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Abstract
Subcritical water extraction (SWE) technology has become useful as a green extraction technology for generating various
biochemical and bioactive compounds from a wide range of biomass feedstocks, including microalgae. SWE processes result
in two different product phases: an aqueous phase containing solubilized or immiscible bioactive compounds from the extract,
and solid-phase biomass debris containing residual or unextracted bioactive molecules in the matrix. While most SWEs of
microalgal biomass focus on maximizing lipid production for biofuel application, the present work seeks to explore opportunities
to identify and characterize compounds obtained from both the aqueous and solid phases. SWE of Chlorella pyrenoidosa
biomass was carried out under varying conditions of temperature (170–370 °C), extraction time (1–20 min), and microalgal
biomass loading (1–15%). Analysis of aqueous and solid-phase samples collected under varying SWE conditions showed a
higher protein concentration of 4.13mgmL−1 in the aqueous phase comparedwith carbohydrate (1.35mgmL−1) for the optimum
extraction conditions. About 17.52 mg g−1 of amino acids and 12.72 mg g−1 of organic acids were obtained from the aqueous
phase with glutamic acid and lactic acid being the highest. The findings from this work would be useful in identifying and
harnessing important microalgal biochemical from SWE process to develop new and improved bioproduct technologies.
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Introduction

Microalgal biomass contains a wide range of biochemicals
including lipids, proteins, and carbohydrates. Lipids extracted
from microalgae have been widely studied for biodiesel pro-
duction (Miao and Wu 2006; Halim et al. 2011). However,
commercial-scale production and processing of microalgal
biomass into biodiesel under optimum economy as an alter-
native to fossil fuels has been challenging due to high cost of
production (Medipally et al. 2015; Sánchez et al. 2016). As a

result, researchers are switching their interests to the produc-
tion of omega-3 polyunsaturated fatty acids (PUFA) from
microalgal biomass (Cheung 1999; Andrich et al. 2005;
Spolaore et al. 2006). Apart from lipids, microalgae are also
rich in proteins which can be extracted for human consump-
tion as food supplements as well as for animal feed (Becker
2007). Also, the carbohydrate content of microalgae has been
widely studied for biofuel production, including bioethanol
and biobutanol (Harun and Danquah 2011; Ho et al. 2013).

The lipid, protein, and carbohydrate molecules are located
either in the cell wall or within the microalgal cells. For ex-
ample, proteins are part of the composition of the cell wall,
cytoplasm, chloroplast, and organelles inside the barrier of the
cell wall (Safi et al. 2015). Microalgal cell walls also contain
carbohydrate (polysaccharides, cellulose, glucose), proteins,
lipids, and minerals (Safi et al. 2015; Rashidi and Trindade
2018; Alhattab et al. 2019). To extract these molecules from
microalgae, different pre-treatment methods such as mechan-
ical (expeller, bead beating, high-pressure homogenizer, and
sonication) and chemical extraction have been widely applied
(Halim et al. 2012; Li et al. 2014). Although these two
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techniques are well established, there are still many drawbacks
such as high energy input and the use of an organic solvent
that continue to pose sustainability and environmental
concerns.

Subcritical water extraction (SWE) technology or some-
times known as pressurized liquid extraction (Azmir et al.
2013) is a green extraction method that uses water as the
solvent. This makes it more favorable compared with
solvent-based methods. Several studies on SWE of different
types of feedstock such as rice bran, squid waste, and fish
meat have been reported (Yoshida et al. 1999; Yoshida and
Tavakoli 2004; Sereewatthanawut et al. 2008; Awaluddin
et al. 2016). A summary of SWE performance characteristics
includes short extraction time, environmentally friendly tech-
nology, and ease of extraction of polar and non-polar com-
pounds with water under subcritical conditions. SWE technol-
ogy works under milder operating conditions (T < 374 °C, P <
22.1 MPa) and can offer a lower production cost compared
with other extraction methods (Thiruvenkadam et al. 2015).

Several parameters that are known to affect the perfor-
mance of SWE technology include temperature, time, and
biomass loading to water ratio, with the temperature being
the most studied parameter (Zhu et al. 2008, 2010, 2011b;
Reddy et al. 2014). An increase in extraction temperature
leads to a decrease in dielectric constant, which increases the
solubility of organic compounds in water. The dielectric con-
stant is important in SWE as it determines the solubility or
degree of interaction between the solvent and the organic mol-
ecule of interest (Halim et al. 2011). Water is polar in nature;
hence, only polar lipid such as phosphoglycerides,
glycosylglycerides, and sphingolipids present in microalgae
can dissolve in water. In addition, water as a medium can lead
to co-extraction of proteins and carbohydrates from
microalgal biomass. As the temperature of water increases,
its polarity changes from polar to moderately polar, allowing
non-polar compounds such as triglycerides lipid to be
dissolved.

Furthermore, when the temperature of the water is ele-
vated, the hydrogen bond that holds the water molecule
cleaves, increasing the number of hydrogen ions and po-
tential use as an acid catalyst (Thiruvenkadam et al.
2015). Besides temperature, time and biomass loading
are also essential parameters in SWE. Previous studies
showed that shorter times are sufficient and preferable
for extraction as longer reaction times could result in deg-
radation of compounds (Zhu et al. 2011a; Kouchaksaraie
et al. 2016). Biomass loading affects the operating cost,
extraction time, and the interaction between the biomass
and the solvent. To date, different yields and product
types have been reported for SWE operations under vari-
ous operating conditions. Hence, process optimization is
important to determine the optimum conditions for an
enhanced yield of the molecule of interest.

SWE processes result in two different product phases: an
aqueous phase containing solubilized or immiscible bioactive
compounds from the extract, and solid-phase biomass debris
containing residual or unextracted bioactive molecules in the
matrix. The liquid layer obtained after SWE can be divided
into two fractions. The upper fraction is known as the oil
phase, which contains lipids as well as lipophilic pigments
such as carotenoids and chlorophyll a. The middle fraction
is known as the aqueous phase, and this phase usually contains
proteins (including peptides and amino acids), carbohydrates
(including monosaccharides, disaccharides, oligosaccharides,
and polysaccharides), and organic acids. The solid phase oc-
cupies the bottom fraction and consists of solid residue or
microalgal cell debris.

