
Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Process evaluation of swing strategies to recover N-ethylbutylamine after
wet lipid extraction from microalgae

Ying Du, Veronika Cyprichová, Kevin Hoppe, Boelo Schuur⁎, Wim Brilman
University of Twente, Sustainable Process Technology Group (SPT), Faculty of Science and Technology, PO Box 217, 7500 AE Enschede, the Netherlands

A R T I C L E I N F O

Keywords:
Microalgae
Lipid extraction
Temperature swing
Switchable solvent
LCST
Energy evaluation

A B S T R A C T

N-ethylbutyl amine (EBA) has been reported as switchable solvent for the extraction of lipids from microalgae.
To properly assess the technical feasibility as well as the sustainability of the lipid extraction process with EBA,
solvent recovery is an essential process consideration. In this paper, opportunities for solvent recovery from both
the aqueous raffinate stream and the solid algal residue were investigated, and two approaches for solvent
recovery from the extracted lipids were investigated. In the first approach, CO2 switching is applied, which
switches EBA from a neutral molecule into an ionic liquid that phase splits from the lipids. In the second ap-
proach, the strong effect on water solubility of EBA due to its lower critical solution temperature (LCST) be-
havior is used in a temperature swing back-extraction. For both approaches, a conceptual process was designed,
and for all unit operations where important information was missing, the missing information was obtained by
experiment and/or using process simulation software (Aspen Plus V8.8). From the conceptual process evalua-
tion, it was concluded that the process making use of CO2 switching suffers from large solvent losses due to the
switching mechanism. With the temperature swing back-extraction, it was much better possible to recover the
EBA, and design a feasible process that costs 12.4MJ/kg lipids, which considering the energy content of 1 kg
lipids, is net energy gain of 22.4MJ/kg lipids.

1. Introduction

CO2 switchable solvents [1] have been reported for extraction of
lipids from microalgae [2–6], and the CO2 switchable solvents are one
example of switchable solvents [7] that respond to external stimuli (e.g.
gas [1,8–12], pH [13–15], light [16–18], heat [8,19–24], magnetic field
[25], etc. [25–28]) with changes in properties. In previous studies, N-
ethylbutyl amine (EBA) was selected as switchable solvent for lipid
extractions [4,29,30], it was shown that high lipid yields are possible
[30] and based on insight in the extraction behavior of EBA [31], also a
model was proposed to describe the lipid extraction. However, in order
to assess the technical feasibility of lipid extraction processes from
microalgae, a full conceptual process should be considered in which
also solvent recovery should be addressed.

Based on a previous study showing that the residual algal cells are
filled with EBA after extraction [31], and considering the non-negli-
gible solubility of EBA in water, EBA needs to be recovered from both
the residual algae biomass, and from the aqueous raffinate. For the
recovery of EBA from the extract phase, the known approach of CO2

switching is optional, but based on the strong temperature dependence
of amine solubility in water [32], it should also be possible to apply a

temperature-swing back-extraction, making use of the lower critical
solution temperature (LCST) behavior of EBA. LCST [33–38] is one
example of a solvent system that can be switched reversibly from a
single, homogeneous liquid into two separate liquid phases, and is
potentially applicable in a wide variety of reaction and separation ap-
plications (also upper critical solution temperature (UCST) may be
observed sometimes [39–41], or both [42–44]. So far, the investigation
of LCST phase behavior overwhelmingly focused on covalent polymers
and surfactant systems, much less attention has been paid to low mo-
lecular weight compounds such as EBA which may also have practical
value, for example in extraction processes [45].

In the studies described here, the use of the temperature swing back-
extraction is compared with the earlier reported CO2 switching for re-
generation of EBA. Using the CO2 switching results in a different pro-
cess than applying a temperature-swing back-extraction, and in Figs. 1
and 2, for both options the conceptual process schemes are drawn.

In these figures, growing, harvesting and concentration of micro-
algae is not included. In order to calculate overall effectiveness and
energy efficiency of both processes, on several process aspects the
missing data should be measured. In Section 2, the approach for both
processes is discussed, and which data should be determined
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experimentally or by simulation. In Section 3 the experimental details
are given. Then, in Section 4 the main results from the experiments and
simulations are presented, and the impact on the overall process design
is discussed. The main conclusions are then presented in Section 5.

2. Process concept analysis and data inventory

2.1. Process parameters valid for both processes with CO2 switching and
temperature swing

In this section, both the processes for CO2-induced phase transfer of
EBA and for temperature change induced phase transfer are analyzed
on availability of data needed for a process design study. In the case
data is missing, experiments are suggested. In the following subsections,
process specific considerations are discussed.

2.1.1. Basis for the calculations
For the annual productivity of dry biomass, fresh water cultivated

and stressed Neochloris oleoabundans 30 ton/ha (using a tubular culti-
vation system) was taken, and all calculations are based on the pro-
cessing of wet microalgae slurries that contain 1 kg of dry microalgae at
ambient temperature (22 °C), the total slurry mass thus depending on
the concentration of the slurry. For calculation of the energy yield, the

elemental composition of the algae was determined and Boie’s formula
was used [4]. This is described in the first subsection of the results
section.

For both processes, non-disrupted algae slurries are applied, and the
concentration of algae in the slurry is a parameter of importance.
Whereas cultivation is typically done at maximum 1wt% dry biomass,
concentrations of up to 20–30 wt% can be reached using spiral plate
centrifugal equipment (e.g. from Evodos), and are thus accessible for
use in extraction. However, at concentrations higher than 10 wt%, li-
quid extractions become impractical due to the high viscosity of the
algae slurries/pastes. In our earlier studies [31] we have used 5 wt%
biomass slurries for the extractions, and to investigate how extraction
yields from 10wt% slurries compare to extraction yields from 5wt%
slurries, additional experiments were done at 10 wt%. The results are
described in the first section of the accompanying Data in Brief article
[46]. It was found that the yields are comparable, which allows to use
data from earlier studies with 5 wt% slurries in the calculations. The
process concept thus includes the use of highly concentrated slurries of
20 wt% that are obtained by the centrifugal concentration operation,
which are then diluted to 10 wt% for the extraction. Part of the recycled
water in the processes in Figs. 1 and 2 can be used for this.

