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The purpose of this investigation is to evaluate the implementation of ultrasound-assisted liquid biphasic ﬂotation (LBF) system for the recovery of natural astaxanthin from Haematococcus pluvialis microalgae. Various
operating conditions of ultrasound-assisted LBF systems such as the position of ultrasound horn, mode of ultrasonication (pulse and continuous), amplitude of ultrasonication, air ﬂowrate, duration of air ﬂotation, and
mass of H. pluvialis microalgae were evaluated. The eﬀect of ultrasonication on the cellular morphology of
microalgae was also assessed using microscopic analysis. Under the optimized operating conditions of UALBF,
the maximum recovery yield, extraction eﬃciency, and partition coeﬃcient of astaxanthin were
95.08 ± 3.02%, 99.74 ± 0.05%, and 185.09 ± 4.78, respectively. In addition, the successful scale-up operation of ultrasound-assisted LBF system veriﬁed the practicability of this integrated approach for an eﬀective
extraction of natural astaxanthin.

1. Introduction
Astaxanthin (3,3′-dihydroxy-β,β′-carotene-4,4′-dione) is a secondary carotenoid and is widely used in many industries (e.g., food,
cosmetics, aquaculture, and pharmaceuticals) owing to its high antioxidant activity as compared to the synthetic astaxanthin [1]. The extraction of astaxanthin from natural resources is fundamentally vital
because the synthetic astaxanthin has been plagued by toxicity concerns due to the usage of petrochemical as raw materials during its
synthesis [2]. The natural astaxanthin provides a higher antioxidant
activity than other carotenoids (e.g., β-carotene, canthaxanthin, zeaxanthin, and lutein). In comparison to other microorganisms such as
algae and yeast, Haematococcus pluvialis (H. pluvialis) is a microalgae
strain with the highest accumulation of astaxanthin up to 3.8–5.0% of
dry weight, depending on the cultivation process conditions [3]. Regardless of the high accumulation of astaxanthin in microalgae, the
extraction and recovery of natural astaxanthin remain a hindrance in
the downstream processing of microalgae.
Cell disruption is a necessary process for obtaining a higher extraction eﬃciency of astaxanthin. Generally, two types of cell disruption, namely mechanical and non-mechanical approach, can be

⁎

adopted. The non-mechanical approach includes chemical treatment,
osmotic shock, and enzymatic treatment. On the other hand, the mechanical approach involves high-pressure homogenizer, bead milling,
grinding, and ultrasonication treatment [4]. The advantage of using the
ultrasonication approach is the relatively lower energy consumption,
which is beneﬁcial for reducing the operation cost, greener processing,
large-scale processing, and eﬀective cell disruption of the widespread
algal species [5]. The principle of cell disruption by ultrasound is due to
the high shear forces arising from the cavitation bubbles of ultrasonic
waves along with mechanical shearing, which promote the cell disruption of microalgae for extraction of high value-added biomolecules
(e.g., proteins, lipids, and carotenoids) [6]. The drawbacks associated
with the conventional extraction techniques via the concentrated acid
and alkali (e.g., hydrochloric acid, dimethyl sulfoxide, methanol, dichloromethane, sodium hydroxide, and acetone) are their noxious and
hazardous properites, which are not suitable for the processing of
compounds used as the direct supplement for humans. Alternative extraction techniques, such as supercritical CO2 extraction and ionic-liquids-mediated extraction, are often subjected to high processing costs.
Based on literature studies, ultrasound-assisted extraction has been
proven to be a promising and eﬀective approach for the separation and
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Fig. 1. Schematic diagram of the ultrasound-assisted LBF system for the extraction of astaxanthin from H. pluvialis.

the recovery of astaxanthin by LBF system and ultrasound-assisted LBF
system was assessed.

