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Three species of macroalgae were treated with the aim of reducing nitrogen, sulfur and ash within the biomass
prior to hydrothermal processing. The treatments were the nutrient starvation of cultures and post-harvest
washing of biomass in freshwater. Subsequently, hydrothermal liquefaction (HTL) of macroalgae was carried
out in a batch reactor heated for 8 min with a maximum temperature of 345 °C. Nutrient starvation effectively
reduced nitrogen and sulfur levels within the biomass, which led to a reduction in nitrogen by 51–59 wt.% and
sulfur by 64–88 wt.% within the biocrude. The yield of biocrude was highest for Derbesia at 38.6–41.7 wt.% and
Oedogonium at 35.6–38.8 wt.% when not starved, but was reduced by up to 19 wt.% when the biomass was
starved. The washing of biomass consistently reduced the ash content for all species by 7–83 wt.%. The removal
of ash affected neither the quality nor the quantity of biocrude produced. The two treatments demonstrate that
macroalgal biomass can be effectively manipulated in the production process to modify the composition of the
feedstock and, consequently, improve the quality of biocrude. Additionally, reducing the ash content of biomass
minimizes its potential impact on HTL processing equipment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Macroalgal biomass is a diverse and abundant resource for the
innovative production of renewable liquid fuels and chemicals [1–4].
Macroalgae are often highly productive on an areal basis, are simple
to harvest and process, and can be produced on non-arable land,
as well as in freshwater and in the sea. These advantages combine
ideally with the efficiencies of hydrothermal liquefaction (HTL), a
thermochemical process using hot compressed water at conditions ap-
proaching the critical point of water (374 °C; 22.1 MPa) to decompose
wet biomass to a liquid biocrude [5,6]. The thermochemical decomposi-
tion of biomass relies on the unique properties of water at these subcrit-
ical conditions, where it acts simultaneously as a solvent (similar to
acetone), reactant, and both acid and base catalyst, due to its increased
auto-ionization. Elevated temperatures and pressures reduce the densi-
ty, polarity and relative permittivity/dielectric constant of water,
resulting in the hydrolysis and dissolution of solid biomass [7]. A
complex network of cascading reactions involving the newly liberated
low molecular weight hydrocarbons leads to the formation of an oily
biocrude, gases (principally CO2), water-soluble chemicals and insolu-
ble residues (biochar).
61 7 4781 4585.
eux).
Biocrude produced through the HTL of algae has a high energy
density that is 70–95% of that of petroleum crude [8]. The difference in
energy is due to the presence of heteroatoms (O, N, S), derived mainly
from the protein and carbohydrate fractions of the biomass, accounting
for 10–20% of the mass of algal biocrude [4,9,10]. The reduction or
removal of these heteroatoms within the biocrude prior to upgrading
into liquid hydrocarbon ‘drop-in’ fuel or into feedstock for the produc-
tion of industrial chemicals would be highly beneficial [11]. Previous
studies have demonstrated that it is possible to reduce the content
of O, N, and S within the biocrude through catalytic hydrotreating,
although this treatment requires substantial H2 and energy inputs
[12–14]. Other studies have demonstrated that oxygen and tracemetals
can be efficiently reduced within the biocrude through thermal treat-
ment, but the nitrogen content is not improved by such treatment [15,
16]. The presence of nitrogenous and sulfurous compounds in the
biocrude is particularly detrimental as nitrogen can poison the active
sites of catalysts used in conventional refining and both elements can
participate in the formation of harmful nitrogen and sulfur oxide
emissions during combustion [17]. Another issue for HTL processing
of macroalgae – and specifically marine macroalgae – is the presence
of inorganic compounds (ash as silicates, hydroxides, metal oxides,
halides, carbonates, and sulfates with alkali-metal counterions) which
can precipitate and deposit on reactor walls, thereby blocking reactors,
and in the case of halides in particular, cause corrosion and the
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degradation of the stainless steel reaction vessels [7,17]. Trace amounts
of metals (i.e. Fe, Mg, Zn, Ni) can also be transferred to the biocrude and
become a significant challenge for upgrading in conventional refinery
units [16].

One route to circumvent both the extensive treatment of the
biocrude and the HTL processing issues arising from nitrogen, sulfur
and ash in macroalgae, would be to reduce these components in
the feedstock prior to hydrothermal upgrading. Nitrogen is a key ele-
ment in algal metabolism that is essential for the formation of proteins
and chlorophyll, and therefore photosynthesis [18]. However, the
content of nitrogen is highly variable in macroalgae and can be reduced
through a starvation process, where the biomass continues to grow in
a low nitrogen environment, thereby diluting the internal nitrogen
pool to a minimum [19]. Sulfur also has a pivotal role in algal cell
physiology and homeostasis through its role in the formation of
dimethylsulfoniopropionate (DMSP), sulfolipids and various amino
acids [20]. The treatment of macroalgae through nutrient starvation
and washingmay result in a decreased content of sulfur within the bio-
mass. Consequently, the HTL processing of this biomass may improve
the quality of biocrude. Similarly, the minimization of the ash content
of the biomass through the removal of salts can be expected to reduce
the mechanical demands on HTL processing equipment. To our
knowledge this is the first report on the combined effects thatmetabolic
manipulation of the content of nitrogen, sulfur and ash in the biomass
have on the yield and quality of biocrude. This approach, which focuses
on tailoring the algal feedstock for a specific purpose, is a critical
first step in the delivery of an improved biocrude that minimizes
hydrotreating requirements (particularly hydrodenitrogenation and
hydrodesulfurization) for the production of a fully fungible biofuel.

Therefore, the aim of this study was to assess if the manipulation of
freshwater andmarinemacroalgae through nutrient starvation, and the
post-harvestwashing of biomass, would reduce the content of nitrogen,
sulfur and ash prior to HTL processing, and whether these changes
would be carried through the HTL process, affording a desirable
biocrude product. Firstly the effects of starvation and washing on the
composition of biomass were evaluated. Subsequently, the yield and
elemental composition of biocrude and HTL co-products produced
from algae subject to combinations of starvation and washing were
assessed. Finally, the variation in the content of carbon in each of the
treated algal feedstocks was correlated with the yield of biocrude.