Fig. 1. Scheme for lipid extraction process with CO2-induced EBA recovery from lipids.

Fig. 2. Scheme for lipid extraction process with temperature-swing induced EBA recovery from lipids.
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2.1.2. Energy costs of the extraction process and filtration afterwards
In the extraction unit the obtained 10wt% algae slurry is extracted

with EBA in a mass ratio of 1:1 (algae slurry:EBA), and mixed for 18 h
to allow for complete extraction without cell breaking [31].

The energy usage for mixing during extraction, Emixing is calculated
by Eq. (1), where τ is the residence time (h), mextr is the total mass
within in the extractor (kg) and Eextr kg, is the specific energy usage for
mixing in the extractor (W/kg) [47].

=E τ m E· ·mixing extr extr kg, (1)

After extraction, the solids (lipid depleted algae) are separated by
filtration, for which an energy usage of 0.5 kWh/m3 [48] is used in the
calculations.

2.1.3. EBA recovery from solids paste
After splitting off the solids, any solvent that is remaining in this

solids stream (a paste) should be recovered. To quantify the amount of
EBA in the solids paste, a study was performed using distillation to
separate and quantify the liquids from the biomass. The results are
described in the second section of the accompanying Data in Brief ar-
ticle [46]. It was found that the total liquids in the solids residue (paste)
add up to 92wt%, and the amount of EBA in the solid algae residue is
15.2% [46]. The amount of EBA is much higher than the 5 wt% solu-
bility of EBA in water, suggesting that EBA preferentially fills the cells.
Furthermore, it follows that a method is required to recover the EBA
from the solids. Next to distilling off the solvent together with water
from the algae, also a wash step followed by downstream separation of
the wash liquid is optional.

Considering the water solubility of EBA (5wt%), and the good
miscibility with organic solvents, either water, a solvent, or a mixture
may be applied. A comparative study was done to evaluate four wash
solvents, including cyclohexane, a heterogeneous cyclohexane-water
mixture, water and ice-water. The use of ice-water next to water at
room temperature was investigated because of the known large tem-
perature effect on amine solubility [32]. This comparative study is
presented in the accompanying data in brief article [46].

The main results reported in [46] include that at the high solvent to
paste ratios applied still not all solvent was washed out in a single wash
stage (but over 85% for water, ice water and a mixture of cyclohexane
and water). The amount of EBA in the wash liquids was below the so-
lubility limit, and the previously developed equilibrium model [31] was
applied to confirm the equilibrium distribution of EBA over the paste
and the wash liquid. When the EBA and solvent are mixed, and part of
this mixture is inside the cells and most of the mixture is outside the
cells. Rinsing the outside liquid leaves some EBA in the paste while the
outside part of EBA thus can be recovered. Considering the recovery
yields, it was decided to continue with water to wash out EBA, and
since lowering the water temperature didn’t increase the EBA recovery
efficiency, the use of ice water is not necessary.

When multiple wash steps were applied at varying solvent to paste
ratio, it was found that for a single extraction step, using more solvent
results in higher EBA recovery. This trend didn’t change when more
extraction steps were performed. At a solvent/paste ratio of 20:1, more
than 85% EBA was recovered in one extraction step, but no EBA was
detected in subsequent wash steps. A distillation of the algae residue,
monitored by GC-MS after three extraction steps by water were carried
out to check for the presence and the composition of liquid in the algae
residue. No EBA was found in the distillate fraction. This result in-
dicates that the EBA was most likely completely removed from algae
residue, but lost in the handling procedure (The EBA evaporation rate
(during handling) was tested in the fume hood and found to be
1155 ± 82 g/m2·h at 20 °C. Several steps e.g. weighting, mixing, cen-
trifuging and vacuum filtration were involved in the experiment of EBA
recovery from algae paste residue. Vacuum filtration supposed to be the
step that lost most part of the EBA since it was operated openly in the
fume hood and took the longest time). With a funnel diameter of 0.08m

used for vacuum filtration, per hour 5.8 ± 0.4 g EBA evaporated,
corresponding to about 0.3 g EBA lost in the extraction process).

2.1.4. EBA recovery from the wash water
After having washed the EBA from the solids paste with water, it

should be recovered from the water. Since the amount of water is large,
distilling would be an expensive option costing much more energy than
the lipids would yield. Therefore a liquid extraction followed by dis-
tillation to recover the extraction solvent has been studied. For the EBA
extraction a series of experiments with six hydrophobic solvents (cy-
clohexane, hexane, toluene, dodecane, hexadecane and DCM at solvent
to feed ratios varying from 0.1 to 1 were performed, and described in
the accompanying Data in Brief article [46].

