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Abstract: Research into the extraction of phycobiliprotein from Arthrospira platensis is currently

ongoing. Most traditional methods of phycobiliprotein extraction include the use of organic solvents,
which negatively affect the sustainability of the process. lonic liquids (ILs) are a promising alternative
for phycobiliprotein extraction due to their properties as green solvents. In the present work an
imidazolium-based IL and sonication were studied for phycobiliprotein and carbohydrate extraction.
A factorial experimental design was used to optimize the amount of extracted phycocyanin. The
maximum extraction yield was achieved by using low biomass/solvent ratios combined with high
IL/water ratios and sonication powers, and long operation times. The recovery of IL was studied
under these conditions using a dialysis-based process to separate the IL from the extracted
phycobiliproteins. The results reveal the possibility of using the recovered IL for seven consecutive
extraction cycles with an acceptable phycocyanin extraction amount, from 75mgg~" (fresh IL) to
60mgg" (7 cycles of reused IL). The use of [Emim] [EtSO,] + ultrasound is a promising alternative
for phycocyanin extraction, enhancing the results obtained with other IL in terms of extracted
phycocyanin and the number of times the IL can be reused. © 2021 Society of Chemical Industry and
John Wiley & Sons, Ltd

Supporting information may be found in the online version of this article.
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Introduction

icroalgae and cyanobacteria are microorganisms
M with advantages for producing a variety of valuable

products with applications in different industrial
sectors.!™ Microalgae can be used to produce biofuels and
to generate bioproducts such as pigments (xanthophylls,
carotenes, and phycobiliproteins) and polyunsaturated fatty
acids (PUFAs).*® Among these products, phycobiliproteins
have attracted the interest of researchers as they
have remarkable antioxidant and anti-inflammatory
properties.”'? Phycobiliproteins (phycocyanin,
phycoerythrin, and allophycocyanin) are light-harvesting
protein pigments present in the chloroplast thylakoid
membranes of cyanobacteria and red algae and constitute
the essential components of the phycobilisomes.'"*2

Phycocyanin is the most important phycobiliprotein due
to its pharmacological properties, such as its antioxidant and
anti-inflammatory effects.>'*!* It is a natural blue pigment,
mainly present in cyanobacteria, especially in Arthrospira
platensis, with content up to 13% dry weight."> However, its
resistant cell wall makes phycocyanin extraction difficult,"
so it requires a pre-treatment step (freeze and thawing,
ultrasound, lysozyme disintegration, etc.) along with the
extraction process.” These methods are usually combined
with each other or with solvents to improve the extraction
efficiency of phycocyanin.''¢ Nevertheless, these methods
present some disadvantages concerning environmental
sustainability due to the use of organic solvents and the
reusability of solvents. To overcome these drawbacks, different
non-conventional methods of extraction (supercritical
conditions, pulsed electric fields, microwave, etc.) have been
reported to enable high added-value bioproducts, such as
[B-carotene, astaxanthin from microalgae and products for
food and medical industry from other biomass.'”*

In this scenario, ionic liquids (IL) appear as a promising
alternative for phycobiliprotein extraction due to their
versatile properties as green solvents, such as low volatility
and non-inflammability.>**~?” On the other hand, ILs are
expensive and present low biodegradability, but they can
be reused.” The structure of ILs (consisting of protic and
anionic parts), which allows their properties to be adjusted,
along with the possibility of performing the extraction under
mild conditions, also makes these solvents a more attractive
option than other non-conventional methods.” In this
sense, ILs have shown the potential to be applied in many
extraction processes involving biomolecules, such as lipids
and phycobiliproteins from microalgae, showing promising
results.”'>*>?%* Accordingly, these solvents were chosen for
use in phycobiliprotein extraction from A. platensis.