Most of the reported studies on SWE of microalgal bio-
mass focus more on maximizing lipid yields for biofuel appli-
cation (Reddy et al. 2014; Zakaria et al. 2017a; Ho et al. 2018;
Thiruvenkadam et al. 2018). Other reports focused on the
efficiency of SW in extracting phenolic compounds and the
assessment of antioxidant activity (Meizoso et al. 2010;
Zakaria et al. 2017b). There are limited reports and discus-
sions that explore the potential application of by-products that
could be developed from residues after SWE lipid extraction.
These by-products include solid residue, protein, carbohy-
drate, and other biomolecules. Therefore, the present work
explores comprehensive use of holistic approach to determine
the presence of potential biomolecules products from both the
aqueous/liquid and solid phases obtained after the extraction
of microalgal Chlorella pyrenoidosa lipids by SWE. A central
composite design (CCD) was employed to determine the ef-
fect of three factors: microalgal biomass loading, extraction
time, and extraction temperature towards the protein and car-
bohydrate generation via SWE. The work is important to sup-
port complete utilization of microalgal biomass towards the
development of commercially viable bioproduct strategies
from microalgae.

Materials and methods

Microalgal cell

Dried green cells of Chlorella pyrenoidosa, with an average
particulate size between 50 and 100 μm, were obtained from
Sunrise Nutrachem Group, China. The microalgal cells were
stored in a desiccator until further use.

Chemicals and reagents

The chemicals and reagents used in this study are as follows:
sodium carbonate (Na2CO3, R&M Chemicals Ltd., MW
105.99, 99.5%), sodium hydroxide (NaOH, Merck Pty Ltd.,
MW 40, 99%), copper sulfate (CuSO4.5H2O, R&M
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Chemicals Ltd., MW 249.68, 99.6%), sodium potassium tar-
trate (C4H4KNaO6.4H2O, R&M Chemicals Ltd., MW
283.23. 99%), Folin Ciocalteu (R&MChemicals Ltd.), bovine
serum albumin (BSA, R&M Chemicals Ltd.), glucose
(C6H12O6, R&M Chemicals Ltd.), phenol (R&M Chemicals
Ltd.), sulfuric acid (H2SO4, R&M Chemicals Ltd., MW
98.079, 99%), p-toluenesulfonic acid (Sigma-Aldrich), Bis-
Tris (CalbioChem), Ethylenediamine tetraacetic acid (EDTA,
R&M Chemicals Ltd.), hydrochloric acid (HCl), α-
Aminobutyric acid (AABA), acetonitrile, AccQ Tag Eluent
A (Waters), derivatization reagent kit (borate buffer, acetoni-
trile and ACCQ fluor reagent, Waters). Formic acid, lactic
acid, levulinic acid, acetic acid, succinic acid, and malic acid
were obtained from R&M Chemicals Ltd.

Characterization of the microalga C. pyrenoidosa

Physical, biochemical (protein, fat, and carbohydrate), and
elemental characterizations ofC. pyrenoidosawere conducted
to determine its moisture, ash, and nutrient contents. The
moisture content was analyzed via oven drying at 105 °C,
while the ash content was analyzed by incinerating the
microalgae at 550 °C. The weights of microalgae before and
after oven drying and incineration were determined. The pro-
tein content was determined using Kjeltec System 2300 ana-
lyzer (FOSS, Denmark), and the lipid content was determined
using Soxtec Avanti 2055 (FOSS, Denmark). Carbohydrate
content of the microalgae was determined using Eq. 1:

Carbohydrate %ð Þ ¼ 100%− %Moistureþ%Ashþ%Proteinþ%Fatð Þ
ð1Þ

Elemental analysis of C. pyrenoidosawas conducted using
a CHNS analyzer (LECO True Spec CHNS628, USA).
Approximately 0.2 g of the microalgal biomass was weighed
into a tin capsule and transferred to an autosampler. The sam-
ples were combusted at 1000 °C, and carbon (C), hydrogen
(H) and nitrogen (N) were determined by comparing with

calibrated values. The characterization results for
C. pyrenoidosa are shown in Table 1.

SWE experiment

SWE experiments were conducted in a batch mode at different
temperatures (170–370 °C), microalgal biomass loading con-
centrations (1–15%), and time (1–20min). The operating con-
ditions for each experiment were generated based on CCD,
shown in Table 2. The pressure within the reaction tube was
estimated from the steam table under subcritical conditions.
The reaction pressure that corresponds to the saturated vapor
pressure of water at each temperature is 0.79 MPa at 170 °C,
2.32MPa at 220 °C, 5.5 MPa at 270 °C, 11.28MPa at 320 °C,
and 21.04 MPa at 370 °C. The parameters (extraction temper-
ature, extraction time, and biomass loading) were selected for
this study as they have been reported to have a significant
i n f l uence on SWE proce s se s (Ho e t a l . 2018 ;
Thiruvenkadam et al. 2018). The range of temperature (170–
370 °C) in this study was selected, as 170 °C is the minimum
temperature allowable for the salt bath and 370 °C is the sub-
critical threshold temperature before the reaction goes into the
supercritical phase. The extraction time and microalgae load-
ing had minimum values of 1 min and 1%, while the maxi-
mum values were selected based on preliminary studies in
which results are not shown.

The dried microalgal biomass was initially mixed with
Milli-Q water at a specific loading concentration. For 1%
loading concentration, 0.25 g of the biomass was mixed with
25 mL water. The same approach was used to obtain the re-
maining biomass loading concentrations. The biomass was
loaded into a stainless steel reaction tube with one side closed.
The reactor has an inner diameter of 19.05 mm and a length of
150 mm. The reactor was purged with argon gas for a few
minutes to release trapped air inside the reactor. The reactor
was tightly closed with Swagelok caps. The schematic dia-
gram of the experimental setup is shown in Fig. 1. The salt

Table 1 Elemental composition
and proximate analysis of
microalgae C. pyrenoidosa
biomass

Proximate analysis (%)

Moisture 5.6

Ash 7.5

Carbohydrate 22.8

Protein 62.7

Fat 1.4

Ultimate analysis

Element Raw algae (%) Solid residue run 12 (%) Solid residue run 19 (%)

Carbon 44.525 62.53 ± 0.323 58.35 ± 0.415

Hydrogen 5.705 8.33 ± 0.027 7.840 ± 0.058

Nitrogen 9.797 6.61 ± 0.002 8.243 ± 0.070

*Variation in data shown (n = 3 ± standard deviation)
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bath containing a mixture of potassium nitrate and sodium
nitrate (1:1) was heated to the desired temperature and the
reactor was individually immersed for the extraction process
to commence according to the experimental design shown in
Table 2. After the extraction process duration, the reactor was
quenched with cooling water to stop the reaction. The reactor
pressure was allowed to reduce and the samples were collect-
ed for further analysis.

