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Abstract

Hydrothermal liquefaction (HTL) is a promising biomass conversion method that can be incorporated into a
biorefinery paradigm for simultaneous production of fuels, aqueous fertilisers and potential remediation of
municipal or mariculture effluents. HTL of aquatic crops, such as marine macro- or microalgae, has significant
potential for the UK owing to its extensive coastline. As such, macroalgae present a particularly promising
feedstock for future UK biofuel production. This study aimed to bridge the gaps between previous accounts of
macroalgal HTL by carrying out a more comprehensive screen of a number of species from all three major
macroalgae classes, and examining the correlations between biomass biochemical composition and HTL
reactivity. HTL was subsequently used to process thirteen South West UK macroalgae species from all three
major classes (Chlorophycea, Heterokontophyceae and Rhodophyceae) to produce bio-crude oil, a bio-char, gas
and aqueous phase products. Chlorophycea of the genus Ulva generated the highest bio-crude yields (up to 29.9
% for U. lactuca). Aqueous phase phosphate concentrations of up to 236 mg L™ were observed, obtained from
the Rhodophyta, S. chordalis. Across the 13 samples, a correlation between increasing biomass lipids and
increasing bio-crude yield was observed, as well as an increase in biomass nitrogen generally contributing to bio-
crude nitrogen content. A broader range of macroalgae species has been examined than in any study previously
and, by processing using identical conditions across all feedstocks, has enabled a more cohesive assessment of

the effects of biochemical composition.



1 Introduction

The increasing unreliability of crude oil supplies, coupled with the causal link between fossil fuel use,
CO; emissions and climate change, has led to extensive research into alternative liquid fuel sources
compatible with the existing transport infrastructure. The production of first- and second-generation
biofuels has been fraught with concerns over effective and ethical utilisation of arable land and fresh
water [1], leading to a shift in focus from terrestrial to marine biomass feedstocks. Marine biomass,
such as micro- and macroalgae, typically have higher biomass yields [2,3], owing to their higher
photosynthetic efficiencies with respect to terrestrial crops (approx. 6—8 %, c.f. approx. 1.8-2.2 %) [4].
Although cultivation and harvesting of biomass constitues a roadblock to widespread
commercialisation of fuel production technologies [3], micro- and macroalgal fuel production systems
also have the potential to be integrated with industrial and municipal waste remediation [5],

aquaculture [6-9] or biomining of metals [10] to create an added-value biorefinery.

Investigations into micro- and macroalgae utilisation for biofuel production have spanned anaerobic
digestion [11], fermentation [12] and conversion to biodiesel [13,14], with thermochemical processing
techniques, such as hydrothermal gasification (HTG), pyrolysis and hydrothermal liquefaction (HTL)
attracting attention in more recent years [15]. HTL in particular is ideally suited to wet feedstocks such
as micro- and macroalgae, significantly lowering the prohibitive energy requirements associated with
feedstock drying [16], and boosting the HHV of the resulting bio-crudes [17] with respect to pyrolysis

bio-oils.

HTL utilises water at sub-/near-critical conditions (200-380 °C) as both a solvent and a reactant for a
complex cascade of reactions, converting algal biomass into a bio-crude oil, alongside a nutrient-rich
aqueous phase, a solid char and gaseous products. HTL of microalgae has been explored in great detail
in recent years [18,19] but energy-intensive cultivation and harvesting on an industrial scale remains
a major setback to obtaining good energy returns on investment (EROI) [16]. Macroalgal biomass has
comparatively lower associated production costs [20] and, as such, has been the subject of a range of

recent HTL investigations.

Since the first documented liquefaction of Macrocystis sp. [21], a number of different macroalgae
species have been examined across all three major classes (Heterokontophyceae, Rhodophyceae and
Chlorophyceae — brown, red and green seaweeds) [4,13,22—-30]. A comprehensive mechanistic study
of microalgae conversion using HTL by Biller and Ross [31] found that biochemical components
contributed to bio-crude formation in the order lipids > proteins > carbohydrates proposing a simple
additive model for predicting bio-crude yield from biochemical composition. In a similar study

examining specifically low-lipid algae, Yang et al. [32] confirmed that proteins made a greater
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contribution to bio-crude oil yields than polysaccharides, albeit at the expense of inflated nitrogen
content. While this serves as a useful proxy for macroalgae, which tend to contain low lipid and high
carbohydrate levels, no macroalgae-specific verification of this relationship has been published to
date. Conversely, Elliott et al. have suggested that the oil generated from liquefaction of Saccharina
spp. is more similar in composition and properties to lignocellulosic HTL bio-crude than the microalgal

equivalent [33], despite the almost complete absence of any lignin in the macroalgal feedstock.