This work aims to optimize phycobiliprotein
extraction conditions from A. platensis using 1-ethyl-3-
methylimidazolium ethyl sulfate [Emim] [EtSO,] combined
with sonication. This IL was chosen based on previous work
in which different IL families (pyridinium, phosphonium, and
imidazolium) were tested to check their ability to disrupt the
microalga cell wall. [Emim] [EtSO4] was the most suitable
solvent for this purpose, which agrees with the findings of Orr
et al., 2016.* This IL presents several advantages, such as its
reasonable cost and good electrochemical properties.** For
this purpose, a 2* full factorial design was used, examining the
following main variables to maximize phycocyanin extraction:
IL/water and biomass/solvent mass ratios, sonication power,
and time. The recovery of IL was also studied under the
optimal extraction conditions. This issue is crucial in processes
involving IL as it is necessary to reduce economic and
environmental costs related to raw IL. In this work, a dialysis-
based method was used to separate the IL from the extracted
phycobiliproteins, which allows the reduction of IL losses and
impurities present in IL recovered by other methods.

Materials and methods

Microalgae characterization

Arthrospira platensis was provided as dried powder by
AlgaEnergy SA (Madrid, Spain). Table 1 shows its biochemical
composition and elemental analysis (Combustion CHNS/O
Analyzer, Model Flash 2000, Thermo Fisher Scientific,
Waltham, MA, USA). Lipids were extracted and quantified
according to an adapted version of Bligh and Dyer’s method,
using a mixture of chloroform : methanol (2:1 v/v).>>* Total
carbohydrates were measured with the phenol-sulfuric acid
method, using D-glucose as standard and UV detection at
485nm wavelength.” Soluble carbohydrates were determined
using the 3,5-dinitrosalicylic acid (DSN) method.*®** Proteins

Table 1. Composition of Arthrospira platensis

(dry weight basis).

Biochemical composition (wt%)  Elemental
composition (wt%)

Total proteins 65.4+1.8 C 47.2+0.2

Phycocyanin 8.84+0.06 H 6.59+0.07

Allophycocyanin 3.25+0.08 N 11.0+0.1

Phycoerythrin 1.69+0.03 S 0.33+0.03

Lipids 11.2+0.8 O 22.1+0.4

Total carbohydrates 19.4+1.3

Soluble 1.34+0.01

Ash 5.40+0.15
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were measured by the Lowry method.*’ Ash was determined
by calcining the biomass in a CWF 1300 furnace (Carbolite,
Hope, UK) using a temperature ramp of 50°Cmin™" from
room temperature to 750 °C, maintaining the final temperature
for 5 h. Then, the ash was weighed and quantified.

Phycobiliprotein and carbohydrate
extraction

Ultrasound-assisted extraction was carried out mixing the
microalga (0.1, 0.3 or 0.6 g) with 10 mL of [Emim][EtSO,4] IL
(Sigma-Aldrich, St Louis, MO, USA) and water at different
concentrations (0, 15, or 30 wt%). The mixture was stirred
for 30s in a Vortex mixer and then sonicated for different
periods (10, 20, or 30 min) at room temperature by using
Elmasonic P ultrasound equipment (Elma Schmidbauer
GmbH, Singen, Germany) providing a maximum power of
820 W (100% amplitude) at a constant frequency of 37 kHz.
Different amplitudes were studied in the experimental design
(40%, 60%, or 80%). The mixture was then centrifuged at
10000 rpm for 10 min in an Eppendorf centrifuge 5910
(Hamburg, Germany) to separate the supernatant (rich in
phycobiliproteins and carbohydrates) from the waste biomass.

The extracted amount of each phycobiliprotein was
determined by suspending 0.1 g of dry A. platensis in
phosphate buffer (pH = 7; 0.1 mol L™') and stirred for 30s in
a Vortex mixer. Then, the suspension was frozen with liquid
nitrogen and thawed at 4 °C under stirring. This procedure
was repeated five times to ensure that all phycobiliproteins
were extracted.

