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A B S T R A C T   

The co-production of lipids and high value-added products from microalgae is a key milestone for practical, 
microalgae-derived food and biofuel production. However, the use of ethanol as a solvent for lipid extraction 
requires a drying pretreatment to avoid wastewater contamination and large energy consumption during solvent 
recovery. Previous studies on lipid production have reported liquefied dimethyl ether (DME) as an alternative 
solvent that can extract lipids from high water content microalgae with low energy consumption by eliminating 
the traditional drying step. In this study, liquefied DME is used as a solvent to extract fucoxanthin, antioxidants, 
and lipids from wet diatom Chaetoceros simplex var. calcitrans. DME extracted 9.2 mg/g-dry microalgae of 
fucoxanthin from wet sample; this is slightly less than the 11.9 mg/g-dry microalgae extracted from dry sample 
by ethanol. The total phenolic content and antioxidant capacity of the liquefied DME extracts were only slightly 
lower than those of the ethanol extract. Using DME, all water and 22.7 wt% of lipid, and 5.6 wt% of atty acid 
were extracted. Lipids extracted with liquefied DME have a higher C/N, an indicator of suitability for conversion 
to biofuel, than lipids obtained by ethanol extraction. The microalga contains high levels of unsaturated fatty 
acids. Liquefied DME extraction is sustainable method because liquefied DME can extract most of the lipids and 
functional components without drying the diatom. DME avoids risks associated with ethanol.   

1. Introduction 

Diatoms are a major group of microalgae that are considered effec
tive tools for combating global warming owing to their high photosyn
thetic capacity and high atmospheric CO2 absorption capacity (Kanda 
et al., 2020a). Diatoms are among the most abundant unicellular 
photosynthetic algae, accounting for approximately 40 % of total marine 
primary production (Fu et al., 2022). In food and biofuel production 
from microalgae, the co-production of valuable by-products, is impor
tant from a cost perspective. However, in order for microalgae to be 
considered a sustainable source of both food and fuel, the problems 
associated with the microalgae processing must be overcome. The CO2 
emissions during diatom cultivation and conversion must be lower than 
the CO2 absorbed by diatoms. Unfortunately, with current methods, the 
energy input during drying is too high and the energy balance is nega
tive (Lardon et al., 2009). If this energy input is based on fossil fuels that 
emit CO2 during combustion, the CO2 emissions will increase, thereby 

offsetting the benefits from its capture. Even if green energy, such as 
wind or solar, is used to power drying, the negative energy balance re
mains problematic. This is because it means that electrical energy is used 
for microalgae conversion with low efficiency. However, mechanical 
vapor recompression (MVR) technology, a method of reducing drying 
energy in liquid concentration, is not applicable after the liquid has been 
concentrated into a muddy form (Han et al., 2021). This is because the 
dried powder covers the surface of the heat transfer tubes, inhibiting 
heat transfer. The application of MVR to microalgae is difficult because 
the microalgae are collected by centrifugation in a muddy state. 

To extract lipids from diatoms while avoiding the drying process, an 
organic solvent that is miscible with water should be used. However, 
when ethanol is used, the extracted solution is a mixture of water, lipids, 
and ethanol. Consequently, this solution requires treatment by benzene 
or other chemicals to recover the ethanol and prevent it from contami
nating wastewater through azeotrope formation. In a previous study that 
used a mixture of supercritical carbon dioxide (SC-CO2) and ethanol to 
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extract lipids and carotenoids from the microalgae Chlorella sorokiniana, 
prior drying of the sample was required (Morcelli, et al., 2021). Also, in a 
previous study that used a mixture of SC-CO2 and ethanol to extract 
water from high water content carrots, the dried carrots in this previous 
study retained their bright β-carotene color, suggesting limited β-caro
tene extraction. (Brown, et al., 2008) Moreover, even with SC-CO2 +

ethanol, the solution to the problem of ethanol separation from extrac
ted solution is limited, as the extracted solution is a mixture of water, 
lipid, and ethanol. To solve the water separation problem, an extraction 
solvent that has a low boiling point must be used so that the solvent can 
be evaporated at 40 ◦C through solar heating (Kanda et al., 2015; Li 
et al., 2014). Further, the solvent must have a large difference in boiling 
point from that of water to ensure that the residue in the water after 
evaporation is little, and that it is nontoxic, and safe. Liquefied dimethyl 
ether (DME) has been proposed as a substance that meets these re
quirements (Kanda et al., 2020a). 

DME is the simplest ether, and it is considerably different from 
common ethers, such as ethyl ether. The European Union permits DME 
as an extraction medium (Commission E Commission Directive (EU), 
2016), and the Food and Drug Administration, USA classifies DME as 
“Generally Recognized as Safe (GRAS)” (Food and Drug Administration, 
2017). Owing to its molecular structure, it has a normal boiling point as 
low as − 24.8 ◦C and is gaseous in the standard state; therefore, DME 
must be pressurized to 0.59 MPa before use as a liquid solvent at 25 ◦C 
(Wu et al., 2011). This low boiling point ensures that no residues remain 
in extracts (Kanda et al., 2021a). Additionally, bioassays have confirmed 
that aqueous solutions of DME gas are nontoxic to microorganisms at 
ambient pressure (Kanda et al., 2021a). Furthermore, DME is polar and 
forms weak hydrogen bonds (Tatamitani et al., 2002), which makes it 
partially miscible with water in its liquefied state (Chai et al., 2022; 
Holldorff et al, 1988; Tallon and Fenton, 2010). Therefore, when liq
uefied DME is used as an extraction solvent, the DME can diffuse through 
the water surrounding the high water content substance and make 
contact with the target. Furthermore, unlike other alkyl ethers, the 
autoxidation of DME is comparable to that of liquefied petroleum gas 
(LPG) and it can be safely worked with using routine LPG handling 
techniques (Naito et al., 2005). In addition to the aforementioned issues, 
another problem with extraction from microalgae is their high cost. The 
cost of extracts is driven up by the cost of energy inputs in the extraction 
process. However, because DME can evaporate with heat from inex
pensive solar hot water, the cost of DME recovery is lower than that of 
ethanol, and thus, the use of DME can reduce the cost of the extracts 
obtained from microalgae. Unfortunately, this cost reduction alone is 
insufficient for achieving economic viability. Therefore, the extraction 