From the investigated solvents, DCM showed the best performance.
This solvent was included in the solvent screening for comparative
reasons only, however, it was rejected because of the (eco)toxicity, low
boiling point and high solubility in water, making it less attractive for
large scale operation. Cyclohexane, hexane and heptane showed similar
extraction performance and cyclohexane was selected for the lower
specific heat capacity and the lower boiling point (in view of required
heating utility). Next to this low boiling solvent, also dodecane and
hexadecane were considered for use in a process design, as they had a
bit lower than cyclohexane but still high extraction efficiency. Because
dodecane and hexadecane have higher boiling points than EBA
(108 °C), instead of distilling all the solvent, EBA can be distilled
overhead for recovery, which seems beneficial for reducing the total
energy duty. A more detailed process analysis is discussed in the results
section, while the required parameter fitting data including EBA –
water binary interaction parameters using EBA – water phase equili-
brium data, and EBA – sunflower oil binary interaction parameters
using ternary EBA – water – sunflower oil measurements are described
in the accompanying Data in Brief article [46]. It was assumed that by
approximation the fitted binary interaction parameters for EBA – sun-
flower oil can also be used for EBA – cyclohexane, EBA – dodecane and
EBA hexadecane interactions, and are used together with the solvent –
water interaction parameters from the Aspen Plus database to predict
the extraction yield in a single stage extraction. Fig. 6 in the Data in
Brief article [46] indeed confirms that this approach is valid, as model
predictions agree well with experimental results. With this validation, it
is concluded that with the NRTL model using the parameters in Tables 1
and 2 in [46] can be used to predict the extraction column performance.

2.2. EBA recovery from the lipids by CO2 switching

The separated liquid phases containing water, EBA and lipid are
sent to the solvent recovery, which may either be done using CO2

switching, or via temperature swing back-extraction.
In the CO2 switching process, for the forward switching of EBA to

facilitate lipid recovery, CO2 is contacted with the organic phase, in the
presence of water (for which water from the extraction process can be
used), to switch the solvent into its hydrophilic form. Therefore, the

Table 1
HHV of input materials and products used for this study.

Item HHV (MJ/kg)

Dry Neochloris oleoabundans 25.8 ± 0.3a

Extracted lipid 34.8 ± 0.4a

EBA 43.2
[EBAH+][EBACOO−] 39.3
[EBAH+][HCO3−] 21.9
Dodecane 47.6

a The calculated value is based on elemental analysis results (dry
Neochloris oleoabundans: N 4.8 wt%, C 55.8 wt%, H 8.0 wt%, O
31.4 wt%; extracted lipid: N 1.4 wt%, C 72.7 wt%, H 9.5 wt%, O
16.4 wt%).
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hydrophobic lipid can be separated. Although the concept of secondary
amine switching with CO2 is well known [3,4], it is important for
process design to have more specific information for the behavior of
this specific amine, physical presence of the amine in various forms,
and the mechanism and rates of switching, as well as the distribution of
EBA over the lipid and EBA phase. In the results section, character-
ization of the physical presence of the amine is given, and a detailed
analysis of the switching process as studied using 13C NMR is presented
in the accompanying Data in Brief article [46].

After the phase splitting, the hydrophobic top layer with the lipids is
collected, and the switched solvent should be switched back to the
hydrophobic state to recycle it to the lipid extraction stage. To recover
EBA from the hydrophilic bottom layer, the stream is flushed with N2

while being heated in order to switch back the solvent by removing CO2

from the reaction equilibrium. This CO2 can be recovered and reused,
but this is left out of consideration here. After solid-liquid separation,
an additional solvent recovery step to recover EBA from microalgae
cells is proposed. This operation is necessary to avoid large losses of
EBA from the water stream leaving the process.

2.3. Temperature swing based EBA recovery

Instead of CO2-bubbling, lipid recovery may also be pursued by
lowering the temperature and making use of the strong temperature
dependence of the aqueous amine solubility [32]. In order to in-
vestigate on details of temperature-swing recovery, such as the required
cooling temperature and EBA recovery yield, the LCST-behavior of EBA
in water was investigated both in binary mixtures, and in ternary
mixtures with sunflower oil or microalgae lipids.

After collecting the lipid phase, the EBA-water mixture is reheated
to ambient conditions (i.e. 22 °C) to induce a phase split between EBA
and water, and allow extraction conditions for lipid extraction. To di-
lute the incoming 20wt% algae paste to a 10 wt% slurry, not only the
EBA phase, but also (part of) the water phase is sent to the lipid ex-
traction.

3. Materials and methods

3.1. Chemicals

The solvent EBA was purchased from Aldrich at a purity≥ 98.0%.
Demineralized water was used for the experiments. Sunflower oil was
purchased from the supermarket.

3.2. Experimental methods

3.2.1. Temperature induced solvent switching
The temperature induced solvent switching, which was due to the

lower critical solution temperature (LCST) behavior of EBA in water,
was investigated in two ways: (1) visually (to assess the number of li-
quid phases present) and (2) by pH/Karl Fischer (KF) measurement.

(1) Several EBA-water mixtures with EBA mass fraction from 0.02 to
0.95 were prepared and sealed in 20mL glass vials. The samples
were totally immersed in a cooling bath (Temperature control F-32,
Julabo) which was cooled down to 0 °C. The samples were shaken
until reaching equilibrium. Then the temperature was increased

slowly and the cloud point observations, indicating a phase se-
paration, were recorded.

(2) Samples with an EBA mass fraction of 0.5 were prepared, sealed in
20mL glass vials, and cooled down to 0 °C to form one phase. Then
the samples were exposed to several different (higher) tempera-
tures. Each aqueous phase and organic phase was analyzed by acid
titration and KF measurement respectively. Each experiment was
carried out at least three times. The error bars represent the stan-
dard deviation over the three measurements in all figures.

To investigate the LCST behavior of EBA in water in the presence of
oil, different amounts of sunflower oil were added to the EBA-water
mixture. The cloud point was measured visually as described above.
Each phase was analyzed by FT-IR after any temperature treatment
(either cooling or heating). ATR-FTIR data (at room temperature) were
obtained using a Bruker Tensor 27 spectrometer.