The extracted amounts of phycocyanin (PC),
allophycocyanin (APC), and phycoerythrin (PE) (Epc, Expc
and Epg) were measured by spectrophotometric absorption
(UV-visible-near infrared (NIR) Varian Cary 500, Palo
Alto, CA, USA) using adapted equations from previous
studies:*

Ec[ mg PC j:(op615—o.474~0D652J_mepze(ml)

g biomass 5.34 MBiomass (g) (1)

( mg APC j ~ [ ODgs, —0.208-ODj5 j Veampte (1)
APC -

g biomass 5.09 Mpiomass (g) )

o [_m8PE | _(ODsy~2.41-CP-0.849-AP) Vianyic(m])
PE g biomass 9.62 mBiomass(g)

3)
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The purity of each phycobiliprotein (Ppc, P4pc and Ppg) was

calculated as a fraction of the total protein content by using

the following equations:*

OD
PPC — 615
ODjg (4)
OD
Pupc = 2
OD,g (5)
OD
PPE — 562
ODag (6)

where ODg;5, ODg;s5, ODs4,, and OD g are the optical density
values (absorbance) at 615, 652, 562 and 280 nm, respectively.

lonic liquid recovery

Ionic liquid was recovered using a dialysis-based procedure.
For this purpose, a membrane with a molecular weight
cut-off of 14kDa (Sigma-Aldrich) was used. Firstly, the
membrane was soaked at 40 °C in a distilled water bath for
1 h, keeping a continuous, gentle stirring. The membrane
was then submerged into a stirred bath containing an
ethanol/water mixture (50% v/v) at 40 °C. Finally, the
membrane was immersed overnight in deionized water
under continuous stirring to remove ethanol.

The IL recovery process consisted of three dialysis cycles
of 4 h according to the following sequence. First, the
crude extract, containing IL, water, and phycobiliproteins,
was loaded inside the membrane with deionized water
(volume ratio crude extract: water 1:4) for 4 h with
continuous stirring, allowing the IL to permeate through the
membrane. Then, the loaded membrane was placed in fresh
deionized water, repeating the operation three times. The
water phases containing IL were collected, and water was
partially removed. The remaining water was measured by
Karl Fischer titration. Finally, the recovered IL was analyzed
by attenuated total reflection-Fourier transform infrared

Table 2. Correspondence between coded

and actual values of the experimental factors
selected for the factorial design.

Coded B/S IL/W P (%) T (min)
value (Wt%) (Wt%)

-1 10 0 40 10

0 35 15 60 20

1 60 30 80 30
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spectroscopy (ATR-FTIR) in an ATI Mattson Infinity Series
FTIR spectrometer (Mattson Instruments. Madison, W1,
USA) to check its purity.

Statistical analysis

A factorial experimental design was used to study the
effect of different variables and their interaction in the
extraction of bioactive compounds using [Emim][EtSO,]
IL. The experimental design applied to this study was a full
2* factorial design. The response surface methodology was
applied to optimize the extraction process.

The studied factors were biomass/solvent mass ratio
(B/S), ionic liquid/water mass ratio (IL/W), power of the
ultrasonic source (P), and ultrasonication time (t). Factors
and levels were selected according to previous studies

Table 3. Experimental design matrix and results.

reported elsewhere.”!! The chosen levels are summarized
in Table 2.

The selected responses for the study were: the extracted

amount of phycocyanin (Epc), allophycocyanin (Epc),
and phycoerythrin (Epg), as well as their respective
purities (Ppc, Papc and Ppg), along with the extracted
amount of carbohydrate (Ecy). The factorial design was
completed with four central points to evaluate curvature
and experimental error. Additional experiments (star
points) were included to produce, finally, a face-centered
central composite design, resulting in 28 experiments,
as shown in Table 3. Experiments were run at random
to minimize errors due to possible systematic trends in
the variables. The significance level for the difference
between the means was 95% (P-value <0.05).