A number of investigations [31,34,35] have looked into rationalising HTL reactivity through the use of
individual and multiple model compounds, Neveux et al. [27] attempted to use the model proposed
by Biller and Ross [31] to predict the bio-crude yields of marine and freshwater Chlorophyceae, but
experimentally obtained bio-crude yields did not fit the proposed additive conversion framework. The
group speculate that Biller and Ross’s model was not an accurate descriptor of the process due to its
failure to account for bio-crude generated through secondary reactions between biochemical
compounds, in addition to individual additive conversion yields from each biochemical fraction. The
occurrence of secondary reactions was confirmed by lJin et al. [36]. In addition to bio-crude oil,
hydrothermal liqguefaction of marine biomass also generates a range of aqueous products, including
water-soluble light organics, ammonia and phosphates. The composition of the aqueous products is
dependent on the composition of the feedstock and exact conditions used. The aqueous phase
products from HTL of microalgae have been demonstrated to be as effective in promoting growth in
microalgal cultures as the industry standard growth media 3N-BBM +V [37]. The recovery of nutrients
could prove to be a crucial step in the development of a viable biorefinery, particularly if finite
resources, such as phosphorus, are able to be recycled. To date, there has been no assessment of

phosphate recovery in the aqueous phase products of macroalgal HTL.

In light of these findings, this investigation aimed to identify optimal conditions for both bio-crude
production and nutrient partitioning into the aqueous phase from hydrothermal liquefaction of UK
macroalgae species. A comprehensive screening of a range of seaweed species prevalent on the South
West coast of the UK was subsequently carried out, and biomass biochemical compositions linked to
product yields and properties in order to rationalise reactivity. Based on this, specifications for an ideal
biomass feedstock were sought, with the ultimate aim of developing a theoretical model of a South-
West UK-based biorefinery for the production of bio-crude oil and fertilisers for terrestrial or

microalgal crops.



2 Methods

2.1 Materials and apparatus

Fresh macroalgal biomass samples were collected from Paignton, Devon (specifically, Broadsands
Beach 50°24'24.9"N 3°33'16.2"W, Oyster Cove 50°25'04.1"N 3°33'20.9"W and Saltern Cove
50°24'57.9"N 3°33'24.4"W). Prior to analysis, all samples were freeze-dried and milled to <1.4 mm
diameter. Samples were stored in sealed vials at -18 °C. Macroalgal species used were Ascophyllum
nodosum (AN), Chondrus crispus (CC), Fucus ceranoides (FC), Fucus vesiculosis (FV), Himanthalia
elongata (HE), Laminaria digitata (LD), Laminaria hyperborea (LH), Pelvetia canaliculata (PC),
Rhizoclonium riparium (RR), Sargassum muticum (SM), Solieria chordalis (SC), Ulva intestinalis (Ul) and
Ulva lactuca (UL). A more detailed description of the collection and preparation of the biomass

samples is included in the supplementary information.

Batch reactors were fabricated according to literature precedent using stainless steel Swagelok® tube
fittings [31,38,39]. The reactor body consisted of a length of tubing capped at one end, and connected
at the other to a pressure gauge, thermocouple, needle valve, and relief valve. The total internal

volume of the reactors was ca. 50 cm3.

2.2 Procedure

Reaction procedures have been reported previously [39]. In a typical reaction, the reactor was loaded
with 4 g biomass and 20 cm? freshly deionized water, and heated within a vertical tubular furnace set
to 400 °C, 550 °C, 700 °C or 850 °C until the specified reaction temperature was reached (300-350 °C,

5-47 min), then removed from the furnace and allowed to cool to room temperature.

After cooling, gaseous products were released via the needle valve into an inverted, water-filled
measuring cylinder to measure gaseous fraction volume. The gas phase is typically composed of 96—
98 % CO,, observed experimentally for liquefaction of A. nodosum at 345 °C, and confirmed by Raikova
et al. [39,40]. Hence, gas phase yields were calculated using the ideal gas law, approximating the gas
phase as 100 % CO,, assuming an approximate molecular weight of 44 g mol™ and a volume of 22.465
dm3® mol? gas phase at 25 °C. The yield of gaseous product was determined using the following

equation:
yieldgas = (Vias X 1.789 x 10°3) / (Mgry biomass) * 100 % (1)

Following this, the aqueous phase was decanted from the reactor contents and filtered through a
Fisher qualitative filter paper pre-dried overnight at 60 °C. The product yield in the water phase was

determined by leaving a 2.5 g aliquot to dry in a 60 °C oven overnight, and scaling the residue yield to



the total agqueous phase mass. Aqueous phase residue yield was determined using the following

equation:
yieIdAP residue = mresidue/mdry biomass X 100 % (2)