3.2.2. Extraction and recovery of lipids from algae
For lipid extraction, 20 g of 5 wt% algae slurries of fresh water

cultivated, stressed Neochloris Oleoabundans sp. were extracted by EBA
with a solvent/feed ratio 1:1 for more than 18 h. After the extraction
experiments, the mixtures were centrifuged and the organic layer
containing the algal lipids was isolated. Different amounts of water
were added to the organic layers to form biphasic systems with organic
phase fractions ranging from 0.05 to 0.5.

During the temperature swing regeneration procedure, temperature
was decreased to 4 °C, the top layer was collected and measured grav-
imetrically (after drying in the fume hood) and reported as percentage
on algae dry weight basis (defined as crude lipid yield). All experiments
were performed at least twice. The error bars represent standard error
in all figures.

3.3. Analytical techniques

3.3.1. KF
The water concentration in the liquid was determined by KF titra-

tion using a Metrohm 787 KF Titrino. Hydranal Composite 5 was used
as titrant and a solution of ethanol: dichloromethane (3:1, v/v) was
used as a solvent.

3.3.2. pH titration
The amine content in the solution was determined by Metrohm 785

DMP Titrino, which connected with Metrohm 806 Exchange unit. HCl
(0.1M) was used as titrant.

3.4. Simulation

Process simulation and parameter fitting for the NRTL model was
done using Aspen Plus V8.8 flow sheeting software. The rigorous
models Extract and RadFrac in Aspen Plus were used to perform the
simulations of extraction and distillation respectively.

4. Results and discussion

4.1. Energy content of materials in the process

The elemental composition of dry Neochloris oleoabundans and of the
extracted lipid were determined using an elemental analyzer. For en-
ergy calculations, the Higher Heating Value (HHV) was calculated
based on Boie’s formula (Eq. (2)) [4].

= + +HHV 0.3516·C 1.16225·H - 0.1109·O 0.0628·NBoie (2)

The HHV of input materials and products used for this study are
listed in Table 1.

Table 2
S/Fmin for extraction of EBA from solids residue wash with cyclohexane, do-
decane and hexadecane.

Solvent Cyclohexane Dodecane Hexadecane

K 6.2 1.8 1.4
S F/ min 1:6 1:1.8 1:1.4
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4.2. Solvent recovery from the solids paste

As described in Section 2, EBA can be washed out of the solids paste
using water, and subsequently, the EBA can be extracted from the water
using cyclohexane, dodecane or hexadecane, followed by distillation. In
this section the solvent recovery of the extraction process and the
coupled heat duty for the distillation process are discussed.

Extensive extraction simulations are reported in the accompanying
Data in Brief article [46], and in order to estimate a starting value for
the solvent flow in the simulations, the rule of thumb that E > 1 was
applied, where E is the extraction factor E (defined in Eq. (3)) [49].

=E K S F· / (3)

K is the distribution coefficient defined in terms of mass ratio and S F/
is the solvent to feed ratio used in extraction. With E > 1, in a multi-
stage extraction all lipids can be extracted, as follows from Eq. (4).

=
−

−
+

x
x

E
E

1
1

R

F
N 1 (4)

xR and xF are the mass fraction of EBA in the raffinate and feed, N is the
number of stages.

Using the guideline of E > 1, the minimum solvent to feed ratio (S/
Fmin) was calculated for the distribution coefficients determined on the
basis of the results in [46] (see Table 2).

Based on the thus determined minimum solvent flows, with the
extensive simulation in Aspen Plus [46], multistage countercurrent
extraction processes were simulated with various solvent to feed ratios.
Fig. 8 in [46] shows that the EBA content can meet the point of dis-
charge constraint with all three solvents in the calculated 25 extraction
stages when the S/F is larger than S/Fmin. Since less solvent in an ex-
traction process will reduce the recovery heat duty and equipment size,
a lower solvent to feed ratio is preferred, on the condition that the
number of stages remains reasonable. With cyclohexane as solvent, a 19
stages column with solvent to feed ratio 1:6 will be a good option for
EBA recovery, while a 24 stages column with solvent to feed ratio 1:1.8
for dodecane and a 18 stages column with solvent to feed ratio 1:1.3 for
hexadecane were selected.

After the extraction process, a distillation column was simulated in
Aspen Plus, and a process using dodecane was found to be the most
energy efficient (least distillation costs for the solvent regeneration)
[46]. The optimum design of the distillation column is NTS=11,
RR=0.2 with the feed added above the 7th stage. The heat duties of
reboiler (Qreb) and condenser (Qcond) are 2.50MJ/kg and −0.55MJ/kg
dry algae, respectively.

4.3. CO2-induced EBA switching in presence of water

In order to design a CO2 switching reactor, specific information on
switching rate and physical appearance of the EBA after CO2 switching
was investigated. Pure CO2 was bubbled through a heterogeneous
mixture of EBA and water at ambient conditions. The binary mixtures

all formed a single phase within 5min after contacting with CO2 in a
flow rate of 5 VVM. The single phase formation is due to the much
higher water solubility of the carbamate salts formed via carbamic acids
[50]. The conversion percentage of EBA in an EBA-water (1:1 w/w)
mixture was measured by titration. About 25% of the EBA reacts with
CO2 or CO2 and water to form carbamate salt and bicarbonate salt [46].
This showed the possibility of lipid recovery from a semi-switched EBA
solution.

Moreover, gel formation was observed when CO2 was applied to the
EBA-water mixture for a longer time (more than 1 h), hence at higher
EBA conversion levels [46]. When CO2 was bubbled to the mixture for
2 h, the system separated into a solid and liquid phase by vacuum fil-
tration and identified by 13C NMR. Based on the research of Böttinger
et al. [51] and Vanderveen et al. [52], the peak associated with the
bicarbonate ion appears near 160–162 ppm, while the peak associated
with the carbamate ion appears near 163–165 ppm. The quantitative
13C NMR spectra of reacted EBA (both solid and liquid phase) are
shown in the accompanying Data in Brief article [46]. The molar per-
centages of EBACOO− and HCO3

− were 64% and 36% based on the 13C
NMR spectra.