2. Materials and methods

2.1. Culturing of macroalgae

Three species of green macroalgae (Chlorophyta) were selected
based on their high productivity in land-based culture and high conver-
sion yield to biocrude [3,4]. Samples were harvested in November 2012
from stock cultures held in outdoor tanks at James Cook University,
Townsville. Species were the marine macroalgae Derbesia tenuissima
[21] and Ulva ohnoi [22] and the freshwater macroalga Oedogonium sp.
[23]. Macroalgae were placed in 50 L cylindrical tanks in an outdoor
system to be cultured for 36 days. Biomass was initially stocked at
2 g/L freshweight (fw) formarine species and 0.5 g/L (fw) for the fresh-
water species based on individual stocking density trials [19,21,23].
Macroalgae were cultivated in a batch culture system, described in de-
tail previously [3]. Biomass was harvested every 6 days (6 cycles of
6 days each in total) using a net (2 mm screen), spun to a constant
fresh weight, weighed and subsequently re-stocked at initial stocking
densities for a new cycle. Excess biomass was discarded. Water in the
batch tanks was entirely renewed every 6 days using saltwater (35 g/L
of dissolved salts) for marine species and dechlorinated freshwater
(0–1 g/L of dissolved salts) for the freshwater species. Environmental
conditions were monitored daily and adjusted accordingly. Salinity for
marine species was adjusted daily by adding dechlorinated freshwater
to compensate for evaporation. Salinity in freshwater cultures was
stable for the duration of the experiment. The pH in batch cultures
varied naturally between 8.3 (sunrise) to 9.4 (sunset) formarine species
and between 8.4 (sunrise) to 10.3 (sunset) for the freshwater
species. Culture tanks were placed inside a larger holding tank for
temperature control at 25 °C with a continuous flow of water. Light
was monitored hourly using a photosynthetically active radiation data
logger (Li-1400; LI-COR, Inc., Lincoln, Nebraska, USA) adjacent to the
tanks for the duration of the experiment. Total photons received over
each 6-day culture cycle ranged from 301 to 349 mol photons/m2.

2.2. Nutrient starvation and washing treatments

A schematic diagramof the culturemethod and treatments is shown
in Fig. 1. The initial growth phase (18 days, three 6-day culture cycles)
provided nutrients in excess until stable productivity was reached,
using f/2 medium [24] for marine species and f/4 medium for fresh-
water species. During this phase, eight replicates of each of the three
species were cultured (N+; n = 8). The second phase, or starvation
phase (also 18 days, three 6-day culture cycles), consisted of removing
the nutrient supply from half of the culture replicates (N−; n = 4),
while the other half remained supplied with the same nutrients as in
the growth phase (N+; n = 4). After a total of 36 days of culture, all
biomass in each tank was harvested, spun and weighed.

Then, macroalgae were further treated to quantify the effect of
washing on the ash (dry inorganic) content of biomass. The biomass
from each replicate of each species both not starved (N+; n = 4) and
starved (N−; n= 4) was divided in equal amounts. Half of the biomass
then remained unwashed (A+; n = 4), while the other half of the
biomass was washed (A−; n = 4) three times for 1 min by immersing
the biomass in town water (~3 L/100 g of algae), stirring and draining
the water at each wash. As a result of the starvation and washing
procedures, four treatment combinations existed for each species
denominated N+/A+, N+/A−, N−/A+, and N−/A−.

2.3. Biomass characterization

A sub-sample of each replicate of each of the treatments was
weighed (fw) and oven-dried for 12 h at 60 °C, placed in a desiccator
for 30 min at room temperature to reach stable moisture content, and
weighed again (dw) to determine the fresh to dry weight ratio (fw:
dw). The remaining biomass was freeze-dried, ground to a mean
particle size b500 μm, placed in a desiccator for 30min and then stored
in air-tight vials under refrigeration until further analyses. Powdered
macroalgae (dw) were used for ash, moisture, lipid and ultimate analy-
ses (see Neveux et al. [3] for details). Protein content was determined
using the nitrogen to protein conversion factors of 4.8 for Derbesia, 4.6
for Ulva and 4.7 for Oedogonium [3]. Carbohydrates were determined
by difference by subtracting the sum of ash, moisture, lipid and protein
weight percentages from 100%.

2.4. Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) of the three macroalgae was
performed on each replicate (n = 4) of the four treatments, for a total
of 48 runs. HTL was performed using a custom-built stainless steel
batch reactor system as described in detail in Neveux et al. [4]. A slurry
(6.6wt.% solids) composed of 2 g of algae powder and 28mL of distilled
water was loaded in the 35 mL (internal volume) reactor tube for each
run. The reactor was subsequently fittedwith a gasket and attached to a
pressure-head, able to handle pressure of up to 25 MPa at 350 °C. The
reactorwas purged three times at room temperaturewithN2 to remove
excess oxygen, after which it was pressurized to 7 MPa with N2. The
reactor was then immersed in a fluidized sand bath set to 350 °C to
initiate the reaction. The temperature in the reactor was monitored
via a thermocouple located inside the reactor above the slurry and the
pressure was monitored externally. Typically, the internal temperature
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Fig. 1. Schematic diagram of the experimental set-up.
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rose on average to 252 °C (9.6 MPa) within 1 min, 309 °C (11.5 MPa)
within 2 min and 328 °C (12.9 MPa) within 3 min of reaction time.
Internal reaction temperatures of between 330 °C and 345 °C (maxi-
mum temperatures and pressures, 14–17 MPa) were maintained for a
further 5 min (total of 8 min reaction time) before the reactor was
quenched in an ice/water bath for 1 min to cool the reactor and
contents to room temperature.

