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Methods In order to enhance oil yields, the reaction was 
conducted in the presence of varying loadings of iso-propyl 
alcohol (IPA) and applied two waste steel furnace residues 
as potential liquefaction catalysts.
Results Primarily, The lipid extraction process needs to 
be optimized to reduce the amount of acid contaminant 
within the liquefaction medium. For the HTL process, the 
addition of 50  vol% IPA resulted in remarkably high oil 
yields of up to 60.2 wt% on an organic basis, whereas the 
two furnace residues had no positive effect on the product 
distribution, and instead favoured the formation of solid 
reaction products. Nevertheless, the results suggested that 
the presence of iron potentially reduced the nitrogen and 
oxygen content of the bio-oil.
Conclusions As such, HTL is a suitable method for valor-
ising lipid-extracted algal biomass, where the bio-oil yields 
can be enhanced substantially by using IPA in conjunction 
with the water.

Keywords Hydrothermal liquefaction · Biofuel · 
Microalgae · Heterotrophic · Biorefinery

Introduction

Microalgae have long been seen as a highly promising feed-
stock for the production of bio-fuels. They display much 
higher solar to biomass efficiencies than land-based plants 
[1], they do not directly compete with food production and 
can provide secondary functions such as wastewater treat-
ment, carbon sequestration or the expression of valuable 
by-products, which may help to subsidise the overall fuel 
production process [2].

Historically, most research has focused on the extrac-
tion of algal lipid, and the subsequent transesterification 

Abstract 
Purpose Microalgae have a high potential as a feed-
stock for the production of biofuels, either indirectly, 
through the extraction of lipids, which can be transformed 
into biodiesel, or directly via whole cell conversion using 
hydrothermal liquefaction (HTL). Both approaches have 
disadvantages, due to the high cost of cultivating microal-
gae with sufficient lipid content (>40%), while the whole 
cell conversion produces low quality oils, which require 
significant further upgrading. This work investigated the 
possibility of realising the benefits of both processes, by 
studying the liquefaction reaction of a lipid-extracted algae 
hydrolysate.
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into biodiesel [3, 4]. Although this technology is relatively 
well established, it has been estimated that it requires algae 
with a lipid content of at least 40% at a biomass cost of no 
more than $0.25 kg−1 to be economically viable [1]. As the 
expression of algal lipids carries a much higher metabolic 
cost than proteins or carbohydrates [5], growth rates of 
lipid-rich algae are significantly reduced, eliminating one 
of the major advantages of using algae in the first place. 
Furthermore, the cultivation of pure, lipid-producing algae 
species requires carefully controlled growth conditions, 
resulting in significant increases to the cultivation costs [6].

A promising alternative to lipid-based processes is 
hydrothermal liquefaction (HTL), where the algae are 
reacted in liquid water close to its critical point. This pro-
cess forms a crude bio-oil, which can be ultimately pro-
cessed into conventional transportation fuels. As HTL 
converts the entire algae, not just lipids, it can utilise much 
cheaper and faster growing algae. In addition, it may facili-
tate the recovery of nutrients, such as nitrogen and phos-
phorus, to the aqueous phase, facilitating recycling for 
further algae growth, or allowing it to be used as a liquid-
based fertilizer. However, the bio-oil has a much lower 
quality than lipids, containing high concentrations of oxy-
gen and nitrogen, and poor flow properties. Consequently, 
significant further upgrading is required before the oil can 
be fractionated into fuels.

A potential way of realising the benefits from both pro-
cesses could be the combination of algal lipid production 
with subsequent HTL of the remaining biomass compo-
nents. In this way, the production of the lower value HTL 
oil could help to offset the production costs for the higher 
value lipids, and may allow the use of faster growing algae 
with lower lipid content, compared to a solely lipid-based 
process.

The lipid-extracted algae would be expected to consist 
predominantly of protein and carbohydrate derived mate-
rial, which tend to yield significantly lower HTL yields 
than lipids [7, 8]. Consequently, it may be desirable to con-
duct the HTL of this algae residue in the presence of polar 
organic solvents, such as ethanol, acetone, or ethylene gly-
col, or organic waste products, such as glycerol, which have 
been previously found to enhance bio-oil yields, compared 
to water-only reactions [9–12]. These enhancements have 
been generally associated with reduced critical tempera-
tures and pressures allowing the use of milder reaction con-
ditions and lower dielectric constants, helping to dissolve 
high-molecular-weight products [13]. It has also been sug-
gested that the hydrogen donation abilities of certain sol-
vents such as ethanol could help to improve the quality of 
the final bio-oil [14].

One of the most comprehensive studies employed 
eleven different solvents (water, ethylene glycol, methanol, 
ethanol, n-propanol, isopropanol, acetone, ethyl acetate, 

1,4-dioxane, tetraline and benzene) for the conversion of 
Chlorella pyrenoidosa at 350 °C [9].

The highest bio-oil yields, ranging from 51.4 to 57.0% 
were obtained in the highly polar solvents ethylene glycol, 
ethanol, acetone and ethyl acetate, significantly exceeding 
the yields obtained in water (43%). Further optimization of 
the reaction conducted in ethanol produced a bio-oil yield 
of 65.1%, however the overall product recovery exceeded 
the organic content of the algae, indicating consumption 
of the reaction solvent. Similar findings were made during 
the conversion of Chlorella pyrenoidosa in acetone, which 
achieved remarkable bio-oil yields of 78.9% at 290 °C, but 
with an overall product recovery of 106.9% [10]. In addi-
tion, contrary to water liquefaction, the resulting oil con-
tained a higher nitrogen content than algae.