extraction of biomolecules over the conventional extraction techniques
[7,8]. Besides, the concept of “Green Food Processing” is also critical
for the protection of both the environment and consumers in the food
industry. This is to ensure an eﬃcient production of food without
compromising the environment via reduction in the use of water and
solvent, elimination of wastewater, less reliance on fossil fuels, and
generation of hazardous substances [9]. Therefore, in this study, the
implementation of ultrasound-assisted technologies was proposed for
an eﬃcient cell disruption to obtain the maximum recovery of astaxanthin from the dried powder of H. pluvialis microalgae.
In our previous attempt to extract astaxanthin from H. pluvialis
microalgae by liquid biphasic ﬂotation (LBF) system [10], the drawback
encountered was the requirement of a grinding step to release astaxanthin from microalgae. Two discrete steps of microalgal cell disruption
and extraction of astaxanthin are time-consuming and not eﬃcient;
hence, the incorporation of a cell disruptive extraction method in the
extraction of astaxanthin was considered. The proposed ultrasoundassisted LBF system encompasses the beneﬁts of ultrasonication-assisted
cell disruption, along with an eﬀective LBF to extract and recover a high
amount of astaxanthin. Ultrasound-assisted LBF system has also been
applied for the extraction of various other biomolecules, such as proteins, lignans, phenolic acid and polysaccharide [11–13]. This demonstrates the potential of utilizing this one-step ultrasonication-integrated
LBF system for the recovery of natural astaxanthin from H. pluvialis
microalgae.
In this study, an alternative approach to integrate ultrasound technology and LBF in a single-step processing was conducted for the recovery of astaxanthin from the microalgae biomass of H. pluvialis. The
optimal operating conditions of an alcohol/salt-based LBF system from
a previous study [10] were adopted with slight modiﬁcation. The
parameters investigated include the position of ultrasound horn, pulse
mode of ultrasonication, resting mode of ultrasonication, amplitude of
ultrasound, ﬂowrate of air bubbles, additional ﬂotation time after ultrasonication and mass of dried powder of H. pluvialis biomass. The
eﬀect of ultrasonication treatment in LBF system on the microalgal
morphology was also studied. The scalability of the optimized ultrasound-assisted LBF system was studied to evaluate the readiness of this
system for commercial application. Moreover, a comparative study on

2. Materials and methods
2.1. Materials
Dried powder of H. pluvialis was obtained from Qingdao China
Wanwuyuan Bio-Technology Co., Ltd. HPLC grade standard astaxanthin
(purity ≥97%) SML0982 was obtained from Sigma-Aldrich (Malaysia).
Food grade 2-propanol (purity ≥99.9%) and ammonium sulphate were
obtained from R&M Chemicals (Selangor, Malaysia). Ultrapure water
produced from Milli-Q integral water was used throughout the experiments. All the chemicals used were of analytical grade.
2.2. Equipment setup
A modiﬁed LBF column (diameter and height of 7 × 15 cm) with a
total working volume of 500 mL was used for the separation of astaxanthin. The bottom of the glass column was modiﬁed to accommodate a
sintered disk (G4 porosity grade) and an air inlet, which was connected
to a pump for generating air bubbles into the glass column. The airﬂow
rate was controlled using an air ﬂowmeter (RMA-26-SSV, Dwyer, USA).
Ultrasound was introduced using an ultrasound regulator device
(Bandelin Sonoplus UV2200, Germany) through a titanium horn sonotrode (TT-13/FZ) operating at a frequency of 20 kHz and the maximum input power of 200 W. The calorimetric measurement of ultrasonication power (P) was based on a previously performed experiment
[14], where the actual input power generated from the device was
converted to heat and was dissipated in the LBF system. P value was
calculated in accordance to Eq. (1).

P = m∙Cp ∙

dT
dt

(1)

where m is the mass of the solvent in the system (g), Cp is the heat
capacity of the solvent at constant pressure (J/g/°C), and dT/dt is the
temperature rise per second.
2
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experiment by preparing multiple dilutions of astaxanthin at concentrations of 0–5 µg/mL using 2-propanol [10]. The absorbance of
astaxanthin was previously reported as OD478 and was measured with a
UV–vis spectrophotometer (UV-1800, Shimadzu, Japan). The absorbance was recorded in triplicate and the concentration of astaxanthin
was calculated using Eq. (2).

