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ABSTRACT: C-phycocyanin (CPC) from S. platensis has been reported as a great natural compound, which 
can be used as a natural colorant in food industries. The aims of this work were to demonstrate the potential of 
the ultrasonic-assisted extraction with controlled temperature (UAET). The UAET was used to improve the 
extraction efficiency, in terms of time, concentration and yield of the CPC. The operating parameters were 
investigated that are ultrasonic frequencies (28, 45 and 100 kHz) and controlled extraction temperatures (40, 
45 and 50°C), and the best parameter values were identified. The first-order kinetic model was used to describe 
the mechanism of extraction under these processing parameters. The highest values of the concentration and 
yield were recorded by the UAET method that is 2.55 mg.ml-1 and 127.70 mg.g-1, respectively. The optimal 
extraction conditions were achieved at 30 min and 45°C of controlled temperature, with 100 kHz of ultrasonic 
frequency, and the solid-liquid ratio of 1:5 w/v. The kinetic parameters namely extraction rate constant, 
effective diffusivity and activation energy were proposed in this work that is 0.09 to 0.32 min-1,  1.11× 10-12 to 
4.33 × 10-12 m2.s-1 and 28.76 to 47.39 kJ.mol-1 , respectively. This study has demonstrated the efficiency of the 
UAET, by providing an efficient method to produce the CPC extracts, with reduced time and energy, which 
has the potential for applications in the plant extractions. 
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1. INTRODUCTION 
 

Spirulina platensis (S. platensis) or Arthrospira 
platensis (A. platensis) is a microalga consisting of 
several valuable compounds, such as chlorophyll-a, 
carotenoid, and phycobiliproteins. CPC is a major 
group of phycobiliproteins, which are brightly 
colored pigments and soluble in water. It is 
commonly used as a natural colorant in food and 
cosmetic industries [1]. It is also the major 
phycobiliprotein in S. platensis (arranged in groups 
of cyanobacteria) that gives effect to the strong 
fluorescence. This compound has been utilized for 
many applications, including as a fluorescence 
marker in the medical field, food colorant, and 
substance in cosmetic and pharmaceutical products 
since it is a natural pigment and thus, are safe for 
the consumers compared to the synthetic dyes. The 
extraction process plays an important role in 
optimizing the concentration of the CPC. 

The solid-liquid extraction process involves the 
use of a solvent, to dissolve a soluble fraction from 
an insoluble permeable solid, and is affected by the 
transfer of solute, from inside the solid matrix to the 
solvent [2]. During the extraction, one of the 
assumptions of the mass transfer is to consider the 
external mass transfer resistance as negligible, 
which is important and depends on the nature of the 
extraction. The concentration of solute inside the 

solid varies, leading to various conditions that can 
affect the extraction rate, which can be expressed in 
terms of the mass of solute leached per unit time [1]. 

CPC extraction from dried and wet S. platensis 
represents the important factor in the CPC 
production [3-5]. Various methods have been used 
for the purpose of extraction, where most of them 
involve the assistance of solvents, such as 
phosphate buffer, acetate buffer, sodium chloride, 
calcium chloride and ammonium chloride. On the 
other hand, some authors combined the solvent 
assistance with mechanical methods, i.e. freeze-
thaw, sonication, homogenization, continuous 
mixing and rotary shaker [6-8] 

Temperature is a significant parameter in the 
CPC extraction, as it affects the pigment and protein 
contents during the process. Su et al. (2014) 
explored the influence of temperature on the CPC 
extraction and found that the extraction rate 
increased with temperature. Whereas, the 
equilibrium concentration of the CPC was found to 
be decreasing with high temperature, as the CPC 
degrades due to the heat applied during the 
extraction [1].  

Ultrasonic-assisted extraction (UAE) method 
has been proven to be effectively used to damage or 
break cell walls, reduce particle size, and rate of 
mass transfer [9]. Hadiyanto et al. (2016) have been 
reported that the ultrasonic irradiation is an efficient 
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tool to improve the performance of the CPC 
extraction [10]. 