of valuable products using microalgae is important. 
Carotenoids are valuable products found in microalgae (Machmudah 

et al., 2018). Some species of Chaetoceros, a typical diatom, contain high 
concentrations of the carotenoid fucoxanthin (Trimborn et al., 2019). 
Fucoxanthin also exerts effects in humans, such as an antidiabetic effect 
(Jung et al., 2012), improvement in cholesterol metabolism (Beppu 
et al., 2012; Hu et al., 2012), anti-obesity effect (Maeda et al., 2005), 
anti-proliferative effect on cancer cells (Hosokawa et al., 2004), and 
anti-inflammatory effect (Shiratori et al., 2005). Carotenoids are hy
drophobic (Honda et al., 2018); this implies that the presence of water is 
detrimental to extraction and, therefore, drying is necessary. Given that 
carotenoids are antioxidants, drying microalgae at high temperatures in 
air for efficient extraction presents a dilemma as this process can 
degrade the carotenoids. Ethanol is the typical solvent used for fuco
xanthin extraction from dried microalgae (Kim et al., 2012). However, 
one issue with using ethanol in food processing is that the use of ethanol 
in food or drink is prohibited in Islamism, which is followed by one- 
fourth of the world’s population (Kettani, 2010). Additionally, recent 
large-scale health studies have indicated that even small amounts of 
ethanol can have adverse health effects (GBD, 2018 Alcohol Collabo
rators, 2018); thus, ethanol should be avoided if possible. 

Therefore, the use of liquefied DME, which avoids the air drying of 
microalgae and using of ethanol during extraction, as a solvent offers an 
effective solution for carotenoid extraction. Based on this, previous 
studies have reported that carotenoids, such as lutein (Kanda et al., 
2020b) and fucoxanthin (Billakanti et al., 2013; Kanda et al., 2014), can 
be extracted with liquefied DME without drying of the high water con
tent macroalgae. Moreover, previous studies have also confirmed that 
catechins (Kanda et al., 2013), resveratrol (Kanda et al., 2021b), which 
are polyphenols with antioxidant properties, and carotenoids can be 
extracted from plants with liquefied DME. During extraction, intracel
lular solutes are dissolved in the solvent and removed by passing them 
through the pores of the extracellular matrix. Intermolecular in
teractions between the solute and pore walls are theorized to signifi
cantly affect extraction equilibrium (Kanda et al., 2022). 
Polysaccharides are the main component of the extracellular matrix in 
previously studied macroalgae (Garcia-Vaquero et al., 2017), whereas in 
the case of diatoms, the extracellular matrix is a silica cell wall (Kanda 
et al., 2020a), and their chemical compositions are very different. 
Therefore, the molecular interactions between the extract and pore walls 
of the extracellular matrix are significantly different when using di
atoms, and this should be investigated. Based on this background, this 
study investigated the possibility of extracting fucoxanthin and antiox
idants from Chaetoceros simplex var. calcitrans using liquefied DME, 

Fig. 1. Procedure for lipid extraction from microalgae. (a) conventional solvents, (b) liquefied DME.  
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which is a suitable solvent for lipid extraction. 
In other words, using liquefied DME as the extraction solvent makes 

it possible to avoid the most CO2-emitting process, the pretreatment of 
drying, to produce lipids and functional substances through photosyn
thesis, which is the primary purpose of diatom. The differences in lipid 
extraction from microalgae with conventional solvents and liquefied 
DME are shown in Fig. 1. Diatoms are covered with inorganic SiO2 cell 
walls, and it is unclear whether this inhibits the extraction of fucoxan
thin and antioxidants. Therefore, it is important to confirm that liquefied 
DME can extract fucoxanthin and antioxidants from diatoms in order to 
reduce the cost of lipid-derived biofuels. 

2. Materials and methods 

2.1. Materials 

The C. simplex var. calcitrans used in this study was purchased from 
Alnur Co., Ltd. (Tokyo, Japan). The original strain was from the Culture 
Collection of Algae and Protozoa (CCAP) 1085/3 at the UK Scottish 
Marine Institute. During liquefied DME extraction, the dried samples 
were mixed with BG-11 broth (C3061, Sigma-Aldrich, MO, U.S.A.) and 
the moisture content was set to 90.0 %, which was reported to be the 
typical moisture content at the state after centrifugation by a previous 
study (Kanda et al., 2020a). Moisture content was determined from the 
difference between the initial weight and the weight of the dried product 
after heating to 107 ◦C to a constant weight; drying at 107 ◦C is the 
condition that defines the total moisture content of lignite and peat, 
which are similar to biomass, in ISO 13909. However, this drying tem
perature is set low to eliminate significant weight errors due to evapo
ration of volatile matter, and in reality the moisture content may be 
underestimated because some of the moisture does not evaporate due to 
strong hydrogen bonding of the biomass functional groups. In the case of 
ethanol extraction, the moisture content was similarly adjusted to 90.0 
% with BG-11 before drying in air at 50 ◦C. Liquefied DME was pur
chased from Tamiya, Inc. (Air Can 420D, Shizuoka, Japan) and used 
without further purification. Fucoxanthin (95.0+ % (HPLC, mixture of 
isomers), 90.0+ % (HPLC, trans)), HPLC-grade acetonitrile, HPLC-grade 
water, gallic acid (98.0–103.0 %), sodium carbonate, and Folin- 
Ciocalteu reagent were purchased from FujiFilm Wako Pure Chemical 
Corporation, Osaka, Japan. 

2.2. Liquefied DME extraction 

Both the DME extraction apparatus used in this study and all oper
ations were performed in accordance with the methods outlined in a 

previous report (Kanda et al., 2020a). As shown in Fig. 2, the equipment 
consisted of a metal tank (TVS-1: Taiatsu Techno, Saitama, Japan) 
containing the liquefied DME, an extraction column (HPG-10–5: Taiatsu 
Techno, capacity 10 mL, inner diameter 11.6 mm × length 190 mm), 
and a tank (HPG-96–3: Taiatsu Techno, capacity 96 mL) for collecting 
the extracted liquid, connected in series, with valves in the middle and at 
the end of the DME flow. 