Run B/S ILW  P(%) t(min)  Epg Enpc Epe Prc Parc Pee Ecn
(Wt%)  (wt%) (mgg™) (mgg™") (mgg™) (mgg™)
1 -1 -1 -1 -1 18.4 5.6 1.6 0.2 0.1 0.1 8.8
2 1 -1 -1 -1 19.9 7.5 1.3 0.3 0.2 0.2 185
3 -1 1 -1 -1 47.6 8.9 4.0 0.4 0.2 0.2 12.3
4 1 1 -1 -1 46.3 12.6 3.7 0.5 0.2 0.3 17.5
5 -1 -1 1 -1 20.0 4.9 1.0 0.2 0.1 0.1 11.5
6 1 -1 1 -1 22.6 71 1.3 0.3 0.2 0.2 16.2
7 -1 1 1 -1 47.6 9.0 4.0 0.4 0.2 0.2 24.0
8 1 1 1 -1 49.1 18.%) 3.8 0.5 0.2 0.3 16.5
9 -1 -1 -1 1 241 11.9 4.2 0.3 0.2 0.2 15.1
10 1 -1 -1 1 23.3 7.2 1.3 0.3 0.1 0.2 20.4
11 -1 1 -1 1 61.6 10.5 4.9 0.3 0.1 0.2 16.5
12 1 1 -1 1 64.8 19.2 6.1 0.6 0.2 0.3 21.1
13 -1 -1 1 1 28.0 141 2.7 0.3 0.1 0.1 14.9
14 1 -1 1 1 22.8 6.9 1.2 0.3 0.1 0.2 19.5
15 -1 1 1 1 67.7 15.3 5.7 0.4 0.2 0.2 141
16 1 1 1 1 58.6 20.5 6.0 0.5 0.3 0.3 20.7
17 -1 0 0 69.9 19.6 55 0.5 0.2 0.3 18.0
18 1 0 0 66.2 20.9 4.7 0.6 0.2 0.3 21.4
19 0 -1 0 0 241 9.0 1.8 0.3 0.1 0.1 14.8
20 0 1 0 0 67.6 18.5 588 0.5 0.2 0.3 15.2
21 0 0 -1 0 71.0 22.9 5.6 0.5 0.2 0.3 25.2
22 0 0 1 0 70.1 21.4 553 0.5 0.2 0.3 26.9
23 0 0 0 -1 55.7 16.0 4.3 0.5 0.2 0.2 15.2
24 0 0 0 1 71.7 24.4 6.1 0.5 0.2 0.3 28.6
25 0 0 0 0 68.6 20.9 5.3 0.6 0.2 0.3 16.7
26 0 0 0 0 69.7 22.0 5.4 05 0.2 0.3 18.3
27 0 0 0 0 69.1 21.1 53 0.6 0.2 0.3 16.3
28 0 0 0 0 67.2 20.9 588 0.6 0.2 0.3 16.9
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Results and discussion

Optimization of phycobiliprotein
extraction conditions

Experimental design

The main objective of the experimental design was to study
the recovery of phycobiliproteins from A. platensis by
maximizing the extracted phycocyanin amount. The standard
experimental matrix for the factorial design is shown in

Table 3. Columns 2 to 5 represent the 0 and +1 encoded

Epg (Malo)

Modeling and Analysis: A successful method for phycocyanin extraction from Arthrospira platensis

factor levels in a dimensionless scale, whereas columns 6 to
12 represent the results of all the measured responses.

These experimental values were analyzed statistically,
and the main effects and interaction effects of the
variables were calculated. The ANOVA results for the
extraction model of phycobiliproteins and carbohydrates
are summarized in Tables S1-S7 (supplementary
material). According to the statistical analysis within
the experimental range evaluated, the IL/W ratio, IL/W?
and ultrasonication time are the most significant factor
regarding the amount of extracted phycobiliproteins,

Figure 1. Response surface plot of the extracted amount of phycocyanin (Epc) (A); allophycocyanin (Expc) (B), and
phycoerythrin (Epg) (C); purity of phycocyanin (Ppc) (D); allophycocyanin (Papc) (E) and phycoerythrin (Ppg) (F), and extracted

amount of carbohydrates (Ecp) (G).

