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ABSTRACT: Hydrothermal liquefaction (HTL) of macroalgae offers a promising route to advanced biofuel production,
although the distinct biochemical compositions of different macroalgae species can lead to widely different product yields and
compositions. On the basis of this, there is an implicit assumption that there exists a universal optimal feedstock species for a
bioenergy-based biorefinery, which could be exploited across a wide region. However, no studies to date have examined the
effect of this large geographical variation on a single macroalgae species for biofuel production. In this study, 24 samples of Ulva
intestinalis were collected along 1200 km of Swedish coastline and assessed as a feedstock for HTL. Significant variation in
composition was observed between samples from Baltic and Atlantic regions, but substantial variation also existed between sites
within close proximity. This was reflected in the HTL biocrude oil yields, which varied between 9 and 20% (14—28% dry and
ash-free basis) across the sample set. In a number of cases, greater variation was seen for adjacent sites than for sites at opposite
ends of the sampling spectrum. Biocrude oil yields in this study also differed substantially from those previously obtained for U.
intestinalis from the United Kingdom and Vietnam. Localized environmental conditions affected the HTL product composition
significantly, in particular, the elemental distribution within the sample set. The variability observed in this study suggests that
no single species will be dominant within a macroalgal biorefinery concept, but rather a species would need to be selected to

match the needs of the exact local environment.

1. INTRODUCTION

To limit global temperature increases to 2 °C, the vast majority
of the energy sector must be decarbonized by 2075." However,
liquid fuels are likely to continue to play a major role in the
transport sector long into the future,” and “drop-in” biofuels or
crude oil alternatives compatible with current transport and
refinery infrastructure are a crucial step in the transition to
cleaner energy sources.’” The use of terrestrial crops as
feedstocks for biofuel production has been explored exten-
sively, but concerns about utilization of arable land* as well as
general availability have spurred a search for alternative marine
feedstocks.”

Macroalgae are a fast-growing and important global
resource. With production of aquatic plants reaching 30.5
million tonnes in 2015 harvested for commercial use’ and
cultivation increasing on average 8% per year,7 it constitutes a
promising source of biomass for food, pharmaceuticals and
agriculture. As production volumes continue to grow, macro-
algae has the potential to be used as an alternative to terrestrial
biofuel feedstocks.®

A number of processing techniques have been examined for
the conversion of macroalgae to liquid fuels, including
biodiesel production,g_11 fermentation to bioethanol and
biobutanol,'*™'* and anaerobic digestion.15 In recent years,
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thermochemical processing techni%ues, such as pyrolysis'® and
hydrothermal liquefaction (HTL),'” have been examined as a
route to produce high energy content oils as precursors for
biofuel production. Of these, HTL has a number of advantages
over pyrolysis: it is a low-temperature technique, using water at
subcritical conditions (280—370 °C), and is ideally suited to
inherently high-moisture feedstocks, thereby avoiding the
substantial energetic penalty of feedstock drying. HTL also
generates biocrude oils with lower oxygen content, higher
energy content,'® and higher thermal stability'” compared to
pyrolysis oils. HTL biocrude oils can be upgraded directly to
biofuels through hydrotreating,”® although oils have the
potential to be co-refined with fossil crude oils in existing
refineries in the future.'””"** Upgrading options and refining
protocols are dependent upon biocrude oil composition.