The extraction column and container in which the extract was 
collected were made from pressure-resistant glass covered with a clear 
polycarbonate cylinder for safety and had a volumetric scale printed on 
them. First, 5.43 ± 0.05 g of wet C. simplex var. calcitrans was packed 
into the lower half of the extraction column (5 mL volume) and cotton 
and colorless glass beads were added to the cavity of the extraction 
column to prevent sample migration. Next, colorless glass beads were 
used because the completion of fucoxanthin extraction with liquefied 
DME is determined by a color change in the colorless liquefied DME, 
which is caused by fucoxanthin extraction. A cellulose filter with a pore 
size of 0.65 μm (Advantech Toyo Corporation, Tokyo, Japan) was placed 
at the outlet of the extraction column to prevent the sample from flowing 
from the column. The tubing connecting each vessel was made of 
SUS316 and had an inner diameter of 1/16 in.. 

The inside of the metal tank containing liquefied DME was heated to 
35 ± 1 ◦C in a water bath to increase the saturated vapor pressure of the 
liquefied DME inside to 0.79 ± 0.02 MPa. As the pressure of the vessel in 
which the extracted liquid is collected was lower than that of the tank, 
the liquefied DME was supplied using differential pressure as the driving 
force. When the supplied liquefied DME passed through a fine tube made 
of SUS316, a noncontact infrared thermometer confirmed that the 
temperature decreased rapidly to 25 ◦C owing to the large specific sur
face area of the fine tube. The flow rate of liquefied DME was adjusted to 
10 ± 1 mL min− 1 (=6.61 g min− 1) (Wu et al., 2011) by manually 
adjusting a valve installed in the 1/16 SUS316 tube, based on the vol
ume scale of the container in which the extracted liquid was collected. 
This was done to determine the rate of increase of liquefied DME. Each 
time the volume of the extracted solution in the collection vessel 
increased, it was promptly replaced with a new empty collection vessel. 
After the filled recovery vessel was disconnected from the apparatus, the 
end valve was opened and the pressure was reduced to atmospheric 
pressure to induce DME evaporation. This resulted in an incremental 
volume of extractant that corresponded with the incremental volume of 
liquefied DME. After full extraction, the residue was removed from the 
extraction column and, once the DME had evaporated, the recovery 
vessel contained only the residual water and the organic extractables, 
including fucoxanthin. The weight of water extracted was determined 
by examining the difference in weight before and after air drying at 

Fig. 2. Schematic of liquefied DME extraction.  

H. Kanda et al.                                                                                                                                                                                                                                  



Arabian Journal of Chemistry 17 (2024) 105538

4

60 ◦C overnight. Organic extracts were recovered in an 80:20 (v/v) 
acetonitrile:water mixture and used for subsequent HPLC analysis. To 
eliminate the effect of light on fucoxanthin degradation, the surfaces of 
the extraction and recovery tanks were covered with aluminum foil. To 
confirm reproducibility, the entire experiment, from extraction to 
analysis, was repeated thrice, and the three deviations were noted as 
errors. The reason why the dependence of pressure on the extraction 
phenomenon is not examined as in SC-CO2 extraction, which is a similar 
high-pressure extraction technology, is that unlike SC-CO2, DME is a 
liquid, so the dependence of solubility on pressure is small. The reason 
why the dependence on temperature is not considered is that, from the 
viewpoint of reducing operating energy, liquefied DME extraction is 
assumed to operate at atmospheric temperatures because solar hot water 
is used as a heat source for boiling liquefied DME and because it is cooled 
by air, groundwater, or seawater. (Kanda et al., 2015). 

2.3. Ethanol extraction 

Ethanol, which is commonly used for total fucoxanthin determina
tion, was used as an organic solvent for comparison purposes. Extraction 
conditions were based on those used in a previous study (Kanda et al., 
2014). First, the dry sample was disrupted using a food mill (IFM- 
800DG, Iwatani Corporation) for 1 min. The amounts of dried C. simplex 
var. calcitrans. and ethanol used for the extraction were 3.00 g and 300 
mL, respectively. Ethanol Soxhlet extraction was performed for 2.5 h; 
subsequently, the ethanol was evaporated using a rotary evaporator (SB- 
1200, Eyela Co., Ltd., Tokyo, Japan). To eliminate the effects of light on 
fucoxanthin degradation, the surfaces of the grinder and extraction 
equipment were covered with aluminum foil to shield them from light. 

2.4. Fucoxanthin-focused characterizations 

2.4.1. Quantitative analysis of fucoxanthin 
Reversed-phase HPLC was used to quantify the amount of fucoxan

thin extracted from the samples. The reversed-phase HPLC system 
consisted of a degasser (DG–980–50, Jasco Co., Inc., Tokyo, Japan), 
pump (PU-980, Jasco Co., Inc.), column heater (U–620, Sugai Chemie, 
Inc., Wakayama, Japan), and ultraviolet–visible (UV–vis) detector (UV- 
970, Jasco Co., Inc.); it was controlled by Jasco-Borwin (Ver 1.5) soft
ware via an LC-Net II/ADC controller (Jasco Co., Inc.). For the isolation 
of fucoxanthin, an Inertsil ODS-3 column (250 mm × 4.6 mm × 5 μm, GL 
Science, Tokyo, Japan) was used, with an acetonitrile:water (80/20 (v/ 
v)) eluent flowing at a rate of 1.0 mL/min. The temperature inside the 
column heater was maintained at 40 ◦C and the UV–vis detection 
wavelength was set to 445 nm (Kanda et al., 2014). 