It was experimentally evaluated that the gel formation can be
avoided when the EBA to water ratio is decreased to 1:10. However, if
more CO2 is chemically bound, the energy demand of back switching
will increase. Considering the results above, it is wise to keep the EBA-
water at a relatively high ratio and to make use of an incomplete
switching to recover the lipid. As a result of the changing composition
due to the reaction, both reacted and unreacted EBA dissolve in the
water phase, leaving a lipid phase on top. After collecting the lipid, the
bottom liquid phase which contains water, EBA and EBA salt is re-
converted by heating to 90 °C under stripping with N2 gas (at 2 VVM for
90min) in order to remove CO2 from the reaction equilibrium. Under
the investigated regeneration conditions, after measuring by titration, it
was found that almost all the bicarbonate salt is converted, while the
conversion of EBA carbamate salt is 70%.

4.4. LCST behavior of EBA for lipid recovery and solvent regeneration

4.4.1. LCST behavior of EBA
EBA-water mixtures with different EBA mass fraction were prepared

to investigate the LCST behavior of EBA in water. The results, based on
visual observations and pH measurement and Karl Fisher (KF) titration,
are illustrated in the accompanying Data in Brief article [46]. The re-
sults indicate that both methods can be used and yield the same results.
Below the binodal curve, EBA and water form a single homogenous
liquid phase, and increasing the temperature beyond the binodal curve
led to the formation of two phases. The observed LCST behavior of EBA
in water may be used for oil separation. To investigate this, similar
phase diagrams were studied in the presence of sunflower oil.

Fig. 3. Temperature induced phase change of EBA-water mixture (20 wt% EBA) to which 5wt% oil was added.
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4.4.2. LCST behavior of EBA in presence of oil
The phase behavior of EBA was studied with the addition of varying

amounts of sunflower oil. The temperature induced phase transfer of
EBA from the oil phase to the aqueous phase is illustrated in Fig. 3. In
this figure, it is shown how EBA partitioning over the oil and aqueous
phases changes reversibly. To a mixture containing 20wt% EBA in
water, 5 wt% oil was added, and the temperature was reduced from
22 °C to 0 °C and then heated again to 22 °C. Insight in the composition
of both phases at different temperatures was obtained by FT-IR analysis
and shown in Fig. 4. The spectra indicate that at room temperature
(22 °C), the upper phase of the mixture contained oil and EBA with
some water (Fig. 4(A)), and the lower phase contained mainly water
(Fig. 4(B)). After lowering the temperature to 0 °C, the amount of upper
phase decreased. A clearly visible signal of the ester bonds of the lipid
fraction at 1750 cm−1 indicates the presence of oil in the remaining
upper phase (Fig. 4(C)). Since no signal from water and EBA was ob-
served, it can be concluded that the upper phase was only oil. The
spectra of the lower phase showed the characteristic signals of water
(1650 and 3500 cm−1) and EBA (Fig. 4 (D)). No oil-specific peak was
observed in the lower phase.

Fig. 5 shows the temperature-dependent switching behavior of the
EBA partitioning in EBA-water mixtures to which varying amounts of
sunflower oil (2 wt%, 5 wt% and 10wt%) were added. In this figure, the
temperature is indicated at which a significant switch in EBA parti-
tioning was observed as function of the initial EBA composition. Based
on the LCST-behavior in binary EBA-water mixtures, it was expected
that below the critical temperature curve in the diagram, an EBA-water
mixture should be formed with an oil layer floating on top. From the
observation of experimental results, it turned out that cooling the
mixture down to 0 °C indeed leads to the formation of a small layer on
top, mainly consisting of oil, and a large layer containing mainly water
and EBA below. However, this temperature-responsive EBA partitioning
was only observed for initial EBA concentrations below 50wt% (Fig. 5,
Region 1). For initial EBA concentrations above this boundary con-
centration, a single phase system was observed (Fig. 5, Region 2). De-
creasing the temperature to below the critical solution temperature
induces EBA and water to become completely miscible. The solubility of
oil in this water-EBA phase is dependent on the composition. For low
EBA concentrations, the phase resembles more the properties of water,
and the system remains in two-phases at equilibrium, whereas at higher

EBA concentrations, the nature of the phase becomes more hydro-
phobic, which results in a higher solubility of the lipid oil, eventually
causing the second phase to completely disappear resulting in a single
homogenous phase in Region 2. Therefore, only when the EBA con-
centration is lower than the boundary concentration, this system can be
used for lipid separation from the EBA/lipid mixture obtained after
lipid extraction. When heating up, the lower phase in Region 1 and the
whole sample in Region 2 became cloudy at a certain temperature
(cloud point) (Fig. 5, Region 3).

To investigate on the effect of the oil content on the cloud point, for
various oil contents the LCST-like behavior for EBA-water mixtures
with varying amount of added oil was measured and plotted in Fig. 6. It
can be seen that the temperature of cloud points increases slightly with
the oil content, especially when the EBA concentration is lower than
50wt%.

4.4.3. Oil recovery by using LCST-like behavior of EBA
To measure the temperature-swing induced oil recovery effective-

ness, sunflower oil was added to EBA-water mixtures with an overall
EBA weight fraction from 0.05 to 0.5 and the amount of oil recovered
after cooling to 0 °C was weighed. Oil recovery results are shown in

Fig. 4. Temperature induced phase transfer of EBA-water mixture with oil
monitored by FT-IR.

