further activated in an inert, heated
environment [190]. Commonly used chemicals for chemical activation are: HsPO4, ZnCl,, K;COs,
FeCl;, NaOH, and KOH [193], [194], [195], [196]. These are dehydrating agents which leave
deposits inside the matrix of the hydrochar, that becomes porous due to dehydration. The spent
activation agent that is formed is then rinsed away which leads to the formation of meso- and
micropores. Thus, the end product has a higher pore volume and surface area [190].

Physical activation

Physical activation relies on the carbonization of the HC in an inert atmosphere and/or activation
with an oxidizing gas like CO, or steam, typically at temperatures above 600°C [197], [198]. This
leads to the formation of larger surface areas and more pore volume, even though itrequires more
energy than chemical activation. Furthermore, physical activation is more effective, using less
chemicals and water than chemical activation [198]. Fang et al. (2016) made HCs (T =200°C, t =
6 h, w/b =5.8) from hickory and peanut hull and activated them with CO, (mpc=5g,t=1-2h, T=
600-900°C, CO, gas flow rate = 150 mL/min). The surface area increased from 7 m%/g to 380-1300
m?/g depending on the activation temperature, leading to a 50 to 190-fold increase [197].
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2.3.3.2. Soilamendment and carbon sequestration

Hydrochar shows promising results in enhancing soil quality by improving its structure, nutrient
cycling, and moisture retention capacities. These improvements are attributed to its well-
developed pore structure, abundant OFGs, rich organic matter content, high aromaticity, and
small O/C and H/C ratios [199], [200]. Many experiments have therefore been conducted to study
the effect of hydrochar for soil improvement [200]. Although most HCs have a rather low nutrient
content and thus cannot be used as fertilizer by themselves, they can be added to soil to
strengthen the effect of fertilizers and thus reduce the amount of fertilizer that is lost through
surface run-off [201]. This is because the nutrients are sorbed into the pores of the HC, which
then slowly releases the nutrients into the soil for plant uptake. Thus, HC was found to have a
synergistic effect with fertilizers by enhancing plant growth and improving nutrient use-efficiency
[190].

However, some studies have shown a decrease in plant growth when HC was used, this was
attributed to the immobilization of N in the soil due to the hydrochars decomposition activity
[202], [203]. Since HC is more prone to biological degradation than biochar, it was also seen that
fungal colonization on the surface of HC was sometimes observed, which reduced the water
retention properties of HC [204], [205], [206]. Furthermore, HC has been seen to contain more
hydrophobic areas, thus notimproving the water holding capacity [207], [208]. However, in sandy
soils (which naturally have low available water capacity), an improvement for water capacity was
seen because HC addition to soil decreases the bulk density of the soil and increases the total
pore volume, allowing more water retention in the soil [190], [209], [210].

An important aspect when considering HC for soil amendment is the possible phytotoxicity
effects. As HC can often contain toxic compounds such as heavy metals, but also organic acids,
phenols, furfurals, and their derivatives due to secondary charring, i.e. polymerization and
condensation of dissolved intermediates [211], [212], [213]. The content of toxic compounds
depends on both the feedstock and the HTC conditions [211], [213].

Another possible advantage of HC for soil amendment is its possibility to sequester carbon.
Biochar (BC) has been proven to be a good material for carbon sequestration (CS) because
pyrolysis turns the biomass into a more recalcitrant form. Thus, HC which obtains moderate
stability by HTC, may also be a good material for CS, albeit for a shorter time than BC [214], [215].
Soils with added HC were monitored for their greenhouse gas (GHG) fluxes: N,O, CO, and CHa.
The soils with added HCs showed considerably larger N.O, CO, and CH, emissions than soils
amended with BC and sometimes even compared to unamended soils. The increase of CO, was
found to be due to the relatively low stability of the C in HC and due to the stimulated microbial
activity as a result of its higher degradability [216], [217]. Baronti et al. (2017) determined that 47%
of the added carbon through HC to the soil was lost due to decomposition in the first year after
application. But it was also seen that more than half of the C did not decompose further. They
found evidence that there was fast migration to deeper soil horizons where the low microbial
density and oxygen content usually reduces decomposition. However, the assumption that
translocation towards deeper soil horizons favours permanent CS is still under discussion [10],
[218]. As such, CS with hydrochar still seems challenging and further testing is needed on
different soils to come to a definite conclusion as well as considering the CO, emitted during the
production of hydrochar, through for example a life cycle assessment [10].
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Thus, even though many studies have proven the positive effect of HC application for soil
amendment, some sidenotes can be made. Before considering HC for soil amendment, the
phytotoxicity should be determined as well as the stability of the HC in the soil.

2.3.3.3. Material for supercapacitors or catalyst support

Supercapacitors

Supercapacitors (SC) are a promising electrochemical energy storage device due to their ability
to rapidly charge and discharge, their high-power density, and long lifecycle. With the predicted
growth in renewable energy sources (e.g. wind, solar power), the research for advanced energy
storage and conversion technologies that enable a stable in- and output of energy is in full bloom,
with SC being a good contender [219], [220]. The most common type of SC is the electric double-
layer capacitor, which stores energy between the double layers through the phase interface of
electrodes and electrolytes motivated by electrostatic interactions [221]. Vital to accumulate a
huge amount of power is the layer thickness and the large electrode surface. Therefore, a critical
component of the SC is the electrode, which should have excellent chemical stability, good
conductivity, and a high specific capacitance [219], [222].

Thus, hydrochar has also been investigated for its possible utilisation as a low-cost material for
electrodes in SC. As mentioned in section 2.3.3.1, the HC has to be activated in order to have the
desired large specific surface area and large pore volume. In one study, HC was combined with
nickel, with nickel acting as a graphitization catalyst which improved the specific capacity of HC
by 149%. After activation, the HC-nickel composite had a specific capacitance of 175 F/g, which
was higher than that of an activated carbon-nickel composite. This difference was attributed to
the hierarchical porous structure in combination with the relatively high surface area and pore
volume of the HC [223]. Another study made HC and BC from sewage sludge and activated those
with KHCO; and also by further physical activation. A specific capacitance of 54 F/g was obtained
for the activated HC versus 234 F/g for the activated BC at a current density of 1 A/g. The reason
for the lower capacitance of the activated hydrochar was determined to be due to the
substantially lower specific surface area (HC: 477 m?/g, BC: 952 m?%/g) [224].

Catalysts

Biocatalysts and carbon-based catalysts, such as BC and HC, have a lower cost, reusable nature,
large surface area, stable structure, good thermal and mechanical stability, and an improved acid
density, which makes them a good alternative for the commonly used metal catalysts [225],
[226]. As HCs directly after HTC have a relatively low specific surface area, activation or
functionalization is needed to tune the HCs. As mentioned in section 2.3.3.1, chemical or
physical activation can be done to increase the surface area. Functionalization can be done to
obtain the desired surface functional groups. The most common modification method is
sulfonation with concentrated H,SO, or its derivatives. Following sulfonation, the modified
hydrochars can be used as solid acid catalysts for polysaccharide hydrolysis, sugar dehydration,
biodiesel production, etc [225].

Thus, HC used as low-cost material for SC or as catalyst support is a promising possible
application. However, depending on the process parameters and the activation method, different
results will be obtained which still needs to be further researched. Furthermore, the use of NLBM
for these applications is only beginning to be evaluated [225].
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3. MATERIALS AND METHODS

In the following sections, the materials and methods used during the experimental research will
be described. This includes three main categories of experiments: the hydrothermal
carbonization, the physicochemical characterization, and the experiments on adsorption. Figure
15 gives a schematic overview of the different steps. All experiments were carried out in the
laboratory of the Centre on Green Chemistry and Environmental Biotechnology (GREAT) at Ghent
University Global Campus in Songdo (GUGC) in South Korea, unless stated otherwise. ChatGPT
was used throughout parts of this master thesis for structuring and rephrasing.

PREPARATION HYDROTHERMAL CARBONIZATION CHARACTERIZATION
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Figure 15: Schematic overview of feedstock preparation, HTC and hydrochar characterization.
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3.1. Preparation of marine biowaste

The feedstock used in this research is waste from eight marine species collected at a local fish
market called Sorae Pogu in Incheon, South Korea during the months of August and September
2023. These species comprise five from the subphylum Vertebrata: chub mackerel (Scomber
Jjaponicus), hairtail (Trichiurus lepturus), yellow corvina (Larimichthys polyactis), horse mackerel
(Trachurus japonicus) and olive flounder (Paralichthys olivaceus), and three from the subphylum
Crustacea: whiteleg shrimp (Litopenaeus vannamei), tiger prawn (Penaeus monodon) and
Gazami crab (Portunus trituberculatus). The waste consisted primarily of the head, bones, tail,
skin, and shell. The samples were stored in a cool transportation box and immediately stored in
a freezer in the laboratory at a temperature below -10°C. Within 2 weeks after being put in the
freezer, the waste was used. The frozen fish was thawed at room temperature and grinded using
a food-grade blender to produce homogeneous fish and crustacean slurries. The moisture
content of each of these species was then determined by drying approximately 5 g of the raw
feedstock at 105°C for 24 hours in an electric oven (model JSOF-150). The moisture content w (%)
was calculated by Eq. 3.1.1 with mue: (g) and may (g) being the mass of the wet sample before and
after drying, respectively.

m - m
w o= et Y 100% (3.1.1)
Myt
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3.2. Hydrothermal carbonization

Hydrothermal carbonization was carried out in 50 mL non-stirred Teflon autoclave reactors
heated in an electric oven (model JSOF-150). In previous research, a preliminary optimization
protocol was carried out to determine the optimal process conditions. The temperature was
determined as the most influential parameter. The hydrochars were produced using a constant
water-to-biomass ratio (w/b) of 7, a constant residence time of 5 hours and varying temperatures
of 200, 220 and 240°C. A lower temperature of 180°C was also considered if this might resultin a
higher hydrochar yield for certain feedstocks. From the determination of the moisture content of
the different feedstocks, as described in the previous section, a precise amount of water was
added tothe wet slurry to obtain the chosen water-to-biomass ratio. The amount of wet feedstock
used was dependent on the moisture content of the species, however, 4 grams of dry feedstock
was used for all experiments. With the 4 grams of dry feedstock and an w/b of 7, the wet slurry
always had a mass of 32.6 g for all samples. The extra water that must be added (Waqq4 (g)) to the
wet feedstock to obtain the desired water-to-biomass ratio could be calculated from Eq. 3.2.1,
where w (%) is the initial moisture content of the feedstock and mue: (g) is the mass of the wet
feedstock.