2.4.2. Hansen solubility parameter analysis 
To examine the differences in the amount of fucoxanthin and anti

oxidant extracted by the liquefied DME and ethanol extraction methods, 
solvent compatibility was evaluated using Hansen solubility parameters. 
Hansen solubility parameter is a measure of the miscibility of two sub
stances. This parameter is based on the idea that intermolecular in
teractions are split into three components, and the two substances whose 
values for these components are close to each other are more likely to 
mix. The three components are the energy due to dispersion forces (δd), 
energy due to interdipole forces (δp), and energy due to hydrogen bonds, 
π–π stacking interactions, coordination bonds, and charge transfer in
teractions (δh) (Hansen, 2004). The three-dimensional distance (Ra) 
between substances “1″ and ”2″ is calculated by equation (1) below, with 
a smaller Ra value representing easier mixing. 

R2
a = 4(δd2 δd1)

2
+(δp2 δp1)

2
+(δh2 δh1)

2
, (1) 

The idea behind the Hansen solubility sphere is that solvents with 
component values that fall inside the sphere are better able to dissolve 
the specified substance, whereas those solvents with component values 

outside the sphere do not dissolve the said substance (Redelius, 2004; 
Schoener et al., 2016). Essentially, a substance with a large sphere radius 
is soluble in numerous solvents, whereas that with a small radius has a 
more limited range of potential solvents. The exact shape, position, and 
radius of the Hansen spherical surface differ depending on the combi
nation of solvents and solutes. 

However, note that the Hansen solubility parameters do not consider 
the effects of isomerism, degree of polymerization, or molecular size, 
which limits their prediction accuracy. The Hansen solubility parame
ters used in this study were taken from the HSPiP software (ver. 5.3, 
2020, https://hansen-solubility.com/), developed by Hansen. The 
Hansen solubility parameters of liquefied DME are δd = 15.2 MPa0.5, δp 
= 6.1 MPa0.5, δh = 5.7 MPa0.5. Note that although DME was saturated 
with water derived from diatoms in the extraction column, the Hansen 
solubility parameters of water-saturated liquefied DME are not signifi
cantly different from those of pure liquefied DME (Kanda et al., 2021b). 
The Hansen solubility parameters of ethanol are δd = 15.8 MPa0.5, δp =
8.8 MPa0.5, δh = 19.4 MPa0.5 (Kanda et al., 2021b). 

2.5. FT-IR characterization 

Chemical changes in the original samples, extracted lipids, and res
idues of C. simplex var. calcitrans produced by liquefied DME extraction 
were examined using Fourier transform infrared spectroscopy (FT-IR, 
PerkinElmer Spectrum Two, PerkinElmer Japan Co., Ltd., Yokohama, 
Japan). The list of IR signals, their corresponding typical functional 
groups and the possible compounds of diatoms were taken from previ
ous studies (Murdock and Wetzel, 2009; Scarsini et al., 2021). Further, 
IR data was compared with the IR signal of fucoxanthin (Chen et al., 
2022; Noviendri et al., 2016; Yip et al., 2014) to confirm extraction. 

2.6. Antioxidant-focused characterizations 

2.6.1. Total polyphenolic compounds content assay 
As antioxidants can be extracted by liquefied DME, the total poly

phenolic compound content (TPC), which is representative of the anti
oxidant properties, was determined using the Folin–Ciocalteu method 
(Blainski et al., 2013). First, 1 mL of extracted sample was mixed with 5 
mL of deionized water and 6 mL of 7.5 % (w/w) sodium carbonate. After 
10 mins, Folin–Ciocalteu reagent (0.5 mL) was added and the mixture 
was stirred for 5 min. After 2 h of incubation in the dark at room tem
perature, the TPC was estimated using a UV–vis spectrophotometer to 
examine the absorbance at 750 nm (V-550, Jasco), which is represen
tative of the equivalent amount of gallic acid (range, 20–100 mg/L) 
(Chhouk et al., 2017). 

2.6.2. DPPH radical scavenging activity assay 
The antioxidant capacity of the extract was tested using a di(phenyl)- 

(2,4,6-trinitrophenyl) iminoazanium (DPPH, other names 2,2-diphenyl- 
1-(2,4,6-trinitrophenyl)hydrazin-1-yl, 2,2-diphenyl-1-picrylhydrazyl, 
1,1-diphenyl-2-picrylhydrazyl radical, and 2,2-diphenyl-1-(2,4,6-trini
trophenyl)hydrazyl diphenylpicrylhydrazyl) radical scavenging activ
ity assay. The UV–vis detection wavelength was 517 nm. Note that the 
absorption peak of fucoxanthin, which is present in large amounts in the 
extract, overlaps the absorption wavelength range of 517 nm (Chhouk 
et al., 2017; Fernández-Agulló et al., 2013), DPPH was first separated 
from fucoxanthin by HPLC and subsequently quantified according to a 
method reported in a previous study (Flieger and Flieger, 2020). The 
HPLC protocol for performing the DPPH radical scavenging activity 
assay while separating fucoxanthin is as follows. First, the extracts were 
diluted with methanol to a concentration range of 0.01–2.00 mg/mL. 
Subsequently, the samples were thoroughly stirred with 2.7 mL of DPPH 
solution (6 × 10− 5 M in methanol) and allowed to stand for 1 h at room 
temperature in the dark. Next, the solution was injected into an HPLC 
system with the same instrumentation, column, eluent, temperature, 
and injection volume as in the fucoxanthin assay mentioned in section 
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2.4.1. 
The DPPH radical scavenging activity was determined using Equa

tion (2): 

%DPPH radical scavenging activity =

(
A517 of control − A517 of sample

A517 of control

)

× 100%
(2)  

where “A517 of the control” is the absorbance of the control and reagent 
at a wavelength of 517 nm and “A517 of the sample” is the absorbance of 
the sample that reacted with the reagent at 517 nm. By plotting the ratio 
of the DPPH radical scavenging activity against concentration, the IC50 
was determined, which is the concentration of sample required to ach
ieve 50 % DPPH radical scavenging activity. 

2.7. Other components characterizations 

2.7.1. Organic micro element analysis 
As this study aimed not only to extract fucoxanthin and antioxidants 

but also to co-produce foods and biofuels, the subsequent analyses were 
conducted from the perspective of foods and biofuels. Elemental analysis 
was performed using an elemental analyzer (2400 Series II CHNS/O 
Elemental Analyzer, PerkinElmer Japan Co., Ltd., Yokohama, Japan) to 
further determine the constituent elements of the organic materials that 
make up the original sample, lipids, and C. simplex var. calcitrans 
residue. 

