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Abstract Lutein is a commercial carotenoid with potential
health benefits. Microalgae are alternative sources for
the lutein production in comparison to conventional
approaches using marigold flowers. In this study, a process
analysis of a single-step simultaneous extraction, saponi-
fication, and primary purification process for free lutein
production from wet microalgae biomass was carried out.
The feasibility of binary solvent mixtures for wet biomass
extraction was successfully demonstrated, and the extrac-
tion kinetics of lutein from chloroplast in microalgae were
first evaluated. The effects of types of organic solvent,
solvent polarity, cell disruption method, and alkali and
solvent usage on lutein yields were examined. A mathe-
matical model based on Fick’s second law of diffusion was
applied to model the experimental data. The mass transfer
coefficients were used to estimate the extraction rates. The
extraction rate was found more significantly related with
alkali ratio to solvent than to biomass. The best conditions
for extraction efficiency were found to be pre-treatment
with ultrasonication at 0.5 s working cycle per second,
react 0.5 h in 0.27 L/g solvent to biomass ratio, and 1:3
ether/ethanol (v/v) with 1.25 g KOH/L. The entire process
can be controlled within 1 h and yield over 8 mg/g lutein,
which is more economical for scale-up.
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Introduction

Lutein is a commercially available, high-value product. It
belongs to the group of the carotenoids and is responsible
for their natural yellow to orange color (Taylor et al. 2012).
Lutein is an important food colorant and is clinically proven to
improve human eye health, especially for reducing the risk of
cataract and age-related macular degeneration (Manayi et al.
2015). Traditionally, marigold flowers are used as natural
lutein sources; however, microalgae have attracted increasing
attention as an alternative source for lutein production due to
faster growth rate, higher lutein content, less labor require-
ments, and reduced land requirement (Kim et al. 2013; Gong
and Bassi 2016). The major challenge for commercial produc-
tion of lutein from microalgae lies in downstream extraction
and separation, which account for 50-80% of the total
production cost (Amaro et al. 2015). This is because of the
existence of a rigid cell wall in many algal species which
limits the yield and rate of pigment extraction (Chan et al.
2013; McMillan et al. 2013). Thus, extraction procedures that
are fast, simple, selective, and cost-effective need to be
developed.

Conventionally, the natural lutein esters are first extracted
from the dried source biomass, then saponification is used to
produce lutein in free form (Wang et al. 2016), followed by
further extraction for improved purification. In contrast to the
conventional extraction methods (Lu et al. 2005; Deenu et al.
2013), where the extraction, saponification, and purification
were each a separate step, we propose that operation units may
be eliminated and the operational time could be greatly
reduced using a single-step extraction method. By doing this,
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solvent usage can be reduced and potentially higher yield may
be achieved. In addition, drying is extremely energy consum-
ing; by eliminating this step, savings in cost and energy could
also be expected.

Solvent extraction is widely employed to separate and
purify lutein on an industrial scale. In general, during the
extraction, the internal diffusion of the solute occurs from
inside the algal mass to the surface, then the solute transfers
to the stagnant solvent film around the particle, finally to the
bulk solvent (Hojnik et al. 2008). The diffusion step in the
particle is most commonly assumed as the rate-limiting step
in this mass transfer mechanism, and can be predicted by the
simplified unsteady-state second-order Fick’s equation (Shi
et al. 2003; Hojnik et al. 2008).

The development of a new single-step method that
skips drying and combines extraction, saponification, and
purification approach may save both time and solvent.
Previously, Wang et al. (2016) have developed a procedure
for a combined procedure of lutein extraction from marigold
flowers, but similar studies for more microalgal lutein extrac-
tion and purification are rare. It is of great interest to reduce the
operating units and to investigate the kinetics of this process,
in order to minimize the time and cost of free lutein recovery
from microalgae. In this study, (i) development and process
analysis of a single-step extraction, saponification, and purifi-
cation method was conducted for extraction of lutein from wet
microalgae biomass; (ii) the extraction kinetics of microalgal
lutein extraction were first monitored under different condi-
tions for a better understanding and optimization of the
process; (iii) the experimental data was fitted using mathemat-
ical modeling; and (iv) the diffusion coefficients were deter-
mined and analyzed for different conditions to determine the
extraction rate.

Methods
Microalgae type and cultivation

Chlorella vulgaris UTEX 265 (University of Texas, Austin,
TX) was maintained in Bold’s Basal Medium (BBM) at 23 °C,
containing (per L): 0.2 g NaNO3;, 0.025 g CaCl,2H,0,
0.075 g MgS0,4-7H,0, 0.075 g K,HPO,, 0.175 g KH,PO,,
0.025 g NaCl, 0.005 g EDTA (anhydrous), 3.1 mg KOH,
0.05 mg FeSO4 7H,0, 0.11 mg H3;BO;, 0.088 mg ZnSOy4
7H,0, 0.014 mg MnCl,-4H,0, 0.007 mg, 0.016 mg CuSOy4
5H,0, and 0.005 mg Co(NOj3),-6H,0. All the chemicals were
dissolved in deionized water. The initial pH of the culture was
adjusted to 6.8 + 0.2 before sterilization at 121 °C for 20 min.
Air was filter sterilized and used as the only autotrophic
carbon source. The light intensity was 150 pmol photons/
m?%s', and a 16 h/8 h light/dark cycle was maintained during
algal cultivation. Microalgae were harvested at the end of the
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growth period by centrifugation at 3500 rpm for 15 min at
4 °C in a Sorvall R40 centrifuge (ThermoScientific, USA).
The wet microalgae pellet was washed three times with
deionized water and frozen at —20 °C for further analysis.