2.5. Product separation and analysis

The gas produced by the HTL of biomass was vented inside a fume
hood immediately following the reaction quench and prior to disassem-
bly, and was therefore not sampled. In contrast, the condensed phases
(biocrude, biochar and aqueous phase) were separated and analyzed.
The reaction mixture (excluding the gaseous product) was diluted
with dichloromethane (DCM) and distilled water (25 mL each) and
suction filtered over aWhatman grade 2 paper. The residuewas further
washedwith DCM andwater, followed by drying at 80 °C for 12 h to af-
ford a dry solid fraction (biochar). The biphasic filtrate was transferred
to a separation funnel to isolate the biocrude phase (dissolved in
DCM) from the aqueous phase. The aqueous phase was further washed
twice with 25 mL of DCM. The pooled organic phase was subsequently
concentrated under reduced pressure in a rotary evaporator and dried
at 50 °C and 23 mbar to give a dark brown oil (biocrude). Biocrude
and biochar yields were calculated separately on a dry ash-free basis
(afdw) using Eq. (1):

YPRODUCT ¼ WPRODUCT=WBIOMASS�100% ð1Þ

, where YPRODUCT is the yield of biocrude or biochar (afdw %) and
WPRODUCT is the mass of biocrude or biochar (g).WBIOMASS is the organic
mass of algae processed (g) and was calculated by subtraction of the
sum of ash (g) and moisture (g) from the total mass of the algae.

The ultimate analysis of biocrude and biochar was performed exter-
nally (OEA Laboratory Ltd., Callington, Cornwall, UK). The aqueous
phase (post-separation) was transferred to a volumetric flask and
made up to 100 mL using distilled water for subsequent quantification
of total organic carbon, inorganic carbon and nitrogen (TropWATER
Analytical Services, James Cook University, Townsville, Queensland,
Australia).

2.6. Chemical energy recovery and mass balance

The chemical energy recovery (ER) was calculated for the biocrude
and biochar products according to Eq. (2):

ER ¼ HHVPRODUCT �WPRODUCTð Þ= HHVFEEDSTOCK �WFEEDSTOCKð Þ�100% ð2Þ

, where ER is the energy recovery of the biocrude or biochar (%),
HHVPRODUCT is the biocrude or biochar higher heating value (MJ/kg),
WPRODUCT is the mass of biocrude or biochar (g), HHVFEEDSTOCK is the
macroalgae higher heating value (MJ/kg) and WFEEDSTOCK is the mass of
macroalgae processed (g, dw). The higher heating value (HHV) of
biomass, biocrude and biochar was calculated with the unified correla-
tion proposed by Channiwala and Parikh [25].

Eq. (2) was also used to determine the mass balance in product
streams, specifically the mass of elements C, H, O, N, and S recovered
in biocrude and biochar, by substituting HTL products and feedstock
HHV with elemental contents. The remaining elemental fractions
allowed an estimation of the energy and mass partitioned to the
combined aqueous and gas phases, and losses.

2.7. Statistical analysis

Factorial analyses of variance (two- and three-way ANOVAs) were
performed to assess the main effects and interactions between starva-
tion and washing treatments on the composition and productivity of
biomass, and on the yield of biocrude, using STATISTICA 10 software
(StatSoft Inc., Tulsa, Oklahoma, USA). Residual plots and normality
tests were used to ensure that ANOVA assumptions were met. Signifi-
cant differences between the treatments are reported at the α = 0.05
level of significance. As there were significant interactions in each
ANOVA (see the Results section ), no formal post-hoc comparisons
were made between treatments for each main effect. The productivity
of the biomass was only formally analyzed for the last culture cycle
(cycle 6, 3rd cycle of starvation), since this was the biomass used for
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all subsequent biochemical analyses and HTL. The elemental composi-
tion of HTL products was not analyzed formally as the individual
replicates of biocrude, biochar and aqueous phases were combined for
each treatment prior to elemental analysis. All results are reported on
a dry weight basis unless stated otherwise.

3. Results

3.1. Biomass productivity

The productivity of macroalgae cultured for 6 cycles of 6 days is
presented in Fig. 2 with the nutrient starvation treatment starting
after 3 cycles. All cultures that were continuously provided with nutri-
ents (N+, cycles 1 to 6) had a stable productivity over the entire culture
period. Ulva had the highest productivity with an average (±1SE) of
21.6 ± 0.9 g/m2/d dw over the 6 culture cycles, followed by Derbesia
at 12.7 ± 0.5 g/m2/d dw and Oedogonium at 9.7 ± 0.2 g/m2/d dw.
Predictably, the nutrient starvation phase (N−, cycles 4 to 6) resulted
in a consistent and in some cases dramatic decrease in productivity
(cycle 6, ANOVA, F1,18 = 476.7, P b 0.05). After one cycle of starvation
(cycle 4), the productivity of the marine species decreased by more
than 50% to 7.0 g/m2/d dw for Ulva, and 5.7 g/m2/d dw for Derbesia.
The subsequent cycles of starvation resulted in further decreases in
productivity forUlva andDerbesia to 0.5 and0.9 g/m2/d dw respectively.
In the third cycle of starvation (cycle 6) therewas no further increase in
biomass, and, therefore, no further dilution of the internal nitrogen pool.
Consequently, the cultivation phase was completed at this stage.
Interestingly, the productivity of freshwater Oedogonium remained
stable in the first cycle of starvation (cycle 4), maintaining growth at
10.6 g/m2/d dw without the addition of nutrients, with a subsequent
decrease in productivity to 3.7 g/m2/d dw in the final culture cycle
(cycle 6). A significant interaction effect between species and the
starvation treatment (ANOVA, F1,18 = 46.4, P b 0.05) was the result of
the marine species having higher growth rates under nutrient supply
and the freshwater species being less affected by nutrient starvation.

3.2. Feedstock characterization

Table 1 shows the proximate, biochemical, ultimate and elemental
analyses for each of the macroalgae species subjected to the various
growth (N+, N−) and washing (A+, A−) treatments. As hypothe-
sized, nutrient starvation (N−) had a significant effect on the organic
profile of the biomass, primarily the protein content, with an average
cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6
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reduction in protein (±1SE) of 73 ± 3% for Derbesia, 75 ± 2% for Ulva
and 71 ± 4% for Oedogonium, compared with biomass that was not
starved of nutrients (N+) (ANOVA, F1,36= 589.4, P b 0.05). This reduc-
tion is highlighted in Fig. 3 with a substantial decrease of the nitrogen
content of biomass resulting from nutrient starvation. This treatment
also had a significant effect on lipid content with an average reduction
in lipid of 53 ± 2% for Derbesia, 36 ± 10% for Ulva and 58 ± 4% for
Oedogonium (ANOVA, F1,36 = 220.3, P b 0.05). Consequently, there
was an increase in carbohydrate content of 91 ± 8% for Derbesia,
36 ± 4% for Ulva and 34 ± 5% for Oedogonium (ANOVA, F1,36 = 539.6,
P b 0.05). This modification of the organic profile was also manifested
at the elemental level, with an average reduction in the carbon and
energy contents of 7 ± 1% and 12 ± 1% respectively, across all species.
Finally, nutrient starvation (N−) had a small but significant effect on
the ash (dry inorganic) content of macroalgae (ANOVA, F1,36 = 28.5,
P b 0.05), and in contrast to the other effects, this was not species-
dependent, there being no interaction between species and the
starvation treatment (ANOVA, P = 0.11).