To separate the remaining bio-crude oil and char phase, the reactor was washed repeatedly using
chloroform until the solvent ran clear, and filtered through the same filter paper used to separate the
aqueous phase (after drying for a minimum of 1 h). The filter paper and collected char were washed
thoroughly with choloroform to remove all remaining bio-crude. The filtrate was collected, and
solvent removed in vacuo (40 °C, 72 mbar) until no further solvent evaporation was observed visually,
and bio-crude samples were left to stand in septum-sealed vials venting to the atmosphere via a
needle for a further 12 h to remove residual solvent. Bio-crude yield was determined using the

following equation:
yieldbio-crude = mbio-crude/mdry biomass X 100 % (3)

The char yield was calculated from the mass of the retentate collected on the filter paper after drying

overnight in an oven at 60 °C.
Solid yield was determined using the following equation:
yieldsolid = msolid/mdry biomass X 100 % (4)

Inevitable material losses occurred during work-up, predominantly through evaporation of light

organics from the aqueous and bio-crude phases during filtration and solvent removal.

2.3 Biomass and product characterisation

For the macroalgal biomass, lipid quantification was carried out as described previously [38].
Polysaccharide quantification was carried out using the DuBois method [41]as described by Taylor et
al. [42], incorporating an upfront two-step hydrolysis protocol adapted from Kostas et al. [43], with

polysaccharides quantified on the basis of glucose equivalents.

Elemental analysis was carried out externally at London Metropolitan University on a Carlo Erba Flash
2000 Elemental Analyser to determine CHN content. (Elemental analyses were carried out at least in
duplicate for each sample, and average values are reported.) From this, higher heating value (HHV)
was calculated using the equation set out by Channiwala & Parikh [44] from elemental composition.
Biomass ash was quantified using thermogravimetric analysis (TGA). Approximately 15 mg finely
ground biomass was analysed on a Setaram TG-92 Thermogravimetric Analyzer. The sample was
heated in air between room temperature and 110 °C at a ramp rate of 10 K min?, and held for 3-10

min at 110 °C. The mass loss between room temperature and 110 °C was used to determine the sample



moisture content. From 110 °C, the temperature was ramped to 1000 °C at a rate of 10-20 K min™*
and held for 3—120 min, until TG stabilised. The mass remaining at the end of the experiment was

taken to be the ash.

For bio-crude and char, elemental analysis and HHV calculations were carried out as described above
for the biomass. HHV values calculated using the Channiwal & Parikh equation [44] were found to be

in line with values determined experimentally using an IKA C1 bomb calorimeter (within £ 5 %).

A 25 mL sample of the gas phase from liquefaction of A. nodosum at 345 °C was analysed using a gas
chromatograph (Agilent 7890A) containing an HP-Plot-Q capillary column and fitted with an Agilent
5975C MSD detector. Samples were loaded at 35 °C, held for 7 min at 35 °C, ramped to 150 °C at 20 K
min, then ramped to 250 °C at 15 K min™%, with a final hold time of 16 min. Helium (1.3 cm® min) was

used as the carrier gas.

The concentration of ammonium ions in the aqueous phase was determined using a Randox® urea
test kit. The sample was diluted with distilled water to a concentration of 1 % prior to analysis. Urea
concentration was calculated relative to a standard solution. From this, ammonium ion concentration
was calculated. Aqueous phase total nitrogen was determined by difference, subtracting the total N
in the bio-crude and char from the total N in the biomass feedstock (assuming that the N content of
the gas phase was negligible). Phosphate concentration in the aqueous phase was determined using
a Spectroquant® test kit and photometer system. Prior to analysis, each sample was diluted with
deionised water. The total phosphate concentration was determined using a pre-calibrated

Spectroquant® photometer.

In order to determine experimental error and test the repeatability of experimental results, three
repeat HTL runs of A. nodosum were carried out at a range of temperatures between 300-350 °C to
determine the standard deviation in mass balances at different reaction temperatures. For ammonia
and phosphate quantification, the products of A. nodosum liquefaction at 345 °C were analysed in
triplicate in all cases to determine standard deviation, and errors assumed to be consistent across
different biomass species. All elemental analyses (CHN) were carried out at least in duplicate, and

average values used.



3 Results and Discussion

3.1 Optimisation of heating rate and temperature

The effect of heating rate on bio-crude production from HTL of the macroalga A. nodosum at 350 °C
was examined (Fig. 1a). Variation of heating rates were achieved by changing the furnace
temperature: 400 °C, 550 °C, 700 °C and 850 °C set points gave heating rates of 6.7 K min?, 15.8 K min-
1.34.2 K min? and 56.3 K min’, respectively. Oil yields increased from 18.5 to 20.9 % oil yield on
increasing heating rate from 6.7 K min't to 15.8 K min, slowing progressively on increasing the heating
rate to 34.2 K min™ to give a yield of 21.6 %, increasing modestly to 21.9 % yield on increasing heating

rates to 56.3 K min™.