The exact composition and properties of biocrude oils are
influenced by HTL reaction conditions but are most strongly
influenced by the composition of the feedstock.”> The earliest
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studies on the HTL of macroalgal biomass focused on
individual feedstock species,”*™>’ but recent reports have
demonstrated the vast difference in products obtainable from
different species growing in one place.”® However, even within
a single species, compositions can be influenced substantially
by localized environmental conditions, such as salinity,
temperature, and nutrient availability, and there is some
evidence that certain biochemical components can vary widely
between different geographical locations.””™** For example,
brown macroalgae grown in more turbulent conditions
typically have elevated levels of alginate,” and salinity has
been shown to increase fatty acid levels in the green alga Ulva
pertusa and the brown alga Sargassum piluliferum.” Cultivation
of macroalgae downstream from aquaculture, such as salmon
farms, has been shown to induce accumulation of higher levels
of nitrogen®® and phosphorus,’® while biomasses grown in
contaminated waters also exhibit bioaccumulation of heavy
metals,”” which could potentially be exploited as a route to
environmental remediation of marine environments. Aside
from direct increases in contaminant levels as a result of
biosorption, the presence of metals has also been shown to
affect the expression of polyunsaturated fatty acids (PUFAs).*®
All of these fluctuations have the potential to affect biomass
reactivity and suitability as a feedstock for HTL.

Large-scale cultivation of macroalgae for fuel and food
production in Sweden has recently been explored.””*" The
waters of the Swedish coastline are divided into two distinct
regions: high-salinity and nutrient-rich in the North Sea on the
western coast and shallower, more brackish waters in the Baltic
Sea in the east.*” Within these regions, there are also variations
in both biotic and abiotic factors that give rise to
eutrophication, although the Helsinki Convention has led to
overall improvements in water quality in recent decades.*"**
These variations give rise to potential differences in macroalgal
productivity and composition, which, in turn, could signifi-
cantly affect the efficency of the HTL process. In this
investigation, the suitability of a single species, Ulva intestinalis,
was assessed as a feedstock for a macroalgal HTL biorefinery
through the conversion of biomass harvested from a range of
locations around the coast of Sweden.

2. MATERIALS AND METHODS

2.1. Materials and Apparatus. Fresh macroalgal biomass
samples were collected in late summer over 22 days at eight sites
along the Swedish coast. Three samples were collected at each site,
50—7000 m apart (several hundred meters for the majority of sites).
The samples were dewatered using a salad spinner and frozen in a
portable freezer shortly after collection. Prior to analysis, all samples
were freeze-dried and milled to a homogeneous powder. Freeze-dried
samples were stored at —80 °C prior to compositional analysis and,
subsequently, stored at ambient conditions prior to being processed
by HTL.

Sampling locations in graphs and tables are referred to using
abbreviations: Tjarnd (TJO), Tjorn outside Goteborg (GBG),
Helsingborg (HBG), Trelleborg (TBG), Ahus (AHS), Karlskrona
(KKR), Vastervik (VSV), and Stockholm (STH). Locations are
summarized in Figure 1.

Batch reactors were fabricated according to the literature precedent
using stainless-steel Swagelok tube fittings.**~* The reactor body
consisted of a length of stainless-steel 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 cm’.

2.2. Procedure. Reaction procedures have been reported
previously.” In a typical reaction, the reactor was loaded with 3 g
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Figure 1. Map of sampling sites. Atlantic sites are represented by
yellow markers, and Baltic sites represented by blue markers. Three
samples were obtained at each site, with sampling locations located
approximately 50—7000 m apart.

of biomass and 15 cm® of freshly deionized water, heated within a
vertical tubular furnace set to 700 °C until the specified reaction
temperature was reached (345 °C, approximately 11 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 the
gaseous fraction volume. The gas phase is typically composed of 96—
98% CO,."*® 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
dm?® mol™" gas phase at 25 °C. The yield of the gaseous product was
determined using the following equation:

yield = (1789 X 107V, )/ (Mg iomass) X 100% (1)

Following this, the aqueous phase was decanted from the reactor
contents and filtered through a Fisher qualitative filter paper predried
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 aqueous phase mass. The
aqueous-phase residue yield was determined using the following
equation:

yleldAp residue mresidue/mdrybiomass X 100% (2)

To separate the remaining biocrude 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 chloroform to remove all
remaining biocrude oil. The filtrate was collected; the solvent was
removed in vacuo (40 °C, 72 mbar) until no further solvent
evaporation was observed visually; and biocrude oil 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. The biocrude oil yield
was determined using the following equation:

yield],iocmde ol — Mpiocrude oil/mdrybiamass 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.