2.7.2. FE-SEM characterization 
As the contamination of silica and salts in the culture medium with 

lipids was suspected, the elemental compositions of the original sam
ples, the lipids, and the C. simplex var. calcitrans residues were deter
mined using a field-emission scanning electron microscope (FE-SEM, 
JSM-7500F, JEOL, Tokyo, Japan). The samples were coated with 
osmium up to a thickness of 10 nm using a sputtering apparatus 

Fig. 3. Photographic images of (a) C. simplex var. calcitrans slurry, (b) original dry C. simplex var. calcitrans, (c) residue obtained by DME extraction, (d) residue 
obtained by ethanol extraction, (e) lipid obtained by DME extraction, and (f) lipid obtained by ethanol extraction. 

Fig. 4. Changes over time in the amounts of materials extracted from C. simplex var. calcitrans by liquefied DME: (a) water; (b) lipid; (c) fucoxanthin.  
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(Osmium Plasma Coater OPC-60A, Filgen, Nagoya, Japan); the accel
eration voltage was 20.0 kV. The elements measured were Si, which 
constitutes the cell wall, and Na, which is contained in NaNO3, is the 
main component of the BG-11 medium (Waterbury and Sranier, 1981). 
For FE-SEM, as the error of each measurement was large, five mea
surements were made and the largest and smallest values were rejected, 
leaving only the data from the middle three measurements. 

2.7.3. Fatty acids analysis 
The fatty acid components in the extracted lipids were converted to 

fatty acid methyl esters (FAMEs) by acid-catalyzed esterification using a 
fatty acid methylation kit (06482–04; Nacalai Tesque, Kyoto, Japan). 
Impurities were removed using an FAME purification kit (06483–94; 
Nacalai Tesque) and analysis was conducted using gas chromatography- 
mass spectrometry (GC–MS; 7890A GC system and 5975C inert XL MSD 
with a triple-axis detector, Agilent Technologies Japan, Ltd., Hachioji, 
Japan) according to the NIST mass spectral database. A phenyl arylene 
capillary column (HP-5MS; 30 m × 0.25 mm i.d., Agilent Technologies 
Tokyo Ltd., Japan) was employed. The temperature was initially held at 
100 ◦C for 5 min, before being increased to 300 ◦C at 4 ◦C min− 1. The 
injector and detector temperatures were set to 250 ◦C and the split ratio 
was 1:1 (with a helium gas flow rate of 24 mL min− 1 and injection 
volume of 1.0 μl). Qualitative and quantitative analysis of the detected 
FAME was performed by comparing the peak area and retention time of 
the FAME standard (Supelco 37 Component FAME Mix; Sigma-Aldrich, 
St. Louis, MO, USA) with the mass spectrum. The NIST mass spectral 
database was used for the qualitative analysis of C16:2 and C16:3, and a 
calibration curve for C16:1 was substituted for the quantitative analysis. 
(Kanda et al., 2020a). 

3. Results and discussion 

3.1. Fucoxanthin-focused characterizations 

The extraction operation was terminated when the color of the 
extract exiting the extraction column changed from light green to 
colorless and transparent, which was the color of the original liquefied 
DME. The total extraction time was 50 min, and the total volume of DME 
flowing was 331 g (500 mL). Fig. 3 shows the appearance of the wet and 
dry samples of C. simplex var. calcitrans, the residues after extraction 
with liquefied DME and ethanol, and the lipids gained from ethanol 
extraction. Before extraction, the sample was a slurry, as shown in Fig. 3 
(a), whereas the residue after liquefied DME extraction was a very bright 
yellowish-green dry solid, as shown in Fig. 3(c). The color of the residue 
was not only much lighter than the pre-extraction sample in Fig. 3(b) but 
also lighter than the residue from the ethanol extraction shown in Fig. 3 
(d). This suggests that several pigments, including fucoxanthin, were 
extracted. As shown in Fig. 3(e) and (f), the lipids extracted with liq
uefied DME and ethanol were both dark greenish, whereas in the case of 
ethanol, some solid-like powder was observed in the lipids. 

Changes over time in the amount of water, lipids, and fucoxanthin 
extracted from C. simplex var. calcitrans by liquefied DME are shown in 
Fig. 4(a)–(c). Temperature and pressure stabilized early in the experi
ment. Water, lipids, and fucoxanthin all begin to be extracted from the 
early stages of extraction, influenced by their solubility in liquefied DME 
and their diffusion resistance in the sample. In other words, while water 
is being extracted, hydrophobic lipids and fucoxanthin are also being 
extracted at the same time. This is thought to be due to the partial 
miscibility of liquefied DME with water (Holldorff et al., 1988), which 
allows liquefied DME to diffuse into the aqueous phase surrounding the 
diatom and contact the lipids and fucoxanthin in the diatom, and DME 
molecules cover the lipids and fucoxanthin to assist diffusion in the 
aqueous phase. Note that 0.54 g of dry biomass was extracted with 331 g 
of solvent, but this does not mean that a large amount of solvent is 
required for practical application. This apparently large amount of sol
vent is because the extraction characteristics were studied over a finite 

column length. In practical use, the amount of solvent is reduced in the 
pseudo-mobile phase by feeding the excess solvent drained from the 
column where extraction has been completed into the not-completed 
diatom packed in the next column. Therefore, the amount of solvent 
required for extraction can be considered based on the solubility in the 
early stage of extraction. In the early stages of extraction, the amount of 
extracted material increased in proportion to the amount of DME; this 
trend can be explained by the saturated solubility of each substance in 
liquefied DME. However, at the end of the extraction phase, this slope 
became shallower. This was attributed to the hindrance of mass transfer 
due to diffusion resistance during extraction (Dimić et al., 2021) or re
straints due to intermolecular interactions between the plant extracel
lular matrix and the solute, which reduce the saturation concentration of 
the solute in the solvent (Kanda et al., 2022). This trend was common in 
water, lipids, and fucoxanthin, which is consistent with previous find
ings that liquefied DME has favorable extraction properties for both 
water and fucoxanthin from macroalgae (Kanda et al., 2014). In other 
words, whether the extracellular matrix is composed of polysaccharides 
or silica does not seem to have a significant effect on the ease of 
extraction by liquefied DME. 