Although the results confirm the previously identified positive correlation between heating rate and
oil production efficiency observed for other biomass types [45,46], the effect was found to become
progressively less pronounced at higher heating rates. Furthermore, repeated exposure to furnace
temperatures of 850 °C was found to cause damage to reactor fittings. A lower furnace temperature
of 700 °C was deemed sufficient to give optimal bio-crude production without compromising reactor
integrity. This set point (giving a heating rate of ~30 K min™) was subsequently used for all HTL

experiments.

The effect of HTL reaction temperature on product mass balance was assessed (fig. 1a). Bio-crude oil
yields increased with reaction temperature, up to a maximum of 16.3 % (19.5 % on a dry, ash-free
basis) at 345 °C. Previously examined macroalgae have given similar results: Anastasakis and Ross [4]
obtained the highest yields of bio-crude from L. saccharina (19.3 %) at 350 °C, whilst Zhou et al. found
that bio-crude yields (23 %) from HTL of E. prolifera were highest at 300 °C [24].

The highest overall mass fraction of the product was distributed in the solid phase, predominantly
accounted for by the biomass ash (16.2 %). With increasing bio-crude yields, a concomitant decrease
in solid products was observed, although a small amount of organic matter from the solid phase also
partitioned to the aqueous phase products, which made up the largest product mass fraction on an
ash-free basis at temperatures above 310 °C. Material recovery in the gas phase remained relatively

stable across the temperature range.

In this investigation, mass balances were determined by measuring the yields of all four product
phases, rather than calculating the recovery of one phase by difference. Overall mass closures ranged
from 77.2 to 83.9 %. The loss of material is due in part to light organics lost on work-up of the bio-
crude phase and thermal drying of the aqueous phase to determine residue content. It has also been

suggested that some loss could also be attributed to partitioning of oxygen to the aqueous phase in



the form of water [28]. Overall, these mass closures are similar to those observed by Anastasakis and

Ross [4] in the hydrothermal processing of L. digitata.

Despite the variation in yields, bio-crude elemental compositions (and, consequently, calculated HHV)
were unaffected by reaction temperature. All bio-crude HHV values fell between 29.7-32.6 MJ kg*
(see supporting information). Anastasakis and Ross [4] observed that bio-crude HHV increased slightly
on increasing temperatures from 300 °C to 350 °C during the liquefaction of L. saccharina, although

the degree of experimental error was not specified.

The potential for utilisation of the nutrient-rich aqueous phase from HTL has been explored for
microalgae process water [30,37,47]. However, macroalgal HTL process water has yet to be examined.
To this end, the concentrations of phosphate and dissolved ammonia in the aqueous phase was

analysed with respect to reaction temperature (Fig. 2).

The increase in reaction temperature from 300—350 °C caused phosphate partitioning to the aqueous
phase to drop slightly (Fig. 2a), with a simultaneous increase in ammonia concentrations observed
(Fig. 2b). Although nutrient levels are still relatively high, they are not as substantial as produced in
the aqueous phases from the HTL of most microalgae [39]. Hence, although the aqueous phase
products may be of use within a biorefinery paradigm incorporating macroalgal HTL with microalgal
cultivation (e.g. for fuels or chemicals), it probably does not represent a higher-value platform than
fuel production from bio-crude. Hence, the optimal reaction temperature was selected on the basis
of optimising bio-crude oil production, with nutrient recovery presenting a secondary route for

product valorisation.

The effect of particle size on the biocrude yield was also examined (Fig. 3). It was found that varying
particle size of between 125 pm > n > 1.4 mm did not have a notable effect on bio-crude yield. Given
the energy-intensive nature of milling material to a fine particle size on an industrial scale, using the
maximum possible particle size is likely to result in significant cost and energy savings. Although
additional issues of feedstock processability would need to be addressed for a continuous system at
scale, particle sizes of <1.4 mm were deemed appropriate for this investigation. The final conditions
taken forward to examine the effect of varying macroalgae feedstock species were a particle size of

<1.4 mm, and a reaction temperature of 345 °C, with heating rates of ~30 K min™.



3.2 Properties of South West UK marine macroalgae
Thirteeen macroalgae species were selected for analysis, belonging to all three major divisions:
Rhodophyceae (red macroalgae), Chlorophyceae (green macroalgae) and Heterokontophycea (brown

macroalgae).

The proximate, biochemical and ultimate analyses of the seaweed species are presented in table 1.
The compositions of many macroalgae generally exhibit pronounced seasonal variation, as well as
being strongly affected by growing temperature, geographical location [48], water salinity, and
aqueous nutrient content [49], so can differ substantially from samples of the same species grown in

alternative climates.