HTL in pure solvent also requires complete biomass dry-
ing, incurring significant energy penalties, and results in 
low critical temperatures, restricting the maximum allow-
able reaction temperature. For these reasons, HTL in pure 
solvent may be undesirable. Instead, the liquefaction could 
be conducted in solvent–water mixtures, which were often 
found to produce higher yields than the reactions in the 
pure solvent [10, 12, 13, 15]. In these studies, the optimal 
solvent–water ratios were found to be strongly dependent 
on both the solvent, and the selected reaction temperature, 
and it was suggested that the optimal solvent concentration 
is governed by the proximity of the critical temperature of 
the mixture to the reaction temperature [13]. However, for 
polar solvents, the subsequent recovery of the bio-oil and 
reaction solvent may be more challenging, compared to 
conventional HTL reactions, due to the high miscibility of 
the solvent with the aqueous phase. Furthermore, only few 
solvent–water combinations have been studied to date, and 
to the best of our knowledge have not yet been applied to 
the conversion of lipid-extracted algal residue. One of the 
solvents that appears relatively neglected for these reac-
tions so far is isopropanol (IPA), despite its known ability 
to act as a hydrogen donor for transfer hydrogenation reac-
tions, [16, 17] potentially helping to improve the quality of 
the resulting bio-oil, and consequently has been selected for 
this study.

Another method of enhancing bio-oil yields is the addi-
tion of catalysts. Liquefaction yields from the conversion of 
carbohydrates were found to be positively influenced by the 
addition of the base catalyst sodium carbonate  (Na2CO3) 
[7], whereas the noble metal catalysts Pd/C and Pt/C were 
found to produce significantly enhanced bio-oil yields with 
improved flow properties and a reduced nitrogen content 
[18, 19]. Despite this, due to their high cost, the applica-
tion of noble metal catalysts for large-scale HTL of algae 
is unlikely to represent an economically feasible solution. 
Therefore, alternative, low-cost materials need to be identi-
fied that can be added to the liquefaction medium instead. 
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There is some evidence that lower cost materials, such as 
 FeSO4 [20], or  Fe3O4 can work to enhance bio-oil yields 
[21]. One source of inexpensive material is furnace resi-
dues or furnace slag. This material is a mix of Fe, Ca, Mg, 
Al and Si oxides, that can be added to a reactions to impart 
a low cost catalytic effect while not being valuable enough 
to need to be recovered and purified. These materials have 
been demonstrated to impart a positive effect on processes 
such as gasification [22], catalytic cracking of triglycerides 
[23], hydrogen production [24] or degradation of dye mol-
ecules in water [25].

In this investigation, the possibility of combining HTL 
with algal lipid production was evaluated by upgrading an 
algal cake, recovered from a lipid-extracted algae hydro-
lysate solution, using the HTL process. The reactions were 
conducted both in pure water, and in the presence of vary-
ing concentrations of isopropanol (IPA), in an attempt to 
enhance the overall bio-oil yields. In addition, the effect of 
adding two steel furnace residues on the product distribu-
tion obtained from the conversion of the algae cake was 
evaluated.

Methodology

Materials

Ladle-furnace-residue (LFR) and electric-arc furnace slag 
(EAFS), were obtained from ArcelorMittal’s iron smelter 
in Piracicaba, SP, Brazil. All lab solvents and chemicals 
were obtained from commercial sources, and were all 
laboratory grade (99%+ purity), specifically these were 
chloroform (Synth), heptane (Sigma-Aldrich) and IPA 
(Sigma–Aldrich).

Biomass Preparation

Algae Cultivation and Lipid Extraction

Lipid-rich algae (Chlorella sp. strain, obtained from the 
Canadian Phycological Culture Centre) was produced 
under continuous flow, at a biomass concentration of 
30 g L−1, applying heterotrophic conditions, using glucose 
as the carbon source, as described elsewhere [26].

Solvent extraction of algal lipids is reviewed fully else-
where [27]. In this investigation, prior to lipid extraction, 
the algae slurry was mixed with 0.1 g  H2SO4 for each gram 
of dry cell weight (dcw) and hydrolysed in a PHOENIX 
AV100 Plus autoclave at 120 °C for 1 h. Subsequently, the 
lipids were extracted using a 1:4 mixture of ethanol and 
hexane at a ratio of 2.5 mL  g−1 (dcw). The solvent/algae 
mixture was stirred for 1  min and allowed to rest until 
spontaneous phase separation occurred, followed by the 

recovery of the top phase containing hexane and lipids. 
This procedure was repeated four more times (using hexane 
only) and the recovered hexane-lipid phase was separated 
by evaporation under vacuum.

Hydrolysate Work‑Up

Following lipid-extraction, the algal hydrolysate was cen-
trifuged to remove any residual hexane and to reduce the 
water volume by 43%. Subsequently, the remaining bio-
mass was neutralized using a 5 M sodium hydroxide solu-
tion, followed by a second centrifugation step to obtain a 
wet paste with a water content of 72 wt%. Finally, the cake 
was oven-dried at 70 °C, and finely ground prior to the 
HTL reaction.

Hydrothermal Reactions

Reactor Set‑Up

Hydrothermal conversion reactions of the dry algal cake 
were conducted in a 100 mL Parr reactor (series 4560 mini 
reactor system). Each reaction converted 5 g of biomass, in 
the presence of a total of 50 mL of reaction solvents, con-
sisting of varying concentrations of deionized water and/
or IPA. Catalytic reactions employed an additional 5 g of 
finely ground material, either LFR or EAFS.

Prior to reaction, the reactor was carefully sealed and 
charged with 10 bar nitrogen to reduce the vaporisation of 
the reaction solvent. Reactions were stirred at 180 rpm, and 
allowed to proceed for 1 h, once the desired reaction tem-
perature (220 or 310 °C) had been reached. Reactor pres-
sures ranged from 22  bar for reactions at 220 °C in pure 
water to 132 bar at 310 °C and an IPA loading of 50 vol%. 
Following reaction, the heating mantle was removed and 
the reactor was allowed to cool down to room temperature 
(<40 °C). Heating times ranged from 56 to 71 min, whereas 
reactor cooling required between 90 and 120 min, giving a 
total contact time between reagents and catalysts of up to 
4 h.