However, studies involving the UAE of CPC 
can still be hardly found, especially to understand 
the effects of significant variables, such as 
extraction temperature and ultrasonic frequency. In 
order to extract the CPC, the selection of ultrasonic 
frequency is important as it affects the yield of the 
CPC [11]. Thus, it is essential to find the extraction 
method that can efficiently increase the CPC yield. 
The aims of this work were to demonstrate the 
potential of the UAET. The operating parameters 
were investigated that are ultrasonic frequencies 
(28, 45 and 100 kHz) and controlled extraction 
temperatures (40, 45 and 50°C). The first-order 
kinetic model was used to describe the mechanism 
of extraction under these processing parameters. 

 
2. MATERIALS AND METHODS 
 
2.1 Microorganism and Culture Medium 

 
S. platensis was supplied by the Faculty of 

Fisheries Technology and Aquatic Resources, 
Maejo University, Thailand. The culture medium 
was supplemented with 16 g.l-1 sodium bicarbonate 
(NaHCO3), 2.5 g.l-1 sodium nitrate (NaNO3), 1 g.l-1 
sodium chloride (NaCl), 0.5 g.l-1 di-potassium 
hydrogen phosphate (K2HPO4) and 0.2 g.l-1 
magnesium sulfate (MgSO4) [12].  

 
2.2 Culture and Harvesting 

 
All the experiments involved the utilization of   

S. platensis that was cultivated by a smart control 
algae system [12]. The growth of S. platensis was 
evaluated by measuring the optical density of 
biomass using a spectrophotometer (Spectro SC, 
U.S.A.) at the absorbance wavelength of 680 nm. 
The initial optical density of the S. platensis was 
recorded, while harvesting was only carried out 
when the optical density of about 1.2 has been 
reached. Freshly harvested biomass was thoroughly 
washed twice using the ozone water, to remove all 
the culture media components.  
 
2.3 Influencing Parameters in the CPC 
Extraction Process  

 
The aim was to observe the significant 

parameters, which can reduce the non-significant 
parameters in the extraction process. All 
experiments involving CPC extraction were 
conducted using 0.1 M sodium phosphate (pH 7.0) 
as the solvent [11]. All the chemicals used in this 

study were analytical grade. 
 

2.3.1 Crude S. platensis  
The crude S. platensis was evaluated by 

comparing between the dried and wet S. platensis. 
For the dried crude, the harvested S. platensis was 
oven-dried at 50°C for about 7 h. For the wet crude, 
the harvested S. platensis was desiccated and 
packed for storage at -10°C. Extraction was 
conducted via repeat freeze-thaw (RFT) as both of 
them were weighted and put into a test tube, then 
mixed with sodium phosphate as the solid-liquid 
ratio of 1:5 w/v. The process was then repeated for 
3 cycles [11].  

 
2.3.2 Effect of UAE on the solid-liquid ratio 

This experiment has investigated the effect of 
UAE on different of solid-liquid ratio. Crude              
S. platensis obtained was studied via UAE as 
following:  S. platensis was weighted and put into a 
test tube, then mixed with sodium phosphate as 
desired ratios of 1:5, 1:10 and 1:15 w/v, then the 
experiments were conducted with UAE under 100 
kHz of ultrasonic frequency for 30 minutes.  

 
2.3.3 Effect of UAET 

This experiment has investigated the effect of 
ultrasonic assisted with controlled temperature in 
extraction. S. platensis was weighted and put into a 
test tube, then mixed with sodium phosphate as the 
solid-liquid ratio of 1:5 w/v. The experiments were 
performed at various controlled temperatures (40, 
45 and 50°C) and ultrasonic frequencies (28, 45 and 
100 kHz; all in continuous mode).  

 
2.4 Studies of UAET on the CPC Extraction and 
Kinetics  
 

The kinetic model of UAET was carried out in 
this section. S. platensis was weighted and put into 
a test tube, then mixed with sodium phosphate as 
the solid-liquid ratio of 1:5 w/v. One of the solvent 
tubes was placed inside an ultrasonic bath (Honda, 
W-113, Japan) with a controlled water temperature. 
The mixture tube was then placed in the ultrasonic 
bath as the temperature of the solvent reached the 
desired temperature. Fig.1 has presented a 
schematic diagram of the UAET.  
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Fig. 1 Schematic diagram of the UAET.  

 
The kinetic of UAET were evaluated by 

collecting the samples at every 10 to 60 min. The 
data were analyzed and evaluated to identify the 
performance of the extraction methods by kinetic 
parameters. 