There was a significant effect of the washing treatment on the ash
content of all macroalgae (ANOVA, F1,36= 425.8, P b 0.05) as predicted,
with the largest effect onmarine species (Fig. 4). Washing had themost
significant effect onDerbesia (A−), reducing the ash content by 83±2%
on average (±1SE) after three washing cycles. This was followed by
Ulva (A−) with a reduction in the ash content of 43 ± 3% on average
after three washing cycles. For freshwater Oedogonium, which initially
had a low ash content, the washing treatment was less effective but
still reduced the ash content by 7 ± 2%. These changes in ash content
related to changes in specific elements, including keymetals andhalides
in the marine species. For example, sodium decreased markedly by
98 ± 0% for Derbesia (A−) and 94 ± 1% for Ulva (A−), while chlorine
decreased by 99 ± 0% for Derbesia (A−) and 90 ± 2% for Ulva (A−).
Similarly, washing significantly reduced potassium and magnesium in
Derbesia (A−) by 97 ± 0% and 69 ± 2% respectively. Potassium was
reduced by65±6% inUlva (A−). Consequently, thewashing treatment
led to a concomitant increase in the organic content of marine
macroalgae. The content of carbon and therefore HHV of washed
biomass increased by 29 ± 2% for Derbesia (A−) and 12 ± 2% for Ulva
(A−).

Of the three species investigated, freshwater Oedogonium generally
had the highest content of carbon and energy, whereas Derbesia had
the highest content of protein and lipid. The combination of starvation
and washing (N−/A−) was effective in producing biomass with a
low protein content, reaching a minimum of 4.7% for Oedogonium,
4.8% forUlva and7.2% forDerbesia, corresponding to the lowest nitrogen
content of 1.0% for Oedogonium, 1.1% for Ulva and 1.5% for Derbesia
(Table 1). This combination of treatments (N−/A−) also produced
the biomass with the lowest ash content of 3.4% for Derbesia, 6.1% for
Oedogonium and 14.9% for Ulva.

3.3. HTL product yield

Fig. 5 shows the effect of the starvation and washing treatments on
the yield of biocrude produced during the HTL processing of the three
macroalgae species, on an ash-free dry weight basis (afdw). Of the
two treatments, only nutrient starvation of the biomass had a significant
effect on the yield of biocrude for Derbesia (ANOVA, F1,12 = 20.4,
P b 0.05) and Oedogonium (ANOVA, F1,12 = 9.3, P b 0.05). Washing
increased the yield of biocrude on a dry weight basis, but this was
only the result of processing biomass with higher organic content,
which compensated for the loss of inorganic material throughwashing.
On an ash-free dryweight basis, washing had no significant effect on the
yield of biocrude (ANOVA F1,36 = 0.7, P = 0.42).

When not starved of nutrients (N+), Derbesia had the highest yield
of biocrude in the range of 38.6 − 41.7% afdw, compared to a yield in
the range of 35.6 − 38.8% afdw for Oedogonium and 32.3 − 32.6%
afdw for Ulva. The starved biomass (N−) that was inherently lower in



Table 1
Proximate, biochemical, ultimate and elemental analyses of macroalgae.

Species Derbesia Ulva Oedogonium

Treatments N+ N+ N− N− N+ N+ N− N− N+ N+ N− N−

A+ A− A+ A− A+ A− A+ A− A+ A− A+ A−

Proximate (wt.%)
Ash 27.4 5.0 22.8 3.4 27.6 15.4 26.0 14.9 7.0 6.7 6.7 6.1
Moisture 8.8 8.0 8.7 8.3 11.9 9.5 12.2 10.6 7.0 7.2 6.9 7.8

Biochemical (wt.%)
Lipid 11.1 11.2 4.9 5.5 2.1 2.1 1.2 1.4 7.4 8.5 3.1 3.2
Protein 25.0 33.5 7.9 7.2 18.2 21.0 4.8 4.8 19.7 19.8 6.7 4.7
Carbohydrate 27.7 42.4 55.8 75.5 40.1 52.0 55.8 68.3 58.9 57.8 76.6 78.2

Ultimate (wt.%)
C 36.1 48.0 34.0 42.9 31.1 35.9 30.5 33.1 44.1 44.4 41.2 41.0
H 5.8 7.3 5.7 6.8 5.5 6.1 5.5 5.9 6.7 6.7 6.4 6.4
O 29.4 33.3 38.9 45.5 42.1 45.1 49.2 53.3 38.8 39.2 46.6 46.9
N 5.2 7.0 1.6 1.5 4.0 4.6 1.0 1.1 4.2 4.2 1.4 1.0
S 1.9 1.0 1.6 0.4 4.9 4.7 5.2 5.4 0.2 0.2 0.2 0.1
HHVa 16.5 21.9 14.7 18.2 13.5 15.5 12.6 13.6 19.2 19.3 17.1 17.0
C:N 6.9 6.9 20.7 28.5 7.9 7.9 29.4 31.5 10.5 10.5 28.8 40.6