Product Recovery

Following the reaction, the gases were vented, the reactor 
was opened and the reaction products were vacuum filtered 
through pre-weighed filter paper. This allowed the recovery 
of the aqueous product phase. A small aliquot of this phase 
was oven-dried overnight at 70 °C to determine the yield of 
the water phase residue. Subsequently, the reactor and filter 
paper residue were washed with chloroform, until the sol-
vent remained clear.

In order to extract IPA and water-soluble organics from 
the water phase, the aqueous and solvent phases were 
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recombined and thoroughly mixed prior to gravity separation. 
To determine the impact of this additional processing step, 
baseline reactions were conducted at 310 °C with IPA load-
ings of 0 and 50% (v/v), without recombination of the aque-
ous and solvent phases.

Following recovery of the oil phase, the solvent was 
removed at 60 °C and under vacuum (120  mbar), before 
further separating the bio-oil product into a heptane soluble 
(light-oil) and chloroform soluble (heavy-oil) fraction. The 
filter paper was dried at 70 °C overnight, before determining 
the solid product weight. For reactions involving catalysts, 
the catalyst weight was subtracted before calculating the solid 
yield.

Product Analysis

Algae Analysis

CHNS analysis of the algae cake was carried out on a vario 
MACRO cube analyser, Elementar (Hanau, Germany), with a 
combustion tube temperature of 1150 °C and a reduction tube 
temperature of 850 °C.

Thermogravimetric analysis (TGA) of the press cake 
was carried out by on a TGA/DSC1 analyser by METTLER 
(Zürich, Switzerland), using a ramp rate of 10 °C  min−1 to a 
maximum temperature of 700 °C.

The total organic carbon (TOC) and total nitrogen (TN) 
contents in the ‘acid water’ and ‘neutral’ water were analysed 
using a Shimadzu TOC/TN analyzer, at dilutions of 2 vol%.

The glucose content in the ‘acid water’ and ‘neutral water’ 
phase was determined using a commercial enzymatic glu-
cose-oxidase assay kit by Bioliquid® using tenfold dilution.

HTL Reaction Products In addition to the CHNS analy-
sis, the composition of the solid reaction products was also 
determined using SEM–EDX analysis. Prior to analysis, the 
samples were gold coated using a MITECH Sputter Coater, 
Model K450 (Kent, United Kingdom). The samples were then 
analysed using an LEO Electron Microscope (Cambridge, 
UK), model number Leo 440i using a 6070 EDX detector. The 
accelerating potential was 20 kV with a beam current of 600 
pA. Elemental composition was determined from an average 
of 10 different area scans.

To evaluate the degree of catalyst leaching into the aque-
ous and bio-oil phases, the ‘elemental retention’ of catalytic 
material in the solid phase was calculated using following 
formula:

where  Xi Elemental content of elemental i and m mass. 
Subscripts P, C and A stand for product, catalyst and algae, 
respectively.

XP,I ×mP∕(XC,I ×mC + XA,I ×mA).

Error Analysis The reactions conducted in pure water 
were carried out in duplicate, and are represented as aver-
ages, together with their standard deviation. Whilst the cata-
lytic reactions are based on single-data points, the error is 
based on the maximum deviation obtained from the water-
only reactions. Errors for the elemental retention of catalytic 
materials to the solid phase are based on the standard devia-
tion of the ten separate area scans, during the SEM-EDX 
analysis.

Results and Discussion

Biomass Preparation

The overall process flow diagram for producing fuels and 
products from algal biomass is given in Fig. 1. The lipid 
extraction process employed harsh hydrolysis conditions, 
using 0.1  g  H2SO4 per gram of biomass, to help break 
up the biomass. Because of this, significant work-up was 
required to neutralize the lipid-extracted algae hydro-
lysate before the algae residue could be applied to the 
HTL reaction.

First, the hydrolysate was centrifuged to remove any 
residual hexane and reduce the water volume by 43%. 

Fig. 1  Schematic demonstrating the production of lipid and HTL 
bio-oil from one algal source. The grey lines indicate the lipid extrac-
tion stages, the black the HTL processing. The dashed line indicates 
that in an industrial process there would be no need for drying the wet 
cake
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Subsequently, the acid slurry was neutralized using a 
5 M NaOH solution, followed by a second centrifugation 
step to recover a wet biomass cake, containing a residual 
water content of 72%. Finally, to facilitate lab-scale pro-
cessing, this cake was dried at 70 °C and finely ground 
prior to the HTL reactions. However, this step was solely 
conducted to facilitate the accurate determination of the 
algae reaction weight and allow algae analysis in our 
study, and would not be required in an industrial set-up.

The resulting algae cake contained a remarkably high 
ash content of 52.9%, which could be partially attributed 
to the high amounts of sulphuric acid and sodium hydrox-
ide used in the lipid extraction and algae cake recovery 
process. Based on the quantity of sodium hydroxide added 
to neutralize the hydrolysate solution, sodium sulphate 
 (Na2SO4) was estimated to account for 33.0% of the total 
algae cake weight, or 62.4% of its ash and 85.6% of its sul-
phur content. The remaining ash content could be attributed 
to micronutrients, including calcium chloride, magnesium 
sulphate and potassium phosphates, as well as oxidation 
products from the reaction of sulphuric acid with the algae 
itself, such as ammonium sulphate, and carbonates pro-
duced during the cultivation of the algae.