The solid yield was determined using the following equation:

yieldsolid = msolid/mdrybiomass X 100% (4)

DOI: 10.1021/acs.energyfuels.80b02374
Energy Fuels XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.energyfuels.8b02374

Energy & Fuels

100 -
80 A
o
)
2 60 A
2
e
- 40 -
x
20
0-
123 123 123 12
TIO GBG HBG TBG

123 123 123 123
AHS KKR VSV STH

Harvesting location

W Ash (%) OProtein (%)

0O Carbohydrate (%)

OLipid (%)

Figure 2. Total biochemical mass balance for U. intestinalis collected from three sampling sites across eight locations around the coast of Sweden.
Error bars are derived from duplicate analysis of the protein content and triplicate analysis of total carbohydrate.

Inevitable material losses occurred during workup, predominantly
through evaporation of light organics from the aqueous and biocrude
oil phases during filtration and solvent removal. The shortfall in the
mass balance has thus been designated “volatiles”.

2.3. Biomass and Product Characterization. For the macro-
algal biomass, lipid quantification was carried out on freeze-dried
biomass using in situ transesterification with gas chromatography with
flame ionization detection (GC—FID) as described previously."”
Analysis was carried out in triplicate. Monosaccharide quantification
was carried out using acid hydrolysis as described by Bikker et al,*®
without neutralization. Samples were diluted and kept at 4 °C, and
analysis was performed in triplicate within approximately 48 h. High-
performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC—PAD) was used for detection as described
previously,"”” with minor modifications, incorporating a gradient of
increasing sodium acetate content to separate sugar acids.”” The total
carbohydrate content was calculated as the sum of all mono-
saccharides and sugar acids, with correction for the addition of water
during hydrolysis of polysaccharides. The crude oil protein content
was calculated from the biomass nitrogen content using a conversion
factor of § as established previously.>

Biomass ash was quantified by heating a 500 mg sample of biomass
in a Carbolite muffle furnace at S50 °C for S h. The mass remaining at
the end of the experiment was taken to be the ash.

For macroalgal biomass, biocrude oil, and char, elemental (CHN)
analysis was carried out externally at the London Metropolitan
University on a Carlo Erba Flash 2000 elemental analyzer to
determine the CHN content (elemental analyses were carried out at
least in duplicate for each sample, and average values are reported).
From this, a higher heating value (HHV) was calculated using the
equation set out by Channiwala and Parikh from elemental
composition. HHVs calculated using the Channiwala and Parikh
equation®’ were found to be in line with values determined
experimentally using an IKA C1 bomb calorimeter (within +5%).”"

The aqueous-phase products were analyzed for total carbon (TC)
and total nitrogen content (TN) using a Shimadzu TOC-L TOC
analyzer fitted with a TNM-L total nitrogen analyzer unit and an ASI-
L autosampler.

Further elemental analysis was carried out using inductively
coupled plasma optical emission spectrometry (ICP—OES). Samples
were digested in 4 mL of aqua regia at 95 °C for 1 h and then left to
digest at ambient temperature for 24 h before being made up to 20
mL with 10% NaOH solution in deionized water to a pH of
approximately 3. The resulting solution was filtered through a 0.45
um filter membrane prior to analysis. ICP—OES was carried out
externally by Yara UK, Ltd. using an Agilent 700 series inductively
coupled plasma optical emission spectrometer.

To determine experimental error and test the repeatability of
experimental results, three repeat HTL runs of U. intestinalis collected
in Goteborg were carried out to determine the standard deviation in
mass balances at different reaction temperatures. All elemental
analyses (CHN) were carried out in duplicate, and average values
were used.

2.3.1. Statistical Analysis. Statistical analysis (two-tailed ¢ test,
regression) was conducted using Microsoft Excel’s built-in data
analysis module as well as the XLSTAT add-in for nonparametric
testing (Mann—Whitney’s U test).