Elemental (g/kg)
Cl 95.9 0.5 81.9 0.6 56.1 8.0 35.2 1.6 3.2 3.5 4.5 4.7
Na 55.8 0.8 49.0 0.8 28.3 0.7 27.6 3.0 3.3 3.1 0.7 0.8
K 19.0 0.6 16.0 0.6 24.6 4.6 17.9 8.1 10.8 12.7 19.1 18.8
Mg 12.4 4.5 8.5 2.2 33.8 33.6 29.3 32.3 3.2 3.2 3.2 3.1
Ca 5.7 6.2 5.4 6.8 4.1 8.6 4.7 11.4 3.9 4.4 3.0 3.1
Fe 0.8 1.2 0.3 0.4 0.5 0.6 0.2 0.2 1.0 1.0 0.4 0.4
P 4.2 3.0 1.3 0.9 2.4 2.3 0.7 0.7 3.1 3.6 0.6 0.6

Data show biomass properties (average of samples, n = 4, dry weight basis) of macroalgae not starved (N+), starved (N−), not washed (A+) and washed (A−). Carbohydrate is
determined by difference.

a HHV (MJ/kg) = higher heating value.
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carbon and energy, generally yielded less biocrude than the biomass
that was not starved (N+). However, the response to starvation
ultimately varied among species with an interaction effect between
species and the starvation treatment (ANOVA, F1,36 = 5.1, P b 0.05).
The reduction was highest for Derbesia, where the yield decreased by
19 ± 3% on average (±1SE), compared to Oedogonium and Ulva,
where the yields decreased by 13 ± 4% and 0 ± 6% respectively.
These reductions led to yields in the range of 31.4 − 33.4% afdw for
starved Derbesia, 32.2 − 32.6% afdw for starved Oedogonium and 30.6
− 34.0% afdw for starved Ulva.

Fig. 6 shows that the yield of biochar varied from 4% to 20% on an
ash-free dry weight basis across all species and treatments. The starva-
tion of biomass (N−) led to a decreased yield of biochar by 37 ± 7% on
average across species, compared with biomass that was not starved
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Fig. 3. Effect of starvation treatment on macroalgae nitrogen content. Data show biomass
nitrogen content (average of samples, n = 4, ±1SE) on dry weight basis, of not starved
(N+) and starved (N−) macroalgae.
(N+) (ANOVA, F1,36 = 32.5, P b 0.05). This decrease was largest
for Ulva (50 ± 4%) and Oedogonium (43 ± 5%). In contrast, the post-
harvest washing of biomass had no significant effect on the yield of
biochar (ANOVA, F1,36 = 0.0, P = 0.88).

3.4. HTL product characterization

As hypothesized, the quality of biocrude was improved by the star-
vation treatment, which was manifested through important changes
in the key quality parameters of nitrogen and sulfur contents, as
shown in Table 2. Starved biomass (N−) produced a biocrude that
was lower in nitrogen compared to biomass that was not starved
(N+), with an average (±1SE) decrease in the content of nitrogen in
no wash one wash two washes three washes
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the biocrude of 51 ± 1% for Derbesia, 53 ± 2% for Ulva, and 59± 0% for
Oedogonium. Similarly, the content of sulfur in the biocrude decreased
markedly by 66 ± 2% for starved Derbesia, 64 ± 4% for starved Ulva
and 88 ± 0% for starved Oedogonium. In contrast, nutrient starvation
had no effect on the content of carbon and hydrogen in the biocrude,
with consistent values ranging from 72–74% for carbon, 7–8% for hydro-
gen and 31–34 MJ kg−1 for the HHV across all species and treatments.
The decrease of the nitrogen and sulfur contents of biocrude, as a result
of starvation, was consequently compensated for by an increase in the
oxygen content to absolute values ranging from 14.8% to 17.2% for all
starved biomass. Thewashing of biomass had no effect on the elemental
composition of biocrude.

Of the three species, starvedOedogoniumproduced the biocrudewith
the lowest nitrogen contents of 2.1% and 2.2%, whether washed or not
(N−/A− and N−/A+), followed by Ulva at 3.0% (N−/A−) and 2.7%
(N−/A+) and Derbesia at 3.0% (N−/A−) and 3.2% (N−/A+). These
biocrudes were also the lowest in sulfur, with concentrations at the
ppm level for Oedogonium (below the limit of detection) and ranging
between 0.2 and 0.3% for Derbesia and Ulva.

The quality of biochar produced by the HTL of macroalgae was also
only influenced by the starvation treatment (Table 2). The biochars pro-
duced from starved biomass (N−) generally had a higher content of
carbon and hydrogen than biochars from the untreated biomass
(N+), with higher energy values ranging between 18 and 20 MJ/kg
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yield (average of samples, n = 4, ±1SE) on an ash-free dry weight basis, following HTL
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for starved Derbesia, 13–16 MJ/kg for starved Ulva and 25 MJ/kg for
starved Oedogonium. Interestingly, the biochar produced from starved
Oedogonium contained up to 60% carbon with a relatively low inorganic
content in the range of 26–28% (calculated by subtraction of the sum of
C, H, O and N percentages from 100%).

The effect of treatments on the composition of the aqueous phasewas
assessed bymeasuring the concentration of total organic (TOC) and inor-
ganic carbon (TIC) and total nitrogen (TN). For all three species, the aque-
ous phase produced from the starved biomass (N−) had a concentration
of TOC that was reduced by 17 ± 6% compared to biomass that was not
starved (N+). Therewere similar reductions in TIC of 86±9%, and TN of
74± 1% (Table 2). The concentration of TOC ranged from 3807mg/L for
starved biomass to 6921 mg/L for biomass that was not starved, and
was noticeably higher than the concentration of TIC at ≤650 mg/L
across all species and treatments. The concentration of TN in the
aqueous phase was relatively consistent across all species, and was
lower for starved biomass (272–465 mg/L) that had initially less nitro-
gen, compared with biomass that was not starved (1021–1636 mg/L).

3.5. Chemical energy recovery and mass balance

While the heteroelements nitrogen and sulfur decreased with the
various treatments, it is instructive to examine how these lower values
partition across the product streams. Thus, the elemental and energy
recoveries of the HTL products presented in Table 3 were determined
from the ultimate analysis of biocrude and biochar, and calculated by
difference for the remaining combined aqueous and gas products.
Importantly, the two treatments of nutrient starvation and washing
had a substantial effect on the distribution of nitrogen and sulfur.
The mass balance shows that most of the nitrogen did not report
to the char, but was partitioned between the biocrude and the
combined aqueous and gas phases. The relative recovery of nitrogen
in the biocrude increased with the treatments, following the trend:
untreated b washed b starved b starved and washed biomass. In
terms of nitrogen partitioning, HTL of starved and washed biomass
(N−/A−) had the effect of pushing a higher proportion of the biomass
nitrogen into the biocrude fraction. This differed from untreated algal
samples (N+/A+), in which the combined aqueous and gas phases
ended up with proportionally more nitrogen than the biocrude. For
example, N−/A− Ulva retained 64.4% of its nitrogen in the biocrude
fraction, whereas the biocrude generated from N+/A+ Ulva only
retained 31.8% of the biomass nitrogen.