Fig. 5. Characteristic LCST-like behavior for EBA-water mixtures to which 2wt
%, 5 wt% and 10wt% oil was added. The initial EBA-water composition is
displayed, and the temperature at which a strong change in the partitioning was
observed.

Fig. 6. Comparison of LCST-like behavior for EBA-water mixture with different
oil content.
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Fig. 7. From Fig. 7, it becomes clear that the higher the oil concentra-
tion was, the higher the recovery efficiency became, and that low EBA
content in water is desired for high oil recovery effectiveness. The re-
sults from these experiments suggest that using the partitioning beha-
vior of EBA can result in an efficient oil recovery, provided that the
overall EBA weight fraction in the mixture is relatively low (below
30 wt%).

4.4.4. Microalgae lipid recovery
Similar to the sunflower oil based experiments, recovery of the more

complex microalgae lipid oil was studied. After extracting lipid from
microalgae with EBA, the organic phase was mixed with water to form a
two phase mixture at 22 °C (Fig. 8a). The dark top layer is the EBA-lipid
phase. The mixture was cooled to 4 °C to dissolve EBA in the water
phase, leaving a small lipid layer on top (Fig. 8b). After collecting the
top layer (lipid), the solution was then heated to 22 °C; EBA separated
from water and formed two phases again (Fig. 8c). These results con-
firm that also for microalgae lipids, the recovery and solvent re-
generation can be achieved by exploiting the LCST behavior of EBA.
Coloration of the aqueous phase implies that some more polar com-
pounds (coloring the phases) switch alongside with EBA from organic to
aqueous phase and vice versa.

The lipid content of the organic phase (Fig. 8a) was experimentally
determined at 1.6 ± 0.1 wt%, and the lipid recovery effectiveness
(Fig. 9) was determined for different amounts of water that resulted in

biphasic mixtures with organic phase fractions from 0.05 to 0.5. From
Fig. 9 it follows that for every fraction of the organic phase between
0.05 and 0.5, the recovery efficiency was just around 20%. Apparently,
this technique does not work conveniently for such low concentrations
of lipid in the solution (1.6 wt%).

At higher algae lipid contents of 5 wt%, 10 wt% and 20wt% lipid
content, at EBA in EBA-water weight fractions of 0.1, 0.2 and 0.3, re-
spectively, lipid recovery yields up to 70% were measured for 10 wt%
and 20 wt% lipids in the organic phase (Fig. 10). A lower fraction of the
organic phase in the overall mixture results in a higher recovery effi-
ciency. This requires a larger amount of water to be added to the ex-
traction solvent in the recovery phase, which may cause higher oper-
ating costs. Initially, extra lipid can be added as starting material to
create a situation of high lipid content in the lipid recovery unit, and a
high lipid level can be maintained in the process by recovering only the
amount of lipid that is extracted from the microalgae.

4.5. Process design

The proposed process of using the LCST behavior of EBA for lipid
extraction, recovery and solvent regeneration is constructed and illu-
strated in Fig. 11. A process that uses CO2 to induce the phase splitting
for lipid recovery and use N2 stripping combined with heating to induce
the back switching for solvent regeneration is designed and illustrated

Fig. 7. Oil recovery efficiency using LCST-like behavior of EBA.

Fig. 8. Recovery of microalgae lipid and solvent
regeneration upon changing the temperature be-
tween 22 °C and 4 °C. (a) organic phase after ex-
traction which contains lipid was mixed with water
at 22 °C; (b) the organic phase-water mixture was
cooled to 4 °C; (c) after removing the top layer
(lipid) of (b), the solution was heated again at 22 °C
to induce phase separation.

Fig. 9. Efficiency of lipid recovery from a 1.6 wt% lipid in EBA solution after
lipid extraction from microalgae.
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in Fig. 12. For both processes, the process schemes and tables with all
flows are given in the accompanying Data in Brief article [46]. The two
processes are hereafter named “temperature swing” and “CO2

switching” respectively and will be evaluated comparatively on an
energy usage basis in the following sections. For the design of these two
processes, information of process characteristics has been used that was
obtained from previous studies [4,30,31] and the additional informa-
tion described in the earlier sections in this paper and in [46]. In the
processes, the algae feed is used directly after harvesting and con-
centration, without further pretreatment (no cell disruption), and a
20 wt% algae paste obtained from a centrifuge is fed to the extractor
together with EBA and recycled water to reach an algae content in
water of 10 wt%. Even though it appears counter intuitive to remove
first cultivation medium and then add water again to reduce the con-
centration to the practical maximum of 10 wt% for the extraction
process, for nutrient recovery this may be beneficial. To study on the
effect of the concentration after dewatering on the overall process re-
quirements, a sensitivity study is presented below.

The energy input in the extraction stage was calculated using Eq.

(1). For Eextr kg, a value of 0.1W/kg is used. This value is below a typical
value of 1W/kg for stirred vessels [53], but appears realistic based on
emulsifying behavior of EBA-algae slurry systems with their low in-
terfacial tension (< 10mN/m based on the system dipropylamine-
water and the similarity between both amines [54]). This low inter-
facial tension allows use of an extraction column with very low energy
input for mixing to be selected as extraction equipment [55]. A lipid
yield of 47 wt% (on dry algae basis) for a single stage extraction is
assumed based on previous research [30].