Waaa = (L= W) My - w/b —w-my,q, (3.2.1)

After the HTC, the produced hydrochar slurry was cooled at room temperature and filtered using
CHMLAB® Ashless Qualitative Analysis Filter grade F1001 (125 mm) using a porcelain Buchner
funnel vacuum filtration setup. The hydrochar slurry was washed with acetone to remove any
remaining oils from the marine biowaste. The washed and filtered hydrochar was then dried in an
electric oven (model JSOF-150) for 3 hours at 105°C. The yield of the hydrochar was then
determined by weighing the scraped dried solid product from the filter paper. Scraping the dry
product from the filter paper was essential, as a lot of oily residue was adsorbed by the filter
paper. The hydrocharyield (%) on dry basis was calculated using Eq. 3.2.2. All samples were done
in triplicates and the produced hydrochars were stored in a fridge at 4°C until further
characterization experiments were done.

Hydrochar yield = 19SS 0 dried hydrochar (9) oy, (3.2.2)
yarocnar yiela = mass of dried feedstOCk (g) ° -

The oily residue on the filter papers and after washing with acetone yielded a question as to the
significance of this by-product. Thus, the oil and grease were recuperated for the fish waste. After
acetone washing and filtering, the filtrate was put in a rotary evaporator at 60°C for 5 hours. The
oilyield (%) was calculated using Eq. 3.2.3.

0il yield = mass oil (g) 100% (3.2.3)
e = ass of wet feedstock (g) 0 o
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3.3. Physicochemical characterization
3.3.1. Point of zero charge

The pH point of zero charge (pHezc) was used to characterize the electrical state of the adsorbent
surfaces in dispersions. For the determination of the pHpz,c of the produced hydrochar, pH
solutions of 2, 4, 6,7, 8,10 and 12 were made using 0.1 M NaCl solution adjusted with NaOH and
HCluntilthe desired pH was reached. 5 mL of the 7 different pH solutions was then added to each
sample of approximately 10 mg. These mixtures were then stirred with an electrical stirrer at 1200
rom for 24 hours. After this time, the pH was assumed to stop changing and having reached
equilibrium [227], [228]. The final pH was determined using a pH electrode with a pH meter S220
from METTLER TOLEDO. All measurements were done in duplicates. Plots were then drawn with
initial pH (x-axis) and change in pH, ApH (y-axis). The intersecting point between the curve and
the x-axis (where ApH was 0), was identified as pHpzc.

The propagation of uncertainty was calculated using the standard deviation considering the
covariance in case the uncertainties would be correlated. To calculate the PZC, a linear
regression was made across three points on the obtained curve, closest to the intersecting point.
These points were either two above and one below the x-axis or two below and one above the x-
axis. The obtained first-order equation (Eg. 3.3.1) could then be used to calculate the PZC by
solving for x, when y equalled 0.

y=Bx+A (3.3.1)
The standard deviation (oy) of the function with the real variables A and B with standard deviations

(oA and og), covariance (0as=pas0a0s) and correlation (pas) could then be determined. Egs. 3.3.2-
3.3.3 are the function and standard deviation, respectively [229].

A
I (3.3.2)
o ~ |f|\](%)2 + (%B)Z - 22“—1‘; (3.3.3)

3.3.2. Elemental and proximate analysis

Elemental analysis (C, H, N, O and S) of the raw feedstocks and produced hydrochar was
performed externally using a Vario-EL Il (Elementar Analysensysteme GmbH, Germany). The ash
content for the ultimate analysis was then calculated by using a mass balance (Eq. 3.3.4).

Ash content =100— (C+H+N+0+YS5) (3.3.4)
Besides the calculated ash content, the ash content was also measured externally using a
complete proximate analysis protocol (ASTM D7582) using a Leco TGA801. It should be noted that

only the calculated ash content was used in the data analysis. For the proximate analysis
protocol, all raw materials and produced hydrochars were put in ceramic crucibles in the
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carousel of the TGA machine for a 3-step measurements process. The first stage was the
moisture content measurement by increasing the temperature to 105°C under inert (N,)
atmosphere. The next stage was volatile matter (VM) measurement by increasing the temperature
to 600°C. The final stage was to measure the ash content by increasing the temperature to 950°C
with the atmosphere switched to an oxygen atmosphere. The heating rate was set for each step
and each step was done after the previous step reached an equilibrium mass. The fixed carbon
(FC) content of the produced hydrochars were calculated using the mass balance for the
hydrochars total content, as expressed in wt.% in Eq. 3.3.5. Since the calculated fixed carbon
content was sometimes negative, those values were replaced by 0 and the moisture content, VM,
ash and FC were normalized.

Fixed carbon = 100 — (moisture + volatile matter + ash) (3.3.5)

The higher heating value (HHV, kJ/g) was calculated using Dulong’s formula (Eq. 3.3.6), as this is
the most commonly used equation based on ultimate analysis [230].

0
HHV =0.3383-C + 1.443 <H - <§>> +0.0942-S (3.3.6)

3.3.3. FTIR

Analysis of surface functional groups of both the raw feedstock and hydrochar was conducted
using Fourier Transform Infrared (FTIR) spectroscopy using a Bruker VERTEX v70 FTIR
spectrometer within a wave number range of 400 to 4000 cm™ at ambient temperature.
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3.4. Adsorption

Experiments were carried out to determine the potential of the produced hydrochars for
adsorption applications. The experiments were performed with methylene blue and methyl
orange. The calibration curves for both can be found in Figure A.1 in Appendix A.

3.4.1. Considerations: pH and ionic strength

To compare the adsorption experiments when using different pH values, it was decided the ionic
strength should be taken into consideration. Therefore, before starting any of the adsorption
experiments, the ionic strength of each pH solution and the needed salt adjustments were
calculated. The pH was decided to be fixed at 4, 7 and 9 using potassium phosphate buffers with
a buffer capacity of 20 mM and salt adjustments were made using chemical-grade KCL. As can be
seen on Figure 16, the inorganic phosphate speciation is in function of the pH. To make buffers at
pH 4, 7 and 9, different combinations of potassium phosphate were needed. For pH 4, a
combination of H3PO, (as acid) and KH,PO,(as base) were used, for pH 7 and 9, KH,PO, (as acid)
and K;HPO, (as base) were used, all chemicals were bought from Daejung Chemicals & Metals
Co., Ltd.

1.0 [H:PO, H,PO, HPO,* PO,

0.8
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0.2
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Figure 16: Inorganic phosphate speciation as a function of pH [231].

To calculate the ionic strength and thus the appropriate salt adjustments, the expression for
buffer capacity was needed. This could be derived for a monoprotic acid, with the dissociation
reaction noted in Eq. 3.4.1 and its equilibrium equation noted in Eq. 3.4.2. HX represents the acid,
X the conjugate base, H* the proton and K, the acid dissociation constant (mol/L). When the
species are noted in square brackets, this indicates a concentration in mol/L.

HX = H" + X~ (3.4.1)
_[HY][X7]
K, = T (3.4.2)
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A mass and charge balance of a monoprotic acid and its conjugate base and a possible amount
of base thatis added (e.g., sodium salt) could then be made (Eq. 3.4.3 and 3.4.4) with [X]r (mol/L)
the total concentration of acid and conjugate base.

Mass balance: [X]r = [HX] + [X 7] (3.4.3)
Charge balance:[H*] + [Na*] = [OH™] + [X 7] (3.4.4)

The substitution [Na'] = C, could then be made and yields Eq. 3.4.5. Cy, (mol/L) is the total
concentration of base that must have been added.

Cy, = [0H™] = [H*] + [X7] (3.4.5)

Substituting Eq. 3.4.3 in Eq. 3.4.2, yields an expression for [X], Eg. 3.4.6. This could then be
substituted in Eq. 3.4.5, to yield Eq. 3.4.7 and Eq. 3.4.8 when the ionic product of water (K, =
[H'][OH], with K, (mol/L) the ionization constant for water) and the definition of pH is used, pH =

-log([H']-

4 Kq
[X7]= [X]Tm (3.4.6)
Kq
C, =[0H"]— [H*] + [X]Tm (3.4.7)
w K,
=4 Cb = W —107PH + [X]Tm (348)

Eq. 3.4.8 could then be differentiated with respect to pH, with the assumption of a constant [X]r.
The expression for buffer capacity of a monoprotic acid is thus given by Eq. 3.4.9, with B (mol/L)
the buffer capacity and dC, (mol/L) the changes in the concentration of conjugate acid as strong
monoprotic acid is added [232].

Ko [H]
TR + [HD?

dc "
B = = In10(—2 + [H*] + [X] (3.4.9)

The first two terms in the logarithm represent the free hydroxide and hydrogen ions. However,
these are only of interest when dealing with extremes, such as adding or subtracting strong
Arrhenius bases or acids to change pH. Therefore, at very dilute strong acid or base
concentrations, the auto-ionization of water is more important and [H*] = [OH]. Furthermore,
buffers usually function within a close range around the pK, or pK, of the chosen acid or base,
thusin the envisaged region, the first two terms do not play a significant role. The maximum buffer
capacity (Bqx) holds true for pH = pK,, when the [HX] to [X] ratio is exactly 1:1. This consequently
means that K, = [H'], and thus K, can be replaced by [H'] in the last term within the logarithm. This
leads to following equation (Eq. 3.4.10):

Boax = w = 0.576[X] (3.4.10)

33



[X]r can be replaced to include the mass of the conjugate base x (g) and the mass of the acid y (g)
yielding Eq. 3.4.11. V (L) represents the volume and MWyx. and MWux (g/mol) represent the
molecular weight of the conjugate base and acid, respectively.

X y
Boax = 0.576(MWX_ + MWHX) -

(3.4.11)

The Henderson-Hasselbalch equation (Eq. 3.4.12) can be used to note x and y in function of the
pH, yielding Eq. (3.4.13-15).