© 2021 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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the interaction IL/W - t and the quadratic factor t

being only significant for the extracted amount of PC Epc =69.220+17.089-IL/ W + 5.312-t—23.792-IL/ W*
(P-value = 0.0021). On the other hand, the interaction +2.802-IL/W-t—5.882-2 (R2 = 0‘9901),

between B/S and IL/W ratios is significant for the (7)
extracted amount of APC and PE (P-value = 0.0025
and 0.028, respectively). Concerning phycobiliprotein E,pc =21.546+2.979-1L/ W +2.485-t +1.858-B/S-IL/ W
purity, the B/S, IL/W, and IL/W? factors were the only _8.014-IL/ W2 (RZ -0 9506)
significant main effects. Regarding the extracted amount 8)
of carbohydrate, ultrasonication time is the main
51gt.mf1cant factor along with the quadratic effect of IL/W Epp =5.339+1.503-IL/ W +0.735-t +0.332-B/S-IL/ W
ratio. Y
The experimental results were fitted to a non-linear multiple ~1.802-IL/W (R B 0'9555)' 9)
regression analysis, assuming a second-order polynomial
model obtaining the mathematical models. All the factors
are expressed in coded units and the equations are valid Ppc =0.539+0.051-B 2/ S +20'091'IL /W
within the range [-1, +1]. Equations 7-13 show these models =0.126-IL/W (R = 0-9516)- (10)
including only the significant factors (Eqns 7-13).
A),, _®), _(©),
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Figure 2. Experimental versus predicted values of the extracted amount of phycocyanin (Epc) (A); allophycocyanin (Eapc)
(B) and phycoerythrin (Epg) (C); purity of phycocyanin (Ppc) (D); allophycocyanin (Papc) (E) and phycoerythrin (Ppg) (F), and
extracted amount of carbohydrates (Ecp) (G).
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P, pc =0.239+0.027-B/S+0.027-IL/ W +0.016-B/S-IL/ W
~0.057-IL/ W> (R2 - 0.9167).

(11)
Py =0.2724+0.0215-B/S+0.050-IL/ W
~0.063-IL/ W” (R =0.9238).
(12)
Egy =19.686+1.954-t~6.428- 1L/ W’ (R* = 0.7261). )

In all cases, except for the extracted amount of carbohydrates,
the R? values associated with the models fitting were
satisfactory (R*>0.9). Regarding the amount of extracted
carbohydrates, the lower R” value (0.73) can be probably due
to experimental measurement uncertainties associated with
the very low content of soluble carbohydrates (1.34wt%) in
the microalgae biomass (Table 1).

Modeling and Analysis: A successful method for phycocyanin extraction from Arthrospira platensis

Figure 1 shows the response surfaces for the predicted values
of the selected variables (Fig. 1(A)-(C): phycobiliprotein
extracted amount; Fig. 1(D)-(F): phycobiliprotein purity and
Fig. 1(G): carbohydrates extracted amount) as a function of two
of the factors with the other two in their central value (coded as
0). As observed, there is a maximum in all the phycobiliprotein
extracted amount (Fig. 1(A)-(C)) centered around intermediate
values of IL/W. By analyzing these responses with the time, it
can be inferred that all of them increase with the time though
it tends to saturation. By analyzing phycobiliprotein purity
(Fig. 1(D)—(F)), it can be observed how an increase in the IL/W
factor increases the purity values significantly. With regard to
carbohydrate amount, the IL/W factor has a great effect at low
values, but it is detrimental at high values. The time only shows
an influence at lower IL/W values.

Figure 2 depicts the comparison between experimental
versus predicted values for all the responses: phycobiliproteins
extracted amount (Fig. 2(A)-(C)); phycobiliproteins purity
(Fig. 2(D)-(F)) and carbohydrates extracted amount
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Figure 3. Plot of main effects of the extracted amount (Epc

(A) and purity (Pp¢) (B) of phycocyanin.
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Figure 4. Interaction plots the extracted amount (Epc) (A)

and purity (Pp¢) (B) of phycocyanin.
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Table 4. Optimum coded values of the factors maximizing each response.