Extraction method

Simultaneous extraction and saponification experiments were
conducted in a batch extraction mode for 5 h in a 500-mL flat-
bottom glass bottle with screw cap at 23 °C. For each exper-
iment, 0.60 g dry weight equivalent frozen microalgae pellets
were re-suspended in 10 mL ethanol, then subjected to ultra-
sonic treatment using a 50-W Ultra-sonication probe
(Hielscher, Germany) at 0.5 s/s for a specified time (0 to
30 min). The biomass suspension was then added to the spec-
ified known volume of extraction solvent. In addition,
ethanolic potassium hydroxide was added and this suspension
was then well mixed using a magnetic stirrer. The binary sol-
vents used were as follows (v/v): 1/3 ethanol/ether (C,HsOH/
C,H50C,Hs), 1/1 ethanol/ether, 3/1 ethanol/ether, 1/1
ethanol/hexane (C,HsOH/CgH,4), and 3/1 ethanol/hexane.
The final solvent volume was 80, 160, or 320 mL, correspond-
ing to the solvent to biomass (S/B) ratio of 0.13, 0.27, and
0.53 L/g dry cell, respectively. Various ratios were investigat-
ed, i.e., 10% (w/v) alkali in ethanol added to the ratio of dried
algae biomass (R,) 1.67, 3.33, 6.67, and 13.3 L/kg; conse-
quently, the concentration of alkali in extraction solvent (C,)
was 0.313, 0.625, 1.25, or 2.5 g KOH/L solvent. The ranges
were determined by preliminary experimental results (data not
shown) and literature (Shi et al. 2003; Hojnik et al. 2008).

The samples were collected (1% total initial volume) at
specified time intervals and centrifuged at 3500 rpm for
5 min, then the supernatants were combined. Water was added
to achieve phase separation of lutein from other contents for
purification purposes. The ether or hexane phase was collect-
ed and filtered through a 0.22-um PTFE filter for UV/vis and
HPLC analysis.

Solvent polarity measurements

The Nile Red dye (Sigma-Aldrich, Oakville) was used to de-
termine the polarity of the liquids. A known quantity
(10 pg/L) of dye was dissolved in the solvent for maximum
absorbance wavelength of the solvent (\,,,) scan from 800 to
200 nm. The A,y is then related to the polarity index E](,

Pigment quantification

The pigment analysis was carried out by HPLC (method
adapted from Maxwell et al. (1994) with minor changes).
An Acclaim C30 column (Thermo Scientific, USA) was used
in an Agilent LC 1100 series system (Agilent Technologies,
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Canada). The sample was eluted at 1 mL/min (acetonitrile/
methanol (9/1, v/v)) for 5 min then in a 4-min gradient change
to 100% ethyl acetate. Re-equilibration between sample
injections was carried out for 6 min. The total analytical run
time was 14 min. Lutein, Chl @, Chl b, and [3-carotene stan-
dards were purchased from Sigma-Aldrich (NJ, USA).
Standard curves were obtained by injecting serial dilution
samples ranging from 5 to 100 mg/mL. Each point was tripli-
cated and the R? was above 0.990. Then the analytic sample
retention time and peak area were used to determine the
pigment contents in analytical samples. A Cary Bio 50 UV/
Visible Spectrophotometer (Varian, USA) was used for sim-
plified lutein measurement. The method was similar to that
described by Hojnik et al. (2008). Absorbance at 445 nm
was measured and calibrated with HPLC to obtain the calibra-
tion curve. Each solution was measured five times and the
average was taken. Once the concentration of lutein was
known, it was multiplied by the total volume of solvent to
get the mass of lutein, then divided by the mass of microalgae
dry weight to get the lutein yield (mg lutein/g cell dry weight).

Statistics

All the experiments were at least triplicated unless otherwise
stated. The mean of the samples was reported and the STDEV
was shown as error. A 2-factor-2-level full factorial design
was used for the interaction study of solvent to biomass ratio
and alkali concentration. The ranges were determined from
previous studied results (Hojnik et al. 2008). ANOVA test
using a confidence level of 95% was used to establish the
statistical significance. The performance of the model was
evaluated by the average absolute relative deviation (AARD).