Analysis of SWE samples

The generated extracts were transferred into a 50-mL centri-
fuge tube and centrifuged (KUBOTA 2420, Japan) at 2540×g
for 5 min. Three different layers of the samples formed after
centrifugation, representing the lipids, aqueous phase, and
solid residue. About 1.5 mL of n-hexane was added to sepa-
rate the lipid fraction, and the mixture was incubated at room
temperature for a fewminutes before recovering the lipid frac-
tion. The lipid recovery process was repeated several times to
achieve complete lipid separation. The residual mixture was
re-centrifuged at 2540×g for 5 min. The supernatant was sep-
arated by filtration and stored at − 20 °C. On the contrary, the
solid residue was dried in the oven at 60 °C overnight and
stored in a desiccator until further analysis.

Aqueous phase analysis

The supernatant obtained after the second stage centrifugation
(aqueous phase) was analyzed to determine total protein, car-
bohydrate, amino acid, and organic acid contents.

Total protein analysis

Lowry assay (Lowry et al. 1951) was used to determine the
total crude protein content of the samples. Eight different stan-
dards with varying protein concentrations ranging from 0.05
to 1 mg mL−1 were prepared using bovine serum albumin
(BSA) solution to generate a linear calibration curve. A plot
of absorbance against protein concentration was generated
and used to determine the protein concentrations of the un-
known samples. About 0.4 mL of each standard and the aque-
ous solution of SWEwas pipetted into test tubes followed by 4
mL of the alkaline copper sulfate reagent. The solution was
mixed and incubated for 10 min at room temperature. A total
of 0.4 mL of the Folin Ciocalteu reagent was added to each
test tube and incubated for an additional 30 min. Folin reagent
is photosensitive, so the incubation was performed in the dark
at room temperature. The absorbance of the solutions was
measured at 660 nm using a UV/VIS spectrophotometer
(UV-160A, Shimadzu, Japan). Protein yield via SWE process
was determined using Eq. 2:

Protein yield %ð Þ ¼ protein conc: mg mL−1� �

� g protein
1000 mg

� volume mLð Þ
initial algae gð Þ

� 100 ð2Þ

Total carbohydrate analysis

Total carbohydrate content was determined using the phenol-
sulfuric acidmethod (Dubois et al. 1956). A set of five glucose
standards with varying concentrations (0, 10 mg L−1, 25 mg
L−1, 50 mg L−1, and 100 mg L−1) was prepared. About
600-μL aliquot of each standard was transferred to a glass
tube followed by 600 μL of 5% phenol. Three milliliter sul-
furic acid was pipetted into the tube and incubated under am-
bient conditions for 30 min. The absorbance was measured at
480 nm. The absorbance values of the standards were used to
create a calibration curve and used to determine the carbohy-
drate contents of the unknown samples.

About 600μL of the sample mixture was put in a glass tube
followed by 600 μL of 5 % phenol and 3 mL sulfuric acid.
The solution was incubated for 30 min, and the absorbance
was measured to determine the carbohydrate content using the
calibration curve. The carbohydrate yield from the SWE pro-
cess was determined using Eq. 3:

Sugar yield %ð Þ ¼ sugar conc: mg mL−1� �� g sugar
1000 mg

� total volume mLð Þ
initial algae gð Þ � 100 ð3Þ

Amino acid and organic acid contents analysis
by high-pressure liquid chromatography

The aqueous phase sample was mixed with 5 mL of 6 N HCl
and heated at 110 °C for 24 h. About 4 mL of α-aminobutyric
acid (AABA) stock solution (2.5 mM) was added, and the
solution was made up to 100 mL with distilled water. A total
of 10-μL aliquot of the solution was transferred to a 1.5-mL
centrifuge tube for derivatization after mixing with 70 μL of
borate buffer and 20 μL of AccQ reagent. The mixture was
incubated for 1 min at room temperature and 5 μL (50 pmole
of AABA = 5.156 ngAABA) of the contents was injected into
the HPLC (Waters, Water 2475 model e2695) for amino acid
analysis. AccQ Tag Column (3.9 × 150 mm) was used for the
analysis and AccQ Tag Eluent A concentrate and 60% aceto-
nitrile was the mobile phase. The flow rate was 1 mL min−1,
and the column temperature was 36 °C. FluorescenceDetector
(Waters 2475) was used to detect the amino acids.

The organic acid content was analyzed using HPLC
(Shimadzu Corporation, Japan) Organic Acid Analysis
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System. Separation and detection of organic acids were per-
formed at 45 °C and a flow rate of 0.8 mL min−1 using Shim-

pack SCR-102H (8 mm I.D. × 300 mm L) column. The mo-
bile phase was 5 mM p-toluenesulfonic acid aqueous solution.

Table 2 Experimental design
matrix and yield of protein and
carbohydrate from SWE of the
microalgal biomass of
C. pyrenoidosa

Run
no.

Temp
(°C)

Time
(min)

Conc.
(%)

Total protein
conc. (mg
mL−1)

Yield of
protein
(%)

Total carbohydrate
conc. (mg mL−1)

Yield of
carbohydrate
(%)

1 220 15 3 2.495 ± 0.05 8.316 0.537 ± 0.0005 1.791

2 270 1 15 1.812 ± 0.04 3.623 0.751 ± 0.0005 1.503

3 270 10 5 3.271 ± 0.07 6.542 0.349 ± 0.0005 0.698

4 170 10 5 2.368 ± 0.11 4.736 1.202 ± 0.0009 2.403

5 320 15 10 3.047 ± 0.01 3.047 0.067 ± 0.0009 0.067

6 320 5 10 3.468 ± 0.14 3.468 0.135 ± 0.0005 0.135

7 320 5 3 2.391 ± 0.14 7.970 0.083 ± 0.0005 0.275

8 270 10 5 3.103 ± 0.08 6.206 0.184 ± 0.0009 0.368

9 270 20 5 2.845 ± 0.04 5.689 0.124 ± 0.0005 0.248

10 220 5 3 1.661 ± 0.01 5.535 0.628 ± 0.0005 2.095

11 270 10 5 3.414 ± 0.10 6.828 0.293 ± 0.0005 0.586

12 270 10 15 4.130 ± 0.11 2.753 0.532 ± 0.0009 0.355

13 270 10 5 3.257 ± 0.01 6.513 0.241 ± 0.0009 0.481

14 270 10 5 2.992 ± 0.06 5.984 0.181 ± 0.0009 0.362

15 270 10 5 3.427 ± 0.06 6.855 0.258 ± 0.0005 0.516

16 320 15 3 2.451 ± 0.10 8.169 0.147 ± 0.0005 0.490

17 220 5 10 3.165 ± 0.10 3.165 1.353 ± 0.0028 1.353

18 270 10 1 1.877 ± 0.03 18.773 0.134 ± 0.0132 1.341

19 220 15 10 4.051 ± 0.02 4.051 1.202 ± 0.0037 1.202

20 370 10 5 2.579 ± 0.14 5.158 0.090 ± 0.0014 0.181

*Variation in data shown (n = 3 ± standard deviation)
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Fig. 1 Schematic diagram of the SWE experimental setup
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The reagent used for detection was 20 mM Bis-Tris aqueous
solution containing 5 mM p-toluenesulfonic acid and 100 μM
EDTA. The detector CDD-6A with a positive polarity and
slow response was used in this analysis. Several types of or-
ganic acid standards (formic acid, lactic acid, levulinic acid,
acetic acid, succinic acid, andmalic acid) were used to identify
and quantify the type of organic acids produced at a specific
retention time. The organic acid yield from the SWE process
was determined based on Eq. 4:

Organic acid mg g−1
� � ¼ organic acid conc: mg L−1� �

� total volume mLð Þ
1000

� 1

initial algae gð Þ ð4Þ

Fourier-transform infrared spectroscopic experiment

FTIR analysis was carried out using Perkin Elmer, Spectrum 100
FTIR Spectrometer (USA). An attenuated total reflection (ATR)
system was used for this analysis (Schmitt and Flemming 1998).
The ATR diamond crystal was cleaned at the beginning of each
experiment. A small amount of the sample (in this case, a drop of
aqueous phase or a few milligram of powder algae sample) was
placed on the crystal. The pressure arm was positioned over the
crystal/sample area. Force was applied to the sample, pushing it
onto the diamond surface, and the IR scanning was performed.
Measurements were carried out in the spectral range of 650–
4000 cm−1 with a resolution of 4 cm−1 at a constant temperature
of 25 °C. Each spectrum was recorded three times and the aver-
age spectrum was calculated. Data analysis was performed using
Spectrum v 10.03.07 and Origin Pro 8 software.

Solid residue analysis

The solid residuewas analyzed for elemental (Carbon,Hydrogen,
and Nitrogen) composition using a CHNS analyzer (Leco True
Spec CHNS628, USA). First, the solid residue was weighed into
a tin capsule and transferred to an autosampler. The combusted
temperature of the solid residue was set to 1000 °C and carbon,
hydrogen, and nitrogen were determined by comparing with cal-
ibrated values. The multiplying factor of 4.78 was used to calcu-
late the nitrogen-protein conversion, and it was assumed that the
nitrogen is associated with proteins (Lourenço et al. 2004).

Statistical analysis

All statistical analyses were performed using Design-Expert
7.0.0 software (Stat-Ease Inc., USA). The interactions of three
factors (temperature, time, and microalgae loading) on the
protein and carbohydrate composition were studied using

response surface methodology (RSM). The RSM approach
was carried out using the 3-factor 5-level CCD. The protein
and carbohydrate contents of data obtained were considered as
dependent variables, while temperature, time, and microalgal
biomass loading were the independent variables. A set of 20
experiments was performed in the study. Analysis of variance
(ANOVA)was applied to evaluate the fitness of the model and
identify the interactions between the independent and depen-
dent variables. The agreement between the model and the
experimental data was expressed by the coefficient of deter-
mination (R2), which indicated the quality of the model.
Empirical models correlating protein and carbohydrate con-
tents to the three independent variables were developed. The
independent variables are designated as A (temperature), B
(time), and C (microalgae loading), while the dependent var-
iable (response) is designated as Y. The extraction conditions
using a combination of independent variables and the depen-
dent variable were correlated using a second-order polynomial
Eq. 5:

Y ¼ β0 þ β1Aþ β2Bþ β3C þ β12ABþ β13AC

þ β23BC þ β11A
2 þ β22B

2 þ β33C
2 ð5Þ

where β0 is the model constant coefficient; β1, β2, and β3 are
linear coefficients; β12, β13, and β23 are interaction coeffi-
cients; and β11, β22, , and β33 are quadratic coefficients.

Results

Yield of protein and carbohydrate in the aqueous
phase of SWE

The experimental design matrix and their corresponding pro-
tein and carbohydrate concentration are shown in Table 2. The
highest protein concentration of 4.13 mg mL−1 was obtained
at temperature 270 °C, extraction time of 10 min, and 15%
microalgae biomass loading (run 12), while the highest carbo-
hydrate concentration of 1.35 mg mL−1 was achieved at 220
°C, 5 min, and 10%microalgae loading (run 17). The concen-
tration of carbohydrates obtained in the aqueous phase was
lower than proteins. However, the temperature, time, and bio-
mass loading needed for the highest carbohydrate concentra-
tion were lower than the operating conditions required for
protein production. The yield of protein and carbohydrate ob-
tained via SWE in this study was calculated by dividing the
concentration of protein or carbohydrate in the aqueous phase
with the initial concentration of microalgae loading based on
the design matrix in Table 2. The highest yield of protein
(18.773%) was produced under the conditions of 270 °C,
10 min extraction time, and 1% of microalgae loading, while
only 2.403% carbohydrate was produced under the condition
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of 170 °C, 10 min extraction time, and 5% biomass loading.
The quantity of protein and carbohydrate obtained in the aque-
ous phase of SWE was lower than the initial composition of
proteins (62.7%) and carbohydrate (22.8%) that is present in
the C. pyrenoidosa biomass.

Analysis of model

ANOVA analysis in Tables 3 and 4 shows the models gener-
ated for protein and carbohydrate are significant. No transfor-
mation has been done on both response, and the quadratic
model was used for both responses. The significance of the
terms in the quadratic model was determined based on the p
value (< 0.05). The p value of extraction time (B) and
microalgal biomass loading (C) were less than 0.05, indicating
these parameters mostly affected the protein extraction
(Table 3). Other significant terms that affected protein produc-
tion via SWE included AB, A2, B2, and C2. A value greater
than 0.100 indicates the model terms are not significant. The
ANOVA analysis of carbohydrate showed that the extraction
temperature (A), microalgal biomass loading (C), AC, and A2

were the significant terms that affected carbohydrate produc-
tion. The coefficient of determination or R2 value of the
ANOVA model for protein was 0.9247, while carbohydrate
was 0.9633. Both of the models showed adequate signals (the
adequate precision ratio was larger than 4) and non-significant
lack of fit (lack of fit was more than 0.05). The uncoded

(actual) equations for optimum protein and carbohydrate ex-
traction via SWE extraction of C. pyrenoidosa biomass are:

Protein ¼ −10:15861þ 0:059578� temp:½ � þ 0:54953� time½ �
þ 0:64366� conc:½ �− 1:04055� 10−3 � temp:� time