[X7]
pH = pK, + log (m> (3.4.12)
X
_ MW, X
< pH = pK, + log MMy/X = pK, + log (MWHX) + log (—) (3.4.13)
MWy X y
K. — MWy x
& x = y- 107709 ow) (3.4.14)
MWpx\
Sy=x- 10P%a* 109 (irs)-pH (3.4.15)

Putting Eq. 3.4.11 and 3.4.14-15 together, formulas can be derived for xand y in function of By, 4,
V, pH, and the molecular weights of the buffer components, yielding Eq. 3.4.16 and 3.4.17.

-1

MW
B,V 1OpH—pKa—loy(MW;)_() 1
y = + (3.4.16)
0.576 MWy- MWy
MW -1
BmaxV 1 10pKa+log(—MWI;}_()—pH
= + 3.4.17
X = 70576 | MW,- MWy (3.4.17)

After having calculated the mass of each buffer component needed, the ionic strength of the
solution can be determined with the formula for ionic strength (Eq. 3.4.18), with c¢; the
concentration and z, the charge of ion i.

1
o= EZci(zi)z (3.4.18)

The difference in ionic strength between the different buffer solutions (Eq. 3.4.19) can be
calculated and the lowest ionic strengths can be made the same as the highest one by adding
salts. The difference in ionic strength of buffer j, Ay; (mol/L), is calculated by subtracting the
biggest p of all the buffers with the ionic strength of buffer j, y; (mol/L). The mass of salt Msait,adq ()
that should be added to buffer solution j can then be calculated by Eq. 3.4.20.

Ap; = max(u) — p; (3.4.19)

Mgait,add = Aﬂj “MWsqir -V (3.4.20)
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3.4.2. Adsorption kinetics

The time at which equilibrium occurs was determined by mixing 160 mg of whiteleg shrimp
hydrochar with 80 mL of 50 mg/L MB solution. The pH was fixed at 9 using phosphate buffer. The
solution was mixed at 150 rpm and kept at room temperature. Samples of 1 mL were taken at
certain time intervals and filtered using Hyundai Micro Nylon Syringe filters with a pore size of 0.2
um. The MB concentration in the filtrate was then determined by UV-Vis spectrometry (K LAB CO.,
LTD) at a wavelength of 664 nm. The adsorbed amount of MB was calculated by Eq. 3.4.21, with
ge the adsorbed MB amount (mg/g), Co the initial concentration (mg/L), C. the equilibrium
concentration (mg/L), V the volume of MB solution (L) and m the hydrochar dosage (g). The
removal efficiency n (%) was calculated using Eq. 3.4.22.

Co— CV
Qo = (G = CIV (3.4.21)
m

Co—C
n= ( OC e) 100% (3.4.22)
0

The adsorption and desorption kinetic rate constants for the whiteleg shrimp-HC were evaluated
by the Lagergren’s pseudo-first-order model (PFOM), as expressed in Eq. 3.4.23.

Q) = Qma1(1 —exp(=k;t)) (3.4.23)

The pseudo-second-order kinetics model (PSOM) was evaluated using Eq. 3.4.24.

KyQnat

—_— 3.4.24
1+ K,Qp 5t ( )

Q) =

The Elovich model (Eq. 3.4.25) with a representing the initial adsorption rate (mg/(g-h)) and B the
desorption coefficient (g/mg).

Q) = Ina 5 [); Inte) (3.4.25)

To determine which model had the best fit, the parameter precision was estimated using
nonlinear least-squares routine based on the Levenberg-Marquardt algorithm (Solver) which
comes with Microsoft Excel®. The parameters of the models were estimated by minimising the
residual sum of squares (SSE) (Eq. 3.4.26).

n
2
SSE = E(Yi,exp - Yi,mod) (3-4-26)
i=1

The standard deviations o; of the parameters a;were then calculated using Eq. 3.4.27. With n, the
number of performed observations, p the number of adjustable parameters a; and m;" the i
diagonal term of the inverse of a p-p matrix containing the partial differentials of the fitting
function dF./da; with F, = Yimoea [233].

35



(3.4.27)

Since PSOM, PFOM and Elovich equations contain the same number of adjustable parameters
and the same dataset was used on all 3 models, it is not necessary to use adjusted or normalized
statistical indicators of the quality of fit [234]. Therefore, coefficient of determination (R?, Eq.
3.4.28) and the residual sum of squares (SSE, Eq. 3.4.26) suffice and were calculated. With yi ey
being the experimental value of the independent variable, yimoqa is the modelled value, y, o4, is the
mean of observed values and SST is the sum of square of total deviations.

2
. Z?:l(yi,exp - yi,mod) _ SSE

R =1 1-— (3.4.28)
Z?:1(Yi,exp - yl,exp

)2 B SST

3.4.3. Isotherms

An amount of 10 mg of hydrochar was added to 5 mL of MB dye solution with different
concentrations of 5, 30, 50 and 100 mg/L (and 200 mg/L for yellow corvina-HC at pH 9). The
samples were stirred at 150 rpm in a shaking water bath (Model MaXturdy 45, DAIHAN Scientific
Co., LTD) during 6 hours at 25°C. The pH was fixed to 4, 7 and 9 using potassium phosphate
buffers with a buffer capacity of 20 mM to study the effect of pH on adsorption. For all pH
solutions, the ionic strengths were made constant by adding chemical grade potassium chloride
salt. After the adsorption experiment, the solid and liquid phases were separated using Hyundai
Micro Nylon Syringe filters with a pore size of 0.2 pm. The MB concentration in the filtrate was
determined by UV-Vis spectrometry (K LAB CO., LTD) at a wavelength of 664 nm. The adsorption
capacity of HC was calculated by Eq. 3.4.21. The equilibrium adsorption data was fitted with
Langmuir and Freundlich isotherms, using Eq. 3.4.29 and 3.4.30 respectively. The amount of MB
adsorbed at equilibrium is represented by g. (mg/g), g is the maximum MB adsorption capacity
(mg/g), K. (L/mg) and K¢ (mg'"""L""/g) are the Langmuir and Freundlich equilibrium coefficients.
The factor 1/n is the adsorption intensity or heterogeneity factor of the adsorption. The Langmuir
adsorption isotherm assumes that adsorption takes place at a fixed humber of homogeneous
sites within the hydrochar and is mainly used for reversible monolayer adsorption [235]. In
contrast, the Freundlich adsorption isotherm considers a heterogeneous adsorption surface that
has unequal available sites with different adsorption energies [236].

_ qmaxKLCe
9e= T 1 KC (3.4.29)
p— K Cl/n
q. = KrC, (3.4.30)

When computing these isotherms, an inflection point was observed for yellow corvina-HC at pH
9. This inflection point was an indication of possible lateral interactions during adsorption. Thus,
two additional models were evaluated: Frumkin-Fowler-Guggenheim and Hill-de Boer.
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The Frumkin-Fowler-Guggenheim (FFG) model is given by Eq. 3.4.31, where kes is the FG
equilibrium coefficient of adsorption (L/mg), theta is the fractional coverage (-) and W is the
interaction energy between adsorbed molecules (kJ/mol). R is the universal gas constant (8.314
kJ/mol/K), and T is the temperature (298 K) [237].

0

2-W-6
kpg - Ce = m'exl)<

R-T

e

CImax

) and 8 = (3.4.31)

Hill-de Boer (HDB) model can be seen in Eq. 3.4.32, where K, is the Hill-de Boer constant (L/mg),
K; is the interaction energy between adsorbed molecules (kJ/mol) and theta is the fractional
coverage (-). AK; thatis positive, negative or zero means attraction, repulsion, or lack of attraction
between adsorbed molecules, respectively [238], [239].

0 0 KZ -0 qe
m exp (m — W) and 6 = G (3432)

Convergence issues using simultaneous estimation of the three parameters in the FFG and HDB
model persisted, therefore values for the lateral interaction parameter (W in FFG and K, in HDB)
were varied and the SSE was evaluated. The value of W or K, where SSE was minimal (depending
on W or K3), was then used to re-evaluate the two remaining adjustable parameters (Qmax and keg
(FFG) or K4 (HDB), thus convergence issues were solved.

Kl'Ce=

As the FFG and HDB models are 3-parameter models and Langmuir and Freundlich are 2-
parameter models, itwas decided to use adjusted and normalised statistical indicators. Because
Wang et al. pointed out that relying solely on R?> makes distinctive model selection difficult
because R? values of different models always have small differences [240]. Thus, the adjusted
square coefficient of correlation (R%;, Eq. 3.4.33), normalized root mean square error (NRMSE,
Eqg. 3.4.34) and normalized standard deviation (NSD, Eq. 3.4.35) were calculated [177], [237].

R%, =1—(1—R?)- <n,,——1> (3.4.33)
J n,—p-—1
n 2
NRSME = Z iz _ Yimoa) (3.4.34)
=1 yi,exp

(yi,exp - yi,mod)z
n

i=1

2
y i,exp
‘I’lz,J —-p

NSD =100 - (3.4.35)
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3.4.4.0ne-point adsorption

For one-point adsorptions, an amount of 10 mg of hydrochar for the eight species was added to 5
mL of 50 mg/L MB dye or 50 mg/L MO dye. The samples were stirred at 150 rpm in a shaking water
bath (Model MaXturdy 45, DAIHAN Scientific Co., LTD) during 6 hours at 25°C. The pH was fixed
at 7 with potassium phosphate buffer with a buffer capacity of 20 mM. The ionic strength p was
fixed at 103 mM by adding chemical grade potassium chloride. The experiment was repeated
without adding salt, and thus the ionic strength at pH 7 was 61.2 mM. All samples were done in
duplicates. The point adsorptions were repeated for yellow corvina-HC and whiteleg prawn-HC
at pH 4 and 9 with a buffer capacity of 20 mM. The experiments were done with and without the
addition of salt, allin duplicates. After the adsorption experiment, the samples were filtered using
Hyundai Micro Nylon Syringe filters with a pore size of 0.2 pm. The MO and MB concentration in
the filtrate were determined by UV-Vis spectrometry (K LAB CO., LTD) at a wavelength of 464 nm
for MO and 664 nm for MB. To determine whether a different ionic strength yielded a significantly
different adsorption capacity, the independent two sample t-test was conducted.
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4. RESULTS AND DISCUSSION

In the following sections, the results of the experiments are presented and described. The
experiments are divided into a section about the characteristics of the feedstock, the performed
HTC, the characterization of the hydrochar and lastly, the adsorption experiments. The outcomes
were analysed to attempt a comprehensive understanding of the findings. All data analysis was
done in Excel ® (version 16.77.1.).