3. RESULTS AND DISCUSSION

3.1. Geographical Variation in Biomass Biochemical
Composition. Three seaweed samples, sampled no less than
50 m apart, were collected at each of the eight locations around
the coast of Sweden. The biochemical composition of the
macroalgae tested displayed some geographical variation
(Figure 2). The Atlantic region (Tjarno and Goteborg) has
higher salinity compared to the more brackish waters of the
Baltic (the remaining six sampling locations, with Helsingborg
at the border of the two regions), which is one factor that may
influence composition. Indeed, samples from Atlantic sites had
elevated lipid, protein, and ash levels and reduced carbohydrate
content compared to the Baltic sites. Protein and lipid contents
have previously been found to increase in more saline
environments,”>° and a negative correlation between the
total carbohydrate content and water salinity has also been
reported.”

The overall biochemical composition differed substantially
from that observed for U. intestinalis harvested in the UK. and
other regions.28 Most notably, protein and lipid levels were
significantly lower (4.6—13.2% protein, cf. 20.9% for UK. U.
intestinalis, and, similarly, 2.0—3.6% lipid, cf. 5.9% in the U.K.).
The UK. macroalgae were harvested during spring, when
protein and lipid levels are at their highest for many species;
therefore, these differences could also be attributable to
seasonal as well as other geographical and environmental
factors. A further evaluation of the environmental condition at
collection sites correlated to biomass composition will be
presented separately.*’

The elemental compositions of the samples displayed some
variation, with total carbon contents ranging from 22.2% in
Helsingborg to a maximum of 29.4% observed for Vistervik
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Figure 3. Elemental composition of U. intestinalis collected from three sampling sites across eight locations around the coast of Sweden. Carbon,
hydrogen, and nitrogen analyses were carried out in duplicate; error was negligible.
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Figure 4. Mass balance of product fractions obtained from the HTL of 24 samples of U. intestinalis from three sampling sites across eight locations
around the coast of Sweden. The remaining fraction of the mass is assigned to volatile losses from the aqueous and biocrude oil fractions upon work
up. Mass yields quoted on a dry basis. Error bars represent the standard deviation of the product mass fractions obtained from three repeat runs of

HTL using the GBG3 feedstock.

and Stockholm (Figure 3). The largest standard deviation for
carbon content within any one sampling location was 2.2% for
Goteborg. The sulfur content increased toward the northern-
most sampling points in the Baltic region (Vastervik and
Stockholm), with statistically significant differences between
the Atlantic and Baltic (p = 0.010), and the highest sulfur
content was observed to be 8.3%. A significant difference
between Atlantic and Baltic sites was also found for the
nitrogen content (p =0.022); an elevated nitrogen content was
observed for Atlantic sites, although the difference was modest.

3.2. Variation in Biocrude Oil Production and Quality.
HTL was carried out on all 24 collected samples across the
eight locations (Figure 4). The reaction conditions were
selected on the basis of previous work’® to give optimal
biocrude oil production. Mass closures of 70—85% were
observed, in line with those previously seen for similar
feedstocks,” with losses attributed to the evaporation of
light volatiles from the aqueous fraction during water removal
to calculate yields and during solvent evaporation from the
biocrude oil products.

Biocrude oil ranged from 9% for a sample from Trelleborg to
a maximum of 20% observed for one of the biomasses from
Karlskrona, still somewhat more modest than yields obtained
from the same species, U. intestinalis, collected in the U.K.**
The majority of the biocrude yields were similar, falling
between 13 and 17%, with a small number of outliers. The
biocrude oil yields on a dry and ash-free basis (daf) are given in
Table 1.