Whilst the dewatering and neutralization of the hydro-
lysed algae residue was necessary to produce a suitable 
HTL feedstock, it also resulted in a significant loss of 
organic biomass components. Using the results from the 
total carbon and nitrogen analysis of the water phase, it was 
possible to calculate the elemental distribution to the dry 
cake and the two recovered water phases (Table  1). This 
analysis shows that only 44% of carbon and 39% of nitro-
gen from the lipid-extracted hydrolysate were recovered 
into the dry cake, whereas the remainder was lost during 
the two centrifugation steps. 11.6% of the carbon content 
in the neutral water and 14.6% of the carbon content in the 
acid water could be directly attributed to glucose, one of 
the main products from the hydrolysis of carbohydrates. 
Therefore, this sugar accounted for 7.5% of the total carbon 
in the hydrolysate and could potentially be recycled back 
for further algae cultivation.

The sulphur phase was predominantly associated 
with the sulphuric acid present in the hydrolysate. Even 
though a large amount of sulphur was lost during the two 

centrifugation steps, just under a quarter (24.5%) of the 
total sulphur was retained within the dry algae cake.

HTL in the Presence of IPA

Optimization of Product Recovery Method

Prior to investigating the detailed relationship between 
IPA loadings and bio-oil yields, the effect of the prod-
uct recovery method was investigated at 310 °C (Fig. 2). 
The results show that the bio-oil yields were significantly 
enhanced when the aqueous phase was extracted with 
chloroform. For HTL in pure water, the bio-oil yields 
more than doubled from 6.6 to 13.4 wt%, predominantly 
associated with an increase in the light, heptane-soluble 
oil fraction. An even bigger effect was observed for the 
reaction conducted in the presence of 50 vol% IPA. With-
out water extraction, the total bio-oil yields amounted to 
only 2.4 wt%, but increased to 28.3 wt% after the aqueous 
phase was washed with chloroform, a more than 10-fold 
increase.

The differences between the water-only and the 
50  vol% IPA reaction can be associated with the high 
polarity of IPA, causing it to partition to the water phase, 
together with dissolved bio-oil components. Even in the 
absence of IPA, the difference in bio-oil recovery with 
and without chloroform washing of the water phase 
was significantly higher than the 20 or 30% previously 
reported in the literature [28]. This could be related to 
the complete absence of lipid-derived products from the 
algae cake used for this study, and a higher proportion of 
smaller, more polar organics, produced from the carbohy-
drate and protein fractions.

Whilst for conventional HTL there is currently no con-
sensus whether the increase in bio-oil yields justifies the 

Table 1  Elemental distribution of hydrolysed algal residue to the dry 
cake, neutral water and acid water phases, after work-up process

Carbon (%) Nitrogen (%) Sulphur (%)

Dry cake 43.6 39.1 24.5
Neutral water 24.1 24.5 32.1
Acid water 32.3 36.4 43.5
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additional costs of the solvent extraction procedure [29], 
it is clear that the HTL of the algae cake in the presence 
of IPA appears to be only feasible if the water phase is 
subsequently extracted to recover IPA and the organic 
reaction products. Consequently, this approach was 
applied to all subsequent experiments.

While washing with a lipophilic solvent such as  CHCl3 
allows extensive recovery of the bio-oil fraction, it is 
unclear whether this would be feasible on an industrial 
scale. Similar biofuel production processes recycle the fin-
ished fuel as a solvent, or use fossil fuels to increase the 
yield of the final product [4]. Undoubtedly, whatever sol-
vent is used to increase bio-oil yields from the water phase 
would need to be recycled efficiently, with the IPA, in an 
industrial process.

Effect of IPA Concentration on Product Distribution

In this study, the maximum IPA loading in the reactor was 
limited to 50  vol%. Firstly, 50  vol% was seen to be the 
maximum feasible concentration that could be employed 
industrially, without requiring excessive biomass drying, 
and losing one of the major advantages of the HTL process. 
Secondly, the applied reaction temperature of 310 °C cor-
responds to the critical temperature of a 40 vol% IPA-water 
solution, as predicted using the Peng–Robinson equation 
of state within Aspen Hysys®. Operating at 50 vol% IPA 
therefore ensured that the maximum possible IPA concen-
tration in the liquid phase was achieved, without causing 
excessive evaporation of IPA, resulting in operation above 
the design pressure of the reactor. Finally, results from pre-
vious HTL studies conducted in water-solvent mixtures 
suggested that maximum bio-oil yields were obtained when 
the critical temperature of the mixture corresponded to the 
reaction temperature [13].

When increasing the IPA content of the reaction solu-
tion from 0 to 50  vol%, both the light and heavy bio-oil 
products were found to increase steadily (Fig.  3a). How-
ever, the increase in the light oil phase (5.4 to 17.6 wt%) 
was much more pronounced than that of the heavy bio-
oil (8.0 to 10.7  wt%). At the same time, the solid yields 
remained almost constant (between 4.0 and 4.7  wt%), 
whereas the water residue yields reduced significantly from 
47.7 to 30.8 wt%. Consequently, the overall product recov-
ery remained relatively constant (ranging from 63 wt% at 
50  vol% IPA to 70  wt% at 10  vol% IPA, with the unac-
counted fraction likely to be gas product), suggesting that 
IPA helped to convert or transfer some of the water-soluble 
products into the bio-oil phase, without being incorporated 
into the bio-oil itself. This is contrary to previous liquefac-
tion experiments using alcohols, where the product recov-
eries exceeded the initial amount of biomass added [9, 10]. 
However, in these cases, the alcohols appeared to react 

with the lipid fraction to form esters, whereas the algae 
press cake used in the present study contained only negligi-
ble amounts of residual lipids.

Compared to previous studies using ethanol–water sol-
vent mixtures, commonly seen as the best solvent and 
which reported maximum oil yield increases of around 
25% at optimized ethanol–water ratio, compared to the 
water-only reactions [13, 30], the increase in total oil yields 
obtained in the present study (111%) is highly promising. 
However, it should be noted that due to the nature of the 
feedstock, the final yields of 28.3% are still significantly 
below the yields obtained in the cited studies (57.3 and 
63%), and therefore it is not possible to distinguish between 
the effect of the solvent (IPA vs. ethanol) or the differences 
in the feedstock.