The elemental composition of the macroalgae analysed varied widely, with Chlorophyceae and
Rhodophyceae typically containing higher nitrogen and calculated protein than Heterokontophyceae
(3-4 % c.f. 1-2 % N). Ash was also highly variable, ranging from 10.8 % for L. hyperborea to a maximum
of 44.5 % for R. riparium. R. riparium, and U. intestinalis had particularly high ash, 20 % on a dry weight
basis. Biomass HHV, calculated using the method set out by Channiwala and Parikh [44], ranged

between 8.6 MJ kgt and 18.2 MJ kg%, with no obvious dependence on macroalgae division.

Chlorophyceae of the genus Ulva and the Heterokontophyceae A. nodosum and P. canaliculata had
the highest lipid (>5 %), which was expected to be beneficial for bio-crude yields. U. intestinalis, U.
lactuca and the Rhodophyta C. crispus had notably high protein contents ca. 20 %. This was anticipated
to have a positive effect on bio-crude yields, simultaneously increasing ammonia concentrations in
the aqueous phase, but possibly having a detrimental effect on bio-crude quality by inflating bio-crude
N. High nitrogen levels in crude oil are undesirable: nitrogen-rich fuels generate substantially elevated
NO« emissions on combustion, and nitrogen must therefore be removed through hydrotreatment
during the refining process. This can prove somewhat of a setback within a biorefinery context,
increasing the energy demand for refining, consuming large quantities of H,, and posing an increased
risk of refinery catalyst poisoning,[27] which must be taken into account for any high-protein

feedstocks such as C. crispus.

Carbohydrate quantification was carried out using the DuBois method [41]. This method is widely used
to quantify carbohydrates in macroalgae, but has the significant drawback of quantifying
carbohydrates on the basis of glucose equivalents. Whilst this is highly accurate for simple glucose-
based carbohydrates, the method is significantly less sensitive to other monosaccharide units, such as
galactose in the common macroalgal carbohydrate carrageenan, or monosaccharides unique to
seaweeds, such as mannuronic and guluronic acids present in alginates [43]. Additionally, the

method’s sensitivity is strongly affected by carbohydrate charge [50]. In this work, analytically
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determined soluble carbohydrate is presented alongside estimated total carbohydrate, determined

by difference:
Xcabohydrate (tot.) = 100 % — (Xprotein + Xlipid + Xash) (5)
Where Xcomponent iS the mass fraction (%) of each biochemical component.

U. lactuca, S. chordalis and C. crispus had the highest analysed carbohydrate, suggesting the presence
of high levels of glucose-based polysaccharides. In contrast, the highest total carbohydrate yields as
determined by difference were found for the Heterokontophyceae F. vesiculosis, H. elongata, L.

digitata and L. hyperborea, with all four containing >70 % total carbohydrate.

Differences between analysed and calculated carbohydrate were significant for some seaweed
species. For example, 71.8 % total carbohydrate was expected for L. hyperborea, but only 17.4 %
detected. L. hyperborea has previously been found to contain significantly higher levels of mannitol
(34 %) than the glucose-based polysaccharide laminarin (0.86 %) [51], which may have led to false low
readings for total carbohydrate using colourimetric methods based on a glucose standard.. In general,
a significant difference (38-55 %) between analysed and calculated carbohydrate was observed for all
Heterokontophyceae analysed, suggesting the presence of high levels of non-glucose
monosaccharides. Carbohydrate compositions can fluctuate substantially in brown macroalgae, with
mannitol alone seen to contribute anywhere between 5 % and 45 % of the dry weight of L. saccharina
[49] in response to fluctuations in aqueous salinity [52] The analysed and calculated carbohydrate

differed to a smaller degree for the Rhodophyceae and Chlorophyceae.

3.3 Liquefaction results

Liquefaction of 13 UK macroalgae species was carried out using the optimised conditions described
previously (345 °C; 30 K min!). Mass balances are summarised in Figure 4, and bio-crude yields are
qguoted on a dry basis. The highest overall bio-crude yields were obtained for the two macroalgae of
the genus Ulva (28.8 % and 29.9 % for U. intestinalis and U. lactuca, respectively), although the third
Chlorophyta R. riparium performed significantly worse, yielding a modest 15.0 % bio-crude product.
L. digitata yielded 16.4 % bio-crude — similar to the 17.6 % obtained by Anastasakis and Ross [28],
although L. hyperborea was found to give 9.8 % bio-crude product in the same study, whereas the
macroalgae used in this investigation yielded 12.3 % bio-crude. This can likely be explained by regional

and seasonal variations in biomass composition [48,53,54].