It is well-established that lipids and proteins are preferen-
tially converted to biocrude oil,** and the depleted lipid and
protein contents of the autumn-harvested Swedish biomass
compared to the lipid-rich spring Ulva crop in the U.K. would
also make a difference. Despite significant differences observed
between the biomass compositions of Atlantic and Baltic
samples, no statistically significant differences between
biocrude oil yields obtained from Atlantic versus Baltic
macroalgae were identified (p > 0.05). The variation in
biocrude oil yields generated from samples within each
location was, in some cases, greater than the variation between
samples collected from geographically remote sites. Yields
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Table 1. Biocrude Oil Yields from Swedish U. intestinalis,
Reported on a Dry and Ash-Free Basis (%, daf)

yield (%, daf)

location 1 2 3
Tjarno 19.6 19.3 22.3
Goteborg 24.5 19.5 19.1
Helsingborg 23.8 224 234
Trelleborg 15.7 139 18.6
Ahus 222 17.0 19.7
Karlskrona 18.4 19.9 28.0
Vastervik 18.6 16.3 19.0
Stockholm 20.3 18.8 234

ranging from 13 to 20% were obtained for the three Karlskrona
samples, while identical biocrude oil yields of 13% were
observed for multiple feedstocks sampled across both the
Atlantic and Baltic regions (Tjarno, Goteborg, Karlskrona, and
Vistervik).

Total material recoveries in the aqueous-phase products
ranged from 11.4 to 32.0%, with substantial variation within
sampling sites: for the three biomasses collected in Trelleborg,
aqueous-phase yields ranged from 12.6 to 24.5%, with a similar
level of variation observed for Ahus (14.6—22.1% aqueous
product yield). Previous studies have suggested that biomass
carbohydrates are preferentially converted to aqueous-phase
products,”* such as a range of water-soluble polar organics.”®
However, a direct correlation between carbohydrate levels and
aqueous-phase yields was not observed in this case.

In recent years, there has been some focus on attempting to
rationalize the reactivity of different macroalgal feedstocks
across species'¥¥*° to supplement the investigations of
biomass reactivity using model compounds.”***” As a result
of substantial species-related differences between individual
protein, lipid, and carbohydrate types within each broad
compound class, simple and clear-cut correlations enabling the
prediction of biocrude oil yields based on biochemical
composition have thus far been elusive.”**" It was hypothe-
sized that, for a single species, fluctuations in environmental
conditions would induce changes in the relative quantities of
biochemical components, but the individual protein, lipid, and
carbohydrate types would remain constant. This could
potentially enable the derivation of a more strongly predictive
model for biocrude oil production based on biomass
biochemical breakdown. Lipids have been previously found
to be linked to biocrude oil yields;28 however, regression
analysis could not confirm any statistically significant
correlations between the levels of lipid, protein, carbohydrate,
or total ash and biocrude oil production (p > 0.05). Alkali and
alkaline earth metals in biomass ash have been variously
attributed as having a catalytic or inhibitive effect on biocrude
oil formation, although mechanisms are still poorly under-
stood.”® The fluctuating content of alkali and alkaline earth
metals, such as Ca, Mg, and K, as well as other metallic species
across the locations sampled could play a role in directing
biocrude oil production and counteract the effect of an
increasing lipid content.

Biocrude oil nitrogen and sulfur contents were found to be
strongly correlated with biomass nitrogen and sulfur levels
(Figure S). The levels of both elements appeared to follow a
similar pattern, peaking at Helsingborg (the first sampling
location in the Baltic region) and decreasing steadily as the
sampling location moved north toward Stockholm, albeit with

6 r 12
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4 4 r 08

eby
1°§%%5§§ao.2
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Figure 5. Biocrude oil nitrogen and sulfur levels. The markers
represent average values for each sampling location, and the bars
represent the highest and lowest values for biocrude oil N and S
obtained for each location.