  
2.5 CPC Analysis 
 

All the extracted CPC samples were analyzed 
according to the procedure carried out by Boussiba 
& Richmond (1979). The supernatant obtained was 
analyzed at the wavelength of 620 and 652 nm, 
using a spectrophotometer (Spectro SC, U.S.A.). 
The concentration and yield of the CPC were 
estimated using Eq. (1) and Eq. (2), respectively 
[11]. 

 

34.5
474.0 652620 AACPC −

=        (1) 

 

D
VCPCYield ×

=         (2) 

 
Where, CPC  is the CPC concentration 

(mg.ml-1). Yield is the yield of CPC (mg.g-1). A620, 
A652  is the absorbance wavelength at 620 and 652 
nm. V is the volume of the solvent (ml). and D is 
the dry weight (g) of the biomass.   
 
2.6 Determination of Kinetic Parameters 
 

In order to identify the kinetics that can better 
describe the CPC extraction from S. platensis, the 
concentration values were plotted as a function of 
time. The extracted CPC concentration as a function 
of time can be adequately predicted using Eq. (3), 
which represents the first-order kinetics, 
considering the boundary conditions of 0=t  to t , 
and 0=tCPC  to tCPC  [13]: 

 
      ( )kt

st eCPCCPC −−= 1                      (3) 
 

Where, tCPC  is the extraction concentration at 
any time (mg.ml-1), sCPC  is the extraction 
concentration at equilibrium (mg.ml-1), and k  is the 
extraction rate constant (min-1). Both sCPC  and k  
values were calculated using the non-linear 
regression.  

The above considerations regarding diffusion 
were applied by following these assumptions: 

1. The CPC was uniformly distributed within 
the solid particles. 

2. The particles were considered to be 
spherical in shape. 

3. Diffusion remained constant through the 
extraction process. 

4. The solution was perfectly mixed, as the 
energy was dissipated by the ultrasonic waves. 

5. Resistance to mass transfer was negligible 
in the liquid phase. 

6. The transport of CPC from solid particles 
to liquid occurred through diffusion. 

Based on the aforementioned assumptions, a 
one-dimension at non-steady state diffusion model, 
i.e. derived from the Fick’s second law, was used to 
describe the mass transfer of the solute from the 
spherical particles: 

 

















∂
∂

∂
∂

=
∂

∂
r

CPCr
rr

D
t

CPC
eff

2
2

1                   (4) 

 
The initial condition for solving the diffusion 

equation is shown below: 
 

( ) 00, ≥= rCPCrCPC i                       (5) 
 
In the meantime, the boundary conditions are 

described as Eq. (6) and Eq. (7): 
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(assuming no solubility limitation)       (7) 
 

Where,  CPC is the solute concentration in the 
solid particles (mg.ml-1), effD  is the effective 
diffusivity coefficient (m2.s-1), r is the radius of 
solid particles (m), and t  is the time (min). 

Based on Fick’s second law, the mathematical 
expression that linked between the 

tCPC  and effD  
of the solute can be described as follows: 
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Where, n is the positive root of the Bessel 

function of the first kind of order zero. However, 
following the short extraction period, only the first 
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term of the series solution is considered to be 
significant. Then, the linearized form is achieved by 
applying the natural logarithm function on both 
sides, as follows: 
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The dependence effD on the temperature 

follows a first-order rate process, generally 
described by the Arrhenius equation.  
 










 −
=
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Ekk aexp0

                  (10) 

 
Where, aE is the activation energy (J.mol-1), 

T  is the temperature (K), 0k  is the pre-exponential 
factor (min-1), and R   is the gas constant (8.314    
J.K-1.mol-1). Therefore, activation energy can be 
graphically determined, as the straight line obtained 
by plotting the kln as a function of T/1 would have 
a slope that is equal to REa /− . 

 
2.7 Statistical Analysis 
 

The results were expressed as the mean ± 
standard deviation (mean ± SD) of triplicate data 
set, from an independent experiment. Statistical 
analysis was performed using the analysis of 
variance (ANOVA), followed by Duncan's multiple 
range test (DMRT). The differences were 
considered significant if p < 0.05 (95 % confidence 
interval). 