Theory

The method used by Hojnik et al. (2008) was used to model
the free lutein recovery process. The solvent first extracts lu-
tein in the ester form, then saponification happens and free
lutein is released. We speculate that both ester and free forms
of lutein are undergoing diffusion in the entire process. But
only free lutein was measured and reported as yield. The entire
process that happened during the free lutein extraction can be
described as (1) the solvent forms a thin layer around the solid
matrix and dissolution or desorption happens, (2) the diffusion
of solute/solvent mixture from the inside to the surface of the
solid particle happens, (3) the solute moves across the stagnant
film to the bulk solvent (Crank 1975), and in our process, an
additional step needs to be considered, which is (4) the hydro-
lysis of the extracted lutein esters into free lutein. Since,
usually, the second step is the rate-limiting step (Chan et al.
2014), the dynamic behavior of the extraction and saponifica-
tion of lutein can be modeled (Hojnik et al. 2008). In this

study, the assumptions of symmetrical and porous solid sphere
were made for the mathematical model of lutein release from
the microalgae into well-stirred bulk liquid. The external mass
transfer resistance was considered negligible as we applied
very low biomass to solvent ratios.

Fick’s second law of diffusion was widely employed for
the modeling of the extraction process. Assuming uniform
concentration of lutein in the microalgae particle, homoge-
neous solid-liquid mixing, and no interaction between the
diffusion of solute and other compounds, the extraction of
solute in solid particles depends on time, ¢, and radius, 7. The
equation can be written as

oc &°C
~Z_p-—= 1
ot or? (1)

Here, the term on the left-hand side of Eq. (1) represents the
extraction rate. The respective initial and boundary conditions
can be written as

t=0, C=Cy 0<r<R 2)

>0, C=C,=0 r—=R (3)

>0, £ =0 (4)
or

where C is the initial lutein concentration in microalgae and
C; is the lutein concentration at the solid-liquid interface.
Assuming negligible mass transfer resistance of lutein in
the very diluted microalgae extracts, the general solution of
Eq. (1) for spherical samples can be written as

C—Cy 2R, (=1)" . 7nr Dn*n*t
o T [wr Lo =, Sinp exP{ s

the mass of solute, M, here calculated as free lutein, transferred
from the sample particle sphere at any time ¢, can be calculated
by solving Eq. (5):

M 1

6
— = 1*FZn:1 ﬁexp{ (6)

R2

Dn?7%t
M,

As only the first term of Eq. (6) remains significant after a
short time, the equation can be expressed in the simplified
form:

Co 9.87Dt
ln< ) =0.498 + (7)

[

where c is the lutein concentration in the solution at time ¢ and
C 1s the concentration in the solution after infinite time. Here,
the solid-liquid extraction can be divided into two stages. The
first stage is the fast stage, which represents the period of fast
extraction at a constant extraction rate limited by the film
resistance. The internal diffusion is limiting the extraction rate
in the second stage, where the extraction rate is much slower
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and keeps decreasing. By plotting Eq. (7) against time using
experimental data, two intersecting straight lines can be drawn
based on the points, representing the fast stage and the slow
stage of the extraction, and the intersection of the two lines is
the transition point of the two stages. As suggested by Osburn
and Katz (1944), the two parallel diffusion processes happen
simultaneously, and should both be considered to achieve bet-
ter modeling results; Eq. (7) can be rewritten as

e 0 {flexp{_ﬂleezmt}‘*‘fzeXp{_—ﬂ-ZDSlOW[H (8)

Co—C T2 R?

where f] and f; are the fractions of the solute extracted in fast
and slow stages, corresponding to the diffusion coefficients
(or more precisely, apparent mass transfer coefficients) Dy,
and Dgyy-

Results
Process analysis for lutein recovery

The lutein extraction process is illustrated in Fig. 1. The
extraction, saponification, and primary purification steps for
lutein recovery from the microalgal biomass were combined
into a single-step operation. To simplify the process, a binary
solvent system was used with alkali addition. As alkali was
added to the reaction chamber, the saponification of lutein
esters into free lutein happened simultaneously with the
solid-liquid extraction. The separation and purification was
achieved in the separator by using the polar solvent (ethanol)
and the non-polar solvent (diethyl ether or hexane) and
subsequent addition of water. As water was added to the bi-
nary solvent system, the more polar components, i.e., KOH,
chlorophylls, proteins, sugars, and saponified lipids, remained
in the bottom water-ethanol layer, while the non-polar solvent
was in the upper layer and contained lutein and other caroten-
oids, mainly (3-carotene. Compared to the conventional
extraction methods (Lu et al. 2005; Deenu et al. 2013), two
unit operations were eliminated and the operational time was
reduced by up to 3 h using the single-step extraction method.

I I
I I
: : Lutein

. : Binary solvent : Water

Microalgae — el el T
| ! Saponified
I S water soluble
:Slngle-gtt_ap e_xtractlon,: contents
| saponification, and
| primary purification | Separation
I I

Fig.1 Schematic diagram of single-step lutein extraction, saponification
and primary purification, and subsequent separation process to acquire
free lutein
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The entire process does not involve temperature control;
hence, it has low energy consumption compared with the
more advanced super-critical CO, extraction. Based on this
method, the effects of solvent type, polarity, solvent to
biomass (S/B) ratio, usage of alkali, and the presence of cell
disruption pre-treatment on free lutein extraction kinetics were
studied.