� �

− 9:69493� 10−4 � temp:� conc:
� �

þ 3:48731� 10−3 � time� conc:
� �

− 7:97965� 10−5 � temp:2
� �

− 0:011697� time2
� �

− 0:018134� conc:2
� �

ð6Þ

Carbohydrate ¼ 3:72528− 0:024527� temp:½ �− 0:052739� time½ �
þ 0:35698� conc:½ � þ 1:1965� 10−4 � temp:� time

� �

− 1:07586� 10−3 � temp� conc:
� �

− 1:76677� 10−4 � time� conc:
� �

þ 4:19014� 10−5 � temp2
� �þ 5:29844� 10−4 � time2

� �

− 1:61979� 10−3 � conc:2
� �

ð7Þ

Figure 2 a–c shows the 3-D surface relationship of the
extracted protein with each independent variable. The re-
sponse variables in all figures are dependent on the three var-
iables analyzed in this study. It can be seen that a decrease in
temperature and an increase in both extraction time and
microalgal biomass loading result in an increase in protein

Table 3 ANOVA for response
surface modelling of protein from
SWE of the microalgal biomass
of C. pyrenoidosa

Source SSa Dfb MSc F value p valued

Prob>F

Model 8.22 9 0.91 13.65 0.0002 Significant

A, temperature 0.053 1 0.053 0.80 0.3930

B, time 1.33 1 1.33 19.91 0.0012

C, concentration 3.34 1 3.34 49.98 < 0.0001

AB 0.54 1 0.54 8.09 0.0174

AC 0.25 1 0.25 3.76 0.0812

BC 0.049 1 0.049 0.73 0.4131

A2 0.99 1 0.99 14.78 0.0032

B2 1.16 1 1.16 17.34 0.0019

C2 1.18 1 1.18 17.67 0.0018

Residual 0.67 10 0.067

Lack of fit 0.52 5 0.1 3.56 0.0948 Not significant

Pure error 0.15 5 0.029

Cor Total 8.89 19

a Sum of squares
b Degree of freedom
cMean square
d Significant if p < 0.05, R2 = 0.9247, adjusted R2 = 0.8570, adequate precision = 14.764, standard deviation =
0.26
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concentration. Figure 3 a–c show the relationship between the
independent process variables and the extracted carbohydrate.
Comparedwith the extraction temperature andmicroalgal bio-
mass loading, the extraction time does not affect carbohydrate
yield. In addition, Fig. 3 b and c show that increasing
microalgae biomass loading leads to increasing sugar produc-
tion as more biomass is available for conversion. The carbo-
hydrate production decreased as the temperature increased
from 170 to 370 °C.

Analysis of solid residue from SWE lipid extracted
microalgal biomass

The elemental analysis of the microalgal biomass before
and after SWE was conducted to determine the amount of
nitrogen (N) reduction. The data is presented in Table 1.
The N analysis indicates the protein content of the
microalgae. A multiplying factor of 4.78 is used to calcu-
late the N to proteins conversion. Runs 12 and 19 were
selected because the samples produce the highest amounts
of protein in the SWE process. The initial N analysis of the
original microalgae biomass was 9.8% N, equivalent to
46.8% of protein. After the extraction, analysis on run 12
(270 °C, 10 min, 15% biomass loading) indicated that
around 6.6% N was still present in the solid residue, mean-
ing only about 3.2% of N was extracted, equivalent to
about 15.3% protein in the aqueous phase.

The analysis of run 19 (220 °C, 15 min, 10% biomass
loading) showed that about 8.2% N was present in the solid

residue, indicating only 1.6% of N was extracted, correspond-
ing to 7.6 % protein released to the aqueous phase. Based on
Table 2, only 2.7% (run 12) and 4.1% (run 19) proteins were
detected using the Lowry method. This indicates that there are
still about 12.6 and 3.5% of protein undetected in runs 12 and
19, respectively.

Figure 4 a summarizes the N contents of the microalgal
biomass before and after SWE. It should be noted that a
complete mass balance analysis was not achieved in the
present study due to the limitation of the instrument used
to analyze the gases such as nitrogen and ammonia that
contribute to the total N. Furthermore, the N content pres-
ent in the biocrude was not included in this study (Fig.
4b). Also, the multiplying factor used for the conversion
of N to proteins may have been slightly overestimated
since the work did not include a detailed structural and
molecular analysis of the proteins present in the
C. pyrenoidosa biomass.

The carbon (C) and hydrogen (H) contents of the
microalgal biomass residue after SWE were high, as shown
in Table 1. A higher C (62.53%) and H (8.33%) contents were
observed in run 12 compared with run 19 (C 58.35% and H
7.84%).

Amino acids and organic acids analysis

About 16 different types of amino acids were detected from
the SWE process, as listed in Fig. 5. The total concentration
of amino acids produced from runs 12 and 19was 17.515mg

Table 4 ANOVA for response
surface modelling of
carbohydrate from SWE of the
microalgal biomass of
C. pyrenoidosa

Source SSa Dfb MSc F value p valued

Prob>F

Model 3.02 9 0.34 29.18 < 0.0001 Significant

A, temperature 2.13 1 2.13 184.90 < 0.0001

B, time 0.042 1 0.042 3.68 0.0839

C, concentration 0.62 1 0.62 53.73 < 0.0001

AB 7.185E-003 1 7.158E-003 0.62 0.4485

AC 0.31 1 0.31 26.92 0.0004

BC 1.252E-004 1 1.252E-004 0.011 0.9190

A2 0.27 1 0.27 23.70 0.0007

B2 2.380E-0.03 1 2.380E-0.03 0.21 0.6589

C2 9.429E-0.03 1 9.429E-0.03 0.82 0.3866

Residual 0.12 10 0.012

Lack of fit 0.094 5 0.019 4.51 0.0620 Not significant

Pure error 0.021 5 4.178E-003

Cor Total 3.14 19

a Sum of squares
b Degree of freedom
cMean square
d Significant if p < 0.05, R2 = 0.9633, adjusted R2 = 0.9303, adequate precision = 17.252, standard deviation =
0.11
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g−1 and 11.04 mg g−1. In this study, glutamic acid was the
highest amino acid produced in run 12 (4.96mg g−1) and run
19 (2.42 mg g−1). This was followed by proline (1.99 mg
g−1), alanine (1.95 mg g−1), valine (1.83 mg g−1), leucine
(1.64 mg g−1), glycine (1.35 mg g−1), isoleucine (1.19 mg
g−1), phenylalanine (0.61mg g−1), methionine (0.52mg g−1)
lysine (0.455 mg g−1), tyrosine (0.415 mg g−1), arginine
(0.38 mg g−1), histidine (0.175 mg g−1), and aspartic acid
(0.05 mg g−1) for run 12. As for run 19, aspartic acid, serine,
arginine, and lysine were produced in higher concentrations
than run 12. Hydroxyproline was not detected in both runs,
while threonine and serinewere not detected in run 12.Based
on Fig. 5, the concentrations of alanine and glycine obtained
were higher than serine. Alanine, leucine, and phenylalanine
were present in the aqueous phase of runs 12 and 19. On the
contrary, aspartic acid and serine were less detected in the
aqueous phase. The aspartic acid in run 12 (270 °C) was
lower in concentration than run 19 (220 °C), while serine
was not detected in run 12 but present in run 19.