2.3. Ultrasound-assisted LBF for the recovery of astaxanthin
Ultrasound-assisted LBF was performed using a titanium ultrasound
horn located at the interface of biphasic solution in the LBF system. The
ultrasound horn was connected to an ultrasound regulator device and
was set to the initial operating condition. Fig. 1 shows a schematic
setup of the ultrasound-assisted LBF system. In this study, one-factor-ata-time (OFAT) approach was employed to examine the eﬀect of various
operating conditions for the recovery of astaxanthin from the dried
powder of H. pluvialis. According to the previous experiment conducted
by using a LBF system alone, the optimized alcohol/salt-based LBF
extraction system achieved an optimal recovery yield (ASR) of
78.38 ± 0.93% from the dried H. pluvialis [10]. The initial operating
conditions were as follows: 1 g of dried H. pluvialis powder mixed with
150 mL of 350 g/L of (NH4)2SO4 salt solution. Then, 150 mL of undiluted food grade 2-propanol was added into the LBF system. The
ﬂotation time and air ﬂowrate were maintained constant at 15 min and
75–80 cc/min, respectively. The ultrasonication was employed initially
at 10% amplitude with the maximum power input (200 W) and in a
continuous duration of 15 min at ambient temperature (25 ± 1 °C).
The initial position of the ultrasound horn was kept at the top phase of
the alcohol-rich solution. The variables involved in the experiments
were the morphology of microalgae cell, position of ultrasound horn,
pulse mode of ultrasonication, amplitude of ultrasonication, air ﬂowrate, air ﬂotation time, and mass of dried powder of H. pluvialis. The
aim of utilizing ultrasound was to overcome the additional step of
grinding in the two-step process of astanxanthin extraction. The application of ultrasonication was to disrupt the thick and rigid cell wall
of H. pluvialis biomass [15]. Table 1 shows the initial operating conditions of the ultrasound-assisted LBF system.

CAS (2-propanol) (mg/mL) =

OD478 − 0.0033
72.78

(2)

where CAS(2-propanol) is the concentration of astaxanthin in 2-propanol.

2.5. Calculation of partition coeﬃcient, separation eﬃciency, and recovery
yield
The calculations of partition coeﬃcient (K), separation eﬃciency
(EAS), and ASR were based on our previous work [10]. K is the amount
of astaxanthin extracted in the top phase to that in the bottom phase.
EAS is the amount of astaxanthin extracted in the top phase over the
total amount of astaxanthin present in the whole system. ASR is the
amount of extracted astaxanthin out of the total astaxanthin in the H.
pluvialis biomass powder.

2.6. Microscopic analysis and cell morphology studies of H. pluvialis
microalgae
For this study, the untreated and ultrasonication-treated microalgal
cells were collected and centrifuged. The pellet was resuspended in a
solution, which was then subjected to microscopy observations. A
compound microscope (Olympus CX21) with eyepiece power of 10×
along with a magniﬁcation power of 40× or 100× (oil immersion
objective) was used to analyse the cell morphology. Approximately one
drop of immersion oil was placed on the glass slide along with the
untreated or pretreated microalgal cells for the observations. The
images of cells before and after the ultrasonication treatment were
captured for microscopic analysis.
The surface morphology of H. pluvialis microalgae before and after
cell disruption was also analysed using Field Emission Scanning
Electron Microscope (FESEM, Quanta 400, FEI, USA) with an
Environmental Scanning Election Microscope (ESEM) detector. The
SEM-imaging was carried out to observe the disruption of the rigid cell
wall of H. pluvialis microalgae after employing ultrasonication as a cell
disruption technique.

2.3.1. Comparative study on LBF and ultrasound-assisted LBF systems for
the extraction of astaxanthin
The extraction of astaxanthin from H. pluvialis microalgae was carried out using the optimized conditions of a 300-mL LBF scale-up
system from a previous work [10]. Initially, 100 mg of dried H. pluvialis
microalgae was assorted with 150 mL of 350 g/L of (NH4)2SO4 solution
in the LBF column. This was followed by gently adding 150 mL of 100%
(w/w) 2-propanol into the system. The ﬂotation time and ﬂowrate were
set at 15 min and 75 ± 1 cc/min, respectively. As for the ultrasoundassisted LBF system, the operation was carried out using the optimized
conditions, as mentioned in Section 2.3, along with the ultrasonication
treatment.
2.4. Analysis
The standard curve of astaxanthin was generated from the previous

Table 1
The operating conditions of the ultrasound-assisted LBF system for the extraction of astaxanthin from H. pluvialis.
No.

Operating conditions

1.

4.
5.