The root means square error (RMSE) and 
coefficient of determination (R2) was also 
calculated, to statistically evaluate the accuracy of 
the mathematical model used to simulate the 
extraction kinetics.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Influencing Parameters in the CPC 
Extraction  
 
3.1.1 Effects of crude S. platensis  

For dried spirulina, the spirulina was oven-
dried at 50°C fo r  about 7 h. For wet spirulina, the 
moist spirulina was used for the extraction. The 
CPC from both dried and wet spirulina were 
extracted using the repeat freeze-thaw method, 
using a solid-liquid ratio of 1:5 w/v. The results are 
shown in Table 1. 

CPC extracted from the wet S. platensis 
showed higher concentration and yield values, 
which agrees with the results of previously works 
involving the effects of drying method on the CPC 
content in S. platensis, i.e. Sarada et al. (1999) who 

has been studied the effect of drying method to the 
CPC content in the S. platensis which has been 
proposed that significant loss of CPC in the dried 
crude, due to its sensitivity with extremely 
temperature (approximately 50 %) during the oven-
dried process, i.e. 1.09 mg.ml-1 as compared to 0.24 
mg.ml-1, for wet and dried S. platensis, respectively 
[3]. 

 
Table 1 Comparison of the concentration and yield 

of the extracted CPC from dried and wet 
crude S. platensis. 

 
Crude S.platensis CPC  Yield  

Dried 1.60±0.11a 79.91±5.77a 
Wet 2.03±0.18b 101.41±9.14b 

The data are represented as mean±SD of three 
replicates. a-b means in the same column with 
different letters are significantly different (p<0.05) 

 
Thus, the wet crude has been chosen as the 

suitable form of S. platensis, to be used for the CPC 
extraction.  

 
3.1.2 Effect of UAE on the solid-liquid ratio 

One of the important influencing parameters is 
the interaction between the solvent and solid. The 
volume of solvent should be sufficient to permit a 
good hydration and swelling of the solid phase, 
leading to a better yield of the extracted compound. 
The effects of UAE on the concentration and yield 
of the CPC were studied under UAE at 100 kHz at 
various solid-liquid ratios of 1:5, 1:10 and 1:15 w/v.  
 
Table 2 Comparison of the concentration and yield 

of the extracted CPC using different solid-
liquid ratio. 

 
Ratio CPC Yield 
1:5 2.40±0.18a 119.56±8.99a 

1:10 1.07±0.02b 53.71±1.23b 
1:15 0.46±0.05c 22.92±2.74c 

The data are represented as mean±SD of three 
replicates. a-b means in the same column with 
different letters are significantly different (p<0.05) 
 

The results are shown in Table 2. The UAE was 
found to enhance mass transfer, together with the 
suitable of solid-liquid ratio that indicates strongly 
influence the concentration and yield of the CPC. 
The highest values were obtained using the 1:5 w/v 
ratio, which is parallel with the findings reported in 
a previous study [11]. These results are superior to 
that reported by Minkova et al. (2003) and Yan et 
al. (2011), which involved the extraction of CPC 
from fresh biomass of S. fusiformis (1.28 mg.ml-1) 
and S. platensis (90.10 µg.ml-1), respectively [14, 
15].  

Hence, by using the smaller solid-liquid ratio, 
the extraction buffer is sufficient to be used in the 
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extraction of the CPC, as there is already liquid 
present in the wet S. platensis. On the other hand, if 
a larger solid-liquid ratio is being used, more 
impurities will be outflow from the cells, which can 
increase the CPC dissolution and also decrease its 
purity [16].  

 
3.1.3 Effect of UAET  

The influence of ultrasonic application on the 
extraction process and temperature are significant 
parameters of CPC extract, where the phenomenon 
is known as acoustic cavitation and the accelerating 
mass transfer by temperature occurred. The 
cavitation force able to successively accelerate the 
heat and mass transfer rate, disrupt the cell walls 
and facilitate the release of the extractable 
compounds. The results are shown in Table 3. 
 
Table 3 Comparison of the concentration and yield 

of the extracted CPC based on different 
extraction methods.  