The effect of both treatments on the sulfur content of macroalgae
and consequently its distribution in HTL product streams was variable
(Table 3). The starvation treatment (N−) led to a 65 ± 6% reduction
in the recovery of sulfur in biocrude on average across all species,
while the washing treatment had the opposite effect with a slight
increase of the recovery of sulfur in the biocrude. For marine species
and particularly for Ulva, the majority of the sulfur (76–99%) contained
in the biomass was effectively excluded from the biocrude phase. For
freshwater Oedogonium that has inherently low sulfur content, the
same effect occurredwithmost of the sulfur excluded from the biocrude
phase, particularly after starvation (81–92%), resulting in biocrudes
with sulfur content at the ppm level. In a similar way, most of the
oxygen did not report to the biocrude but to the combined aqueous
and gas phases (87–94%), with a relatively high consistency in the
distribution of oxygen in HTL product streams across treatments. As a
result, the starved biomass (N−) that initially had a higher content of
oxygen produced a biocrude that was also higher in oxygen, compared
with biomass that was not starved (N+).

Despite a high variability in the elemental composition of the
macroalgal feedstocks, there was little variation in the recovery of
carbon andhydrogen in the biocrude (Table 3). Thismanifested through
a slight decrease in the recovery of both elements after the starvation
treatment (b5%, compared with untreated biomass), and a slight
increase in their recovery following the washing treatment (b6%,



Table 2
Ultimate analysis of biocrude, biochar and aqueous products.

Species Derbesia Ulva Oedogonium

Treatments N+ N+ N− N− N+ N+ N− N− N+ N+ N− N−

A+ A− A+ A− A+ A− A+ A− A+ A− A+ A−

Biocrude (wt.%)
C 71.9 72.2 73.5 73.5 71.9 73.2 73.1 72.0 71.7 71.7 71.7 72.3
H 7.7 7.9 7.6 7.5 7.2 8.1 6.9 6.9 7.4 7.3 6.6 7.3
O 11.7 11.3 14.8 14.8 12.0 11.9 16.2 15.9 13.8 13.8 17.2 17.0
N 6.1 6.7 3.2 3.0 6.4 5.7 2.7 3.0 5.3 5.3 2.2 2.1
S 0.8 0.7 0.3 0.2 0.7 0.5 0.2 0.2 0.4 0.3 0.0 0.0
HHVa 33.0 33.3 33.0 32.9 32.3 33.8 32.0 31.6 32.2 32.2 31.1 32.1

Biochar (wt.%)
C 28.1 29.7 40.1 45.6 16.3 8.0 34.5 28.5 38.9 41.5 60.0 59.7
H 3.5 2.9 3.0 3.3 2.0 1.6 2.7 2.1 3.2 3.3 4.3 4.2
O 2.7 2.8 3.2 3.7 2.8 1.8 4.0 3.2 4.2 4.3 6.0 4.6
N 2.0 3.1 2.4 2.7 1.4 0.7 1.6 1.3 3.6 3.9 2.6 2.7
S 7.0 5.6 6.6 4.3 14.9 18.1 10.4 13.0 0.6 0.9 1.1 0.7
HHVa 14.3 14.0 17.9 19.9 9.3 6.3 15.8 13.3 16.9 18.0 25.5 25.3

Aqueous (mg/L)
TOC 5750 6214 3807 5150 4750 5343 4064 4071 6921 5843 6121 5743
TIC 557 650 14 29 414 414 29 29 93 100 21 43
TN 1636 1421 465 398 1243 1286 317 272 1043 1021 272 274

Data show ultimate analysis (average of samples, n = 4, dry weight basis) of HTL products following conversion of macroalgae not starved (N+), starved (N−), not washed (A+) and
washed (A−).

a HHV (MJ/kg) = higher heating value; TOC = total organic carbon; TIC = total inorganic carbon; TN = total nitrogen.
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compared with untreated biomass). This relatively consistent recovery
of carbon in biocrude across treatments was best illustrated by a plot
of biomass carbon content and biocrude yield in Fig. 7, which showed
that the two variables were strongly correlated (R2 = 0.96). The line
shown in this figure represents a linear correlation of the data, within
a carbon content of biomass in the range of 29.7–48.2%:

YBIOCRUDE ¼ 0:885�CBIOMASS–7:455 ð3Þ

, where YBIOCRUDE is the yield (dw) of biocrude and CBIOMASS is the carbon
content (dw) of the biomass. Ulva and Oedogonium had a relatively nar-
row range of carbon values across treatments, however, the biocrude
yield varied linearly across a wide range of biomass carbon values for
Derbesia.
Table 3
Element conversion ratio and energy recovery in HTL product streams.

Species Derbesia Ulva

Treatments N+ N+ N− N− N+

A+ A− A+ A− A+

C Biocrude 49.0 54.5 46.6 50.6 45.1
Biochar 7.0 5.1 8.1 8.6 4.9
Aq. + Gas 44.0 40.4 45.3 40.8 50.0

H Biocrude 32.7 39.5 28.6 32.7 25.5
Biochar 5.4 3.3 3.7 3.9 3.4
Aq. + Gas 61.9 57.1 67.8 63.4 71.1

O Biocrude 9.7 12.3 8.2 9.6 5.6
Biochar 0.8 0.7 0.6 0.7 0.6
Aq. + Gas 89.4 87.0 91.3 89.7 93.8

N Biocrude 28.8 34.7 41.8 58.7 31.8
Biochar 3.5 3.7 9.8 14.4 3.3
Aq. + Gas 67.7 61.6 48.4 26.9 64.9

S Biocrude 10.3 23.8 4.3 12.2 2.8
Biochar 33.3 46.4 29.1 77.5 28.2
Aq. + Gas 56.4 29.8 66.6 10.3 69.0

ER Biocrude 49.1 55.3 48.5 53.2 46.9
Biochar 7.8 5.3 8.4 8.8 6.4
Aq. + Gas 43.0 39.4 43.2 37.9 46.7

Data show element conversion ratio and energy recovery (wt.%, dryweight basis) inHTL produc
and washed (A−). Aqueous and gas products are combined and determined by difference (Aq
Approximately half of the biomass energy was transferred to
the biocrude with most of the remainder transferred to the combined
aqueous and gas phases.