Factor Responses

Epc Earc Epe Ppc Parc Ppe Ech
B/D -0.68 0.12 -0.27 1.00 1.00 1.00 0.33
IL/W 0.39 0.25 0.46 0.45 0.44 0.53 -0.04
Power 1.00 1.00 -0.88 1.00 1.00 1.00 -1.00
Time 0.58 0.99 1.00 0.05 0.22 -0.13 1.00
Maximum 759mgg~'  24.2mgg’ 6.5mgg™’ 0.62 0.28 0.32 28.1

predictive non-linear models are very close to those obtained
experimentally, indicating the accuracy of the models, except
for the carbohydrate extracted amount as explained above.

Influence of operating conditions on the
phycocyanin extraction

Both the PC amount and purity (Epc and Ppc) were

analyzed. Figure 3 shows the main effects on the amount of
phycocyanin extracted (Fig. 3(A)) and purity (Fig. 3(B)).

As shown in Fig. 3(A), the most significant factor for the
amount of phycocyanin extracted is the IL/W ratio which is
in agreement with the analysis of variance. The effect of IL/W
on the amount of PC is positive. The sharp increase observed
with the amount of IL is noticeable, achieving a maximum
(Epc~72mgg ") at the center value of this factor, which
corresponds to an IL/W of 15%. However, the quadratic effect
of the IL/W ratio has a significant negative influence on the
extracted amount of PC (Table S1, Eq. 7). The increase in this
operating variable therefore does not produce a constant rise
in the extracted amount of PC as shown in Fig. 3. The decrease
observed at higher values of IL/W ratio is related to the
increase of pH (>8) measured in the experiment (pH = 7.2 at
the center point). This pH leads to protein denaturation as we
found in the laboratory, and it is reported in the literature.”

It was also observed that long ultrasound time values
increase the extraction of PC, the quadratic effect of
sonication time being significantly negative (Table S1,

Eqn 7). Thus, there is a maximum value for this response
(Epc~70mg/g) close to the center value of the sonication
time (20 min). The influence of this variable is no longer
significant at higher ultrasound times.

The main effects of PC purity are plotted in Fig. 3(B).

The purity of PC is enhanced by using IL, increasing from
0.33 without IL to 0.55 at the center point of this operating
condition (IL/W = 15wt%). At a higher IL/W ratio, the PC
purity decreases as a result of the negative influence of the
quadratic effect of IL/W. The PC purity is enhanced from
0.493 to 0.594 with the increase of B/S ratios from 10 to
60wt%. Lower B/S makes the solvent less selective towards
PC yielding lower purity values.
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Table 5. Composition of the extraction fractions

(dry weight basis).

Component (wt%) Extract Waste
phase biomass
Total proteins 52.2+2 13.2+1
Phycobiliproteins Phycocyanin 7.2+0.2 1.6+0.2
Alophycocyanin  1.63+0.09 1.6+0,3
Phycoerythrin 1.00+0.05 0.7+0.1
Lipids 2.4* 8.8+1
Total carbohydrates 3.7* 15.7+4
Ash 2.6 2.8+0.2

*Calculated by mass balance.

Figure 4 depicts the binary interactions between the
extracted amount of PC and purity (Epc and Ppc). Each pair
of interaction * curves is obtained using the coded model
where the first factor acts as a variable and the second factor
is fixed at +1 and —1, respectively. Parallel curves indicate
that binary interactions between these two factors are
not significant. In this case, therefore, the only significant
interaction effect can be observed between IL/W and time for
Epc (Fig. 4(A)), whereas there are no significant interactions
for Ppc (Fig. 4(B)). This is corroborated by the ANOVA table.

Optimal conditions

The optimization of the process conditions was focused
to maximize Epc maintaining reasonable purity values,
obtaining the optimal values shown in Table 4. Using the
mathematical models (equations 7-13 above shown), the
theoretical values for all responses were calculated for
these optimum values (Table 4). Under these operating
conditions, the predicted values for the rest of the responses
were high enough to justify this choice: E,pc and Epg are
expected to reach 93% and 94% of their maximum values,
respectively, whereas the PC purity is 0.62.

The extraction procedure was carried out in triplicate with
the above optimal conditions, yielding an experimental value
for Epc of 76.6+0.4 mgg ™", which was in good agreement
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with the predicted value of the Epc (75.9 mgg ™, see Table 4).