4.1. Characteristics of marine biowaste

As can be seen on Figure 17, the moisture content reached a stable value at the 6-hour mark after
drying at a temperature of 105°C. Overall, the crustacean waste showed a higher moisture
content (75-81%) than the fish waste (67-73%). Tiger prawn waste showed the highest moisture
content (81+1%) whereas horse mackerel waste showed the lowest moisture content (67+2%).
The exact moisture content of each species can be found in Table B.1 in Appendix B.
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Figure 17: Mass decline over time during drying at 105°C of feedstock. Chub mackerel (—), hairtail (—), yellow corvina

(—), horse mackerel (—), olive flounder (—), whiteleg shrimp (—), tiger prawn (—) and gazami crab (—). Lines are
added to guide the eye.

The exact moisture content enabled to calculate the amount of deionized water (DI) that had to
be added to obtain a constant water-to-biomass ratio of 7, which was used for all HC production
experiments. Thus, the initial solid (12.3%) and liquid (87.7%) composition was the same for all
variations, with 4 g taken as the initial dry feedstock. The liquid portion was different in
composition for each species depending on the naturally occurring moisture content of each
species and the added DI water, as calculated using Eq. 3.2.1 and visualized in Figure 18. The
most Dl water was added to horse mackerel waste and the least amount was added to tiger prawn
waste. Using wet feedstocks prevented an unnecessary drying step (i.e. which would otherwise
be needed in for instance pyrolysis). However, the naturally occurring moisture may have a
different influence on the HTC compared to using added DI water. The effect of this naturally
occurring moisture in comparison to purely deionized water is unclear. However, the location of
the water could have a small effect on the conversion, as the natural water is present within the
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cells of the biomass whereas the added water is always external. The effect could be negligible,
or the naturally occurring moisture could act as a catalyst for increased pore formation or could,
on the other hand, hinder this formation. Further research could be done to determine this.

Gazami crab
Tiger prawn
Whiteleg shrimp
Olive flounder
Horse mackerel
Yellow corvina

Hairtail

Chub mackerel

0 5 10 15 20 25 30
Composition (g)

Figure 18: Feedstock composition in the HTC reactors prior to conversion. Dry feedstock (M), naturally occurring
moisture (M), added distilled water ().

When homogenizing the different marine species, as can be observed for whiteleg shrimp in
Figure 19, some observations could be made. All the fish were easily blended with the blender;
however, the fishbone of olive flounder was nearly impossible to break with the blender. Thus, the
bones visually bigger than 2 cm were omitted from the slurry. As for Gazami crab, the shells were
first broken in a mortar before blending them further.

Figure 19: Whiteleg shrimp before and after homogenizing.

4.2. Hydrothermal carbonization

Figure 20 shows the yield obtained for the hydrochars (HC) produced at 200°C, 220°C and 240°C
(the exact yield-values can be found in Table B.2 in Appendix B). Crustaceans were subjected to
HTC at 180°C in addition to temperatures of 200-240°C. This extra experiment at 180°C was
prompted by the observation that crustaceans obtained the highest yield at 200°C, suggesting
the potential for even higher yields at lower temperatures. Meanwhile, fish exhibited the highest
yield at 220°C. Overall, it can be observed that the crustacean-HC achieved higher yields (37-
69%) than the fish-HC (15-22%). This is a striking difference which could possibly be attributed to
the greater amount of chitin and CaCOQOs; in crustaceans. These compounds only break down at
temperatures above 250 and 750°C, respectively, as mentioned in section 2.1.2. Thus, a higher
portion of initial feedstock may remain unconverted. It can also be noted that all fish species have
the highest HC yield at 220°C, whereas the crustacean-HC show the highestyield at 200°C. Chub
mackerel showed the lowest yield (16 + 2%), with only very few changes in yield with a change in
temperature. Gazami crab showed the highest yield (69 + 6%), with a decrease in yield with rising
carbonization temperatures. Overall, most species showed an increase in yield with higher
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temperatures, until 200°C for crustaceans or 220°C for fish, after which a rising temperature
resulted in decreasing hydrochar yields. This decrease in solid yield with increasing reaction
temperature after the optimum, was probably due to greater initial feedstock solubilization
(hydrolysis) and increasing degradation reactions which could also be called secondary
decomposition. The intermediates formed during biomass conversion then undergo hydrolysis,
dehydration, decarboxylation, and other degradation reactions [241].
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Figure 20: Hydrochar yield of the different species for various HTC temperatures. Chub mackerel (—), hairtail (—),
yellow corvina (—), horse mackerel (—), olive flounder (—), whiteleg shrimp (—), tiger prawn (—) and Gazami crab (—).
Lines are added to guide the eye.

After HTC, a solid, liquid and gas fraction were obtained. Within the liquid fraction of the fish-HC,
oil and grease were observed (oil yield can be found in Table B.3 in Appendix B). In Figure 21 the
oil/greaseyield after HTC can be seen, on a wet feedstock basis. Higher temperatures resulted in
higher amounts of oil or grease. This is due to the increased biomass decomposition with
increasing temperature which leads to higher liquid and oil yields [242]. Furthermore, the oil yield
is very similar between the different fish species, ranging from 17.8% for yellow corvina-HC
(200°C) to 29.8% for horse mackerel-HC (240°C).
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Figure 21: Oil/grease () yield on wet feedstock base of hydrochars.
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4.3. Physicochemical characterization
4.3.1.Point of zero charge

As mentioned in section 2.3.2.1, the PZC reveals information about sorption mechanisms and
surface charges. Atthe PZC, there are equal amounts of positive and negative charges. Therefore,
at a pH of a solution higher (lower) than the PZC, the surface of the substrate is negatively
(positively) charged. Figure 22 represents the PZC plot of HC from (a) chub mackerel and (b)
whiteleg shrimp. The plots of all species can be found in Figure A.2 in Appendix A.
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Figure 22: Point of zero charge graphs (200°C,
hydrochars.

, 240°C). (a) chub mackerel, (b) whiteleg shrimp based

In Table 5, the obtained PZC of the different hydrochars is given. It can be observed that all pHpzc
lie between 6 and 9, with the fish and the crustaceans each occupying a specific region. The fish-
HCs showed lower PZC values (average of 6.48) than the crustacean-HCs (average of 7.93). This
means that at neutral solution pH, the HCs from fish are negatively charged whereas the HCs
from the crustaceans are positively charged.

Table 5: Point of zero charge of the hydrochars at the different HTC temperatures.

Point of zero charge 200°C 220°C 240°C

Chub mackerel 6.15=0.21 6.64 +0.23 6.77 £0.27
Hairtail 6.56+0.03 6.92+0.07 7.02+0.04
Yellow corvina 6.18=0.11 6.35+0.12 6.37+0.07
Horse mackerel 6.20+0.17 6.14+0.18 6.30+0.07
Olive flounder 6.56+0.09 6.49+0.04 6.60+0.12
Whiteleg shrimp 7.05+0.14 6.95+0.07 7.35+0.11
Tiger prawn 7.72+0.06 8.12+0.16 8.48+0.14
Gazami crab 8.76+0.13 8.32+0.33 8.58+0.18
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A slight increase in pHpzc was observed for increasing temperature for all species except for
Gazami crab-HC. This increase in pHpzc could be due to concentration of inorganic elements in
the HCs with increasing HTC temperatures, such as the accumulation of alkaline salts (Na, K, Ca,
Mg...) from the organic matrix in the feedstock [243], [244]. The highest PZC values were obtained
for the crustaceans, with HC made from Gazami crab at 240°C showing the highest pHpzc of all
species. This highest pH value and the hypothesis that this is due to the concentration of
inorganic elements, can be supported by FTIR results in Figure A.4(f) in Appendix A. For crab, the
peak at 1400-1450 cm™ was the highest amongst all produced HCs. This peak represents the
asymmetric stretching of carbonate groups. This could indicate the presence of calcite (CaCQOs3)
in the samples. Thus, the higher PZC values for the crustacean-HCs could be attributed partly to
the presence of this inorganic compound, which represents a large portion of the crustacean
composition, as mentioned in section 2.1.2. This increasing trend with increasing reaction
temperature was also observed by Shinogi and Kanri (2003), they argued however that this
increase due to the inorganic components (ash) renders the surface more alkaline due to the
plugging of pores with ash. They argue that for the pH to indicate the surface conditions, the ash
should be removed with acid [244]. Even though treating the HCs with acid will leach the minerals,
it will inevitably also alter the surface functional groups. Therefore, there is no way to completely
uncouple the effect of minerals versus the surface functional groups.

4.3.2.Elemental analysis

To chemically characterize the produced hydrochars, the elemental composition was analysed.
The exact values of the elemental composition can be found in Table B.4 and are visualised in
Figure A.3 in the Appendices. The elemental composition of chub mackerel and whiteleg shrimp
HCs are represented in Figure 23a and b, respectively. HTC had a clear impact on the elemental
composition of chub mackerel-HC, whereas for whiteleg shrimp-HC the impact s less clear. The
ash content increased for all species, compared to the raw feedstock. This is probably due to the
accumulation of minerals in the HCs or the leaching of organics to the aqueous phase, resulting
in concentration of inorganics in the HCs [245]. Remarkably, the carbon content decreased for all
the species except whiteleg shrimp and tiger prawn with increasing HTC temperature. This could
be because (i) the mass loss rate (in the solid phase) exceeds the rate of carbon enrichment in
the hydrochar with increased reaction temperature, (ii) the shorter chain organic molecules
which were produced dissolved into the aqueous phase, (iii) a higher transfer of carbon to the gas
phase through decarboxylation reactions at higher temperatures resulted in a decrease in the
carbon content of the hydrochar [246], [247], [248], [249]. The carbon content of whiteleg shrimp
and tiger prawn HCs stayed relatively stable, this difference with the fish-HC can probably be
explained due to the fat in the fish. The fatty acids will decarboxylate, producing CO, and long
chain hydrocarbons which will end up in the oil/grease phase. Thus, the removal of oil/grease with
acetone leads to a fraction of the C not ending up in the fish hydrochar. The stable carbon content
in the crustacean-HCs may also be due to the presence of chitin and CaCOg;, which remain stable.
Next to the decrease of carbon, all species also show a decrease in nitrogen, hydrogen, and
sulphur with increasing reaction temperature. All fish-HCs also show a decreasing oxygen
content, due to enhanced decarboxylation and dehydration reactions. For all the crustacean-
HCs, an increase in oxygen content is observed with increasing reaction temperature. This can
be attributed to CaCOg3, which stays unreacted during HTC and thus concentrates within the HC.
This O-increase is something that is not typically observed with HCs from lignocellulosic
biomass.
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Figure 23: Effect of HTC temperature on elemental composition of hydrochar: carbon (B), hydrogen (M), nitrogen (M),
sulphur (M), oxygen (M) and ash (). (a) chub mackerel, (b) whiteleg shrimp.