Kinetics modeling

The overall lutein mass transfer extraction rate was a combi-
nation of saponification and the free lutein extraction rate. The
results were fitted into the model based on two term Fick’s
second law of diffusion to determine the diffusivities during
the free lutein extraction as described in the “Theory” section.
The determination of a “fast-stage” and a “slow-stage” extrac-
tion is shown graphically in Fig. 2 based on Eq. (8). The slope
and the intercept of a first-order fit were used to determine the
diffusion coefficients as per Eq. (8). Since the slow extraction
stage is the only process that is significant at later stages, the
parameters of slow-stage fraction f; and diffusion coefficient
Dyow can be first determined from the slope and intercept of

Co
Co—C

the second stage by a plot of ln( ) vs. time. Then fast-stage

fraction f; and diffusion coefficient Dy, of the early fast-stage
extraction can be determined as the second term in Eq. (8) is
close to unity. The kinetics parameters and model statistics
were calculated (Tables 1, 2, 3, 4, and 5). The diffusion coef-
ficients Dy, and Dy, are good indicators of the rate of free
lutein recovery. The average absolute relative deviation
(AARD) was employed to estimate the model performance.

N
Slow stage
2 A
_ |4
= .
'kl
=2
PN /
L 14 /Fast stage
£ ]
A
n
0 T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (min)

Fig. 2 Representative first-order plot for the fast stage (solid line)
and slow stage (dashed line) of lutein extraction. The points represent
a typical extraction result in solvent to biomass ratio of 0.27 L/g, with
1.25 g KOH/L solvent. 23 °C, ultrasound pre-treatment of 10 min at
0.5 s/s working cycle
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Table 1  Diffusion coefficients and model constants calculated for two different solvent systems. The extraction was in a solvent to biomass ratio of
0.27 L/g, with 0.625 g KOH/L solvent with 10-min ultrasound pre-treatment

Non-polar solvent Dpage % 10' (cm?/s) N Dot % 10'! (cm?/s) 1 AARD
Ether 1.73 0.4514 0.033 0.5486 0.0746
Hexane 0.51 0.1529 0.018 0.8471 0.0254

Effect of solvent type

The choice of solvent is known to affect the lutein extraction
yield (Chan et al. 2013). Since in addition to the different
solubility of lutein of various solvents, the polarity is also a
significant factor for the lutein extraction yield; first, the bina-
ry solvent mixtures of identical polarities were compared for
the best lutein extraction yield and extraction rate. This was
achieved by adjusting the polarities of binary solvent systems
to the same value using Nile Red dye as a polarity indicator.
Based on the maximum absorbance wavelength of the solvent
(Amax)> 1:1 hexane/ethanol (v/v) has similar polarity with 3:2
ether/ethanol (v/v), with a polarity index E} of 0.452.
Therefore, these two solvent mixtures were compared
(Fig. 3a).

In general, the extraction curves are similar to the conven-
tional solid-liquid extraction curves of bioactive compounds
(Tao et al. 2014). A fast stage occurred with a steep slope,
followed by the exponential shape (Fig. 3a). The extracted
lutein increased rapidly during the first 15 min, then
incremented slowly after the initial extraction stage passed.
However, the ether/ethanol binary solvent had a much higher
lutein extraction yield than the hexane system, despite the two
solvent systems having similar polarity. The final yield in the
ether system was 6.5 mg/g, which was about 2.5 mg/g higher
than that in hexane system after the 5-h extraction. The extrac-
tion kinetics curves were fitted into Eq. (8) to obtain Dy, and
Dyow and the fractions of fast stage f; and slow stage f>. Both
Dy, and Dy, were higher in the ether solvent system than the
hexane system (Table 1), indicating more efficient mass trans-
fer in the ether system, so the ethanol/ether system was chosen
for the subsequent experiments.

Effect of solvent polarity

Beside the solvent type, the polarity of the solvent as well
plays a significant role in the lutein extraction. The polarity
was adjusted by changing the ethanol to ether ratio at three
levels: 1:3, 1:1, or 3:1 ether/ethanol (v/v). The higher polarity
improved the extraction yield (Fig. 3b) but had a negative
effect on the extraction rate (Table 2). The trend agreed with
that of Ryckebosch et al. (2014). The rapid initial mass trans-
fer of solute toward the bulk solvent is represented by the high
values of Dy, of the less polar solvent mixtures, 3.61—
4.74 x 10" cm?/s. These mixtures extract the surface content
faster due to their stronger solvent power, but did not extract as
much lutein in the slower stage, corresponding to poor diffu-
sion efficiencies, which is explicitly described by the de-
creased trend of Dy from 0.042 to 0.023 x 10! cm?/s as
the ethanol ratio decreased.