a small increase at Vistervik. The Sound (Oresund), with
Helsingborg at its narrowest point, attracts some of the highest
marine traffic intensity in the Baltic region,”” with emissions of
SO, and NO, potentially leading to elevated sulfur and
nitrogen levels in seawater and concomitant N and S increases
in biomass. The lowest nitrogen and sulfur levels were
observed for biocrude oil produced from biomass obtained
in Stockholm, lower than the Atlantic biocrude oils (somewhat
surprising, given the high level of industrial and shipping
activity in the Baltic region compared to the Atlantic). Sulfur
levels in the biocrude oils (ranging from 0.9% for Stockholm to
4.4% for Helsingborg) fall in line with those observed for many
fossil crude oils (0.05—5%), although sulfur levels of over 0.5%
are undesirable, and oils with sulfur levels exceeding this
require hydrodesulfurization prior to refining and use. Both the
sulfur and nitrogen contents of the biocrude oils derived from
biomass harvested in Helsingborg exhibited the highest level of
variability, with a factor of 2 difference between the highest and
lowest N values (3 cf. 6%). These exceed the nitrogen contents
typically observed in fossil crude oils (0.5—2.1%,%° although
values under 1% are more typical®'). Nitrogen in crude oils is
highly unfavorable in terms of fuel properties, because they can
denature petroleum cracking catalysts, inhibit hydrodesulfuri-
zation, and contribute to NO,, emissions upon combustion,*’
and hydrotreatment would be necessary before biocrude oils
could be co-processed with crude oils or used as fuel. In terms
of nitrogen and sulfur contents, biocrude oils derived from
biomass harvested in Stockholm would be optimal for co-
refining and fuel use, closely followed by Karlskrona and
Vistervik.

Contrastingly, the biocrude oils with the lowest nitrogen and
sulfur contents exhibited the lowest energy density (Figure 6).
Biocrude oil energy contents fell within the range of 24.4—33.2
MJ kg™, corresponding to approximately 55—75% of the
energy density of a typical crude oil (ca. 42—44 MJ kg™').
Most of the biocrude oils analyzed had energy contents
exceeding 30 MJ kg™', although three of the Baltic biocrude
oils, two derived from biomass originating in Stockholm and
one from Karlskrona, had markedly depleted HHVs, more
similar to those obtained for pyrolysis bio-oils.”> Between 29.1
and 55.5% of the total energy content of the biomasses was
recovered in the biocrude oil fraction.

Analysis of the biocrude oil compositions by gas
chromatography/mass spectrometry (GC/MS) revealed
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broad similarities between the samples across all locations.
Phenols made up a substantial proportion of compounds
identified, with phenol, m-cresol, p-cresol, 4-aminophenol, and
2,6-dimethylphenol present in all samples, alongside isomers of
methyl- and dimethylcyclopenten-1-one. All samples also
contained a substantial contribution from (Z)-9-octadecena-
mide. 5-Methylfurfural was observed in several of the samples,
appearing more frequently in the biocrude oils derived from
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Figure 7. Carbon distribution (weight percent) between the product
phases of HTL of U. intestinalis from three sampling sites across eight
locations around the coast of Sweden.

the Baltic macroalgae, while 1-tetradecanol was more prevalent
in Atlantic biocrude oils. Notably, limonene was observed in
one of the Helsingborg biocrude oils and two of the biocrude
oils from macroalgae harvested in Trelleborg, suggesting some
terpene production. A full summary of the biocrude oil
compositions and GC/MS chromatograms are provided in the
Supporting Information.

Ultimately, there are high levels of variability in both the
yields and properties of the biocrude oils. There is as much
variation over a small, localized environment as over a large
geographic range, and even for a single species, differences in
marine environments can lead to significant fluctuations in
HTL outcomes and biocrude oil properties.

3.3. Elemental Distribution. Overall, carbon was
recovered predominantly in the biocrude oil and solid char
product phases, with a maximum of 18.4% recovered in the
aqueous phase and 17.2% as CO, in the gas phase (Figure 7).
The most substantial variation was seen for Trelleborg, with
between 19 and 41% of carbon recovered in the biocrude oil
and 27—65% in the solid char for the three samples. Because
the total carbon content of the biocrude oils was generally
relatively consistent, this variation was attributable predom-
inantly to the variation in the biocrude oil yields obtained.