Organic acids analysis was performed to investigate the
earlier hypothesis on the degradation of protein, carbohy-
drate, and amino acids that generate organic acids at high
temperatures and high pressures. The organic acids

identified from run 12 consist of lactic acid, formic acid,
acetic acid, and succinic acid. Lactic acid (796.22 mg L−1)
was the highest organic acid produced from run 12
followed by acetic acid (757.54 mg L−1), formic acid
(179.14 mg L−1), succinic acid (126.03 mg L−1), and ma-
lic acid (49.11 mg L−1). However, there are some unac-
counted organic acids, which limits the ability to identify
the loss of 12.6% protein, as discussed above.

FTIR spectroscopic analysis

Figure 6 shows the FTIR spectrographs obtained for the
raw/original C. pyrenoidosa biomass and the aqueous
phase of runs 12 and 19 after SWE. It can be observed
that there are differences in the functional groups and
peak intensities before and after SWE. However, there
are no significant differences in the functional groups of
the aqueous phases of runs 12 and 19. Table 5 shows the
wavenumbers of peaks identified from the original sample
as well as their functional groups. The functional groups
profile of the original microalgae biomass consists of wa-
ter (O–H) or protein (N–H) at 3288 cm−1, lipid (2963 and
2933 cm−1), protein (1739 cm−1, 1646 cm−1, 1542 cm−1,
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1452 cm−1, and 1383 cm−1), carbohydrate (1061 and 1038
cm−1), cellulose fatty acids (1739 cm−1), and nucleic acid
(1228 cm−1).

Fewer functional groups were present in the aqueous
phase after SWE, as shown in Table 5 and Fig. 6. The
broad peak (3360 cm−1) could be observed in the aqueous
phase of both runs. However, the intensity of the peaks at
wavenumber (1000–1800 cm−1) of the aqueous phase
samples 12 and 19 were less after extraction as compared
with the original biomass. The functional groups of lipids
(2809–3012 cm−1) were not detected in the aqueous
phases of runs 12 and 19. The intensity of the carbohy-
drate groups (980–1072 cm−1) from both runs was lower
compared with the original biomass.

Discussion

Protein and carbohydrate produced via SWE

CCD was used to identify and optimize the significant param-
eters that affect protein and carbohydrate production from

SWE of C. pyrenoidosa biomass. The maximum protein gen-
erated from the present study is higher than the protein gener-
ated from the hydrolysis of Scenedesmus sp. biomass
(3.184 mg mL−1) operated at 325 °C and 20.7 MPa
(Moscoso et al. 2013). The difference in protein concentration
of other microalgae could be attributed to the initial protein
content of the biomass and the rigidity of the cell wall to
subcritical water permeation. The concentration of carbohy-
drates was lower than proteins due to the initial amount of
proteins (62.7%) in the biomass was higher compared with
carbohydrates (22.8%) as shown in Table 1. It is also impor-
tant to note that some of the carbohydrate molecules may still
reside in the solid residue after SWE. The SWE temperature
needed for the highest carbohydrate concentration in this
study is lower than protein due to the presence of this carbo-
hydrate in the microalgal cell wall. At room temperature, this
cell wall has not yet disrupted; hence, none or limited amount
of compounds are allowed to diffuse from the microalgae cell.
As the temperature increase, the pressure of water also in-
creases to maintain the water in liquid conditions. The rise in
temperature and pressure cause the microalgae cell wall to
swell and rupture, hence release the carbohydrate that mostly
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located in the cell wall and in the cell. Further increase in
temperature could degrade the carbohydrate to organic acids.

SWE optimal operating conditions for maximum protein
and carbohydrate extraction were different, indicating that ex-
traction conditions are only tailored for a specific biochemical
and it is difficult to identify a single best-operating condition
for extracting all components (lipid, carbohydrate, and

protein) from microalgal biomass. Ho et al. (2007) also iden-
tified different optimal conditions for protein and carbohy-
drate extractions from flaxseed meal. The optimal protein pro-
duction was obtained at pH 9, 160 °C extraction temperature,
and 210 mL g−1 meal solvent to solid ratio, while the optimal
conditions for carbohydrates were obtained at 150 °C, 210 mL
g−1 meal, and pH 4 or 6.5 (Ho et al. 2007). Hence, each
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biochemical component has its own optimal SWE operating
conditions for extraction.

The efficiency of the SWE approach was evaluated by com-
paring the yields of protein and carbohydrate with other biomass
feedstock as well as other extraction techniques. Awaluddin et al.
(2016) obtained 31.2% protein and 14.2% carbohydrate under

SWE conditions of 277 °C, 5% C. vulgaris biomass, and 5 min
of extraction time, while Sereewatthanawut et al. (2008) obtained
21.9% protein of deoiled rice bran using SWE technology. The
low yields of protein and carbohydrate in the present study reflect
the SWE process was designed for lipid extraction; hence, pro-
teins and carbohydrates are considered as by-products of the
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Fig. 6 FTIR analysis of raw
C. pyrenoidosa biomass and the
aqueous phase of runs 12 and 19

Table 5 FTIR analysis of original
C. pyrenoidosa biomass, aqueous
phases of runs 12 (270 °C, 10
min, 15% biomass loading) and
19 (220 °C, 15 min, 10% biomass
loading) after SWE

Wavelength

Peak identified in this study
(cm−1)

Raw
algae

Sample
12

Sample
19

*Functional groups *Wavenumber
range (cm−1)

3288 3360 3360 Water (O–H) stretching, Protein
(N–H) stretching (amide A)

3029–3639

2963 – – Lipid-carbohydrate mainly
(CH2) and (CH3) stretching

2809–3012

2933 – – Lipid-carbohydrate mainly
(CH2) and (CH3) stretching

2809–3012

1739 – – Cellulose-fatty acids(C=O)
stretching of esters

1712–1763

1646 1644 1644 Protein amide I band mainly
(C=O) stretching

1583–1709

1542 – – Protein amide II band mainly
(N–H) bending and (C–N) stretching

1481–1585

1452 1458 1457 Protein (CH2) and (CH3)
bending of methyl, Lipid (CH2)
bending of methyl