After extraction, the solid phase i.e. lipid depleted algae are re-
moved for further treatment. For temperature swing approach (Fig. 11,
lipid recovery unit B3), some water is added to maintain the mass ratio
of EBA/water at 4:1. Also, additional lipid is recycled to create a si-
tuation of 10 wt% lipid concentration in the lipid recovery unit (Fig. 11
unit B3), good for the lipid recovery efficiency. The temperature of the
mixture is lowered to 4 °C to let EBA dissolve in water and leave a lipid
phase on top. The lipid recovery efficiency is set to be 50% of the total
lipid in the system (and equal to the amount extracted from the mi-
croalgae) to maintain the 10 vol% lipids in the lipid recovery unit. After
lipid collection, the hydrophilic mixture (Fig. 11 #8) is then heated to
22 °C in the back switching unit B4 to separate EBA from water. A heat
exchanger is used between the incoming and outgoing streams to
minimize the energy usage. It is assumed that the heat can be ex-
changed with an approach temperature of 3 °C. The recovered EBA
(Fig. 11 #9) and water (Fig. 11 #10, #11) can be reused directly in the
extraction step and forward switching step respectively.

Based on the results found in [46] for CO2 switching (unit B3 in
Fig. 12), some water is recycled to control the mass ratio of EBA/water
at 1:1. Then CO2 is introduced to the mixture at ambient conditions at a
flow rate of 5 VVM for 5min to separate the lipids from the EBA. A
stirred contactor is selected to ensure a good gas-liquid contacting to
transfer the CO2 to the liquid phase. The energy usage is calculated by
Eq. (1). After removing the lipid layer, the remaining liquid phase is
heated to 90 °C under stripping with N2 gas (at 2 VVM for 90min) (unit
B4 in Fig. 12).

The heat duty in this operation was estimated based on the heat of
reaction (estimated at 70 kJ/mol and 40 kJ/mol respectively [56] for
carbamate formation (EBAH+ with EBACOO−) and bicarbonate for-
mation (HCO3

−), in the same range as reported by Kim et al [57]) and
the heat capacity of EBA, which is assumed to be the same as

Fig. 10. Efficiency of lipid recovery from lipid in EBA solutions containing 5 wt
%, 10wt% and 20wt% lipid.

Fig. 11. Process scheme for wet lipid extraction from microalgae with EBA, followed by temperature induced phase splitting for lipid recovery and solvent re-
generation.
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dipropylamine (2.5 kJ/(kg·K) [58]). Since they are both secondary
amine and have the same number of carbon atoms, this seems a rea-
sonable assumption. A heat exchanger with an approach temperature of
3 °C is also applied here to reduce the energy usage.

For EBA recovery from lipid depleted algae by water washing, 20
times the mass of the lipid depleted algae water was added, and the thus
removed EBA was subsequently extracted with dodecane in a 39 stages
extraction column with dodecane to (water and EBA) ratio of 1:1.8 (w/
w) [46]. The energy requirement of the extraction column and dis-
tillation column to separate the dodecane and EBAwas estimated using
Aspen Plus to be respectively 0.5MJ/kg dry algae and 3.5MJ/kg dry
algae.

Recovered EBA is sent back to the lipid extraction, the water can be
reused in the washing (Fig. 11 #14) and forward switching step (Fig. 11
#15), while the left part of water can be treated as waste water.

4.6. Process evaluation results and discussion

Based on processes simulation, it was found that the most impacting
contributions to the energy usage include the EBA recovery from the
solid residue, and in case of the CO2 switching process, losses of EBA. A
comparison of both processes is given in Fig. 13.

In Fig. 13, different types of energy e.g. thermal energy (heating and
cooling), electrical energy (stirring, pumping) and chemical energy are
plotted. It is realized that the efficiency and costs of the different forms
of energy is not the same, but when adding up the total electrical energy
duties and the thermal energy duties, the overall effectiveness of the
processes can be compared. The temperature swing and CO2 switching
extraction process use similar amount of energy for extraction, se-
paration, EBA recovery and solvent loss, in total around 12MJ/kg.
Additional EBA carbamate loss make the CO2-switching process much
less beneficial than the temperature swing process.

Since the extraction and distillation process included in the EBA
recovery from the solid residue (2.14 kg/kg lipid) which accounts for
9.0 MJ/kg lipid were designed and optimized in Aspen Plus [46], there
seems little opportunity for further improvement here. For the purpose

of bioenergy production only, one might consider producing pyrolysis
oil and/or bio gas from the residual lipid extracted algae to make the
energy balance much more favorable [59].

It should be noted (as upside potential) that the energy for reheating
to ambient conditions in the temperature swing process can probably
easily be obtained at low costs by heat exchange with ambient air, the
waste water stream or the incoming algae slurry.

4.7. Sensitivity study

4.7.1. Effect of extraction stages
It was evaluated whether performing the lipid extraction in a two

stage extraction process, with a lower solvent to feed ratio (EBA/algae
slurry), is beneficial, as based on the experimental work and associated
extraction model developed by Du et al. [31]. When the total solvent to
feed ratio is larger than 0.7, a higher lipid extraction yield is obtained
with two stages extraction. After calculating this trade off of energy
usage vs. energy production for different solvent to feed ratios, it seems
that a two stages extraction is better. With a two stages extraction, the
net energy yield (lipid production energy minus total energy usage) has
an improvement of 0.97MJ/kg lipid and 0.88MJ/kg lipid for tem-
perature swing and CO2 switching respectively, when the total solvent
to feed ratio is 1. However, the process time as a factor should also be
considered, as a two stage extraction process implies that the mixing
time and extraction equipment is doubled.