The distribution of biomass metals between different
product phases was assessed using ICP—OES. In all cases,
the metals partitioned predominantly between the solid and
aqueous phases (Figure 8), with biocrude oil metals
constituting only a small fraction of overall recovery.

Although the proportion of total metals recovered in the
biocrude oil was small, biocrude oil metal levels nonetheless
significantly exceeded those found in fossil crude oils. The
balance of metal distributions between the biocrude oil and
aqueous-phase products is affected by HTL reaction
parameters, with more severe reaction conditions (increasing
temperatures and holding times) driving the partitioning of
metals into the biocrude oil.*®

Biocrude oil metal levels were highly variable, both within
and between sampling sites, while the most abundant elements,
alongside S and N, measured in the biocrude oil were Al, Ca,
Fe, K, Mg, and Si. Although common crude oil metal
contaminants, such as cadmium and vanadium, are present at
lower levels than those observed in fossil crude oil, Ca levels
are comparable to superheavy crude oils,”* which could impact
upgrading procedures and limit the blend levels that can be
used in co-refining. High iron levels of up to 415 ppm were
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Figure 8. Partitioning of biomass metals between HTL product
phases, presented as a proportion of the total metal content of the
macroalgae feedstock.

observed, which have been shown to cause rapid plugging of
catalyst beds and catalyst degradation by highly stable iron
porphyrin structures during hydrotreatment of microalgal
biocrude oils.® The magnesium content was highly variable,
falling between 30 and 733 ppm for the three Goteborg
biocrude oils. Metal levels are comparable to those observed
for microalgal biocrude 0il,” although Si and Al levels are
notably higher. A summary of all the metals detected in the
biocrude oil can be found in Table S1 of the Supporting
Information.

The aqueous product is also rich in dissolved minerals and
micronutrients, such as Na, K, Ca, and Mg, as well as nitrogen
and phosphorus, which are essential for plant and algae growth.
A number of studies have addressed the possibility of nutrient
recovery through the utilization of diluted HTL aqueous
phases as a growth media for microalgal cultures.”*””" HTL
aqueous-phase growth media has given rise to biomass
productivity comparable to or even exceeding(’("sg’70 that
observed in standard growth media, although growth has been
found to be limited by toxic organic compounds, such as
phenol.”"

Essential elements for plant growth are presented in Figure
9. A full breakdown of the metal concentrations in the aqueous
products is presented in Table S2 of the Supporting
Information. Dissolved micronutrient concentrations are
high, and aqueous phases would require dilutions of around
100—300X to obtain concentrations suitable for cultivation of
microalgae, although, notably, the aqueous-phase sulfur levels
obtained are up to 700X higher than those used in a typical
microalgal growth medium.”® Certain species of microalgae
express higher levels of triacylglycerol under conditions of
sulfur starvation;”” therefore, the high-sulfur aqueous phases
may not be optimal for production of microalgae for biodiesel.
A recent study found that a growth medium derived from HTL
products performed better with the addition of trace metals,
such as Co and Mo, resulting in higher biomass yields and an
increase in maximum specific growth rates for Chlorella
sorokiniana.”®

Substantial variation in aqueous nutrient levels was observed
both within and between locations: calcium levels between 131
and 546 ppm were observed for the Tjarno aqueous phases,
while potassium levels fluctuated between 575 and 3872 ppm
for the Vastervik sample set. Crucially, the concentrations of
nutrients beneficial to plant growth (K, Mg, and Ca) are high,
whereas levels of toxic metals, such as arsenic and lead, are
limited (0—14 ppm As and a maximum of 1 ppm for Pb)
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Figure 9. Partitioning of key elements suitable for plant growth in the
aqueous phase (K, Mg, Ca, P, N, and S).

across all locations and will be further diminished at the
dilutions necessary for aqueous-phase utilization as a growth
medium. The variation and unpredictability of metal and
nutrient recoveries within some locations could create
problems in streamlining the utilization of the aqueous phase
as a growth medium within a biorefinery.