Effect of solvent to biomass ratio

The three extraction curves (Fig. 3c) showed a similar final
lutein yield after 5 h at different solvent to biomass (S/B)
ratios. However, slight variance can be observed in the slope
of the fast stage, indicating the extraction rates vary. This is
better represented by the diffusion coefficients. As shown in
the latter half of Table 2, the larger the amount of the solvent,
the faster the diffusion in the fast stage. The Dy, of the
smallest S/B ratio, 1.08 x 10! cm?/s, was approximately half
that of the 0.53 L/g trial. The final lutein concentration in
solvent was similar; the extraction yield of free lutein was
around 7.6-8.0 mg/g.

Table2 Diffusion coefficients and model constants calculated for three different solvent mixture types and for three different solvent to biomass (S/B)
ratios. The biomass was pre-treated with 10 min ultrasonication at 0.5 s working cycle per second. Experiments were conducted in 1:3 ether/ethanol (v/v),

alkali concentration 1.25 g KOH/L solvent

Ether/ethanol (v/v) S/B ratio (L/g) Dy x 10" (cm?/s) fi Dy x 10" (cm*/s) 5 AARD
173 0.27 1.36 0.4868 0.042 0.5132 0.1192
11 0.27 3.61 0.4623 0.036 0.5377 0.0548
31 0.27 474 0.4728 0.023 0.5272 0.1728
13 0.53 2.05 0.5525 0.030 0.4475 0.0407
173 0.27 1.23 0.4864 0.042 0.5136 0.0892
173 0.13 1.08 0.4468 0.078 0.5532 0.1092
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Table 3  Diffusion coefficients and model constants calculated for four different alkali concentrations (10% (w/v) ethanolic KOH). The biomass was
pre-treated with 10 min ultrasonication at 0.5 s working cycle per second, and was conducted in 1:3 ether/ethanol (v/v), solvent to biomass ratio 0.53 L/g

Alkali concentration (C,) (g/L) Deose % 10 (cm?/s) A Deast % 10 (cm?/s) 5 AARD
2.5 4.30 0.5063 0.027 0.4937 0.3278
1.25 2.05 0.5525 0.030 0.4475 0.0407
0.625 1.77 0.6291 0.065 0.3709 0.3217
0.313 1.32 0.5155 0.025 0.4845 0.3017
Effect of alkali usage diffusion can be better monitored from Table 3. The

Since simultaneous saponification and extraction of lutein
was conducted in a single step for a simpler process, it was
important to also study the effect of alkali usage on the
final yield in addition to the traditional mass transfer oper-
ators. The alkali used in this experiment was KOH dis-
solved in ethanol in a volume percentage of 10% (w/v),
and added to 320 mL of solvent mixture containing 0.60
dry weight equivalent wet algae biomass. Different levels
of the 10% alkali solution were added, specifically 1, 2, 4,
and 8 mL, which has a concentration of alkali in extraction
solvent (C,) of 0.313, 0.625, 1.25, and 2.5 g KOH/L, or
alkali to dried algae biomass ratio (R,) of 1.67, 3.33, 6.67,
and 13.3 L/kg, respectively. The smallest amount of alkali
used, denoted as A-1(Fig. 3d), had a very low lutein yield.
It was about half of the value of the other trials due to the
insufficient OH ™ to cleave lutein esters into free form. No
significant difference was observed for the C, = 0.625 or
1.25 g/L trials; both yielded around 8.0 mg/g lutein during
the experiment, typical of most of the other experiments in
this study. The C, = 2.5 g/L trial had a similar trend with
the C, = 0.625 or 1.25 g/L ones, but degradation was ob-
served after the initial phase; therefore, the final lutein
yield was not as high. The lutein yield topped at 30 min,
7.1 mg/g, but decreased to 5.9 mg/g at the end. The rates of

highest concentration of alkali had the fastest extraction
rate, with a diffusion coefficient of 4.30 x 10~'! cm?/s.
The Dy, of the 2- or 4-mL experiments were 1.77—
2.05 x 10" cm?/s. The values of Dy, showed an oppo-
site trend as Dy, decreased as the alkali concentration
went higher. The lowest concentration of alkali performed
poor in every aspect.

Interaction of alkali and solvent to biomass ratio

It is also important to understand whether the alkali con-
centration or the absolute alkali amount in the solvent is
more significant for extraction and hydrolysis rate. This
knowledge would offer a more precise guideline for the
usage of solvent and alkali amount for optimal lutein ex-
traction yield and efficiency. A full factorial designed
study was used to reveal the interaction study solvent to
biomass ratio and alkali usage (Table 4). The ANOVA
showed that the lutein extraction rate, as indicated by
Dy, was more significantly related with the concentra-
tion of KOH in solvent than with the ratio of KOH to
microalgae dry mass (see Table S1). Thus, it can be con-
cluded that the lutein yield was limited by the amount of
alkali added, though the extraction and hydrolysis rate is
co-related to the concentration. The diffusion coefficients