4.3.2.1. Higher Heating Value

The Higher Heating Value (HHV) is an important property which is used to evaluate the fuel
quality. Dulong’s formula is the most commonly used equation based on the ultimate analysis
andis used to determine the HHV of anthracitic, semi-anthracitic and bituminous coals, with only
a 1.5% error compared to values obtained by using an oxygen-bomb calorimeter. And as the
formula was approximated by using actual heating values of coal, it is only accurate in a narrow
range around 30 kJ/g [250]. Thus, other estimation equations may give a more accurate result for
HCs. The HHV values (Table B.4, Appendix B) range from 31.9 kJ/g (raw chub mackerel) to 4.7 kJ/g
(Gazami crab-HC produced at 200°C). The average HHV of the HCs is 12.9 kJ/g, whereas the
average HHV of the raw biomass is 22.1 klJ/g. As the HHV values of the HCs are much lower than
typical solid fuels, they would not be optimal for fuel-related applications. The HHV values for the
raw feedstocks from fish are much higher in comparison to crustaceans, this was to be expected,
as fish contain a lot of fat and oil (triglycerides).

4.3.2.2. van Krevelen diagram

The elemental analysis of the biomass and HCs provides essential insights into the
characterization of the feedstock and products as well as into the carbonization mechanism. As
said in section 2.3.2.2, the reactions involved are primarily deoxygenation, dehydration, and
decarboxylation, which overall decrease the amounts of H and O in the HC. Simultaneously, the
carbon content of the HC increases due to condensation and aromatisation reactions [251]. The
progression of these reactions can be visualised in the van Krevelen diagram, with the atomic H/C
and O/C ratios on the y- and x-axis respectively. The polarity of the materialis reflected by the O/C
ratio, where a higher ratio indicates a greater presence of polar functional groups. Likewise, the
aromaticity of the HC is assessed through the H/C ratio [252]. Consequently, the extent of key
reactions - such as dehydration, decarboxylation, and demethylation - occurring during HTC is
determined by the direction and length of the vector drawn from the raw material to the specific
HC [253]. The van Krevelen diagram of the HCs from the marine biowaste is shown in Figure 24.
Immediately, it is noticeable that the raw feedstock has a higher H/C ratio than the HCs, this
indicates that dehydration and aromatization took place during HTC. The O/C ratio of the raw
feedstock is higher than the fish-HCs (indicating decarboxylation took place), but lower than the
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crustacean-HCs. This difference is possibly due to the high oxygen content in the crustacean-
HCs due to the concentration of CaCOs, which leads to a higher O/C ratio. The O/C ratios of the
crustacean-HCs also show a broader range than for the fish-HC, with Gazami crab having the
highest O/C ratio. This further proves that concentration of CaCO; and chitin in the HC took place,
as crab waste contains a much higher amount of crude fibre (mostly chitin) and ash (mostly
CaCOg) than the shrimp and fish waste as mentioned in section 2.1.2, and thus has the highest
O/C ratio. The change in O/C ratio also does not follow the same path for the different species
with increasing temperature. This may indicate that the HC already obtained a relatively stable
composition after 200°C, not leading to further changes at higher temperatures. The slight
differences in O/C ratios could therefore be attributed to the heterogeneous nature of the
feedstock. This is also noticeable in the H/C ratio, which is relatively stable for the HC of each
species, independent of the reaction temperature. In comparison to Figure 11 in the literature
review, where different HCs (T = 200-250°C, w/b = 10, t = 1h) from various feedstocks were
plotted, the HCs produced in this thesis achieve very comparable O/C and H/C ratios.
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Figure 24: van Krevelen diagram with the raw feedstock and all the hydrochars. Each colour corresponds to an HTC
temperature (raw, 200°C, y ). Chub mackerel (=), hairtail (#), yellow corvina (A ), horse mackerel (X), olive
flounder (®), whiteleg shrimp (B), tiger prawn ( *) and Gazami crab (X).

4.3.2.3. Proximate analysis

In addition to the ultimate analysis, the proximate analysis was also carried out and is visualised
in Figure 25 (exact values in Table B.5). The ash content shows a big increase after HTC for all
HCs, as expected and explained previously. Additionally, the VM decreased after HTC, but the FC
did not increase with a decrease in VM. This may indicate that VM was also converted to other
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products such as CO; or agueous phase products [136], [254]. The decrease in FC is not what is
expected from carbonization but was explained by the decarboxylation of the oil/grease. For the
crustacean-HCs, the FC stays relatively stable expect for Gazami crab. For the Gazami crab-HC,
the values were made 0 due to the calculated FC content being negative, which may indicate
wrong data or the chitin registering as VM even though it does not degrade. Furthermore, as the
feedstock is heterogeneous, the fluctuations could also be due to the nature of the feedstock.
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Figure 25: Effect of HTC temperature on the proximate analysis of HC: VM (dry basis) (M), FC (dry basis) (M), ash ().

4.3.3.FTIR

FTIR spectral analysis was conducted to study the functional groups of the HCs and elucidate the
difference with the raw feedstock. Table 6 summarizes the characteristic functional groups
related to the spectral bands found in the hydrochars and raw feedstock.

Table 6: Characteristic functional groups of the FTIR spectra of hydrochar, based on [255].

Range (cm™) Characteristic functional group Ref.
1 820 - 940 O-H bending bands from clay minerals associated with  [256]
hydrochar
2 960 - 970 Alkene trans-C-H out-of-plane bend [257]
3 1020-1030 OH representative of oxygenated functional groups of [258]

polysaccharides

4 1020-1160 C-O from polysaccharide, carbohydrate region [259], [260], [261]
5 1200- 1280 Carboxylic acid C-OH stretch, O-H deformation [260], [262]

6 1310-1390 Phenolic O-H bend, -C(CHj;) C-H deformation [263]

7 1400 - 1450 Carbonate (v3; asymmetric stretch) [256]

8 1440 - 1480 CH; deformation (scissor vibration) [263]

9 1520 - 1590 COO- carboxylate anions [264], [265]

10 1650- 1740 C=0 from carboxylic acids, esters, and ketones [263]

11 2840 - 2870 Symmetric aliphatic CH from terminal CH; groups [263], [266], [267]
12 2920 - 2950 Asymmetric aliphatic CH from terminal CH; groups [263]

13 3200 - 3600 OH from sorbed water and hydrogen-bonded hydrochar [258]

O-H groups
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In Table B.6 and Table B.7 in Appendix B, the different HCs and raw feedstocks are evaluated on
the presence of these bands. In Figure A.4 in Appendix A, the FTIR spectra of the raw feedstocks
and HCs of the different species can be found. In Figure 26, the FTIR spectrum of chub mackerel-
HC and raw feedstock is shown, with a zoom on the absorbance between 0 and 0.04. The two
peaks at 2840-2870 and 2920-2950 cm™ (number 11 and 12 on Figure 26) indicate asymmetric
and symmetric aliphatic v(CH) from terminal -CH; groups respectively. It is interesting to note
thatthese peaks increase with temperature from 200°C to 220°C and then decrease with a further
increase to 240°C. This decrease could be attributed to the dehydration and demethylation which
occurs at higher temperatures. The peak at 1650-1740 cm™ (number 10) corresponds to C=0 in
carboxylic acid. Additionally, the peak at 1520-1590 cm™ (number 9) indicates the presence of
carboxylate anions, which are the conjugate base of the carboxylic acid. These peaks are a lot
more pronounced for the raw feedstock. This could indicate that decarboxylation took place, to
produce CO,, as mentioned in section 2.2.2.2.2. The absorbance band between 3200 and 3600
cm™ (number 13) indicates the presence of v(OH) of sorbed water and hydrogen bonded O-H
groups. These are usually related to the presence of O-H groups in carboxylic acid, proteins or
polysaccharides. Again, this peak is only present for the raw feedstock, indicating dehydration
took place. The peak at 960-970 cm™ (number 2) indicates the presence of alkenes in trans-C-H
out-of-plane bend configuration. This may originate from the oils present in the HC which
increased with increasing reaction temperature. When looking at Table B.7 in Appendix B it can
be observed thatthis band was absentin all crustaceans, which furthervalidates the assumption.
The band at 1020-1030 cm™ (number 3), which is present for all HCs and absent for the raw
feedstock, shows the highest intensity, almost 10 times bigger than the next peak. It is indicative
of -OH groups of oxygenated functional groups of polysaccharides. The peak at number 4 is also
typically observed for polysaccharides. These two peaks are most prominent for HC produced at
240°C. In section 2.2.2.2.1, it was mentioned that the shift from hydrolysis toward condensation
and polymerization reactions only occurs from 240°C, with higher temperatures yielding more
polyaromatic structures. This could explain the highest peak at 240°C.

Figure 27 shows the FTIR spectra of whiteleg shrimp-HC and raw feedstock. All peaks present in
chub mackerel-HC can also be found in the HC from whiteleg shrimp. Additionally, a new peak at
820-940 cm™ can be observed. This represents -OH bending bands from clay minerals associated
with hydrochar. This peak is only found in the HCs from crustaceans. The peak at around 1424
cm™ (number 7, Figure 27) corresponds to asymmetric stretchings of carbonate groups. This
could indicate the presence of CaCO; in the samples. This chemical compound thermally
degrades from 750°C upwards, thus the HTC temperatures are assumed to have limited influence
on calcite. The differences in peak height could be attributed to the heterogeneous nature of the
feedstock or to the release of more calcite.
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4.4. Adsorption
4.4.1.Adsorption kinetics

As mentioned in section 2.3.2.3, fitting kinetic models to experimental data allows to estimate
the rate of adsorption and can help identify the controlling sorption mechanisms. PFOM assumes
that the adsorption processes are mainly controlled by physisorption and diffusion; the PSOM
assumes that the adsorption processes are controlled by chemisorption, mainly including the
electronic sharing or exchange processes between adsorbate and adsorbent [175], [176], [177].
Elovich model assumes that the activation energy increases with adsorption time and that the
surface of the adsorbent is heterogeneous [240].