The optimized LBF from the previous large-scale LBF experiment:
a) 100 mg of dried H. pluvialis powder
b) 150 mL of 100% food grade 2-propanol
c) 150 mL of 350 g/L (NH4)2SO4
d) 15 min of ﬂotation time
e) 75–80 cc/min of air ﬂowrate
Probe position
Top phase
Interface and bottom phase
Pulse mode
Non-stop
10/5, 15/5, 20/5, 25/5, and
30/5
Amplitude
10
20, 30, and 40
Flowrate
75
100, 150, and 200

6.

Flotation time

15

20 and 25

min

7.

Mass of the dried powder of
microalgae

100

50, 75, and 125

mg

2.
3.

Initial setting

Variables

Unit

Justiﬁcation
[10]

–
sec

Interface is between the top and bottom phases
Pulse mode was applied to observe the mass transfer operation in the LBF system

%
cc/min

The maximum ultrasound amplitude was 40%.
An increase in the ﬂowrate was to observe the eﬀect of the recovery yield
between the air-bubble interface
Flotation time was considered to evaluate the additional recovery of astaxanthin
after ultrasound irradiation period
–

3
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distorted the cellular structure of the cell wall of H. pluvialis. Once the
cell wall was broken, the intact astaxanthin in the cell wall was released, and the extraction could be facilitated by the ascending bubbles
which transported astaxanthin biomolecules to the top phase. This
continuous ultrasonication process disrupted the cell wall into the
smaller cell debris, as shown in Fig. 3B3, which appeared to be colourless with a ruptured cell wall. This observation was further conﬁrmed by FESEM analysis. Therefore, a higher concentration of astaxanthin was recovered from H. pluvialis microalgae. This indicates that
ultrasonication is an eﬀective cell disruption technique for breaking the
rigid H. pluvialis cell wall and has the potential to work well in the LBF
system.
However, the concern remains that the degradation of metabolites
present in the microalgae feedstock occurred during the ultrasonication
treatment [9,19]. Extraction using ultrasonication involves high temperature and pressure produced from the cavitation bubbles of ultrasonic waves. Similarly, the ultrasound horn may induce the formation
of radicals, where the hydroxyl and C]C bonding of astaxanthin
structure are easily degraded by the oxidation process caused by the
formation of hydroperoxide due to the presence of O2 [8]. A study
conducted by Sicaire et al. (2016) compared the peroxide value between ultrasound-assisted (presence of O2) and modiﬁed-Argon ultrasound-assisted (absence of O2) processes for the extraction of oil from
oleaginous seed [20]. The peroxide value of the extract obtained from
the ultrasound-assisted method was 11.93 ± 1.23 meq O2/kg, as
compared to the modiﬁed-Argon ultrasound-assisted method, which
gave a lower peroxide value, i.e., 0.53 meq O2/kg oil. Therefore, it is
suggested that the presence of O2 should be minimized to ensure an
eﬃcient way to prevent the degradation of metabolites during the ultrasonication extraction.

Fig. 2. A comparative study between LBF and ultrasound-assisted LBF systems
for the extraction of astaxanthin from H. pluvialis microalgae.

3. Results and discussion
3.1. Comparative study on the extraction of astaxanthin using LBF and
ultrasound-assisted LBF systems
A comparative study between LBF and ultrasound-assisted LBF
systems was assessed for the extraction of astaxanthin from H. pluvialis
microalgae. Based on the results shown in Fig. 2, ultrasound-assisted
LBF system obtained the higher ASR (95.08 ± 3.02%) and K
(185.09 ± 4.78) values as compared to LBF system with ASR
(78.38 ± 0.93) and K (142.58 ± 3.87). According to Khoo et al.
(2019), in the alcohol/salt-based LBF, the salt solution acted as the ﬁrst
disruptive step by osmotic shock [10]. Then, the addition of alcohol to
salt solution to form the top phase of biphasic system was done to extract astaxanthin biomolecules due to the lipophilic characteristics of
alcohol. The LBF system promotes extraction through ascending gas
bubbles, which capture the surface-active biomolecules from the aqueous salt solution into the alcohol-rich top phase. On the other hand, an
ultrasound-assisted LBF system possesses the ﬂotation eﬀect and demonstrates high shear forces produced from the cavitation bubbles of
ultrasonic waves, which promote the cell disruption of H. pluvialis microalgae. It is apparent that the ultrasound-assisted LBF system for astaxanthin extraction obtained the better results in terms of ASR, EAS,
and K values. These results were signiﬁcantly higher due to the combined eﬀects of ﬂotation and ultrasound [12,16,17]. Based on these
results, in this study, an ultrasound-assisted LBF system was employed
for various operating conditions.