 
Extraction method CPC Yield  

RFT 2.03±0.29a 101.62±1.44a 
UAE 2.40±0.18b 119.56±8.99b 

UAET 2.55±0.14c 127.70±0.22c 
The data are represented as mean±SD of three 
replicates. a-b means in the same column with 
different letters are significantly different (p<0.05) 
 

The highest values of the concentration and 
yield were recorded by the UAET method at 45°C, 
30 min at 100 kHz, that are 2.55 mg.ml-1 and 127.70 
mg.g-1 which were higher than RFT about 25.62 %. 
These results are superior to that reported by Doke 
et al. (2005), who did the CPC extraction from wet 
biomass of S. platensis, and obtained yields of 86.30 
mg.g-1 for repeated freeze-thaw method and 82.10 
mg.g-1 for homogenization method [4], and superior 
to that reported by Manirafasha et al. (2017), who 
did the CPC extraction from wet biomass, and 
obtained CPC yield of 12.2 mg.g-1 for ammonium 
chloride solution [17]. The result was also related to 
that reported by Choi and Lee (2018) who did the 
CPC extraction from S. maxima and reported the 
ultrasonic extraction was better than agitation 
method [18]. 

This could be explained why the UAET has the 
potential to explode the cell walls [19] and 
effectively increase the mass transfer via a thermo 
process [1]. Moreover, the time taken for the entire 
process of the RFT was higher than the UAET by 
about 72 h, and thus, the energy consumption and 
cost of reagent might be excessive.  

Conclusively, the UAET method using wet S. 
platensis with the solid-liquid ratio of 1:5 w/v, has 
been chosen for the CPC extraction. The UAET 
method was evaluated by varying the controlled 

temperatures and ultrasonic frequencies, while the 
kinetics of extraction were also investigated.  

 
3.2 Studies of UAET on the CPC Extraction  
 

It is well-known that the amount of ultrasonic 
energy transmitted to the solvent plays an important 
role in the extraction efficiency and rate in most 
cases of UAET. The results of various ultrasonic 
frequencies with controlled temperatures were 
shown in Fig 2.  

 

 

 
Fig. 2 The effects of UAET on the CPC and Yield 

(the patterns represent the CPC, while solid 
symbols represent the yield) 

 
The maximum CPC concentration achieved at 

45°C with 100 kHz of ultrasonic frequency. A 
higher extraction rate was achieved for the 
extraction with UA. However, a temperature higher 
than 50°C was found to give effect to the CPC 
stability, and along with the cavitation of the 
ultrasonic frequency, the diffusion of the solute to 
the solvent was enhanced. This result was related to 
the study by Su et al. (2014) who proposed that the 
extraction rate increases with increasing 
temperature, whereas the CPC concentration 
decreases with higher temperature. This indicates 
that the CPC was being degraded by the heat, during 
the extraction process [1].  

Fig. 3 show that the breaking of cell wall has 
been enhanced by the application of UAET, which 
resulted in the high concentration and yield of the 
CPC. The concentration and yield of CPC obtained 
via the UAET method was higher than that of RFT. 
The breakdown of materials occurred following the 
application of ultrasonic frequency, due to the 
cavitation effect, which is effective in exploding the 
cell [5, 19]. The cavitation effect can increase the 
diffusion and mass transfer at the solid-liquid 
surfaces. Vinatoru (2001) described that the 
extraction mechanism involved two types of 
physical phenomena, i.e. diffusion through the cell 
wall, and washing out the cell content as the wall 
breaks down. [20].  
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(a) wet S. platensis   (b)  UAET              (c) RFT 
 
Fig. 3 Microscopic images of the S. platensis and its 

residues.  
 

The microscopic images of the residues after 
two disruption methods. From Fig. 3(a), it can be 
seen that the fresh S. platensis has longer helical 
filaments, while in Fig. 3(b), following the UAET, 
the S. platensis was broken into shorter pieces, 
which can be assumed as spherical in shape. The S. 
platensis cell was reduced in size into smaller pieces 
and without color, which indicated that the cell wall 
of the S. platensis has been broken and the 
intracellular protein substance, e.g. protein and 
chlorophyll, can be out flown from the S. platensis 
cell. Fig. 3(c) shows the residues after the extraction 
with RFT, where the cell wall was broken into 
shorter pieces, but the color of some S. platensis 
cells were undisrupted, due to that the cells are still 
green and their cell walls were still remained intact, 
which indicated that some of the S. platensis cannot 
flow out from the protein and intracellular 
substances. This result was related to that reported 
by Tavanandi et al. (2018) who proposed the 
combination method resulted in increased 
extraction efficiency by using only one method 
[21]. 