As shown in Fig. 4(a), by the end of extraction, 101.2 ± 1.6 % of the 
total water content of C. simplex var. calcitrans was recovered. As the 
water content extracted by liquefied DME exceeded 100 % of the total 
water content, chemically bound water that was still present in the dry 
state could have been removed. As shown in Fig. 4(b), by the end of 
extraction, the lipids extracted with liquefied DME from the C. simplex 
var. calcitrans with a high moisture content accounted for 22.7 ± 1.9 % 
of the dry weight of the C. simplex var. calcitrans. Whereas lipids 
extracted with ethanol accounted for 23.4 ± 1.4 % of the dry weight. 
Fig. 4(c) shows the change in the amount of fucoxanthin extracted from 
C. simplex var. calcitrans using liquefied DME over time. Evidently, at the 
end of extraction, fucoxanthin extracted with liquefied DME accounted 
for 9.2 ± 0.9 mg/g of the dry mass of C. simplex var. calcitrans, whereas 
that extracted with ethanol accounted for 11.9 ± 0.8 mg/g. Essentially, 
even when using wet samples, liquefied DME had a fucoxanthin 
extraction capacity that was only slightly less than that of conventional 
ethanol extraction. Comparing the extracted fucoxanthin content with, 
for example, the macroalgae Undaria pinnatifida, the amount of fuco
xanthin extracted from U. pinnatifida by liquid DME is 0.390 mg/g-dry 
(Kanda et al., 2014), the amount in C. simplex var. calcitrans is 23.6 times 
higher than U. pinnatifida. Thus, the fucoxanthin content of C. simplex 
var. calcitrans was found to be very high. 

For fucoxanthin, an analysis using Hansen solubility parameters was 
performed and the Ra values for DME and ethanol were calculated. The 
Hansen solubility parameters for fucoxanthin, estimated using HSPiP 
software, were δd = 17.3 MPa0.5, δp = 4.1 MPa0.5, δh = 4.7 MPa0.5. The 
calculated Ra values for fucoxanthin versus liquefied DME and ethanol 
based on these parameters were 4.8 MPa0.5 and 15.7 MPa0.5, respec
tively. Essentially, the Hansen solubility parameter predicts that lique
fied DME should have better fucoxanthin extraction performance than 
ethanol, a prediction that is inconsistent with the fact that ethanol ex
tracts slightly more fucoxanthin. However, a previous study contradicts 
the assumed relationship between the extraction amount and the Ra of 
liquefied DME and ethanol for resveratrol, a polyphenol, and its glyco
side, as well as for fucoxanthin. (Kanda et al., 2021b) The fact that the 
Ra of liquefied DME is significantly smaller than that of ethanol is 
attributed to the fact that the dh of liquefied DME is significantly smaller 
than that of ethanol. Hansen’s solubility parameters for the DME/water 
mixture, corrected for DME partially mixing with water, are δd = 15.2 
MPa0.5, δp = 6.1 MPa0.5, and δh = 7.1 MPa0.5, the variation in the 
parameter is not as great. (Kanda et al., 2021b) This may be because the 
dependence of Hansen solubility parameters of liquefied DME on density 
has not been fully investigated. For example, in the case of supercritical 
carbon dioxide, it is known that Hansen solubility parameters change 
significantly with density due to changes in temperature and pressure. 
(Hoshino, et al., 2022) In other words, the DME parameters inferred 
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from the molecular structure do not consider the effect of density, which 
is a candidate source of error. 

The slopes of the plots in Fig. 4 show the solubility of water, lipids, 
and fucoxanthin in, 0.064 ± 0.0056 g/g, 1.13 ± 0.079 mg/g, and 0.046 
± 0.0053 mg/g of liquefied DME, respectively. Evidently, water was 
preferentially extracted from extracellular free water; hence, these 
values were close to the saturated solubility in the bulk (0.075 g/g-DME) 
(Holldorff and Knapp, 1988). By contrast, as lipids and fucoxanthin are 
intracellular, as noted in the introduction, they are predicted to possess 
decreased solubility owing to diffusion resistance (Dimić et al., 2021) 
and binding effects from intermolecular interactions with the cells 
constituent matrix (Kanda et al., 2022). Therefore, the solubilities of 
lipids and fucoxanthin may be lower than those in the bulk liquefied 
DME. 

Fig. 5 shows the FT-IR spectra of the native C. simplex var. calcitrans 
along with the resulting residues and extracts obtained from liquefied 
DME and ethanol extraction. Table 1 summarizes the peaks that were 
found, the functional groups suggested by these peaks, the corre
sponding substances, and the samples in which the peaks were detected. 

First, the characteristic fucoxanthin peaks 13 and 15 were detected 
in both the liquefied DME and ethanol extracts. Additionally, the fuco
xanthin peak 16 was observed as a small peak in both extracts and 
appeared to have remnants as an inflection point; however, it was buried 
by other, larger peaks in the residue and native sample. Peaks 5 and 6, 
which are common to both fucoxanthin (Chen et al., 2022; Noviendri 
et al., 2016; Yip et al., 2014) and lipids, were detected in both extracts 
and native samples, and were particularly strongly detected in the ex
tracts. Among the characteristic lipid peaks of 2, 4, 8, and 12, (Murdock 
and Wetzel, 2009; Scarsini et al., 2021), peaks 2 and 4 were detected 

only in extracts, peak 8 was detected in both extracts and native sam
ples, and peak 12 was present in all samples, including in the residue. 
Peak 7 is allenic C = C = C stretching, which was detected only in the 
standard fucoxanthin and was not detected in all algal samples in this 
study. In a previous study (Chen et al., 2022), it was reported that the 
peak 7 disappears completely in fucoxanthin complexed with mixed 
lipid or cholesterol or gelatin. The algal samples used in this study were 
also mixed with other substances, supporting the findings of the 

Fig. 5. FTIR spectra of native C. simplex var. calcitrans and its residues and 
extracts after liquefied DME and ethanol extractions. 