3.3. Characterization and mechanistic studies on the surface morphology of
H. pluvialis microalgae
The treated and untreated H. pluvialis microalgae were further
subjected to FESEM analysis to examine their surface morphology after
cell disruption. Fig. 4 shows the surface morphology before and after
the cell disruption utilizing an ultrasound-assisted LBF system at the
magniﬁcations of 3000×, 6000×, and 12,000×. Based on
Fig. 4A1–A3, the surface morphology of H. pluvialis cell wall before the
ultrasonication treatment was smooth and void of wrinkles and cavities.
This shows that astaxanthin was intact and concealed inside the cell
wall of H. pluvialis. Compared to Fig. 4B1–B3, the surface morphology
of the cell wall of H. pluvialis after the ultrasonication treatment was
deformed signiﬁcantly, resulting in an irregular structure ﬁlled with
cavities generated on the trilaminar sheath of the cell wall. This partially disrupted and porous H. pluvialis cell wall allowed the release of
intact astaxanthin to the salt-rich bottom phase. Subsequently, the ascending bubbles facilitated the transportation of astaxanthin biomolecules to the top phase (alcohol). These results were in agreement with
the observations shown in Section 3.2.
The mechanism of ultrasonication treatment could be due to the
following: combination, compression, and cavitation (Fig. 5). The repetition of the above allows the cell to endure physical damage caused
by the collapsing bubbles due to cavitation. Initially, the ultrasound
horn generates small bubbles through the ultrasonic waves, which then
attach to the cell wall of the microalgae. As more bubbles arise, the
combination of bubbles increases the overall size and volume of bubble,
which allows it to be compressed onto the surface of H. pluvialis cell
wall. Once the bubble reaches its maximum volume, it collapses and
releases energy in the form of high pressure and temperature, leading to
the formation of small vapor-ﬁlled cavities on the surface of the microalgae cell wall [21]. This eventually enhances the accessibility of
astaxanthin in the cell wall to be facilitated by ascending bubbles which
transport astaxanthin biomolecules to the top phase. The severe degradation of cell walls was also observed. This showed that

3.2. Eﬀect of ultrasound-assisted LBF system on the extraction of
astaxanthin and cellular morphology
The eﬀect of implementing ultrasound-assisted technology in the
LBF system on the intensity of cell disruption of H. pluvialis was examined. Fig. 3 shows the cell morphology of H. pluvialis microalgae at
diﬀerent magniﬁcation levels before and after the ultrasonication
treatment. Based on Fig. 3A1–A3, the microalgae cells before ultrasonication treatment were spherical and intact with astaxanthin pigments in the cell wall. The rigidity of H. pluvialis microalgae was attributed to the tri-layered cell wall structure, which includes trilaminar
sheath, secondary wall, and tertiary walls [18]. Compared to
Fig. 3B1–B3, the cellular morphology obtained after the cells were
subjected to ultrasonication showed that the cell walls of H. pluvialis
were broken and damaged by the high shear forces produced from the
cavitation bubbles of ultrasound waves. The ultrasonication eﬀect
4
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Fig. 3. Microscopic images of the cell morphology of H. pluvialis cell, (A) before ultrasonication and (B) after ultrasonication; (1) 100×, (2) 400×, and (3) 1000×
magniﬁcation.

Fig. 4. FESEM analysis on the surface morphology of H. pluvialis cell, (A) before ultrasonication and (B) after ultrasonication; (1) 3000×, (2) 6000×, and (3)
12,000× magniﬁcation.
5
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Fig. 5. Proposed mechanism on the disruption of H. pluvialis cell wall during ultrasonication treatment.