Figure 28(a-c) show the PFOM, PSOM and Elovich model fitted to experimental data of MB (C, =
50 mg/L) adsorbed by whiteleg shrimp-HC (220°C). Table 7 summarises the obtained model
parameters as well as statistical parameters. The highest R? and lowest SSE were observed for
the Elovich model, indicating the better fit. The adsorption of MB on the whiteleg shrimp-HC was
thus best described by the Elovich model, which indicates the HC has a heterogeneous surface
and that the activation energy increases with adsorption time.
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Figure 28: (a) PFOM, (b) PSOM, (c) Elovich adsorption kinetics modelled on experimental data of MB (Co = 50 mg/L)
adsorption by whiteleg shrimp hydrochar (220°C).

Table 7: Adsorption pseudo-first-order model (PFOM) and pseudo-second-order model (PSOM) kinetics parameters
for MB (Co=50 mg/L) adsorbed onto whiteleg shrimp hydrochar (HTC temperature of 220°C).

Adsorption kinetics - Whiteleg shrimp

PFOM Qm,1 [Mg/g] K1[1/min] R?[-] SSE[-]
11.56  0.028 (4.33 +0.55)-1072 0.93 9.80

PSOM Qm,2 [Mg/g] K2 [mg/(g-min)] R?[-] SSE[-]
12.68 + 0.29 (5.06 +0.71)-10° 0.98 3.12

Elovich o [mg/(g-h)] B [g/mg] R?[-] SSE[-]
3.61%1.07 0.50 * 0.040 0.98 2.79
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4.4.2.Removal efficiency

Figure 29 represents the removal efficiency (n) of MB in function of the initial MB concentration at
pH 4, 7 and 9 for whiteleg shrimp (a) and yellow corvina (b) hydrochar. For whiteleg shrimp-HC,
the removal efficiency drops with increasing initial MB concentration. This may be due to the
saturation of adsorption sites on the surface. For yellow corvina-HC, an overall decrease in MB
concentration is observed with increasing C,, except at pH 9. At pH 9, an initial increase in
removal efficiency is observed whereafter it stabilizes from Co = 100 mg/L on. Despite the overall
declining n at pH 4 and 7, HC from yellow corvina shows a fluctuating removal efficiency at these
pHvalues. Theseincreases could be explained by the high driving force for mass transfer at higher
initial dye concentrations [236], [268].

Despite the differences in n in function of C, between both HCs, the effect of pH is the same for
both. With increasing pH, an increase in removal efficiency is achieved. The pH influences the
degree of ionization of methylene blue, or any adsorptive molecule, as well as the surface
properties of the adsorbent [269]. This can be linked to the pH.., where adsorption of a cationic
dye is favoured when pH > pH,,., in other words when the surface becomes negatively charged.
As mentioned in section 4.3.1, the pH.. of whiteleg shrimp-HC and yellow corvina-HC is 6.95 and
6.35, respectively. Thus, at pH 4 both HC surfaces can be assumed positively charged, and at pH
7 and 9 negatively charged. MB has a pK, of 8.33 and thus at a pH below 8.33, MB is positively
charged and negatively charged at a pH above 8.33. Thus, at pH 4, there is a repulsion between
MB and the hydrochar, at pH 7 there is attraction. At pH 9, MB is slightly negatively charged, but
as the adsorption capacity increases, we can assume that the attraction between the more
negatively charged HC (due to the increasing pH) and the remaining positively charged MB
molecules outweigh the slight change in ionization of MB. This explains the increasing removal
efficiency of MB with increasing pH.

It should be noted that the removal efficiencies are rather low, never achieving adsorption
capacities higher than 90% except at pH of 9. Thus, the hydrochars as such don’t have a large
enough surface area and the needed functional groups for good adsorption of MB. The adsorption
could be enhanced in the future by activating the HC chemically or physically, as explained in
section 2.3.3.1.
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Figure 29: Removal efficiency in function of initial MB concentration for pH 4,

and 9 on hydrochar (T = 220°C) from (a)

whiteleg shrimp and (b) yellow corvina. Dashed lines were added to guide the eye.
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4.4.3.Isotherms

The Langmuir and Freundlich isotherms were used to describe the adsorption mechanisms of MB
molecules by the HC. Figure 30 shows the isotherms plotted to the experimental data and Table
8 summarizes the parameters. As mentioned in section 3.4.3, the Langmuir adsorption isotherm
assumes that adsorption takes place at a fixed number of homogeneous sites within the HC and
is mainly used for reversible monolayer adsorption whereas the Freundlich adsorption isotherm
considers a heterogeneous adsorption surface that has unequal available sites with different
adsorption energies [235], [236]. It can be seen that for whiteleg shrimp-HC, the Freundlich
isotherm has a better fit as the R%g; is higher than for the Langmuir isotherm and the NRSME and
NSD are smaller. This indicates that there is a heterogeneous adsorption surface. Like with the
removal efficiencies, it can be seen that an increasing adsorption capacity is reached with
increasing pH, this is in accordance with the charge of the MB molecule and the dyes, like
explained above. For yellow corvina-HCs, the isotherms don’t fit the experimental data. Visually,
the isotherms don’t have the expected curvature and the calculated statistics show very low R?g;.
For pH 9 of the yellow corvina-HC, the Langmuir isotherm shows a higher R4 but an unrealistic
Qmax, therefore we can conclude the isotherms are not a good match. An inflection point is
noticeable, this gives an indication that adsorption with lateral interactions might occur, thus two
additional models were implemented.
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Figure 30: Langmuir and Freundlich adsorption isotherms for hydrochar produced at 220°C, with pH of 4 (—), 7 (—),
9 (—): (a) Langmuir and (b) Freundlich isotherms for whiteleg shrimp, (c) Langmuir and (d) Freundlich isotherms for
yellow corvina.
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Table 8: Adsorption isotherm parameters for MB adsorption onto hydrochar from whiteleg shrimp (220°C) and yellow
corvina (220°C) at different pH strengths.

species Whiteleg shrimp-HC Yellow corvina-HC

pH[-] 4 7 9 4 7 9

ge [Mg/g] 3.24+0.08 5.57+0.39 10.39+0.22 1.29£0.04 5.95+0.35 69.09%0.15
Langmuir

dm [Mg/g] 4.93+0.30 8.83%0.77 12.44 + 0.44 2.12%0.12 12.50 + 1.36 3355.3 + 399.68
K. [L/mg] 0.02+0.02  0.02+0.02 0.06+0.03 0.02+0.03 0.01%4.87-10° (3.51+0.14)-10*
R2adj [-] 0.838 0.833 0.946 0.469 0.684 0.854

NRSME [-] 0.916 0.780 0.762 5.285 2.283 19.222

NSD [-] 21.03 11.85 22.92 28.62 32.16 62.17
Freundlich

n[-] 2.07+0.11  1.91%0.26 2.68%0.22 2.12%0.12 1.70 £0.30 0.69 % 1.09

Kr [mg'nLn/g] 0.36+0.31 0.56*0.41 2.09+0.19 0.15+0.82 0.43 £0.49 0.28 £0.52
R2adj [-] 0.901 0.824 0.979 0.557 0.714 -0.28

NRSME [-] 0.316 0.468 0.090 5.364 1.857 4.506

NSD [-] 1.27 11.92 9.61 10.17 20.11 0.28

As mentioned above, two additional models were implemented that include adsorption with
lateral interactions. Figure 31 shows both models implemented on the adsorption experiment
done onyellow corvina-HC at pH 9. Visually, itis clear these fit better than Langmuir or Freundlich
and this is also reflected in the statistics (Table 9), with an R%y of 0.918 for the HDB model, this
showed the best fit. Additionally, the W (FFG) and K, (HDB) parameters are negative, indicating
thatthe interaction between the adsorbate molecules was repulsive [239]. It should also be noted
that the difference between the Langmuir and Freundlich isotherms for the HC of the fish versus
the shrimp is quite striking. Further experiments could try to elucidate the reason. A possible
hypothesis could be that the oil at pH 9, underwent a chemical transformation (e.g.,
emulsification) which led to a change in the MB or HC properties, leading to enhanced adsorption
or to clogging of the filter, leading to skewed results.
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Figure 31: Frumkin-Fowler-Guggenheim (a) and Hill-de Boer (b) isotherms for yellow corvina-HC produced at 200°C,
adsorption at pH 9.

Table 9: Adsorption isotherm (FFG and HDB) parameters for MB adsorption onto whiteleg shrimp hydrochar (220°C) at
pH 9.

Yellow corvina-HC - pH 9

Frumkin-Fowler-Guggenheim Hill-de Boer

Omax [Mg/g] 95.84 + 36.50 Qmax [Mg/g] 128.42 £ 36.20
kre [g/(mg-h)] (6.97 £1.84)-103 Ki (4.54+1.10)-103
W [kJ/mol] -3.25-10% £ 8.97-10" Kz -1.23:10*£1.23
R%aq; [-] 0.914 R2agj [-] 0.918

NRSME [-] 7.29 NRSME [-] 5.75

NSD [-] 33.16 NSD [-] 25.47
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4.4.4.0ne-point adsorption

Itis clear from the one-point adsorption graph (looking only at the values without added salt) on
Figure 32 that the three crustacean-HCs (whiteleg shrimp, tiger prawn and Gazami crab) show a
higher adsorption for MO. When looking at section 4.3.1., their pHezc is higher than 7 (except for
whiteleg shrimp-HC which has a pHezc close to 7), therefore at the pH 7 of the dye-solution, the
HC is positively charged, thus adsorbing the anionic MO better. The fish-HCs each show less
difference between adsorption of MO or MB. As their PZCs are closer to pH 7, MO and MB
compete for adsorption, thus showing a less clear preference for either dye. The independent
two-sample t-test showed no significance difference in the adsorption capacity with or without
added salt. Thus, we can conclude that the ionic strength does not have a significant impact on
the adsorption dynamics.
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Figure 32: One-point adsorptions of MB and MO (Co = 50 mg/L) with and without addition of salt at pH 7, for each type
of hydrochar, produced at 220°C. MB adsorption with (B) and without (E) addition of salt. MO adsorption with (M) and
without (£3) addition of salt.