Rhodyphyceae gave the highest recoveries of solid products (>45 %), whilst measured gas yields varied
substantially (from 5.6 % for H. elongata to a maximum of 21.4 % for L. digitata). Up to 32.7 % of the

feedstock was recovered in the aqueous phase residue (S. chordalis), whilst only 5.0 % water-soluble
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organic product was generated from C. crispus. It has been suggested previously [31] that the presence
of high volumes of carbohydrate results in the formation of higher levels of water-soluble polar
organics (such as formic, lactic, acetic and acrylic acids formed from the hydrothermal liquefaction of
glucose), but aqueous phase residue yields do not appear to reflect this: despite having high analysed
and calculated carbohydrate, U. lactuca, U. intestinalis and C. crispus yielded relatively low yields of
aqueous phase products (11.4 %, 13.0 % and 5.0 %, respectively), whilst 29.5 % of the feedstock was
recovered in the aqueous phase for H. elongata, with a comparatively low carbohydrate content of

23.1%.

Although it was anticipated that higher organic carbon content in the starting biomass would be
conducive to obtaining higher bio-crude yields as previously noted [27], there appeared to be no
statistically significant correlation between the two parameters. In each case, losses of 4-23 % were
encountered. As previously, these are attributed to the loss of volatiles on work-up, and partitioning

of oxygen to the aqueous phase in the form of water.

Increasing lipid yields appeared to encourage bio-crude production (Fig. 5a). The correlation between
carbohydrate (Fig. 5b) and protein (Fig. 5¢) and bio-crude production appeared to be weaker, in line
with the observation that lipids are more readily converted to bio-crude than other biochemical
components in model studies [31]. To verify these observations, a multiple regression was carried out
to quantify the effect of biomass protein, lipid, carbohydrate and ash on bio-crude production. A
statistically significant correlation (>95 % confidence) was observed only for lipids. A further regression
was carried out for the effect of lipid alone. It was found that variation in biomass lipid accounted for
49 % of the total variation in bio-crude production. The bio-crude yield could be predicted from lipid

mass fraction by the following formula:
yieldbio.crude= 571+ 2.6(X|ipid) (6)
Where Xiipid represents the mass fraction (%) of lipid in the macroalgal biomass.

However, despite the broad correlation, notable exceptions exist in each case: although U. lactuca has
the highest lipid of the macroalgae analysed (6.9 %), it appears to give a disproportionately high bio-
crude yield (29.9 %), significantly higher than A. nodosum, which gives a yield of 16.0 % with a similar
lipid of 6.7 %. As U. lactuca has significantly higher protein and measured carbohydrate relative to A.
nodosum, this may imply that bio-crude yield is positively correlated to overall organic biomolecule
content (and hence, negatively correlated to ash), however, no such correlation is observed in
practice. The lowest ash was observed for L. hyperborea (10.8 %), but a modest bio-crude yield of 12.3

% was obtained. Conversely, a similar yield of 12.9 % bio-crude is obtained from R. riparium, despite
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an ash content of 44.5 %. In certain cases, ash may play a catalytic role in bio-crude formation, but
this is also likely to be due to differences in reactivity between individual lipid, protein and
carbohydrate types. Biomass protein was found also to be weakly correlated to bio-crude nitrogen,
with the notable exception of U. lactuca, which yielded a bio-crude with only 3.8 % N despite

containing 24.3 % biomass protein.

An attempt was made to calculate theoretical bio-crude yields using the additive model for bio-crude

yield prediction proposed by Biller and Ross [31]:

total theoretical yield bio-crude = (conv.ipia X Xipia) + (CONV.protein X Xprotein) +  (CONV.carbohydrate X

Xcarbohydrate) (6)

where conV.component represents the theoretical conversion (%) to bio-crude of a given biomass
component (lipid, protein and carbohydrate) and Xiipid, Xprotein aNd Xcarbohyarate represent the lipid,
protein or carbohydrate mass fraction(%) of the feedstock, respectively. The values for theoretical
maximum and minimum conversion to bio-crude from individual model lipid, protein and
carbohydrate fractions were reported by Neveux et al. [27], who utilised similar feedstocks and
processing conditions. Carbohydrate content as determined by difference was used for the calculation

of theoretical yields.

Similarly to Neveux et al., this investigation found that predicted maximum yields did not fit well to
the model (Fig. 6), with yields under predicted by a wide margin (50-82 %) for the three
Chlorophyceae, and over predicted for the remaining feedstocks (by 8-59 %), although the predicted

yield was accurate (> 5 % difference) for F. vesiculosis and the two Rhodophyceae.