99.75 ± 0.0564%, and K value of 181.53 ± 6.88. When the ultrasound horn was placed at the top phase, the lower values of ASR
(69.56 ± 1.98%) and K (155.40 ± 7.81) were observed. This was
probably due to the absence of H. pluvialis cells in the alcohol-rich top
phase, resulting in a lesser ultrasonication eﬀect on the biomass. Thus,
when the ultrasound horn was located at the salt-rich bottom phase, the
ASR was higher as compared to that when the horn was placed at the
alcohol-rich top phase. However, ASR was slightly lower as compared to
that when the horn was placed at the interface. This could be due to the
direct immersion of the ultrasound horn in the bottom phase, where the
existing H. pluvialis cells were disrupted directly by the highly intense
ultrasonication. On the other hand, when the ultrasound horn was
placed at the interface, the cavitation energy produced by ultrasound
evenly distributed between the alcohol-rich top phase and salt-rich

ultrasonication treatment has eﬀectively damaged the cell wall for the
release of astaxanthin from H. pluvialis microalgae.
3.4. Eﬀect of the position of ultrasound horn in the LBF system
The location of ultrasound horn in the LBF system is crucial as it
might aﬀect the disruption of biomolecules, causing them to degrade
and denature [22]. The biphasic system consists of two phases. Hence,
the position of ultrasound horn was evaluated at three diﬀerent locations (i.e., alcohol-rich top phase, interface, and salt-rich bottom phase)
to determine the suitable position for an eﬃcient cell disruption. The
initial position of the horn was located at the top phase. According to
Fig. 6(a)¸ when the ultrasound horn was at the interface of LBF system,
the ASR value was 85.30 ± 2.45% with EAS value of

Fig. 6. The eﬀect of position of ultrasound horn in the LBF system and the eﬀect of pulse mode and continuous ultrasonication on the extraction of astaxanthin from
H. pluvialis (a) eﬀect of position of ultrasound horn; (b) eﬀect of pulse mode.
6
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contributes to the area of air-water interface per unit volume of the
biphasic solution. The initial operating condition was set at 75 cc/min
for 15 min of ﬂotation time. The air ﬂowrate in the LBF was varied from
75 cc/min to 200 cc/min. Fig. 7(b) shows that the ﬂow rate at 200 cc/
min achieved the low values of ASR and K (70.99 ± 8.92% and
139.25 ± 2.88, respectively.) Based on Pakhale’s prediction, the ASR
and K of biomolecules should increase proportionally with an increasing air ﬂowrate owing to the increment in the interfacial area and
turbulence [24]. As the air ﬂowrate increased from 75 cc/min to
100 cc/min, both ASR and K of astaxanthin increased. However, a decrement of ASR and K values was shown when the air ﬂowrate exceeded
100 cc/min. This could be due to the high intensity of aeration causing
the random partition of biomass between the biphasic system. Another
reason could be the cavitation phenomenon from the ultrasound wave,
which might have been reduced due to the cohesion of bubbles and
sound waves. As the air ﬂowrate increased, more bubbles were aerated
out from the system, causing a cohesion eﬀect between the bubbles and
the waves. This showed that a higher air ﬂowrate in the LBF system
might cause collision and disturbance of the cavitation process which
eventually aﬀects the cell disruption intensity, leading to the lower
values of ASR and K. The highest ASR value (95.08 ± 3.02%) and K
(185.09 ± 4.78) value were achieved at an air ﬂowrate of 100 cc/min.
Therefore, an air ﬂowrate of 100 cc/min was considered optimal in the
LBF operation for astaxanthin extraction.
Duration of air ﬂotation was evaluated as the air-water interface per
unit volume was found to be inﬂuenced by the ﬂotation time [25]. In
this study, the ﬂotation time was evaluated within 15–25 min in the
LBF system consisted of 150 mL of 2-propanol and 150 mL of 350 g/L
(NH4)2SO4 for the extraction of astaxanthin. The ﬂotation time below
15 min was not carried out as the ultrasonication period was set initially within 15 min. Based on Fig. 8(a), the ASR and K values decreased as the ﬂotation time increased from 15 min to 25 min. This was
supported by Phong et al. (2017), who reported the similar ﬁndings on
the eﬀect of ﬂotation time, whereby extending the period did not necessarily improve the recovery yield [22]. The highest ASR value
(95.08 ± 3.02%) and K (185.09 ± 4.78) value were obtained at a
ﬂotation time of 15 min. Based on the results obtained, 15 min of ﬂotation time was selected as the suitable period of aeration for the extraction of astaxanthin.