At pH levels below 7, the surface of the HC underwent protonation by H*, therefore strengthening
the electrostatic attraction between HC and MO (anionic). This led to an increase in the
adsorption capacity of HC for MO. Conversely, at pH levels above 7, OH™ competed with MO for
adsorption, resulting in a decrease of the adsorption capacity for MO. The impact of pH on the
removal of MB (cationic) followed an opposite trend, as can be observed on Figure 33.
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Figure 33: One-point adsorptions of MB (M) and MO (M) with varying pH for whiteleg shrimp (a) and yellow corvina (b).
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5. CONCLUSION

In this thesis, the aim was to assess the valorisation potential of marine biowaste into hydrochar
and fill the knowledge gaps concerning the hydrothermal conversion of non-lignocellulosic
biomass such as fish and crustaceans. The investigation consisted of quantifying the potential
biomass stream, producing, and characterising hydrochar and evaluating its potential for
adsorption applications.

The waste from eight fish and crustacean species (Scomber japonicus, Trichiurus lepturus,
Larimichthys polyactis, Trachurus japonicus, Paralichthys olivaceus, Litopenaeus vannamei,
Penaeus monodon and Portunus trituberculatus) from South Korea were quantified to generate
130 kton of waste annually. With the obtained hydrochar yields, this could generate 30.5 kton of
hydrochar annually. From the literature review, it was made clear that the responsible
management of marine biowaste is essential to avoid environmental and socioeconomic losses.
Before being able to use marine biowaste, a change in legislation will have to occur in South
Korea. Marine biowaste is currently regarded as waste and should be disposed of accordingly,
however categorizing it as a “by-product” could open doors to valorisation in useful products.

Hydrothermal conversion (HTC) is a possible valorisation pathway for marine biowaste. The
literature review showed that HTC holds some advantages in comparison to pyrolysis, mainly
being able to use wet feedstock and having lower energy costs due to milder temperatures.
Hydrochar (HC) was produced at three different temperatures (between 200-240°C), constant
residence time (t = 5h) and constant water-to-biomass ratio (w/b = 7). The optimal reaction
temperature with regards to maximal yield was different for fish (220°C) versus crustacean
(200°C) species. Additionally, crustacean-HCs showed a much higher yield (37-69%) than fish-
HCs (15-22%), which was attributed to the inherent composition of both subphyla. During the
production of HC, it was observed that the fish-HC also yielded a substantial amount of oil (17.8-
29.8% on a wet feedstock basis). This product could be a precursor for other applications (i.e.
liquid fuels).

The produced hydrochars were then characterized through their point of zero charge (PZC), their
ultimate and proximate analysis and FTIR. The PZC ranged from 6.14-8.76, with the crustacean-
HCs showing higher PZC values (average 7.93) in comparison to fish-HCs (average of 6.48). This
difference was attributed to the accumulation of inorganics in the hydrochars of crustaceans,
and was further proven by the rising PZC values with rising temperatures. With rising
temperatures, the HC vyields decreased, and the ash content increased, resulting in an
accumulation of inorganics. The ultimate analysis showed a remarkable decrease in carbon
content, for fish-HC which was argued to be mostly due to the decarboxylation of oil/grease (and
subsequent separation from the solid/hydrochar phase) and for crustaceans this was argued to
be mostly due to accumulation of inorganics. This was concluded to be a typical characteristic of
hydrochar from non-lignocellulosic biomass. The FTIR analysis supported the conclusions made,
with adsorption bands for alkenes showing only in the fish-HCs and being an indication of oils.
Forthe crustacean-HCs, an adsorption band for CaCO; was found, which was absentin fish-HCs.
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Lastly, the potential of the produced hydrochar as a low-cost adsorbent was assessed. The
kinetics of the whiteleg shrimp-HC was best described by the Elovich model, indicating
adsorption on a heterogeneous surface and increasing activation energy with adsorption time. As
for the isotherms, the whiteleg shrimp-HC showed the best fit by the Freundlich isotherm,
indicating a heterogeneous adsorption surface with unequal available sites and different
adsorption energies. Yellow corvina-HC showed indications of adsorption with lateral
interaction. Two additional models were implemented and showed a better fit to the data. Lastly,
one-point adsorption experiments were done and the effect of ionic strength on the adsorption
capacity was assessed. The adsorption capacity of the HCs (MB: 2.7-10.8 mg/g and MO: 5.9-9.2
mg/g with Co = 50 mg/L) showed a higher adsorption of MO for the crustaceans. This difference
could be explained using PZC results. Differences in ionic strength was concluded not to yield
significant differences in adsorption capacity. In conclusion, the adsorption experiments
elucidated the adsorption mechanisms associated with hydrochars made from fish and
crustacean waste and that the adsorption capacity is rather low, almost never achieving removal
efficiencies above 50%, except at low initial dye concentration (5 mg MB/L) at pH 9.

Thus, considering all the results from the experiments, using the HC as such as a low-cost
adsorbent, does not seem the most viable option. In the next section, recommendations are
made for future research, to further elucidate the potential of HC from fish and crustacean waste.

Overall, this thesis demonstrated: that marine biowaste can be utilised as feedstock for HTC,
what the inherent characteristics of the produced HCs were, how it acts as an adsorbent of
cationic and anionic dyes and that future research is needed for the determination of a possible
application.

56



6. RECOMMENDATIONS

Some recommendations can be made for future research involving hydrochar production from
fish and crustacean waste. While doing HTC, the wet feedstock was used to produce the
hydrochar. However, the impact of the naturally occurring water versus the added deionized
water is unclear, further research could try to assess the impact of using wet feedstock versus
added water. In relation to this, the feedstock storage should be optimized and unified. In this
thesis, the feedstock was gathered from a fish market and transported in a cool box, after which
it was blended, and stored in a freezer at -10°C. Every time HTC was carried out, the frozen slurry
was thawed at room temperature and the remaining slurry was frozen again. However, it was
noticed that this subsequent thawing and freezing led to a change in moisture content of the wet
slurry. Thus, in the future, freezing the feedstock in smaller portions to avoid multiple thawing and
freezing cycles is recommended.

After HTC, only the solid product was analysed. In the future, the liquid and gas phases could also
be analysed for future possible applications. Of particular interest is the obtained oil after HTC of
the fish species. A significant amount of oil was obtained but no analysis of its characteristics
was done. This oil could be a starting point for new experiments and possible applications.

While doing the adsorption experiments, the impact of ionic strength on adsorption capacity was
tested. It was concluded that the ionic strength did not yield a significantly different adsorption
capacity. However, this was only tested with a buffer capacity of 20 mM. Doing new experiments
with bigger buffer capacities or/and bigger ionic strengths, might yield different results.

Another important factor to note is that the adsorption experiments were carried out using
Hyundai Micro Nylon Syringe filters with a pore size of 0.2 pm. It was tested if MB and MO were
able to go through without leaving residues, and therefore this filter was chosen. However, the
impact of the hydrochar on this filter is not clear. Especially, with the HC from yellow corvina, it is
possible that the oil clogged the pores of the filter, leading to skewed results. Therefore, pre-
filtering may alleviate this problem or give an indication of whether the clogging of pores occurs.

Further experiments are also needed to determine the best application for the produced
hydrochar. For using the hydrochar as a low-cost adsorbent, physical or chemical activation is
recommended to increase its surface area, however, this will increase its price. Using the HC as
a catalyst support or as a part of supercapacitors will also necessitate activation. For the
application of the HC for soil amendment, the first step would be to determine its phytotoxicity.
As the hydrochar has a low C-content, it is not optimal for carbon sequestration.
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8. APPENDICES

8.1.Appendix A: Figures
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Figure A.1: Calibration curve MB and MO.
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Figure A.2: Point of zero charge graphs (200°C, , 240°C). (a) chub mackerel, (b) hairtail, (c) yellow corvina, (d)

horse mackerel, (e) olive flounder, (f) whiteleg shrimp, (g) tiger prawn, (h) Gazami crab.
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Figure A.3: Elemental analysis of produced hydrochars: carbon (M), hydrogen (M), nitrogen (M), sulphur (l),
oxygen (M) and ash (I2). (a) chub mackerel, (b) hairtail, (c) yellow corvina, (d) horse mackerel, (e) olive
flounder, (f) whiteleg shrimp, (g) tiger prawn, (h) Gazami crab.

Yield (%)
Yield (%)

80



—
Q
~

=R&

Absorbance
corkOPNuNWWe
OBRONAONBONOD

cooo_oooo_oo

— VE B\ P PN

234 ‘

0.035
0.03
0.025
0.02 E
0.015
0.01
0.005
o AT

600 800 1000 1200 1400 1600 1800 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
8 9 10 Wavenumber(cm'l) 112 13

W
0.005 %

0 T T T T T T T u
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

Wavenumber (cm-!) 1112 13

g

Absorbance

CuNwwOrh
3

ocooo_oo
RBERASR

Absorbance
o000
Ok
ONON

*&
|

o

(=]
o
w
«

o
o
@

o
o
N
]

Absorbance
2 o
- o
wv N

o
o
=

5 78 9 10

81



—
()
-~

Absorbance
[X-I=-I-PN-I-T-T-N-Y-

ngHpNNhhp'b
o 3

Absorbance

Absorbance
o000 _oooo_oo
coRrROPNMNWWORS

ORONONEONGD D B0

Absorbance

WNOthNmbt

o
o°
=

0.035

0.03

0.025

0.02

0.015

0.01

0.005

o
)
R

0.035

0.03

0.025

o
o
N

| S

0.015

0.01

0.005

VAr

)

A

A,
t

A

800 1200

5

1000

1400
78 9

1600

1800

10

2200 2400
Wavenumber (cm™)

2000

2600 2800 3000

1112

3200

13

3400 3600

3800

4000

234

T

600 800 1000 1200

1400

6 89

1600

10

1800

2000 2200 2400

Wavenumber (cm™)

2600 2800 3000

1112

3200

3400

3600

3800

4000

82



@

~

2%

Absorbance
O00O0 _O00O0 oo
CoRRONNRWOR]

o
g OgNNﬂ\N#NNmJ&

o
2
«

o
o
@

0.025

0.02

Absorbance

0.015

0.01

0.005

0.07

\

Wavenumber (cm?)