1425–1477

1383 1371 1371 Protein (CH2) and (CH3)
bending of methyl, Carboxylic Acid
(C–O) of COO– groups of carboxylates, Lipid
(N(CH3)3 bending of methyl

1357–1423

1228 1192 1216 Nucleic Acid (other phosphate-containing compounds),
(>P=O) stretching of phospodiesters

1191–1356

1061 1085 1085 Carbohydrate (C–O–C) of polysaccharide 1072–1099

1038 – – Carbohydrate (C–O–C) of polysaccharide 980–1072

*Functional groups and wavenumber range (cm−1 ) are adapted from Duygu et al. (2012)
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extraction process. In addition, the presence of the microalgae
cell wall creates additional challenges to extract large protein
molecules that trapped in the cell wall. The yield of proteins
could be improved by pre-treating the microalgae biomass via
mechanical, chemical, and/or enzymatic action (Safi et al. 2014;
Bleakley and Hayes 2017). These treatments are intended to
disrupt the cell wall of the microalgae biomass to make the
proteins more accessible for extraction (Rodrigues et al. 2016).
The protein yields obtained from other extraction techniques
(manual grinding, ultrasonication, chemical extraction, and
high-pressure homogenization) (Safi et al. 2014) were compared
with that of SWE of C. pyrenoidosa biomass obtained in this
study. The protein yield from the SWE (18.77%) in this study
was higher (more efficient) than manual grinding (9.0%) and
about the same as ultrasonication (18.1%), but lower (less effi-
cient) than chemical extraction (33.2%) and high-pressure ho-
mogenization (52.8%). However, it should be noted that the
use of chemicals for protein extraction is time-consuming and
heavily associated with toxic waste management, and high-
pressure homogenization requires high energy demands.

Interactions and influences of process variables

The 3-D surface relationship (Fig. 2a) indicates total protein con-
centration decreases with increasing temperature due to thermal
denaturation of protein molecules under high-temperature condi-
tions. The molecular kinetic energy of the protein molecules
increases with increasing temperature, causing rapid vibration
and intermolecular collisions that destroy the tertiary structure
of the protein through the cleavage of its hydrogen bonds and
non-polar hydrophobic interactions (Awaluddin et al. 2016). The
amount of protein increased during extraction when increasing
the solid loading from 1 to 15 wt%. This might be due to an
increased rate of compound mass transfer resulting from the
increased solid loading during the extraction. This phenomenon
was attributed to the mass transfer principle. Higher solid-to-
solvent ratios gave higher concentration gradients, leading to
the increased diffusion and extraction of protein. In terms of
extraction time, it was found that the protein extracted increased
when the timewas increased from 1 to 20min. Thismight be due
to the time required for the exposure of solute or compounds to
the release medium when the water penetrates the microalgae,
dissolves the solute and then diffuses out from the microalgae.

It is known that the degradation of carbohydrate, protein,
and other components in microalgal cells is a temperature- and
time-dependent process. As the microalgal biomass is mainly
cellulose in the cell wall and starch in the plastids without
lignin and low hemicelluloses contents, they could easily
and readily leach out under milder subcritical water
conditions compared with protein composition that mostly
entrapped inside the cells. This is aligned with the findings
from this study where the time taken to release carbohydrate
was shorter than protein and the same pattern for the effect of

temperature. It is believed that the carbohydrates
compositions reported in this study were majorly obtained
from the degradation of carbohydrates from the microalgae
cell wall instead of the carbohydrates that entrapped inside
the cells. Sereewatthanawut et al. (2008) observed in their
work that the reaction time did not affect sugar production at
a certain temperature (120–140 °C). However, at a higher
temperature (220 °C), the extraction time affected sugar pro-
duction (Sereewatthanawut et al. 2008). There are also studies
that report that the microalgal rigid cell walls are hard to break.
Hence, longer exposure/extraction time is necessary to in-
crease the efficiency of extraction (Ursu et al. 2014;
Awaluddin et al. 2016). The yield of carbohydrate decreased
as temperature increase because the extreme temperatures
probably caused the carbohydrate to degrade into other prod-
ucts such as ketones and aldehydes as well as organic acids
(Sereewatthanawut et al. 2008).

Potential applications of solid residue after SWE

The elemental analysis of the microalgal biomass solid residue
after the SWE showed the amount of N content was still sig-
nificant, indicating the presence of proteins in the microalgal
residue. Some of the extracted proteins cannot be detected by
the Lowry method as this method only detects soluble pro-
teins, and therefore, some undetected proteins could be found
in the solid phase. Also, it is believed that those proteins may
have been degraded into amino acids and organic acids at high
temperature. At high temperatures, the ionization constant
(Kw) increases from 1 × 10−14 at ambient temperature to 7 ×
10−12 at 220 °C, and this elevates the concentrations of hy-
droxide and hydronium ions. These ions then interact with the
protein molecules in the aqueous phase and induce molecular
cleavage at the sites of the peptide bonds, generating smaller
molecules of soluble protein or amino acids, which could
further be degraded to form low molecular weight organic
acids (Sereewatthanawut et al. 2008). Besides protein and
peptide, carbohydrates compound also react with hydronium
and hydroxide ions to generate reducing sugars
(Sereewatthanawut et al. 2008). Asmentioned earlier, the high
temperature could also lead to degradation of these sugars into
other products, including aldehydes and ketones, and from
which organic acids could be produced (Sereewatthanawut
et al. 2008). Therefore, further studies were conducted to de-
termine the yields and types of amino acids and organic acids
generated from the SWE of the C. pyrenoidosa biomass.

High-quality solid fuels should have high C and H contents to
provide high heating values. A higher C and H contents were
observed in run 12, showing the solid residue obtained from
SWE of C. pyrenoidosa biomass has a great potential to be used
as a solid fuel. As the C, H, and N contents of solid residue were
high, it could be highly beneficial for gasification to produce
syngas. The solid residue from the SWE process could also be
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used for pyrolysis to generate bio-oil (Maddi et al. 2011).
However, the presence of N compounds in the solid residue
could likely reduce the bio-oil value as the Nwould be converted
to nitrogen-containing compounds such as amide, amine, and
indole. This could potentially create secondary pollutants like
NOx gases during combustion. Besides being used as feedstock
for gasification and pyrolysis, the solid residue from the SWE
process could be used as soil amendments to improve soil fertil-
ity, especially for acidic and nitrogen-deficient soils (Kiatsiriroat
2012). Furthermore, the solid residue could be processed as an-
imal feed due to the high N contents.