Similar conclusions can be drawn from the elemental 
balance to the different product phases (Fig. 3b). Whilst the 
carbon retention in the solid remained relatively constant, 
the carbon, hydrogen and nitrogen distribution to the light 
oil phase increased significantly. The increase in bio-oil 
nitrogen content matched the reduction of nitrogen that par-
titioned into the aqueous phase, as calculated from the total 
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nitrogen analysis of this phase, suggesting a direct transfer 
of nitrogen containing compounds from the aqueous to the 
bio-oil phase. (It should be noted that the presence of resid-
ual solvent in the water phase made it impossible to obtain 
meaningful results for the total carbon analysis of the water 
phase.)

When considering the ash content of the algae cake used 
for this study (53 wt%), it is remarkable that the solid frac-
tion amounted to only 4 to 5 wt% of the total reaction prod-
ucts. This confirms that a major portion of the ash consisted 
of highly water-soluble material (mostly sodium sulphate), 
which was recovered into the aqueous product phase 
instead. For the reaction in 50  vol% IPA, the combined 
solid and water phase residue yields amounted to 35 wt%, 
only just above the estimated sodium sulphate content in 
the biomass (33 wt%), but significantly less than the total 
algae cake ash content. Consequently, a significant frac-
tion of the ash appears to have been lost to the gas phase, 
or volatile water-soluble products, potentially through the 
thermal decomposition of carbonates into carbon dioxide, 
or the release of ammonia from ammonium salts.

Given the high ash content of the algal press cake, the 
bio-oil yields of 28.3 wt% obtained for an IPA loading of 
50 vol% correspond to a high recovery of the organic frac-
tion of 60.2 wt%, significantly higher than the yields typi-
cally expected from the HTL of proteins (11–18%) or car-
bohydrates (6–15%) [7].

Despite these encouraging findings, it should be noted 
that the recovered algae cake accounted for only 43.6 wt% 
of the total carbon present in the lipid-extracted hydro-
lysate, and consequently the overall carbon recovery 
amounted to only 24.6%. Attempts were made to recom-
bine the algae cake with the ‘neutral water’ phase, recov-
ered from the second centrifugation step, however the reac-
tion resulted in the formation of hard solid deposits. These 
were presumably formed from the high loadings of sodium 
sulphate present in the neutral water phase, and would be 
expected to cause significant operational problems within 
an industrial setting. Consequently, the lipid extraction 
process needs to be improved to reduce, or eliminate, the 
amount of sulphuric acid required and facilitate the recov-
ery of the lipid-extracted hydrolysate. Potential options are 
the use of higher hydrolysis temperatures, which would 
allow the use of lower acid concentrations, the use of solid 
acid catalysts, or the selection of algal strains with weaker 
cell walls, allowing the application of milder hydrolysis 
and lipid extraction conditions. Ideally, the entire lipid-
extracted hydrolysate would be processed directly, without 
further work-up, although the recovery of sugars and other 
nutrients may be desirable to allow their recycling for fur-
ther algal growth.

Provided that these issues are addressed, it is expected 
that the combined lipid production and HTL of algae 

residues is significantly more favourable than algae lipid 
production on its own. Current estimates for lipid produc-
tion costs from microalgae have been found to range widely 
[31], from around $1.9 L−1 for microalgae grown on waste-
water [32] to $3.36 L−1 for an open pond, commercial size 
algal biofuel facility located in Southwest USA [33], sig-
nificantly above currently acceptable fuel costs. Similarly, 
estimates of the environmental burden and energy returns 
on investment have given widely disparate results, due to 
different modelling assumptions [34]. Yuan et  al. esti-
mated a minimum lifecycle energy requirement of 2.35 MJ 
for each MJ of algal biodiesel and green house gas emis-
sions of 143  g  (CO2)  MJ−1, although these figures were 
reduced to 1.02 MJ  MJ− 1 and 71 g(CO2)  MJ−1 when apply-
ing anaerobic digestion (AD) to the lipid-extracted residue 
[35]. Only slightly better results were obtained by Clarens 
et  al., who calculated energy returns of investment rang-
ing from 0.65 to 1.13 for a biodiesel production process, 
combined with AD, depending on the source of carbon and 
other nutrients [36]. In contrast, Stephenson et al. estimated 
a fossil-energy requirement reduction of 85% and global 
warming potential reduction of 78% compared to fossil-
derived diesel [37]. In all these studies, the major contribu-
tors to the overall lifecycle burden are the algae cultivation 
and pretreatment steps, and therefore further energy recov-
ery of the lipid-extracted algal residue is highly beneficial. 
Algal biofuel production via HTL appears more beneficial 
as demonstrated by a previous life-cycle analysis giving an 
energy-return-on-investment of a full-scale process compa-
rable to fossil-derived diesel and gasoline, whilst the green-
house gas emissions were reduced to less than a third [34].

HTL in the Presence of Steel Furnace Residues

In an attempt to increase the bio-oil yields from the lique-
faction of the algae cake, and potentially lower the reaction 
temperatures, the reaction was conducted in the presence of 
two steel furnace residues, ladle-furnace residue (LFR) and 
electric-arc furnace slag (EAFS). LFR consisted predomi-
nantly of calcium and silicon oxides, with smaller quanti-
ties of carbon, magnesium and titanium. EAFS also con-
tained significant amounts of calcium and silicon oxides, 
magnesium and carbon, but also contained significant frac-
tions of iron, aluminium, manganese and titanium. Con-
sequently, both materials could potentially enhance base-
catalysed reactions, whereas EAFS could also be active for 
iron-catalysed cross-coupling or hydrogenation reactions.