4.7.2. Effect of concentration of algae slurry
In this process, algae slurries with concentrations ranging from 5wt

% to 20wt% can be used as starting material. During harvesting and
dewatering more energy is required for concentrating the algae slurry
to a higher concentration. But the total amount of material in the
process is reduced, therefore the energy used in the other following
steps will also be reduced. For using 5 wt%, 10 wt% and 20wt% algae
slurries as starting material, the detailed energy usage in each step of
temperature swing process is compared for each case and the results are
listed in Table 3. When the algae slurry starting concentration is 20 wt

Fig. 12. Process scheme for wet lipid extraction from microalgae with EBA, followed by CO2 induced phase splitting for lipid recovery and N2+ heating induced
back switching for solvent regeneration.
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%, it will be diluted to 10 wt% which is the maximum (technical fea-
sible) concentration for extraction in this process. For this, process
water is recycled. Comparing with 20wt%, 0.12MJ/kg lipid and
0.04MJ/kg lipid energy in the centrifuge step can be saved when 5wt
%, 10 wt% algae slurry is used as starting material, respectively.
However, starting with 5 wt% or 10wt% algae slurry will increase the
amount to the waste water treatment. As a consequence, the energy for
EBA recovery increases from 9.04MJ/kg lipid to 10.84MJ/kg lipid and
9.71MJ/kg lipid for using 5 wt% and 10wt% algae slurry respectively.
Moreover, starting with 5 wt% algae slurry also increases the process
inventory, and hence increases equipment sizes, which makes this
scenario even more unfavorable. Therefore, despite re-dilution, it is
better to start with 20 wt% algae slurry than 5 or 10 wt%.

4.7.3. Effect of EBA carbamate salt recovery
In previous work, at the start of the development of these wet lipid

extraction process using switchable solvents, an energy calculation has
been made for the CO2 switching process [3]. The calculations pre-
sented at that time showed that CO2 switchable solvent extraction is
potentially a very promising method for extracting lipid from micro-
algae. The total energy requirement was calculated to be 19.8 MJ/kg
lipid. Now, after having studied the process in much more detail, the
pros and cons of the different process steps are much more clear.

The main difference with previous results is the identified potential
EBA carbamate loss. The newly developed option of temperature swing
avoids this issue. Temperature swing does not involve carbamate for-
mation, thus no EBA carbamate loss nor extra energy for carbamate
reconversion. The energy usage due to “EBA carbamate loss” accounts
for more than 80% (49.7 MJ/kg lipid) of the overall energy requirement
for the CO2 switching process. Such a high energy loss due to the un-
complete conversion of EBA carbamate salt during back switching
makes the use of CO2 switching for solvent recovery, when targeting net
energy production from algae lipids unviable. Almost all of the EBA
bicarbonate salt did convert back to EBA [46], while the recovery of

EBA carbamate salt was 70 wt%. Since 90 wt% of the unconverted EBA
carbamate salt was situated in the organic phase, it was considered as
EBA carbamate loss. In order to get a positive net energy yield, at least
87 wt% of EBA carbamate salt must be converted back to EBA, which
might be achieved with a higher temperature and/or lower pressure
during back switching. Ion exchange membranes might be applied in
the carbamate conversion step since they are claimed to be efficient
tools for the separation of ionic species and successfully applied for
treating industrial effluents [60]. As extensive study of this carbamate
reconversion is beyond the scope of this study, and we conclude that
the temperature swing process has the best potential.

The intriguing phase behavior of switchable solvents as promising
extraction solvent raised the interests of many researchers. However,
there has not been so much attention on the application of switchable
solvents on consumer/producer acceptance in the area of pharmaceu-
ticals, cosmetics, food and feed. The acceptance from both social and
legal side of the use of organic solvents is a serious issue to be addressed
prior to further upscaling and deployment. The use of hexane for food
applications (e.g. in decaffeination) shows that this is not impossible on
beforehand. Therefore, studies with regard to completeness of solvent
removal from product stream and quantification of emissions are re-
commended.

5. Conclusions and outlook

In this work, the LCST behaviour of EBA-water mixture was studied,
and temperature-dependent phase behaviour in the presence of oil has
been investigated. It was proven that, depending on mixture composi-
tion, the temperature-dependent partitioning behaviour of EBA over
water and organic/lipid phase can be used for separating the lipid oil as
separate liquid phase from EBA-water mixtures by lowering the mixture
temperature. The maximum EBA concentration which can be used for
oil separation is 50 wt%. The oil recovery efficiency is above 90% when
EBA fraction in water is below 0.3 wt/wt. The LCST behaviour of EBA
can therefore be utilized for microalgae lipid recovery after wet lipid
extraction with EBA.

A process for wet lipid extraction from microalgae with EBA, and
then using the temperature responsive partitioning behaviour of EBA
for lipid recovery and solvent regeneration has been designed. The
energy flows were calculated and compared with the process that using
CO2 for switching the solvent hydrophilicity during lipid recovery.
Results showed that the use of CO2 switching is not viable if the ob-
jective is energy production via lipid extraction, as the energy usage
including “EBA carbamate loss” (61.7 MJ/kg lipid), exceeds the en-
ergetic value of the lipids extracted.

A much lower energy usage (12.4MJ/kg lipid) and a clear positive
energy balance (with an energy return on investment factor of 2.8) for
lipid extraction and recovery was achieved with the temperature swing

Fig. 13. Energy requirements in MJ/kg lipid produced for temperature swing and CO2 switching extraction process.

Table 3
Energy requirements in MJ/kg lipid produced for temperature swing extraction
process when 5 wt%, 10wt% and 20 wt% algae slurry are used as starting
material.

Algae slurry starting concentration 5wt% 10wt% 20wt%

Centrifuge 0.68 0.76 0.80
Lipid extraction 0.66 0.33 0.33
Separation 0.18 0.09 0.09
Switching 5.72 2.74 2.74
EBA recovery 10.84 9.71 9.04
Solvent loss 0.23 0.23 0.23
Total 17.62 13.09 12.42
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process, making this a very promising method for extracting lipid from
algae for use in energy applications.
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