4. Discussion

The results demonstrate that it is indeed possible to effectively ma-
nipulate the composition of macroalgal biomass through pre- and
post-harvest treatments. The nutrient starvation of the cultures and
washing of the biomass, individually or combined, significantly affected
the quality of macroalgal feedstocks. Restricting the supply of nutrients
to macroalgal cultures for 18 days resulted in an effective reduction of
the content of nitrogen and sulfur in biomass, and consequently an ef-
fective reduction in the content of nitrogen and sulfur in biocrude.
Oedogonium

N+ N− N− N+ N+ N− N−

A− A+ A− A+ A− A+ A−

49.3 50.1 49.6 49.8 53.9 48.5 49.5
3.4 5.7 5.9 4.9 5.9 5.1 4.7

47.3 44.2 44.5 45.2 40.3 46.4 45.7
32.0 26.4 26.6 33.7 36.3 29.0 32.3
3.9 2.4 2.4 2.7 3.1 2.3 2.1

64.1 71.2 71.0 63.7 60.6 68.7 65.6
6.4 6.9 6.8 10.9 11.7 10.3 10.2
0.6 0.4 0.4 0.6 0.7 0.4 0.3

93.0 92.7 92.8 88.5 87.6 89.3 89.5
30.0 55.1 64.4 38.7 42.2 43.5 58.8
2.3 7.7 8.3 4.9 5.8 6.3 8.6

67.7 37.2 27.3 56.5 52.0 50.2 32.6
2.5 0.7 1.0 58.2 50.7 8.0 19.1

57.9 10.2 16.5 16.2 27.7 24.2 40.8
39.6 89.1 82.5 25.6 21.6 67.7 40.2
52.8 53.3 53.1 51.4 55.6 50.6 53.1
6.1 6.4 6.8 4.9 5.8 5.2 4.8

41.1 40.3 40.1 43.7 38.6 44.2 42.0

ts following conversion ofmacroalgae not starved (N+), starved (N−), not washed (A+)
. + Gas).
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However, starved biomasswas also lower in carbon per unit ofmass and
this led to a decreased yield of biocrude. The decrease in carbonwas due
to the modification of the organic profile of the biomass, with a lower
proportion of proteins and lipids, and a higher proportion of carbohy-
drates that are less dense in carbon. Most importantly, starvation
resulted in a major decrease in biomass productivities that is due to
the essential metabolic roles of nutrients, particularly nitrogen, in
photosynthesis, the synthesis of proteins, and the catalytic capacity of
enzymes [26]. Therefore, the efficiency of starvation in enhancing
the quality of biocrude is offset by a simultaneous decrease of the overall
yield and productivity of biocrude, as highlighted in Table 4. Further-
more, the efficiency of starvation in reducing the content of nitrogen
and sulfur in biocrude is balanced by an increase of the oxygen
content of the biocrude, which counteracts some of the potential
benefits made in terms of the requirements for the upgrading of
biocrude to a blendable fuel.

Washing macroalgal biomass with freshwater to reduce the ash
content (i.e. inorganic salts, alkali metals and halides) was globally
beneficial to the biocrude production process. For all species, washing
was effective in removing the external salts (trapped between algae
blades or filaments) following harvesting and dewatering. In addition,
we believe that a second mechanism of osmosis caused a variation in
Table 4
Summary table of the productivity and yield of biomass, biocrude and biochar.

Species Derbesia Ulva

Treatments N+ N+ N− N− N+

A+ A− A+ A− A+

Biomassa

Productivity (g/m2/d dw) 12.6 9.3 4.3 3.3 20.7
Productivity (g/m2/d afdw) 8.1 8.1 2.9 2.9 12.5

Biocrude
Yield (% afdw) 38.6 41.7 31.4 33.4 32.6
Productivity (g/m2/d afdw) 3.1 3.4 0.9 1.0 4.1

Heteroatoms (wt.%)
O 11.7 11.3 14.8 14.8 12.0
N 6.1 6.7 3.2 3.0 6.4
S 0.8 0.7 0.3 0.2 0.7

Biochar
Yield (% afdw) 14.1 9.5 10.0 9.2 15.5
Productivity (g/m2/d afdw) 1.1 0.8 0.3 0.3 1.9

a Values for biomass productivity are an average of the three last weeks of culture (starvatio
the response of the species to the treatment. The exceptional decrease
of ash content in Derbesia (N80%) wasmost likely due to the coenocytic
siphonous structure of the alga, composed of a single giant cell [27],
enabling direct contact and passive diffusion of osmolytes between
the entire internal cytoplasm and the external medium (freshwater).
The osmotic effect was less effective at removing the internal salts of
Ulva which is two cells thick, or of the freshwater Oedogonium that
already has a low internal ash content. Washing did not affect biocrude
production, where the loss of (inorganic) biomass harvested per unit
area was compensated for by higher biocrude yields per unit of biomass
processed (on a dry basis). Importantly, the major benefit of using
washed biomass, especially for processing of marine species, will be a
reduced load of ash in the continuous flow reactor reducing the effects
of corrosion [7,17]. It is also important to consider the effect of washing
in terms of life cycle analysis [28], where the organic fraction is concen-
tratedwithin the biomass (higher energy content), therefore increasing
the efficiency of biomass transportation and processing. The disposal of
the water used to wash the biomass, containing dissolved inorganic
salts (1–5 g/L, when using 3 L/100 g of algae), could be achieved
through its recycling in marine macroalgal cultures to compensate for
evaporation.