It should be noted that the objective of the present study 
was to evaluate the overall catalytic activity of these mate-
rials for the conversion of the lipid-extracted algae cake as 
well as testing their stability under HTL conditions. Both 
materials are waste products, and therefore available at 
low cost, although industrial processing may be limited by 
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the additional energy requirements of heating these mate-
rials to reaction temperature and suspending them within 
the reaction stream. A potential way of addressing these 
limitations would be to conduct the HTL reaction in two 
stages, by combining a continuous stirred tank reactor 
(CSTR) with a plug flow reactor, similar to the configura-
tion employed by Elliott et al. [38]. The catalyst could then 
be retained within the CSTR, whilst the reaction continues 
within the secondary plug flow reactor.

As in the previous section, reactions were conducted at 
310 °C, in pure water and 50 vol% IPA, however, additional 
reactions were carried out at 220 °C. As this temperature is 
below the critical temperature of pure IPA (235.1 °C), the 
reactions were also conducted in pure IPA, as well as in 
50 vol% IPA and in pure water.

Catalyst Stability

An important consideration for using catalysts is the ease 
with which they can be recovered and recycled after the 
reaction. Consequently, heterogeneous catalysts are gener-
ally preferred over homogeneous catalysts, however they 
must be stable during the reaction conditions to prevent the 
loss of catalytic material into the product phases, resulting 
in potential contamination issues. To assess the suitability 
of the two steel furnace residues for the HTL of algae press 
cake, the study tracked the recovery of the major elemental 
components in the solid phase.

LFR Apart from oxygen and carbon, which were not 
tracked as they are also present in the biomass itself, LFR 
contained significant quantities of calcium (34.6 wt%), sili-
con (11.1 wt%) and magnesium (1.5 wt%), shown in Table 2.

During the reaction at 220 °C in pure water, substan-
tial amounts of silicon and magnesium were lost, whereas 
calcium retention was close to 80% (See supporting infor-
mation). Following the introduction of IPA to the reaction 
medium, the silicon and magnesium recovery increased 
significantly, with the calcium recovery appearing to drop 
slightly. The reverse trend was observed at 310 °C. At this 
temperature the recovery of silicon and magnesium in pure 
water was significantly enhanced, compared to the reaction 
at 220 °C, but dropped for the reaction conducted in the 
presence of IPA.

The data suggests that under HTL conditions, all three 
elements display high solubility in the water phase. Cal-
cium oxide is known to react with water to form calcium 
hydroxide, whereas the solubility of magnesium oxides in 
water increases with increasing temperature. Amorphous 
silicon dioxide in turn was previously found to display 
a maximum water solubility of 1660  mg  kg− 1 at a tem-
perature of 340 °C [39]. A potential explanation for the 
enhanced retention of calcium, compared to silicon and 
magnesium, is its higher concentration within LFR, result-
ing in full saturation of the water phase. Consequently, the 
recovery of silicon and magnesium increased following 
the introduction of IPA, as the volume of water decreased. 
However, it is clear that this correlation broke down at the 
higher reaction temperature of 310 °C and suggests that the 
catalyst underwent chemical changes to modify its solubil-
ity in the reaction medium. Calcium could have reacted 
with the sulphates in the press cake to form gypsum, 
whereas silicon and magnesium could have been reduced 
or adapted more stable configurations. The overall water 
loading and the presence of IPA would have been expected 
to influence the equilibrium between these reactions, ulti-
mately affecting the final product phase distribution.

In all cases, it should be noted that the data contains a 
large degree of uncertainty. Apart from the general limi-
tations of using SEM–EDX, this may be related to a non-
uniform composition of the solid reaction product as well 
as the difficulty of fully recovering solid precipitates from 
the reactor walls.

EAFS Compared to LFR, EAFS contained less calcium 
(12.1 wt%) and silicon (6.7 wt%), but a higher amount of 
magnesium (2.3 wt%). It also contained significant quanti-
ties of iron (12.6 wt%), aluminium (1.9 wt%), manganese 
(1.4  wt%) and titanium (0.3  wt%), and consequently the 
recovery of all seven elements was tracked following the 
HTL reaction (Table 2).

Despite its low concentration, within error, titanium 
appeared to have been fully recovered into the solid phase 
at all reaction conditions  (see supporting information). 
The recovery of magnesium and silicon appeared to be 
increased, compared to LFR, whereas the calcium recov-
ery remained about the same. Iron recovery at 220 °C did 
not follow a clear trend, reaching around 100% for an IPA 

Table 2  Elemental composition from SEM–EDX analysis of materials tested as HTL catalysts; (a) Ladle-furnace residue (LFR), (b) Electric-arc 
furnace slag (EAFS)

nd – not detected

C O Mg Al Si Ca Ti Mn Fe Other

Furnace residue 13.8 44.9 2.3 1.9 6.7 12.1 0.3 1.4 12.6 4.0
Furnace flour 7.0 42.4 1.5 nd 11.1 34.6 0.2 nd nd 3.2
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concentration of 50  vol%, but recoveries of only 55% in 
pure water and 42% in pure IPA. The manganese recovery 
followed a similar trend to iron, remaining around 60% at 
all conditions, apart for the 50 vol% IPA loading at 220 °C, 
whereas the aluminium recovery remained consistently 
above 80%. The low recovery of iron and manganese for 
the reaction in pure IPA is surprising, as only three product 
phases (solid, oil and gas) were collected from the reactor. 
A potential explanation could be the formation of iron and 
manganese deposits on the reactor walls, which were dif-
ficult to recover after the reaction.

Consistent with the results for LFR, the calculated 
elemental recoveries showed a high degree of experimen-
tal uncertainty. Whilst EAFS appeared to display a higher 
overall stability than LFR, the reaction still caused a signif-
icant portion of magnesium, silicon, iron and manganese to 
partition into the water phase. Particularly the dissolution 
of manganese to the water phase could be problematic, due 
to its known neurotoxicity at elevated groundwater concen-
trations [40].