Table 1 
Elemental compositions of native C. simplex var. calcitrans and its residues and 
extracts after liquefied DME and ethanol extractions.  

Peak 
number 

Wave 
number 
(cm− 1) 

Functional groups Compounds Samples 
with peaks 
detected 

1 3481 OH asymmetric 
expansion/contraction 

Fucoxanthin  

2 3400 CH = CH stretching Lipid Ethanol 
extract 
DME extract 

3 3029 C–H stretching Fucoxanthin  
4 3010 =C–H stretching Lipid Ethanol 

extract 
DME extract 

5 2924 CH = CH asymmetric 
stretching 

Lipid 
Fucoxanthin 

Ethanol 
extract 
DME extract 
Native 
sample 

6 2853 CH3, CH2 symmetry 
stretching 

Lipid 
Fucoxanthin 

Ethanol 
extract 
DME extract 
Native 
sample 

7 1930 Allen C = C = C 
stretching 

Fucoxanthin  

8 1735 C = O stretching Lipid Ethanol 
extract 
DME extract 
Native 
sample 

9 1712 Ketone C = O stretching Fucoxanthin DME extract 
10 1627 C = O stretching Protein 

Fucoxanthin 
Ethanol 
residue 
DME residue 
Native 
sample 

11 1530 Amide II C-N stretching 
N–H angular vibration 

Protein Ethanol 
residue 
DME residue 
Native 
sample 

12 1440 CH2 symmetry in-plane 
variation, CH3 inverse 
symmetry variable 
angle 

Lipid All samples 

13 1183 Ester C-O stretching Fucoxanthin Ethanol 
extract 
DME extract 

14 1065 Si-O-Si asymmetric 
expansion/contraction 

Silica (Smaller 
peak) 
Ethanol 
extract 
DME extract 
(Larger 
peak) 
Ethanol 
residue 
DME residue 
Native 
sample 

15 1030 Ester C-O　stretching Fucoxanthin Ethanol 
extract 
DME extract 

16 957 C–H out-of-plane 
bending vibrations 

Fucoxanthin All samples  
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previous study. Generally, fucoxanthin and lipids were detected prom
inently in the extracts but less prominently in the residues. 

Protein-derived peaks 10 and 11 were also detected in both residues 
and native samples, thus indicating that the protein was not extracted by 
liquefied DME or ethanol (Murdock and Wetzel, 2009; Scarsini et al., 
2021). Peak 14, which resulted from the silica cell walls characteristic of 
diatoms (Murdock and Wetzel, 2009; Scarsini et al., 2021), was weakly 
detected in the extracts, and strongly detected in the residues and native 
samples. The detection of small peaks in the extract samples is indicative 
of extract contamination with silica cell walls. 

3.2. Antioxidant-focused characterizations 

The TPCs with antioxidant activity were 16.3 ± 0.7 mg GAE/g-dry 
algae sample for the liquefied DME extract and 25.7 ± 1.4 mg GAE/g- 
dry algae sample for the ethanol extract. As shown in Fig. 6, the IC50 

was then measured from the absorption intensity at 517 nm. Peaks 
derived from DPPH was detected at 8 min in retention time and peaks 
derived from fucoxanthin at 20 min, confirming that other antioxidants 
and fucoxanthin were separated. As the added lipids increase, DPPH is 
consumed by the antioxidants, decreasing the DPPH peak and 
conversely increasing the amount of fucoxanthin detected. The IC50 was 
determined from the decreasing of the DPPH peaks at various added 
lipid concentrations. In the DPPH radical scavenging activity assay, the 
IC50 was 55.7 ± 3.3 µg / mL-lipid for the DME extract and 48.9 ± 2.3 µg 
/ mL-lipid for the ethanol extract. Essentially, the extraction capacity of 
liquefied DME was slightly lower than that of ethanol for phenols and 
antioxidant substances. 

In a previous study (Kanda et al., 2023), curcumin and antioxidants 
were extracted from Curcuma longa L. (turmeric) with liquefied DME, the 
TPC content was 68.45 ± 3.65 mg GAE/g-dry and the IC50 values were 
67.21 ± 4.79 mg/mL. In other words, the antioxidant activity of this 

Fig. 6. HPLC chromatograms in the DPPH radical scavenging activity assay: (a-b) DME extracts, (c-d) ethanol extracts.  

Table 2 
CHNS-corder elemental ratios of native C. simplex var. calcitrans and its residues and extracts after liquefied DME and ethanol extractions.  

Wt %*  C H N O** S C/N (–) 

Native  36.57 ± 0.26 5.57 ± 0.05 7.02 ± 0.03 50.06 ± 0.40 0.78 ± 0.07  5.2 
Liquefied DME extraction Residue 27.07 ± 0.09 4.10 ± 0.16 7.23 ± 0.03 60.88 ± 0.17 0.71 ± 0.03  3.7 

Lipid 70.14 ± 0.32 9.47 ± 0.31 1.60 ± 0.00 18.64 ± 0.09 0.15 ± 0.04  43.8 
Ethanol extraction Residue 27.54 ± 0.10 4.35 ± 0.21 7.80 ± 0.04 59.59 ± 0.31 0.72 ± 0.01  3.5 

Lipid 54.06 ± 0.22 7.89 ± 0.12 1.94 ± 0.02 35.76 ± 0.29 0.36 ± 0.01  27.9 

* Dry ash-free (daf) basis. The error was the standard deviation. 
** Determined by difference. 
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diatom is approximately 1/4 of that of turmeric, but considering that 
turmeric contained very potent antioxidants, this diatom is considered 
to contain a non-negligible amount of antioxidants as a lipid by-product 
that can be used for biofuels and other purposes. 