In this study, the whole nutrient supply to the cultures (not only
nitrogen) was restricted to evaluate the effect of the starvation
treatment in a scaled-up algal cultivation concept. In this concept,
wastewater is used as a cost-effective nutrient source to grow algae at
optimal conditions [29], before transferring the biomass to a nutrient-
free environment (polishing tank) in order to reduce the nitrogen
content. Of the species of macroalgae investigated, the freshwater
Oedogonium showed promising results, with the ability to be starved
of nutrient for a period of 6–8 days without a significant impact on
productivity. After an extended period of starvation of 18 days, the
liquefaction of starved Oedogonium produced a biocrude of high quality
with a low content of nitrogen (2%) and sulfur (b0.1%), reducing the
hydrogen requirement for biocrude upgrading into a blendable fuel.
The nitrogen content of the biocrudes reported in this study for starved
macroalgae, particularly Oedogonium, is noticeably lower than the
nitrogen content of biocrudes reported to date in other HTL studies of
algae (listed in Frank et al. [10]), which demonstrates the potential ben-
efits of the starvation treatment. For other algal species, and especially
for marine species for which nutrient starvation had a major impact
on biomass productivity, the assessment of profitability in terms of
biocrude productivity and refining costs (hydrogen demand for the
hydrotreatment) will determine if the starvation treatment of the cul-
tures is beneficial. For this assessment, it will be critical to determine
Oedogonium

N+ N− N− N+ N+ N− N−

A− A+ A− A+ A− A+ A−

16.7 3.3 2.7 9.9 9.8 7.6 7.6
12.5 2.0 2.0 8.5 8.5 6.6 6.6

32.3 34.0 30.6 35.6 38.8 32.2 32.6
4.0 0.7 0.6 3.0 3.3 2.1 2.1

11.9 16.2 15.9 13.8 13.8 17.2 17.0
5.7 2.7 3.0 5.3 5.3 2.2 2.1
0.5 0.2 0.2 0.4 0.3 0.0 0.0

20.2 8.3 9.3 6.5 7.3 4.0 3.8
2.5 0.2 0.2 0.6 0.6 0.3 0.2

n phase).
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the length and intensity (nutrient concentration) of the starvation treat-
ment, if at all, on a species by species basis.

Furthermore, the relationship between the nitrogen content of
biomass and biocrude showed that a higher proportion of biomass ni-
trogen was recovered in the biocrude phase for (starved) biomass that
contained a lower proportion of nitrogen. Given that nutrient starvation
could be detrimental to the aim of recycling nitrogen and the overall
productivity of biocrude production, the possibilities of selectively
extracting nitrogen from biomass as protein, prior to HTL of the residual
biomass, is a key area of future research.

In terms of conversion efficiency,Oedogonium showed promising re-
sults with a high yield of biocrude (36–39% afdw), even after starvation
(32–33% afdw). It is also important to note that Oedogonium had the
lowest productivity of the three species investigated, however, higher
productivities of 15–20 g/m2/ddwat large-scale have been demonstrat-
ed by Cole et al. [30]. Derbesia that was not starved of nutrients afforded
the highest yield of biocrude (39–42% afdw) of the three species, and
this was higher than the yield previously reported [4]. It was also higher
than yields reported in the literature for green and brown seaweeds [9,
31]. These higher yields aremost likely due to a lower ash content and a
higher lipid content than themarine species that have been the focus of
research to date [9,31], and therefore a higher proportion of organic
carbon. Furthermore, these yields are comparable to the middle range
of yields obtained for several microalgae and cyanobacteria species
processed under similar conditions, including Dunaliella tertiolecta,
Chlorella vulgaris and Spirulina platensis [10,32–34] The data presented
here confirm that yields of N35% afdwbiocrude can be achieved through
the HTL of low-lipid feedstocks such as micro- [35] and macroalgae.

Notably, Ulva had the lowest biocrude yield of all three species,
mainly due to a low carbon content, and this yield was not affected by
the starvation treatment for the same reason. However, Ulva had the
highest productivity of the three species, and consequently the highest
productivity of biocrude in untreated conditions (4.1 g biocrude/m2/d
dw, compared to 3.0–3.1 g biocrude/m2/d afdw for Derbesia and
Oedogonium), highlighting that selecting species with a high biocrude
yield is not systematically the preferred option (Table 4), unless a high
biomass productivity can also be achieved [3,36]. The optimisation of
biomass productivities is therefore central to improving efficiencies in
the production of biocrude. Similarly, several studies showed that the
operating conditions of HTL including temperature, solid loading,
residence time, and the use of heterogeneous catalysts greatly influence
biocrude yield and composition, and the optimisation of the operating
parameters will also be critical in achieving maximum recovery of
biomass energy [34,36,37].

Finally, a significant portion of biomass energywas also recovered in
the biochar, aqueous and gaseous co-products. The starvation of
biomass resulted in a lower yield and higher quality of biochar, with
higher carbon and energy and a lower inorganic fraction than biochar
produced from biomass that was not starved. This high carbon
and low ash biochar is suitable for agriculture as a soil ameliorant and
fertilizer and could add value to the overall production process while
providing benefits for long term sequestration of carbon [38]. In con-
trast to biochar, a high portion of the biomass energy was recovered
in the combined aqueous and gas phases. The aqueous phase has been
the focus of studies investigating the recycling of nutrients (N, P,
K) back into algal cultures [14,39–41] or the gasification of the organics
to recover some energy as hydrogen [42], to add value to the overall
process. Similarly, the carbon dioxide that forms most of the gas phase
could be recycled back into algal cultures to enhance growth [43,44].
The recovery of all co-products from HTL will be critical to increase
the value of the algal biocrude production process [43].

5. Conclusion

In conclusion, this study has demonstrated that macroalgae can be
manipulated in culture, and in post-harvest processing, to specifically
improve the composition of feedstock for the production of biocrude.
The treatments of nutrient starvation and the washing of biomass
were effective in reducing the content of nitrogen, sulfur and ash in bio-
mass, which resulted in an improved quality of biocrude. While further
optimisation of the HTL process will improve the recovery of biomass
energy to biocrude, we demonstrate that the optimisation of culture
protocols and post-harvest processing is a powerful tool to add viability
to the algae-to-biofuel concept.
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