This confirms that the reactivity of a given feedstock under HTL conditions cannot necessarily be
inferred from the total levels of lipid, protein and carbohydrate alone. A more complete biochemical
breakdown would be necessary to examine mechanistic aspects of bio-crude production, but given
the vast number of individual biomolecules within each feedstock, and the variability of biochemical
compositions between species, this is likely to be an extremely complex system to analyse. With the
large number of potential secondary reactions between primary decomposition products, in practise,
when assessing prospective HTL feedstocks for a biorefinery, it will be significantly simpler to

determine feedstock suitability experimentally on a case-by-case basis.

All species yielded bio-crudes containing 65—71 % carbon, 7-9 % hydrogen and 3-5 % nitrogen, with
the remainder attributed to oxygen, and the HHV of the bio-crudes showed little variation across
species, ranging from 28.4 —33.0 MJ kg! (see supporting information), despite the significant variation

in biomass biochemical composition, biomass HHV, and bio-crude yields. These crude oils have
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approximately 75 % of the energy density of a typical crude oil, and comparable to those obtained for
microalgal bio-crude at similar HTL conditions [55]. This effect has been previously observed by

Neveux et al. [27] for a range of Chlorophyceae.

The elemental deposition to the bio-oil is presented in Figure 7a. For U. intestinalis and U. lactuca,
carbon recovery in the bio-crude was reasonably high, at 53 % and 57 % respectively. For C. crispus,
on the other hand the majority of biomass carbon was recovered in the solid phase (see supporting
information), with only 13 % in the bio-crude. Although this is unfavourable from a liquid fuel
production perspective, energy recovery from bio-char has also been discussed in literature [28]. In
this study, while approximately 60 % of the energy from the initial feedstock was retained in the
biocrude for U. lactuca and U. intestinalis, this was reduced substantially to just 14% for C. crispus with

the majority being found in the solid residue product for this seaweed species (Fig. 7b).

Nitrogen distribution between the products was notably different to that seen for carbon, with the
bulk of feedstock N recovered in the agqueous phase, present mainly as NH4*. Although the protein
content of U. intestinalis and C. crispus biomass was almost identical (20.8 % and 20.2 %, respectively),
36 % of the total nitrogen was recovered in the bio-crude for U. intestinalis, compared to only 9 % for
C. crispus. High protein in the feedstock led to partitioning of nitrogen to the bio-crude phase (as well
as the aqueous and solid phases), leading to bio-crude nitrogen contents of 3-5 % (see supporting
information). The presence of high nitrogen levels in bio-crude is a setback for co-refining operations,
increasing the energy demand for refining and posing an increased risk of catalyst poisoning [27],
however, the bio-crude nitrogen contents for all feedstocks screened are notably lower than those
encountered for bio-crudes obtained from other macroalgae species. Neveux et al. [27] reported bio-
crude nitrogen levels from 5.8 % for the marine macroalga Ulva ohnoi to 7.1 % for Cladophora
coelothrix. Both species of Ulva analysed in this study gave bio-crudes with lower nitrogen — 3.8 % for
U. intestinalis and 5.2 % for U. lactuca — with the lowest nitrogen content observed for bio-crude from

P. canaliculata (2.9 %).

Total process energy calculations based on the HHV of the feedstocks and total energy recovery from
the bio-crude and char found that in some species a significant amount of energy was being lost to
the gaseous and aqueous phase. The energy recovery in the aqueous phase has not been considered
at this point, although it is acknowledged that this is theoretically possible if additional processing

steps (e.g. hydrothermal gasification) were incorporated [33].

The levels of soluble inorganic nutrients in HTL process water varied significantly with macroalgae
species examined (Fig. 8). Ammonia concentrations exceeding 1 g kg 'were observed for U. intestinalis,

L. digitata, L. hyperborea, S. chordalis and C. crispus. L. digitata and C. crispus exhibited particularly

14



high agueous phase ammonia concentrations, at 2 235 mg kg and 2 415 mg kg, respectively.
Aqueous phase phosphate concentrations observed were reasonably high, although not as high as
those observed for microalgal HTL process water in previous studies [39]. The highest phosphate
concentrations (> 100 mg kg!) were observed for the F. ceranoides and P. canaliculata. These
concentrations are comparable to those found in the standard microalgae growth media, 3N-BBM +V.
Process waters with high ammonia and phosphate could be considered for use as a growth
supplement for microalgal or macroalgal cultivation, or terrestrial crops, although the effect of the
elevated non-ammonia nitrogen (likely to be due to the presence of heterocycles [35]) on plant or

algae growth are unclear.

A weak correlation was observed between increasing protein in the biomass feedstock and increasing
ammonia concentrations detected in the aqueous phase (Fig. 8b)., though again this was not enough

to be able to predict the concentration of NH,"in the aqueous phase.