Furthermore, the extracted phase and the waste biomass

fraction obtained under these conditions were characterized.

Table 5 summarizes the results expressed on a dry weight
basis. As expected, phycobiliproteins were mostly in the
extract (72%), indicating the suitability of the proposed
method for extracting this kind of proteins, specially in
the case of phycocyanin for which a extraction yield value
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Figure 5. Comparison between PC values obtained by
Pinto et al.%2% and the present work (US, ultrasound; MW,
microwave).
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of 82% was achieved. This parameter is rarely studied in
the literature, as most authors usually report phycocyanin
concentration.”'"? Finally, as expected, lipids and
carbohydrates remained mainly in the residual biomass (79%
and 81%, respectively). This residual biomass could be further
used for producing bioenergy (biogas, bioethanol, etc.) and/or
bioproducts (pigments, valuable lipids, nanocellulose, etc.) in
a biorefinery scheme within a circular economy framework.
Figure 5 compares the PC value achieved in this work and
those reported in the literature, which were obtained with
other ILs (2-hydroxyethylammonium acetate(2-HEAA),
2-hydroxyethylammonium formate (2-HEAF), its mixture
(2-HEAA+2-HEAF), and 1-butyl-3-methyl imidazolium
chloride ([Bmim][Cl])).”>* It can be seen that the use of [Emim)]
[EtSO,4] + ultrasound enhances PC extraction remarkably.

lonic liquid reuse

The IL used in the extraction process was recovered using

a dialysis-based procedure, and reused in subsequent
extractions. Figure 6 shows the cycles of reuse of [Emim]
[EtSO,] in the extraction process. To study the integrity of IL,
it was analyzed by ATR-FTIR obtaining the results depicted
in Fig. 7. As can be seen, the IL can be reused successfully

in seven different extraction cycles, showing the same
characteristic IR spectrum of the fresh IL (except the peak
centered around 3500 cm™ corresponding to water remaining
in the recover IL). After the last cycle, the IL did not show
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Figure 6. Cycles of reuse of ionic liquid during the extraction of phycobiliproteins.
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Figure 7. ATR-FTIR analyses of reused IL.

the peak centered at 680 cm ™. The amount of phycocyanin
extracted in the seventh cycle was 22% lower than after the
first use so the problem of the high price of the IL can be
attenuated because of the repeated use of the IL.

Using other ILs, Pinto et al.’ reported a value below 0.8 gL™*
(fresh 2-HEAA +2-HEAF + ultrasound) falling to 0.05gL ™"
(after 3 cycles). Furthermore, Pinto et al.”® reported values
from 0.87gL™" (fresh 2-HEAA +2-HEAF+microwave) to
0.18gL™! (after three cycles). Our results are higher, with values
above 1 gL of phycocyanin after seven cycles of IL reuse. By
comparing the performance of [Emim] [EtSO,] with other
solvents, it shows comparable values of extracted phycocyanin
(~80mgg )" but the IL-based method presents the possibility
of reusing the solvent for subsequent extraction cycles.

These results are of relevance in this field because the use of
[Emim] [EtSO,4] allows the reduction of solvent consumption,
enhancing the sustainability of the process. Accordingly, this
process could be an interesting option for integration into a
biorefinery to obtain phycocyanin from Arthrospira platensis.

Conclusions

A low biomass/solvent ratio with a high IL/water ratio, high
power amplitude of the ultrasound equipment, and a long
period of time are required to maximize the amount and purity
of the extracted phycobiliproteins in a combined imidazolium-
based ionic liquid ([Emim] [EtSO,]) and sonication procedure
for phycobiliprotein extraction. These conditions lead to an
extract from A. platensis that is rich in phycocyanin (higher
than 80%). A dialysis-based process was used to separate

the IL from the extracted phycobiliproteins and reuse it in
consecutive cycles. The results reveal that it is possible to use
the IL for seven cycles with a loss of the extracted phycocyanin

of 22wt%. The results are similar or even better than other
extraction methods reported with other ILs in terms of
extracted phycocyanin and the number of IL reuses.
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