6(. 1800 2000 2200 2400 2600 280" I3000 3200

1112

13

3600

3800

4000

0.06

0.05

0.04

Absorbance

0.03

0.02

0.01

R

1800

2000

2200 2400

11 12

2600 2 3000 3200
Wavenumber (cm™)

83



0.07

0.06

0.05

0.04

Absorbance

0.03

0.02

0.01

A7\

(h)

120(

2200 2400 2600

Wavenumber (cm™)

1800 2000

2

3400 3600 3800

'3000 3200

11 12 13

4000

0.07

0.06

0.05

0.04

Absorbance

0.03

0.02

0.01

I\

e

wWWJ o

600

100!

2200 2400
Wavenumber (cm?)

1800 2000

lT 1l
67 9 10

2600 2800 ISOOO 3200

~UN

12 13

Figure A.4: FTIR spectrum of raw feedstock and hydrochar produced at 200°C, 220°C, 240°C. (a) chub mackerel, (b)
hairtail, (c) yellow corvina, (d) horse mackerel, (e) olive flounder, (f) whiteleg shrimp, (g) tiger prawn, (h) Gazami crab.
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8.2. Appendix B: Tables

Table B.1: Moisture content of different species

Species Moisture content (%)
Chub mackerel 712
Hairtail 733
Yellow corvina 704
Horse mackerel 672
Olive flounder 714
Whiteleg shrimp 774
Tiger prawn 811
Gazami crab 753
Table B.2: Hydrochar yield of the different marine species.
Hydrocharyield (%) 180°C 200°C 220°C 240°C
Chub mackerel - 153 162 151
Hairtail - 212 224 62
Yellow corvina - 192 202 17 =1
Horse mackerel - 16 1 201 191
Olive flounder - 165 194 17+0.5
Whiteleg shrimp 37 £1 48 £1 404 384
Tiger prawn 44+ 3 62 1 45%2 52 £1
Gazami Crab 69+6 68+8 604 58+8
Table B.3: Oil yield of the different fish species hydrochars on a wet feedstock basis.
Oilyield (%) 200°C 220°C 240°C
Chub mackerel 24.96 26.35 27.38
Hairtail 19.76 20.82 21.31
Yellow corvina 17.78 18.15 19.20
Horse mackerel 28.29 29.45 29.78
Olive flounder 18.32 20.25 24.11
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Table B.4: Elemental analysis of the raw species and the obtained hydrochars.

Sample T(°C) C(%) H(%) N(%) S(%) O(%) Ash(%) HHV(KI/g)
Chub raw 58.06 10.10 4.84 0.86 13.24 12.90 31.9
mackerel 200 33.36  4.69 0.19 0.00 5.93 55.82 17.0
220 28.89  4.09 0.44 0.32 3.72 62.55 15.0
240 30.69 4.40 0.37 0.09 3.13 61.32 16.2
Hairtail raw 44.98  7.09 9.81 0.42 20.67 17.04 21.8
200 19.58  2.81 0.36 0.06 4.94 72.26 9.8
220 31.94 4.33 0.85 0.10 4.85 57.93 16.2
240 2410  3.28 0.72 0.04 3.50 68.37 12.2
Yellow raw 44.38 6.84 6.91 0.36 22.81 18.71 20.8
corvina 200 32.35  4.40 0.36 0.01 5.83 57.06 16.2
220 29.83  4.11 0.36 0.03 5.71 59.97 15.0
240 28.71  4.09 0.00 0.00 7.41 59.79 14.3
Horse raw 52.81 8.94 8.02 1.17 12.42 16.65 28.6
mackerel 200 26.73  3.75 0.12 0.00 5.06 64.34 13.5
220 32.12 4.47 0.24 0.01 4.71 58.45 16.5
240 24.77  3.49 0.13 0.00 3.59 68.03 12.8
Olive raw 48.64  7.82 7.55 0.57 20.56 14.88 24.1
flounder 200 28.98 3.96  0.33  0.02  4.24 62.47 14.8
220 23.90 3.27 0.66 0.02 6.65 65.50 1.6
240 29.02  3.89 0.59 0.02 3.87 62.62 14.7
Whiteleg raw 38.75  5.81 8.49 0.58 29.63 16.75 16.2
shrimp 200 35.40 4.27 3.34 0.18 27.61 29.21 13.2
220 35.36  4.31 1.92 0.11 21.35 36.95 14.3
240 35.30 4.07 2.41 0.11 28.64 29.47 12.7
Tiger prawn  raw 37.68 5.66 8.67 0.21 32.12 15.68 15.1
200 36.72  4.21 1.91 0.06 28.81 28.29 13.3
220 34.81 3.92 1.39 0.12 24.71 35.05 13.0
240 31.19  3.28 1.49 0.08 28.24 35.72 10.2
Gazami raw 39.21  5.91 8.51 0.32 19.23 26.82 18.4
crab 200 20.56  1.64 0.59 0.06 25.40 51.76 4.7
220 22.32  1.99 0.83 0.07 26.36 48.44 5.7
240 22.03 1.84 0.69 0.06 25.03 50.35 5.6
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Table B.5: Proximate analysis of the raw species and the obtained hydrochars.

Sample T(°C) \Volatile Fixed Ash (%)
Matter (%) Carbon (%)
Chub raw 79.2 7.3 13.4
mackerel 200 34.9 6.5 58.5
220 46.9 0.5 52.6
240 39.5 0.0 60.5
Hairtail raw 70.8 11.4 17.8
200 36.2 0.3 63.5
220 36.0 0.0 64.0
240 19.8 1.0 79.2
Yellow raw 73.7 6.8 19.5
corvina 200  43.2 0.0 56.8
220 48.1 0.0 51.9
240 41.0 0.0 59.0
Horse raw 75.3 6.8 17.9
mackerel 200 39.2 0.0 60.8
220 38.6 0.0 61.4
240 37.5 0.7 61.8
Olive raw 76.4 8.8 14.9
flounder 200 32.9 0.0 67.1
220 22.6 0.0 77.4
240 20.2 1.1 78.8
Whiteleg raw 73.3 8.8 17.9
shrimp 200 68.6 3.4 28.1
220 68.4 3.9 27.7
240 71.9 3.6 24.5
Tiger raw 73.5 8.9 17.6
prawn 200 67.2 4.6 28.2
220 65.7 3.3 31.1
240 63.8 4.0 32.3
Gazami raw 67.3 3.9 28.8
crab 200 56.4 0.0 43.6
220 58.5 0.0 41.5
240 57.1 0.0 42.9
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Table B.6: Main functional groups present in the FTIR spectra on the raw feedstock (\/) and the produced hydrochars

(V) of the fish; chub mackerel (CM), hairtail (H), yellow corvina (YC), horse mackerel (HM), olive flounder (OF).

Range (cm™) Type of functional group Ref. CM H YC HM OF
1 820-940 O-H bending bands from [256]
clay minerals associated - - - - -
with hydrochar
2 960-970 Alkene trans-C-H out-of- [257]
v v v v v
plane bend
3 1020-1030 OH representative of [258]
oxygenated functional v v Vv Vv Vv
groups of polysaccharides
4 1020-1160 C-O from polysaccharide, [259],
carbohydrate region [260], Vv Vv Vv Vv Vv
[261]
5 1200-1280 Carboxylic acid C-OH [260], v v i v
stretch, O-H deformation [262]
6 1310-1390 Phenolic O-H bend, - [263] ) ) v v
C(CHj;) C-H deformation
7 1400-1450 Carbonate (v3; asymmetric [256] v Vv v
stretch)
8 1440-1480 CH, deformation (scissor [263] Vv Vv Vv Vv Vv
vibration)
9 1520-1590 COO- carboxylate anions [264], v Vo Vv Vv Vo
[265]
10 1650-1740 C=0 from carboxylic acids, [263] Vv Vv Vv Vv V
esters, and ketones
11 2840-2870 Symmetric aliphatic CH [263],
fromterminal CHs groups  [266], Vv Vv Vv Vv Vv
[267]
12 2920-2950 Asymmetric aliphatic CH [263] Vv Vv Vv Vv Vv
from terminal CH, groups
13 3200-3600 OH from sorbed waterand  [258]
hydrogen-bonded v v v - v

hydrochar O-H groups
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Table B.7: Main functional groups present in the FTIR spectra on the raw feedstock (\/) and the produced hydrochars

(V') of the crustaceans; whiteleg shrimp (WS), tiger prawn (TP), Gazami crab (GC).

Range (cm™) Type of functional group Ref. WS TP GC
1 820-940 O-H bending bands from clay minerals  [256] v Vo
associated with hydrochar
2 960-970 Alkene trans-C-H out-of-plane bend [257] v v -
3 1020-1030 OH representative of oxygenated [258] v v
functional groups of polysaccharides
4 1020-1160 C-O from polysaccharide, [259],
carbohydrate region [260], V Vv Vv
[261]
5 1200-1280 Carboxylic acid C-OH stretch, O-H [260], v V Vv
deformation [262]
6 1310-1390 Phenolic O-H bend, -C(CH3) C-H [263] v Vo v
deformation
7 1400-1450 Carbonate (v3; asymmetric stretch) [256] Vv Vv Vv
8 1440-1480 CH, deformation (scissor vibration) [263] V v -
9 1520-1590 COO- carboxylate anions [264], Vv Vv V
[265]
10 1650-1740 C=0 from carboxylic acids, esters, and [263] Jv Vv Jv
ketones
11 2840-2870 Symmetric aliphatic CH from terminal [263],
CHs groups [266], Vv Vv -
[267]
12 2920-2950 Asymmetric aliphatic CH from terminal [263] Vv Vv Vv
CH, groups
13 3200-3600 OH from sorbed water and hydrogen- [258] v ) v

bonded hydrochar O-H groups
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