The total nitrogen content of up to 2340 mg L™ were seen
in the aqueous phase. Nitrogen in HTL aqueous phases tends
to be in the form of ammonium rather than nitrate. This may
be beneficial in terms of utilization for microalgae cultivation,
because ammonium may be a more efficient source of nitrogen
for aquatic Plants than nitrate, especially under light-limited
conditions.”” The aqueous-phase nitrogen content was variable
(427-2340 mg L™') and somewhat elevated for aqueous
phases derived from Atlantic macroalgae with respect to Baltic
samples, although the highest N content observed was for a
feedstock from Helsingborg.

Phosphorus is an important and increasingly expensive
worldwide resource and could constitute a significant source of
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coast of Sweden.

value within a HTL biorefinery. Previous work has
demonstrated that the vast majori?f of P in the aqueous
phase is as bioavailable phosphate.” Although the aqueous-
phase products contain up to 596 ppm of phosphorus that
could be used for microalgal or higher plant cultivation at the
conditions examined, biomass phosphorus is recovered
predominantly in the solid-phase products. Precipitation of
metal phosphates (e.g, CaPO;) is a key route of metal
partitioning to the solid products.”* Phosphate recovery from
solid-phase products may be possible, as previously demon-
strated for pyrolysis char,”® and used for fertilizer production.
The aqueous-phase phosphorus content was highly variable,
with higher levels on average for Baltic macroalgae. Notably,
the aqueous-phase phosphorus content of the Tjarnd
biomasses was substantially lower than the remaining samples
(a maximum of 22 ppm observed across the three samples),
while the biomasses in Trelleborg and Ahus yielded aqueous
phases with the highest dissolved phosphorus (204—596 ppm).
Trelleborg and Ahus are situated in one of the main
agricultural areas of Sweden, and it is expected that leaching
of nutrients from fertilizer use may reach coastal areas and be
available for seaweeds, translating to higher nutrient levels in
aqueous-phase HTL products.

A substantial proportion of biomass phosphorus is also
recovered in the solid char products (Figure 10), with
phosphorus contents of up to 8504 ppm (Trelleborg).
Phosphorus recovery is feasible for HTL char (having
previously been demonstrated for pyrolysis char’”) and could
constitute a highly lucrative process within a HTL biorefinery.
Although biomass phosphorus levels are approximately similar
for Tjarno and Stockholm, the distribution of phosphorus
between the aqueous and solid phases differs: phosphorus is
recovered predominantly in the solid phase for Tjarng, and the
aqueous products are recovered predominantly in the solid
phase for Stockholm. This may be linked to the fluctuating
levels of other dissolved inorganic species, which can form
phosphate salts with varying water solubility.

4. CONCLUSION

Recent studies have demonstrated a large variation in the
yields and composition of products formed from the HTL of
different species of macroalgae. In this study, the effect of
geographic location on a single species of macroalgae harvested

across a large area was examined. While U. intestinalis has
previously been demonstrated as one of the most suitable
macroalgae species for biocrude oil production in the United
Kingdom, this does not necessarily translate worldwide, with
reduced biocrude oil production observed for the same species
sampled across Sweden. All samples of the Swedish U.
intestinalis produced broadly similar yields of biocrude oil;
however, environmental variations led to large fluctuations in
the elemental composition and metal content, with knock-on
effects for the uniformity of HTL mass distributions, even
within a highly localized area. A significant difference in the
composition of the aqueous and solid phases was also
observed. Geographic variability plays a huge role in the yields
and composition of the HTL products, and it is probable that
there will not be one suitable species for a macroalgal
biorefinery; rather, feedstock suitability will need to be assessed
and optimized individually for each growing location.
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