4 Conclusions

Hydrothermal liquefaction has been demonstrated as an effective technique for the conversion of
thirteen UK macroalgae species, nine unexplored in previous literature. Macroalgae of the genus Ulva
gave the highest bio-crude yields up to 29.9 %, containing up to 60 % of total biomass energy content.
Due in part to low nitrogen in the initial feedstocks, less nitrogen and phosphate were obtained in the
aqueous phase compared with microalgal species. As such, with macroalgae, nutrient partitioning into
the aqueous phase presents only a minor secondary route for product valorisation, after the reaction
conditions have been optimised for bio-crude production. Despite significant variation in biomass
elemental and biochemical composition, all bio-crudes produced were similar in elemental
composition and HHV. Lipid content was found to account for a substantial proportion of the variation
in bio-crude yield. However, feedstock performance could not be predicted from the biochemical
breakdown alone. More extensive system modelling, incorporating feedstock-specific components
and incorporation of secondary reactions, would be required to identify prospective new feedstock
specifications, but in practice, experimentation will be the sole reliable route to assessing feedstock
suitability. From the selection of seaweeds assessed, Ulva lactuca, and other members of the family
Chlorophyceae, were found to give the best performance for a future biorefinery in the South West

region of the UK.
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Figure 1 — Effect of a) the heating rate on the bio-crude yield from A. nodosum and b) reaction temperature on
product distribution from the HTL of A. nodosum (mass fractions on dry basis). Non-closure of the mass balance

is predominantly due to loss of some volatiles from the aqueous and bio-crude fractions on work up.
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from HTL of A. nodosum
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Figure 3 — a) A. nodosum ground particles with from left to right with an average particle size of 62.5, 187.5,
375, 950, 1550 um. b) Product mass balance from the HTL conversion of A. nodosum over variable particle size,

at 345 °C (dry basis). The remaining fraction of the mass is assigned to volatile losses from the aqueous and
bio-crude fractions on work up.
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from HTL of 13 macroalgae species: a) biomass lipid vs. yield; b) biomass analysed carbohydrate vs. yield; c)
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Figure 6 - Comparison of experimentally obtained bio-crude yields and yields calculated using the additive model

proposed by Biller and Ross for HTL of 13 UK macroalgae species
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Table 1 — Biomass proximate, biochemical and ultimate analysis, and higher heating value (HHV)

Properties Proximate (%) Biochemical (%) Ultimate (%)? (MJ kg?)
Type® Moisturec Ashd Proteine Lipidf Carb.8 Carb.h C H N (o] HHVs
UL C 3.7 17.3 20.0 6.9 48.7 55.8 34.9 53 4.1 38.4 14.1
ul C 7.7 24.5 20.9 5.9 48.9 48.8 35.2 5.8 4.2 30.4 15.4
RR C 11.3 44.5 13.2 1.9 28.1 40.4 26.8 5.1 2.6 21.0 12.2
AN H 3.6 16.2 8.9 6.7 25.5 68.2 38.7 5.8 1.8 37.5 15.4
FC H 14.0 12.6 11.6 33 14.8 72.5 28.4 3.9 2.3 52.8 8.7
FV H 14.3 12.6 10.5 3.8 15.9 73.1 38.8 5.1 2.1 41.4 15.0
HE H 10.5 14.3 9.1 2.6 23.1 74.0 34.3 5.0 1.8 44.6 12.9
LD H 2.1 11.6 11.6 1.1 38.3 75.7 38.2 5.6 2.3 42.3 15.3
LH H 10.2 10.8 13.2 2.6 17.4 73.4 30.7 5.0 2.6 50.9 111
PC H 12.2 19.0 9.9 5.0 19.1 66.1 39.0 5.7 2.0 34.3 16.4
SM H 10.5 11.8 9.9 1.5 11.3 76.9 26.4 3.6 2.0 56.2 7.4
SC R 6.0 17.1 13.4 1.2 39.5 68.3 253 3.5 2.7 51.4 7.3
cc R 3.5 15.6 21.1 3.0 46.7 60.4 37.5 5.6 4.2 37.1 15.4

2 Average of two replicates; elemental mass fraction quoted on dry basis. ® C — Chlorophyta (green); H —

Heterokontophyta (brown), R — Rhodophyta (red).

¢ Moisture mass fraction quoted on total biomass basis. ¢ Ash mass fraction quoted on dry basis.. Protein

calculated from biomass N; mass fraction quoted on dry basis. f Analytical; mass fraction quoted on dry basis. &
Calculated by difference; mass fraction quoted on dry basis. " Calculated by difference according to Jin et al.

[36]; mass fraction quoted on dry basis. ' Calculated from elemental composition using Channiwala and Parikh

equation [44]
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