bottom phase. This reduces the pressure and intensity of ultrasonication
directed to the H. pluvialis cells [12]. Thus, the most appropriate position of the ultrasound horn was observed to be at the interface between
the alcohol-rich top phase and salt-rich bottom phase of the LBF system.
3.5. Eﬀect of continuous and pulse modes of ultrasonication and resting
time
The eﬀect of pulse or continuous modes of ultrasonication was
evaluated to obtain an optimal condition for the extraction of astaxanthin from H. pluvialis cell. The initial operating conditions of the ultrasonication were set at 15 min of continuous ultrasonication and an
amplitude of 10%. The ultrasonication was conducted by varying the
pulse modes at 10 s, 15 s, 20 s, 25 s, and 30 s with a ﬁxed resting period
of 5 s. Based on Fig. 6(b), the shorter pulse mode at 10 s/5 s gave the
lower ASR (49.41 ± 0.32%) and K (55.29 ± 10.83) values. This could
be due to the rigidity of H. pluvialis cell wall, which consists of a trilayered extracellular matrix (e.g., trilaminar sheath, secondary wall,
and tertiary walls), making the cells more resistant towards the intense
cell disruptive conditions [2,15]. Based on the previous study, the yield
of protein recovered from Chlorella vulgaris FSP-E microalgae decreased
when subjected to a longer ultrasonication duration [12]. This could be
due to the presence of a single cell wall in Chlorella vulgaris FSP-E,
which degrades easily over a longer period of ultrasonication. As more
cavitation bubbles produced from the ultrasound waves started to break
down, a large amount of energy was released into the medium to disrupt the cell wall of the microalgae. This study shows that a longer
ultrasonication duration was required to produce more energy to rupture the tri-layered H. pluvialis cell wall into smaller cell debris to
achieve a higher recovery yield of astaxanthin. ASR, EAS, and K values of
a continuous ultrasonication treatment (15 min) were 85.30 ± 2.45%,
99.75 ± 0.0564%, and 181.53 ± 6.88, respectively. Despite its high
ASR, the cost of the processes can be slightly higher because of the
longer treatment duration as compared to the pulse-mode operation at
30 s/5 s, which is equivalent to 12 min of ultrasonication and 3 min of
resting period, yielding ASR, EAS, and K values of 83.73 ± 2.18%,
99.70 ± 0.05%, and 166.26 ± 8.35, respectively. Thereby, the pulsemode operation at 30 s/5 s (12 min of ultrasonication and 3 min of
resting time) was considered for the subsequent studies.
3.6. Eﬀect of the amplitude of ultrasound

3.8. Eﬀect of the mass of dried powder of H. pluvialis microalgae
The inﬂuence of amplitude of ultrasonication was evaluated to examine the energy provided to release astaxanthin from the tri-layered
H. pluvialis cell wall. A high amplitude led to a higher energy released to
rupture the tri-layered H. pluvialis cell wall. The initial amplitude of
ultrasonication was set at 10%, and the amplitude of ultrasonication
was varied between 20-40%. Fig. 7(a) shows that the K values decreased when the amplitude was increased to 20%. This could probably
due to the increment of ultrasound intensity narrowing the reaction
zone on the biphasic system [23]. On the other hand, it is diﬃcult to
characterize and measure the forms of energy release during ultrasonication, which is one of the challenges associated with ultrasound
application. By changing the tip (e.g., silica and titanium) of the ultrasound horn, it also resulted in a diﬀerent ultrasound intensity
throughout the reaction zone. An inconsistency in cavitation activity
could occur from the interference of multiple ultrasound waves in the
biphasic system. Based on these ﬁndings, an increase in the amplitude
enhanced the K of astaxanthin in the LBF system. At the amplitude of
40%, the ASR, EAS, and K values were 89.44 ± 1.06%,
99.74 ± 0.04%, and 182.37 ± 3.83, respectively. Therefore, an
amplitude of 40% was selected for the remaining experiments.