Potential applications of amino acids and organic
acids from microalgae C. pyrenoidosa via SWE

Amino acids are produced via protein hydrolysis. The concen-
tration of amino acids obtained from the SWE process in this
study is higher than the amino acids produced from deoiled
rice bran (8.0 mg g−1), in which the SWE process was per-
fo rmed a t 200 °C and 30 min ex t r ac t i on t ime
(Sereewatthanawut et al. 2008). However, the concentration
of the amino acids produced in this study is lower than the
amino acids produced from subcritical water hydrolysis treat-
ment of waste squid entrails and dried fish meat (Yoshida and
Tavakoli 2004). About 103.1 mg g−1 amino acids were pro-
duced from SWE of the waste squid, and the total amount of
cysteine, alanine, glycine, and leucine produced from SWE of
fishmeat was 50mg g−1 of dry fishmeat (Yoshida et al. 1999).

Hydroxyproline, threonine, and serine were not detected in
run 12 due to high SW temperature (270 °C). Serine and
threonine can be decomposed into other amino acids depend-
ing on the extraction conditions (Sato et al. 2004; Abdelmoez
et al. 2010). Abdelmoez et al. (2010) reported that serine could
be decomposed into glycine and alanine at the range of 230–
290 °C, and pressure of 2.8–7.44 MPa. The formation of gly-
cine is caused by retro-aldol condensation of serine, while
threonine also undergoes retro-aldol condensation to produce
glycine and acetaldehyde (Sato et al. 2004).

Amino acids have specific decomposition temperatures (Sato
et al. 2004). The decomposition temperature of amino acids such
as glycine, alanine, leucine, phenylalanine, serine and aspartic
acid was 290 °C, 297 °C, 294 °C, 283 °C, 228 °C, and 271 °C
(Sato et al. 2004). Hence, alanine, leucine, and phenylalanine
could be detected present in the aqueous phase of runs 12 and
19 as these amino acids could withstand high temperatures. Sato
et al. (2004) reported that alanine degradation rate is the slowest,
followed by leucine and phenylalanine. On the contrary, aspartic
acid and serine have higher degradation rates; thus, lower con-
centrations were detected in the aqueous phase. The yield of
aspartic acid in run 12 (270 °C) was lower compared with run
19 (220 °C) due to the decomposition of aspartic acid at 271 °C.
Serine was not detected in run 12 as serine decomposes at 228

°C.However, it was present in run 19 as the SWEwas performed
at a lower temperature of 220 °C.

Amino acids have many industrial applications. They are
useful additives in the food industry and very important as
flavor enhancers. Glutamic acid is used as an additive for
spices, soups, sauces, meat, and fish in concentrations of
0.1–0.4% (Rogalinski et al. 2005). Beside glutamic acid, ala-
nine and glycine are also considered as the main components
of seaweed flavor (Mišurcová et al. 2014). It is noticeable that
some essential amino acids (EAAs) such as valine, leucine,
histidine, isoleucine, threonine, lysine phenylalanine, and me-
thionine were produced from SWE of C. pyrenoidosa bio-
mass. These EAAs are very important for protein supplement
as humans cannot synthesize these EAAs. Besides nutrition,
amino acids are also being used in medical, cosmetic, and
other industrial applications, including agriculture
(Rogalinski et al. 2005).

The general reaction pathway of amino acids degradation
under SWE conditions takes two main paths: (1) deamination
pathway to produce ammonia and organic acid and (2) decar-
boxylation pathway to produce carbonic acid and amines (Zhu
et al. 2011a). Studies conducted by Yoshida et al. (1999) and
Yoshida and Tavakoli (2004) showed a high amount of
pyroglutamic acid generated from the hydrolysis of fish meat
and squid. Other organic acids identified from fish meat and
squid included lactic, formic, acetic, citric, malic, and succinic
acids. A maximum of 0.055 kg kg−1 of organic acids was pro-
duced from SWE of squid operated at 280 °C for 40 min
(Yoshida and Tavakoli 2004), while only 12.72 mg g−1 organic
acids were obtained from the present study (270 °C, 10 min and
15% microalgal biomass loading). Besides amino acids, organic
acids are also used in various industries such as food, pharma-
ceutical, and cosmetics. Examples of organic acids that are com-
monly used include citric, tartaric, malic, lactic, succinic, and
gluconic acids. These organic acids are degradable and can be
used for the production of biodegradable polymers. Lactic acid
(2-hydroxypropanoic acid) was the highest organic acid pro-
duced in this study and can be used in the food industry for mild
acid flavoring, for pH-regulation, or as a preservative (Bicker
et al. 2005). In addition, lactic acid is used in medical, pharma-
ceutical, leather, and textile industries (Laopaiboon et al. 2010).
Malic and succinic acids were also detected in this study and are
widely used as an acidulant in soft drinks and as chelating agents
(Taing and Taing 2007).

FTIR of protein and carbohydrate in the aqueous
phase of SWE

The functional groups detected from FTIR analysis of this study
are almost similar to the functional groups identified from
C. vulgaris and S. obliques biomass (Duygu et al. 2012). The
broad peak at 3360 cm−1 indicates the presence of water (O–H)
functional groups, while the reduction in the intensity of peak at
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1000–1800 cm−1 indicating a lesser amount of proteins in the
aqueous phases compared with the original biomass. The func-
tional groups of lipids were not detected in the aqueous phases,
indicating most of the extracted lipids were recovered from the
aqueous phase and probably some of the lipids still present in the
solid residue. Most of the functional groups detected in the aque-
ous phase belong to proteins, showing proteins are a major com-
ponent of runs 12 and 19. The FTIR data obtained validates the
presence of protein and carbohydrate in the aqueous phase.

Overall, various potential biochemical compounds such as
proteins, carbohydrates, amino acids, and organic acids were
obtained from the aqueous phase of SWE of C. pyrenoidosa
biomass in addition to the extracted lipid. The solid residue from
the SWE process also demonstrated high C, H, and N contents.
The present work shows a comprehensive strategy to harness
new bioproducts from SWE of microalgal biomass. The amino
acids (glutamic acid) and organic acids (lactic acid) produced
could be further purified and commercialized as these two com-
pounds have numerous applications in food industries. It was
also found that the optimal SWE operating conditions for the
highest protein, carbohydrate, and lipid production are different.
However, it is evident that SWE can be used to extract lipids,
proteins, and carbohydrates frommicroalgal biomass via a single
extraction process with no biomass treatment, hence demon-
strates the promising nature of SWE as a future green extraction
technology.
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