Table 4 Experimental conditions

for interaction study of solvent to  Solvent Alkali Coded Coded  Dpg x 10" £ Dyow * 10" AARD

biomass ratio and alkali usage and /biomass concentration  solvent to C,(A)  (cm%s) (cm%/s)

the corresponding diffusion ratio (L/g)  (Cy (g/L) biomass ratio

coefficients and model constants. W

The extraction was pre-treated

0.5 s working cycle_per second, 0.53 1.25 1 0 2.05 0.553  0.030 0.2686

and was conducted in 1:3 ether/ 053 0.625 1 -1 1.77 0.629  0.065 0.3208

ethanol (v/v)
0.27 2.5 0 341 0.441 0.027 0.0407
0.27 1.25 0 0 1.24 0.542  0.042 0.1114
0.27 0.625 0 -1 1.69 0.523  0.060 0.4303
0.13 2.5 -1 1 1.36 0362  0.048 0.3592
0.13 1.25 -1 0 0.96 0.473  0.050 0.143
0.13 0.625 -1 -1 1.04 0.458 0.110 0.3217
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Table 5 Comparison of the operation method and yield of different lutein extraction studies

Biomass type Dry or wet No. of unit operations Highest lutein Reference

treatment needed for lutein extraction yield (mg/g)
Scenedesmus obliquus Wet 4-5 2.51 (Chan et al. 2013)
Scenedesmus obliquus Dry 4 4.95 (Ho et al. 2015)
Tagetes erecta (marigold flower) Wet 1 0.22 (Hojnik et al. 2008)
Chlorella minutissima Wet 4 6.37 (Dineshkumar et al. 2015)
Chlorella vulgaris Dry 4 39 (Araya et al. 2014)
Chlorella vulgaris Wet 1-2 8.5 This study

were fitted into the second-order polynomial model, and
the fitted model for D¢, and Dy, is listed below:

Diast = 1.55 4+ 0.793V + 0.7624—0.2V2 + 0.5524V

+0.8454% (R* =0.959)

Dyow = 0.0327-0.0143V-0.0222A + 0.012V?
+0.006AV + 0.01554%  (R* = 0.936)

Fig. 3 Lutein extraction kinetics a
for a two different solvent
mixture types: 1:1 hexane/ethanol
(v/v) and 3:2 ether/ethanol (v/v) in
solvent to biomass ratio of 0.27 L/
g, with 0.625 g KOH/L solvent. b
Lutein extraction kinetics for
three different solvent mixture
types in solvent to biomass ratio
of 0.27 L/g: P1:1/3, PO:1/1, P-1:
3/1 ether/ethanol (v/v) with 1.25 g
KOH/L solvent. ¢ Lutein
extraction kinetics for three
different solvent to biomass
ratios: V1 0.53 L/g, V0 0.27 L/g,
V-10.13 L/g dry cell, in 1:3 ether/
ethanol (v/v) with 1.25 g KOH/L
solvent. d Lutein extraction
kinetics for four alkali
concentrations in extraction
solvent (C,) levels: A-1,0.313 g
KOH/L solvent; A0, 0.625 g/L;
Al, 125 g/L, and A2, 2.5 g/l in
1:3 ether/ethanol (v/v), solvent to
biomass ratio of 0.53 L/g. The
extraction was pre-treated with
10 min ultrasonication at 0.5 s
working cycle per second. The
lutein concentration in the bulk
solvent is presented by a
calculated lutein extraction yield
+STDEV,n=3

Lutein (mg/g)

Lutein (mg/g)

where A is the coded alkali concentration and V is the coded
solvent S/B ratio.

Since the factor parameters were codified, it can be easily

seen that the alkali concentration has a more significant effect

on the lutein extraction rate than the solvent to biomass ratio.
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The interaction term has a weight of 0.552, so it could not be
ignored. Almost all the term coefficients for Dy, are positive,
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within the tested range would benefit the extraction yield. The
highest Dy,; was obtained at 0.53 L/g S/B ratio and 2.5 g
KOH/L (Fig. 4a) in the experimental range. Contrary to the
Dy,g, the slow-stage extraction rate was negatively related to
the alkali concentration and solvent to biomass ratio, and the
values were much smaller (Fig. 4b).

In addition to the diffusion coefficients, the fraction of the
fast stage within the entire extraction process was studied.
Maximizing this portion would greatly enhance the extraction
efficiency. The model is given below:

f1 = 0.526 + 0.0658V-0.05024—0.00517V*

(11)
~0.00675AV—-0.03624>  (R* = 0.940)

The optimal point was at 320 mL solvent and 2 mL. KOH
(Fig. 4c). The terms beside the S/B ratio are all negative,
showing that the parameters beside the S/B ratio have negative
effects on the fast-stage fraction.