Product Distribution

Compared to the water-only reactions, at 220 °C, the addi-
tion of 50 vol% IPA to the reaction medium resulted in a 
significant increase in the bio-oil yields obtained from both 
the catalytic and the blank reactions (Fig. 4a). Solid yields 
remained relatively constant, whereas the water phase resi-
due yields experienced a significant drop, together with a 
reduction in the overall mass balance closure, indicating 
enhanced gas formation.

Conducting the reactions in pure IPA resulted in only 
a small further increase in bio-oil yields, compared to 
the reactions in 50  vol% IPA. No water phase was pre-
sent for these reactions, and consequently no water 

phase residue was recovered. In contrast, the solid yields 
increased significantly from less than 20 wt% at an IPA 
loading of 50  vol% to up to 45.7  wt% for the reaction 
catalysed with LFR. This large increase can be attributed 
to the high quantity of water-soluble ash present in the 
algae cake. For reactions conducted in water, these salts 
were dissolved and subsequently removed together with 
the aqueous phase (and precipitated as water phase resi-
due), but in the absence of water, the salts remained part 
of the solid product fraction. Even so, the maximum solid 
recovery of 45.7 wt% remained below the total ash con-
tent of the algae cake (52.9 wt%), suggesting that during 
the reaction, some of the inorganic press cake compo-
nents were either dissolved into the IPA phase, or decom-
posed into gas phase products.

For the reactions at 220 °C, the presence of LFR and 
EAFS did not appear to have a positive effect on the prod-
uct distributions obtained from the HTL of the algae cake. 
In pure water, the overall bio-oil yields were significantly 
lower for the reactions involving the two catalysts (6.0 wt% 
for LFR and 5.7  wt% for EAFS), compared to a yield of 
8.4 wt% for the non-catalytic reaction. Following the intro-
duction of IPA, the difference became less pronounced, but 
maximum overall oil yields of 14.5 wt% at an IPA loading 
of 50 vol% and 18.8 wt% in pure IPA were still obtained 
for the non-catalytic reactions. However, compared to the 
blank run, EAFS did appear to slightly favour the formation 
of light, hexane-soluble oil.

The solid yields obtained in the presence of EAFS 
were comparable to the non-catalytic reaction at all three 
IPA loadings, whereas the yields obtained with LFR were 
significantly enhanced for the reactions conducted in the 
presence of IPA. Even though the solid yield enhancement 
appeared to be less significant in pure water, it should be 
noted that at this condition, a significant amount of catalyst 
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was lost to the water phase, potentially counter-acting the 
effect of increased solid formation.

At 310 °C the difference between the blank and catalytic 
runs was much more noticeable than at 220 °C (Fig.  4b). 
Both catalysts resulted in a significant reduction in bio-oil 
yields, and a large increase in solid yields, particularly in 
the presence of 50  vol% IPA. All water residue yields in 
pure water were approximately equal, but for the non-cata-
lytic runs, the yields reduced significantly from 47.7 wt% to 
30.8 wt% following the addition of 50 vol% IPA, whereas 
they remained unchanged around 41  wt% to 49  wt% for 
the catalytic reactions. This suggests that the presence of 
IPA helped to transfer organics from the water-phase into 
the bio-oil, whereas the catalysts increased the formation 
of solids, potentially through enhanced coke or char for-
mation on the catalyst surface. This is consistent with pre-
vious work that has shown that the presence of inorganic 
salts, including potassium carbonate and calcium acetate, 
can enhance secondary char formation during the pyrolysis 
of lignocellulosic biomass [41, 42]. The presence of these 
metals appeared to reduce the pyrolysis temperature of the 
biomass, as well as influencing the relative rates of polym-
erization and cracking reactions of intermediate decompo-
sition products to favour either char or gas formation [43]. 
Whilst pyrolysis reactions are mostly limited to the solid 
and gas phase, secondary HTL reactions proceed within the 
aqueous phase. Consequently, higher salt concentrations 
may be required to have a similar effect, resulting in higher 
char yields in the presence of calcium-rich LFR, compared 
to the more stable EAFS.

Comparing the results obtained for the non-catalytic 
reactions shows that the overall bio-oil yields obtained at 
220 °C in the presence of 50 vol% IPA (14.5 wt%) and pure 
IPA (18.8 wt%) were higher than the bio-oil yields obtained 
at 310 °C and in pure water (13.4 wt%). The same trends 
were observed for the bio-oil yields obtained from the cat-
alytic reactions, however it should be noted that the reac-
tions at 310 °C, in 50 vol% IPA, always yielded the high-
est oil yields of all conditions studied. Solid yields, in turn, 
were lower for both non-catalytic reactions at 310 °C, than 
for any of the reactions at 220 °C, but the opposite trend 
was observed for the reactions involving LFR and EAFS.

Elemental Recovery

To study the effect of reaction temperature, IPA content and 
the presence of the catalysts in more detail, the distribution 
of carbon, hydrogen and nitrogen to the oil and solid phases 
was calculated for the reactions in pure IPA at 220 °C and 
the two reaction conditions at 310 °C, in pure water and 
with a 50 vol% IPA loading (Fig. 5).

Consistent with the higher oil yields obtained at 220 °C 
in pure IPA, compared to the reaction at 310 °C in pure 

water, the carbon and hydrogen recoveries to the oil phase 
for the non-catalytic reactions were slightly increased 
from 32.8 to 34.9% and 20.2% to 29.5%, respectively. At 
the same time, the nitrogen recovery was significantly ele-
vated from 21.0 to 35.6%, resulting in an overall increase 
in the nitrogen content of the bio-oil from 4.7 to 6.6 wt%. 
Similarly, the contribution of the unaccounted elemental 
fraction (predominantly oxygen) to the overall oil yield 
increased from 13.5 to 18.8 wt%.