Based on previous literature, it was identiﬁed that the mass of
feedstock might aﬀect the recovery yield and partition behaviour of
organic molecules in the LBF system [25–27]. An increase in the mass of
H. pluvialis biomass would create a more viscous biphasic system, where
the high viscosity of the system caused an uneven partitioning eﬀect
resulting in a lower eﬃciency on the separation of astaxanthin. Hence,
this eﬀect decreased the ASR and K values in the ultrasound-assisted
alcohol/salt-based LBF system. The initial mass of biomass was 100 mg
of dried powder of H. pluvialis in a 300-mL LBF system. For this parameter, the mass of biomass was varied within 50-125 mg. Based on
Fig. 8(b), ultrasound-assisted LBF extraction of astaxanthin from
125 mg of dried powder of H. pluvialis biomass attained the low values
of ASR (57.12 ± 0.03%) and K (56.01 ± 6.31). A higher mass load
caused the K of astaxanthin to decrease due to the aggregation of unwanted products (i.e., contamination and impurities) within the biphasic system. Moreover, a higher mass of dried powder of H. pluvialis
biomass led to the diﬃculties in controlling the air bubbles due to the
higher viscosity of the solution in the biphasic system. This limited the
eﬀorts from the bubbles to carry astaxanthin from the bottom phase to
the top phase as there would be a higher amount of astaxanthin contributed by an increase in the biomass loading. According to the results,
a mass loading of 100 mg of H. pluvialis biomass in ultrasound-assisted
LBF system achieved the maximum ASR and K values.

3.7. Eﬀect of air ﬂowrate and ﬂotation time in the LBF system
It is important to evaluate the air ﬂowrate as this parameter
7
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Fig. 7. The eﬀect of amplitude of ultrasonication and ﬂowrate for the extraction of astaxanthin from H. pluvialis (a) eﬀect of amplitude of ultrasonication; (b) eﬀect of
ﬂow rate (cc/min).

3.9. Scale-up of ultrasound-assisted LBF system

Table 2
A comparative study between the small- and large- scale ultrasound-assisted
LBF system.

The objective of this scale-up operation was to investigate the dependability and productiveness of this integrated system. The operating
conditions for this scale-up study were based on the parameters optimized using a small-scale system. Table 2 shows a comparison study
between the initial small-scale system and the scale-up system for the
alcohol/salt-based ultrasound-assisted LBF operation. In this scale-up
study, a total working volume of 1.5 L system composed of 500 mg of
dried powder of H. pluvialis biomass, 0.75 L of 100% 2-propanol, and
0.75 L of 350 g/L of (NH4)2SO4 salt solution was utilized. Based on the
outcome, scaling up the system to a larger volume caused the ASR and K
values to decrease by about 12% and 27%, respectively. The scale-up
ultrasound-assisted LBF system achieved the relatively lower values of
ASR (83.73 ± 0.70%) and K (157.83 ± 7.47) as compared to the
small-scale ultrasound-assisted LBF system. This demonstrated that the
large-scale operation of ultrasound-assisted LBF system can achieve a
better performance by a proper optimization without compromising
ASR. Thus, this scale-up approach revealed the potential of ultrasoundassisted LBF system for the recovery of astaxanthin from H. pluvialis
microalgae at a larger-scale, and it is found to be feasible to be applied

Ultrasound-assisted LBF
system

Total working
volume (L)

ASR (%)

K

Small-scale
Scale-up

0.3
1.5

95.08 ± 3.02
83.73 ± 0.70

185.09 ± 4.78
157.83 ± 7.47

in the industry.

4. Conclusion
An alternative approach for the cell disruption of microalgae utilizing an ultrasound-assisted LBF system for the extraction of natural
astaxanthin from H. pluvialis was performed. This integrated approach
provides a one-step process for the eﬀective recovery of astaxanthin
compared to conventional extraction techniques. The optimal conditions of the ultrasound-assisted LBF system successfully achieved the
maximum values of ASR, EAS, and K (95.08 ± 3.02%, 99.74 ± 0.05%,

Fig. 8. The eﬀect of ﬂotation time and the mass of dried powder of H. pluvialis biomass on the extraction of astaxanthin from H. pluvialis. (a) Eﬀect of ﬂotation time
(min); (b) eﬀect of the mass of dried H. pluvialis biomass microalgae (mg).
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and 185.09 ± 4.78, respectively.) Moreover, the scale-up approach
was conducted to investigate the reliability of this integrated approach
for the extraction of biomolecules in the biotechnology industries.
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