In summary, it was hard to find a bigger cell 
debris when using a microscope, which indicated 
that the efficiency of the UAET was very high. This 
result is in parallel with the concentration and yield 
of the CPC. 

 
3.3 Determination of Kinetic Parameters 
 

The kinetic parameters were determined and 
statistically analyzed, as presented in Table 4, by 
using the non-linear regression. The results indicate 
the effect of UAET on the extraction rate constant, 
which was found to be in the range of 0.09 to 0.32  
min-1, for all the ultrasonic frequencies, used. For, 
the effective diffusivity, the results were found in a 
range of 2.80 × 10-12 , 2.69 × 10-12 and 4.33 × 10-12 
m2.s-1 (at 45°C, using 28, 45 and 100 kHz, 
respectively) These indicate that the UAET can 
enhance the diffusion of the extraction.  

The first-order kinetic model is seen to be in 
good agreement between the predicted and the 
experimental data, due to R2 that fell within the 
acceptable range, and the low RMSE. This model is 
to be well fit for UAET which was the result of 
RMSE were presented in a range of 0.03 to 0.14. 
Together with the R2, the values are also shown 

similar to RMSE values, the values were in the 
range of 0.87 to 0.99 that fell within the acceptable 
range.  
 
Table 4 Kinetic parameters determined for the 

UAET of CPC, using the first-order 
kinetic model. 

 
Frequency Temp Eq. (3) Eq. (9) Eq. (10) 

 sCPC  
effD × 10-12 aE  

28 kHz 40 0.09 2.71 1.41 
43.68 45 0.15 2.50 2.80 

50 0.32 2.26 2.33 

45 kHz 40 0.09 3.20 1.11 
47.39 45 0.11 2.64 2.69 

50 0.24 2.23 2.78 

100 kHz 40 0.14 2.38 1.54 
28.76 45 0.15 2.51 4.33 

50 0.24 1.95 3.44 
 

The experimental data and modeled extraction 
kinetics of UAET were shown in Fig. 4, these have 
shown the efficiency of the UAET, which can 
improve the aqueous solution, i.e. lower its 
viscosity and minimize the mass transfer resistance, 
with the higher temperature having significantly 
greater efficiency than the lower temperature. On 
the other hand, the temperature cannot be increased 
beyond certain limits, as this has been proven to be 
detrimental to the CPC, by inducing its thermal 
degradation [22]. The evaluations of the CPC 
concentration at various temperatures were shown 
in Fig 4. A faster extraction rate was obtained with 
higher temperature. This may be the characteristic 
of the UAET, which increased the diffusion 
coefficient of the solute at a higher temperature. 

 
Fig. 4 Non-linear regression between the CPCt and 

time values during the UAET extraction at 
100 kHz. 

 
In order to obtain the quantitative data 

pertaining to the effect of temperature on the 
extraction rate, the Arrhenius equation was used. 
The estimated activation energy values at 28, 45 and 
100 kHz for the UAET were 43.68, 47.39 and 28.76 
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kJ.mol-1, respectively. Thus, the UAET could be 
accelerated by the solubility of the CPC into the 
extraction solvent, and consequently increased the 
extraction rate, as compared to when only using 
temperature in the extraction. 
 
4. CONCLUSIONS 
 

UAET was found to considerably improved 
both the kinetics and quantitative extraction of the 
CPC in S. platensis. The optimal extraction 
conditions were achieved at 30 min and 45°C, with 
an ultrasonic frequency of 100 kHz, which values 
of the CPC and yield were recorded as 2.55         
mg.ml-1 and 127.70 mg.g-1, respectively. A first-
order kinetic model was successfully developed for 
describing the mechanism of UAET. The model 
provides the prediction of CPC concentration 
during the extraction and the kinetic parameters. 
This study has demonstrated the efficiency of the 
UAET, by providing an efficient method to produce 
the CPC extracts, with reduced time and energy, 
which has the potential for applications in the plant 
extractions. 
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