The addition of 50 vol% IPA to the reaction medium at 
310 °C resulted in a large increase in the total carbon and 
hydrogen recovery to the bio-oil, and was comparable to 
the simultaneous increase in nitrogen recovery, resulting in 
similar overall nitrogen contents in the oil of 4.7 wt% for 
the reaction in pure water and 4.8% in the presence of IPA. 
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Despite this, the increased retention of carbon, hydrogen 
and nitrogen could not account for the entire increase in 
oil yields, resulting in an increase in the unaccounted ele-
mental fraction from 13.5 to 19.0 wt%. The H/C mass ratio 
only increased marginally from 0.118 to 0.121, suggesting 
limited transfer of hydrogen from IPA to the bio-oil. This 
is not surprising, as this reaction generally requires a good 
hydrogenation catalyst, such as RANEY® Nickel. Carbon 
recoveries to the solid phase were significantly higher at the 
lower reaction temperature (43.3%) than at 310 °C (8.8% in 
pure water and 6.4% in 50 vol% IPA), consistent with the 
differences in solid yields and the absence of a water phase 
residue for the reaction in pure IPA.

Slightly different trends were obtained for the reac-
tions over the two catalysts. Whilst the highest carbon and 
nitrogen recoveries were still obtained at 310 °C and in 
the presence of IPA, the hydrogen recovery was reduced 
compared to the reaction at 220 °C, and the nitrogen con-
tent in the bio-oil was higher for the reaction in pure water. 
The carbon recovery to the solid phase at 310 °C was also 
decreased in the presence of 50 vol% IPA, contrary to the 
simultaneous increase in solid yields. This suggests that the 
increase in solid yield can be mostly attributed to reduced 
dissolution of inorganic material from the algae cake and 
the catalysts, whilst IPA helped the recovery of organic car-
bon into the bio-oil.

These findings show that the addition of IPA to the liq-
uefaction medium can result in a significant enhancement 
of liquefaction yields, potentially allowing the reaction to 
proceed under much milder conditions compared to the 
pure water-phase reaction. However, the bio-oil quality 
obtained at 220 °C was also reduced, as indicated by an 
increased oxygen and nitrogen content. This was probably 
the result of incorporating lighter, water-soluble organics 
into the bio-oil, which contained high concentrations of 
oxygen and nitrogen. Furthermore, the reaction in pure IPA 
is unlikely to be feasible for industrial scale production, as 
it requires highly energy-intensive drying steps to obtain 
the fully dried biomass. In contrast, liquefaction in the pres-
ence of 50 vol% IPA at 310 °C offered a good compromise 
between enhanced oil yields and reduced biomass drying. 
Whilst it caused a reduction in the carbon and hydrogen 
content in the bio-oil, due to the increased incorporation of 
oxygen, it only had a limited impact on the nitrogen con-
tent from the non-catalytic reaction, and even reduced the 
nitrogen content for reaction with the two furnace residue 
materials.

Neither of the two catalysts employed for this study 
resulted in an increase in bio-oil yields. LFR in particular 
caused an increase in solid yields and decreased the bio-
oil yields without having any obvious beneficial impact 
on bio-oil composition. It was previously hoped that the 
basic nature of the catalysts would help the conversion of 

carbohydrates into bio-oil products. However, it is possi-
ble that the high ash content of the microalgae cake itself 
(53  wt%) provided sufficient quantities of base catalyst, 
and therefore the presence of LFR had no further benefi-
cial impact. EAFS also reduced bio-oil yields and increased 
solid content, but had a beneficial impact on the carbon and 
hydrogen contents of the bio-oils obtained by the reaction, 
related to a reduced oxygen concentration. This suggests 
that the iron catalysed the deoxygenation reaction, however 
as iron only accounted for a small fraction of the overall 
catalyst material (12.6 wt%), the beneficial impact was out-
weighed by the reduction in bio-oil yields.

Conclusions

Combining algal lipid production with HTL is a promis-
ing method for realising the benefits of both methods, of 
producing higher value fuels at lower overall production 
costs. Both the production of lipid heterotrophically and the 
hydrothermal liquefaction of algae have been demonstrated 
on the pilot scale separately previously, however, the two 
processes would need to carefully integrated, to prevent 
contamination of the algae residue during the lipid extrac-
tion stage, and optimize the lipid-content of the algae to 
achieve the best compromise between product yields and 
cultivation costs.

Conducting the HTL of lipid-extracted algae in the pres-
ence of 50  vol% IPA resulted in remarkably high recov-
eries of the organic fraction to the bio-oil phase of up to 
60.2  wt%, significantly above the oil yields typically 
expected from carbohydrates or proteins. It also allowed 
the application of much lower reaction temperatures, to 
obtain comparable oil yields to a water-only reaction, albeit 
with a significant reduction in bio-oil quality, as a result 
of increased nitrogen and oxygen incorporation. However, 
this approach proved only feasible if the water-phase was 
extracted with a non-polar solvent, to allow the recovery of 
IPA and light organic products. Therefore, further studies 
including cost-benefit analyses are required to assess the 
feasibility of the overall process.

The addition of two steel furnace residues, LFR and 
EAFS, as potential liquefaction catalysts, appeared to have 
no beneficial impact on bio-oil yields, but instead resulted 
in a significant increase in solid yields, potentially due to 
the formation of char and coke over the catalyst surface. 
At the same time, the liquefaction reaction resulted in 
significant leaching of calcium, silicon, magnesium, iron 
and manganese to the water phase. In particular, the loss 
of manganese could be a major problem due to its known 
neurotoxic effect. Nevertheless, the presence of EAFS had 
a positive effect on the carbon, hydrogen and nitrogen con-
tents of the bio-oils produced in 50 vol% IPA, suggesting 
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that it could have a low activity towards deoxygenation and 
denitrogenation reactions, most likely catalysed by its iron 
content of 12.6 wt%. Future work could therefore explore 
the use of more stable, iron-based catalysts, to obtain more 
favourable bio-oil compositions.
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