Effect of biomass pre-treatment

The results to determine the effect of pre-treatment for lutein
extraction from wet microalgae biomass are presented in
Fig. 5. The initial mass transfer rate together with the lutein
ester hydrolysis (saponification) rate was fast, obtained from
the steep slopes of the fast stage in ultrasound-treated 30 min,
10 min, and no treatment, corresponding to the Dy, values of
1.58, 1.36, and 1.03 x 107" cm?%s, respectively (Table S2).
The increased trend of Dg, as the ultrasonication time in-
creased indicated that the treatment of cell disruption benefit-
ed the washing effect. However, the fast-stage fraction was
highest at the 10-min rather than the 30-min level, showing
the degradation effect existed during the ultrasonication.

Discussion

The use of binary solvent in this study enabled easier lutein
extraction from wet biomass, because the polar solvent can
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easily penetrate into the wet biomass containing water, and the
non-polar solvent has stronger affinity for lutein extraction
(Ryckebosch et al. 2014). The non-polar solvent served two
roles in the process: extracting solvent of leaching as well as
the liquid-liquid extraction solvent. This single-step approach
potentially can save both overall extracting time and lead to
reduced solvent usage. A comparison of the operation method
and the yield of different lutein extraction studies is exhibited
in Table 5. The choice of the inter-miscible polar and non-
polar solvent systems can also reduce the mass transfer resis-
tance by avoiding additional liquid-liquid extraction steps. In
terms of solvent selection, ethanol was reported to be the best
solvent for lutein extraction from wet microalgae, and hexane
is the most conventional solvent applied for lutein extraction
from marigold flowers on the industrial scale (Soares et al.
2016). In addition, diethyl ether (ether) is reported as a good
solvent due to the high solubility of lutein and its low boiling
point (Chan et al. 2013). Therefore, ethanol/hexane and
ethanol/ether solvent systems were chosen for further investi-
gation in this study.

In the fast stage of the extraction, the extractable compo-
nents located on the exposed particle surfaces are washed into
the bulk solvent rapidly; while in the slow stage, the diffusion
of dissolved solute inside the solid particles controls the extrac-
tion rate (Tao et al. 2014). The model derived from Fick’s law
fitted the extraction curves quite well, judging from the small
deviation. The fraction of lutein released was much higher in
the fast stage than in the slower stage (Fig. 3, 4, and 5); how-
ever, the calculated values of f; (Tables 1, 2, 3, and 4, S2) were
low, below 0.65, which is because a uniform ¢, 8.5 mg/g was
assumed to better compare the diffusion coefficients Dy, and
Dgjow- The value 8.5 mg/g was determined experimentally
based on the highest lutein yield. Although f; does not repre-
sent the true fraction of the fast stage, the general trend still can
be inferred from the values. The rate constants of diffusion
(Diase 0 0.5-4.3 x 107! cm?/s) were much smaller than those
of previous reported studies with extraction from marigold
flowers (Hojnik et al. 2008). It is speculated that the smaller
microalgae cell size may be more difficult to extract inner
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Fig. 4 Lutein extraction kinetics fitted models for Dy, (a), Dgjow (b), and a fraction of the fast stage (c)
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Fig. 5 Lutein extraction kinetics for three different pre-treatment
methods: US1, ultrasonication for 10 min at 0.5 s working cycle per
second; US3, ultrasonication for 30 min; USO, no pre-treatment. The
extraction was 1:3 ether/ethanol (v/v), solvent to biomass ratio of
0.27 L/g, and 1.25 g KOH/L. The lutein concentration in the bulk
solvent is presented by calculated lutein extraction yield = STDEV, n =3

contents as the solvent moves into the cell and the lutein
diffuses out.

The lutein content yielded from the single-step extraction
was higher than those of other studies because the improved
operation procedure reduced the operation units and minimized
the lutein loss during drying and transferring (Dineshkumar
et al. 2015; Chiu et al. 2016). The solvatochromic dye Nile
Red was used as a polarity indicator to adjust different types
of binary solvent systems, so as to eliminate the effect of po-
larity from solvent solubility in the kinetics study. Therefore,
the reason for the variation of the extraction yield and rate
contributed to the difference in lutein solubility, which is
20 mg/L for hexane, and 2000 mg/L for ether (Craft and
Soares 1992).

Higher polarities resulted in a higher lutein yield yet slower
extraction; the potential reason is that ethanol could form hy-
drogen bonds and can weaken the van der Waals force between
lutein-lipid associations and the cell membrane. The larger
ratio of polar solvent ethanol facilitated the dissolution of the
lutein bond to the chloroplast membrane and enabled solvent
diffusion into the chloroplast inside the center of the cell ma-
trix. The fractions of fast stage and slow stage of the three
ratios of solvent mixture did not make a significant difference.

Generally, the concentration of active compounds in the
solvent phase increases until the equilibrium is reached
(Hojnik et al. 2008). The trend of changing Dy, as the S/B
ratio changed is in good agreement with the theory of the
driving force of diffusion being the concentration gradient.
As the final lutein concentration in the solvent was much
lower than saturation, the amount of solvent used was more

than the minimum solvent needed to fully extract lutein. This
minimized the diffusion resistance from the intact film to bulk
solvent, and enabled the use of Eq. (8). In general, the values
of Dy showed an opposite trend as Dy, decreased as the
alkali concentration went higher, probably due to the reduced
concentration difference, as more lutein was extracted to the
bulk solvent in the fast stage.

As the molecular size of lutein esters is larger than the cell
membrane pore size, in the traditional process, it was necessary
to lyse the intact cell for bioactive compound extraction
(Azencott et al. 2007). However, OH— and free lutein is small
enough to travel through the cell wall pores, which may also
benefit the extraction rate. In the study of alkali usage, the
alkali amount cannot go too low for full release of free lutein,
nor too high to avoid degradation. To precisely understand the
usage of solvent and alkali amount for optimal lutein extraction
yield and efficiency, the interaction of alkali usage and /B ratio
was first investigated in this study. From the results, it was
concluded that the lutein yield was limited by the amount of
alkali added, while the extraction rate was more directly related
to the concentration. To more clearly indicate the significance
of experimental factors and to simplify the calculation, the
factor values were codified (Table 4); the alkali concentration
has a more significant effect on the lutein extraction rate (as
represented by the fast-stage diffusion coefficient) than the S/B
ratio. The change in Dy, does not make a significant differ-
ence in practicality due to the low efficiency of the slow stage.
The reason for the lower values of f; should be attributed to the
following three reasons: (1) Lutein is located inside the chlo-
roplast in the center of the cell matrix, so the diffusion of lutein
to the particle surface takes time. (2) Saponification was con-
ducted in parallel with extraction, which should take a long
time than one-step extraction. (3) To acquire better compari-
sons of D, and Dy, @ uniform ¢, value of 8.5 mg/g was used
instead of the infinite lutein concentration in each extraction in
the diffusion model fitting.

The presence of biomass pre-treatment is widely recognized
as an effective method to enhance lutein yield (Guedes et al.
2011). However, its effect on lutein extraction kinetics was
seldom studied. Therefore, lutein extraction yield in the pres-
ence of cell disruption was compared with non-treated biomass.
Considering the scale of operation and cell disruption efficien-
cy, ultrasonication was chosen, since it can be adapted to larger-
scale continuous extraction and was reported to maximum ca-
rotenoid yield from freeze-dried thraustochytrids biomass
(Singh et al., 2015). From the results (Fig. 5 and Table 5), the
fast-stage fraction was highest at the 10-min level rather than
the 30-min level. This is probably due to the degradation of heat
and oxygen-sensitive lutein during the ultrasonication process.
The degradation was also observed in the final lutein yield: the
10-min level had a value of 8.3 mg/g while that of the 30-min
level was only 6.2 mg/g. The non-treated cells had much more
difficulty in releasing lutein, and the yield was less than half of
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those with cell disruption treatments. Additional cell disruption
pre-treatment breaks up the cell wall, increases the contact
surface area of biomass to solvent, and facilitates the mass
transfer of intracellular solute. Therefore, the increased yield
and extraction efficiency of the pre-treatment of algal biomass
make it worthwhile to include an additional operation step.
Meanwhile, the temperature dissipated during the cell disrup-
tion should be closely monitored to avoid lutein degradation.
Moreover, although the temperature rising can accelerate the
mass transfer rate, its negative effects on lutein stability,
temperature-control cost, and solvent losses should be consid-
ered especially when ether was used, which has a boiling point
of 34.6 °C (Tao et al. 2014). Thus, the experiments were con-
ducted at 23 °C and the effect of temperature on extraction
was not studied.

In conclusion, this is the first study on lutein extraction ki-
netics from microalgae. The feasibility of binary solvent for wet
biomass extraction was investigated. Mixing a polar and a non-
polar solvent together is energy and time saving as polar solvent
better extracts lutein from the wet cell matrix while the non-
polar solvent has higher solubility of lutein and could be easily
separated away by subsequent water addition. Therefore, a
single-step simultaneous extraction, saponification, and prima-
ry purification process for free lutein production from wet
microalgae biomass, was developed and optimized. Two paral-
lel diffusion processes, fast and slow extraction processes, were
considered to model the kinetics of lutein extraction and hydro-
lysis. Based on the kinetics study, the free lutein recovery pro-
cess can be limited within 1 h in a simple extraction plus sep-
aration manner. Higher lutein yield (over 8.0 mg/g) was
achieved in the single-step extraction. The best conditions for
extraction efficiency were with 10 min’ pre-treatment of
ultrasonication at 0.5 s working cycle per second, react 0.5 h
in 0.27 L/g S/B ratio, 1:3 ether/ethanol (v/v) with 1.25 g KOH/
L. The use of alkali should correspond to the solvent volume,
since the lutein extraction rate was more significantly related
with the KOH concentration in solvent, rather than the ratio to
biomass. Although a higher solvent to biomass ratio can in-
crease the efficiency, considering the solvent cost, additional
alkali needed, and similar lutein yield, less solvent options are
recommended, especially for large-scale operations. Overall,
the results obtained in this study can lead to new and improved
techniques for the design and optimization of the lutein extrac-
tion process, and scale-up.
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