3.3. Other components characterizations 

Evidently from Table 2, the elemental ratios determined by CHNS- 
corder confirmed that the lipids were enriched with C and H, whereas 
the residues were enriched with N and O. This finding is consistent with 
that of a previous study that examined different diatoms (Kanda et al., 
2020a). Comparing the results from the two extraction solvents, the 
proportions of C and H were clearly higher for liquefied DME extraction. 
The C/N ratio is considered an important indicator in the choice of 
biomass conversion technology when lipids are used as biofuels. If the 
C/N ratio is greater than 30, thermochemical conversion processes such 

as methyl esterification, combustion, gasification, and pyrolysis are 
suitable, whereas if the C/N ratio is less than 30, biochemical processes 
such as fermentation are more appropriate (Dahlquist, 2013). The C/N 
ratio of the native sample was 5.2, thus indicating that it is suitable for 
biochemical processing. Whereas the C/N ratio of the lipid obtained by 
liquefied DME extraction was 43.8, thus indicating that a thermo
chemical conversion process should be used. However, the C/N ratio of 
lipids obtained by ethanol extraction was 27.9; thus, the suitability of 
the thermochemical conversion process was unclear. 

Fig. 7 shows FE-SEM images of the native sample, along with the 
lipids, and residues obtained by both liquefied DME extraction and 
ethanol extraction. The ratios of the constituent elements are listed in 
Table 3. In lipids extracted with liquefied DME and ethanol, the Si ratio 
decreased. Conversely, in the residue, the Si ratio increased. This implies 
that neither of the extraction operations extracted silica or its precursor 
components that make up the cell wall. In terms of the Na ratio of the 
original sample, 2.71 % of Na derived from the BG-11 culture was 
detected. The lipid extracted by liquefied DME contained only 0.26 wt% 
Na, whereas the lipid extracted from ethanol contained 5.20 wt% Na, a 
higher Na content than that in the original sample. Essentially, Na 
remained in the residue during liquefied DME extraction but was 
transferred to the extracted lipids during ethanol extraction. The 
transfer of Na to lipids was further examined by focusing on the solu
bility of NaNO3, the main component of BG-11, in ethanol. First, the 
concentration of NaNO3 in 99.9 mL BG-11 was 150 mg (Waterbury and 
Sranier, 1981). Because the sample was 27 mL of BG-11 mixed with 
diatoms, dried, and mixed with 300 mL (236.7 g) of ethanol, the NaNO3 
concentration in ethanol was 0.063 wt%. Here, the saturated solubility 

Fig. 7. FE-SEM images of original C. simplex var. calcitrans and its residues and extracts after liquefied DME and ethanol extractions.  

Table 3 
FE-SEM elemental compositions of native C. simplex var. calcitrans and its resi
dues and extracts after liquefied DME and ethanol extractions.  

Wt %  Si Na 

Original  7.36 ± 0.72 2.71 ± 0.69 
Liquefied DME extraction Residue 4.58 ± 0.32 4.51 ± 0.54 

Lipid 0.12 ± 0.03 0.26 ± 0.06 
Ethanol extraction Residue 4.09 ± 0.09 0.46 ± 0.04 

Lipid 0.05 ± 0.01 5.20 ± 0.60 

The error reported is the standard deviation. 

H. Kanda et al.                                                                                                                                                                                                                                  



Arabian Journal of Chemistry 17 (2024) 105538

10

of NaNO3 in ethanol was approximately 0.04 wt% (Zhang et al., 2017). 
However, this saturated solubility corresponds to approximately two- 
thirds of the NaNO3 present in BG-11 being transported into ethanol, 
which does not explain the almost complete removal of Na from the 
residue with ethanol, as shown by the FE-SEM images. Therefore, this 
suggests that the ethanol solvated lipids promote the dissolution of Na in 
ethanol. 

In contrast to ethanol residue, some areas in the liquefied DME res
idue exhibited a high concentration of Na. Therefore, these results 
indicate that the liquefied DME also functioned as an antisolvent for 
NaNO3 in this study, an idea that can be backed up by previous findings 
that reported liquefied DME function as an antisolvent for the crystal
lization of glycine from an aqueous solution (Kanda et al., 2020c). Salt 
contamination of lipids is undesirable for the use of lipids as food and 
biofuel. In other words, liquefied DME is superior to ethanol in pre
venting salt contamination of lipids. 

The total fatty acid content was 5.6 ± 0.2 wt% of the dry weight of 
C. simplex var. calcitrant for the liquefied DME extract, and 4.3 ± 0.5 wt 
% for the ethanol extract, thus indicating that liquefied DME had a 
higher extraction rate for fatty acids than ethanol. Table 4 presents the 
fatty acid composition of the lipids extracted using liquefied DME and 
ethanol from C. simplex var. calcitrans. Of the fatty acid methyl esters 
detected, those with less than 1 wt% of total fatty acids were excluded 
from the list. 

The fatty acid composition of the lipids extracted with liquefied DME 
was almost identical to that of lipids extracted with ethanol, consisting 
primarily of C16 and C20 unsaturated fatty acids. Evidently from 
Table 4, the major fatty acid components of the extracted lipids were 
palmitoleic acid (C16:1), hexadecatrienoic acid (C16:3), eicosapentae
noic acid (C20:5), and hexadecadienoic acid (C16:2), with a content of 
23.34–27.84 %, 23.35–19.65 %, 22.56–23.28 %, and 12.45–16.84 %, 
respectively. This fatty acid type is nearly equivalent to the types of fatty 
acids that are predominantly found in lipids extracted from another 
diatom, C. gracilis, namely C16:1, C16:3, and C20:5 (Kanda et al., 
2020a). This high unsaturated fatty acid ratio indicates that C. simplex 
var. calcitrans lipid is more suitable as a functional food than as a biofuel. 

In general, lipids with a high composition of unsaturated fatty acids 
are liquid at room temperature, while those with a high composition of 
saturated fatty acids have a higher melting point and are solid at room 
temperature. On the other hand, lipids with high unsaturated fatty acid 
composition are susceptible to degradation due to oxidation, while 
lipids with high saturated fatty acid composition have good oxidation 
stability. Since these properties are inherited even after conversion to 
biofuel, lipids with high unsaturated fatty acid compositions are more 
suitable as raw materials for use in cold climates during winter. How
ever, too high a degree of unsaturation impairs oxidation stability, so 
care must be taken to avoid degradation during fuel production and 
long-term storage. Therefore, an appropriate balance in fatty acid 
composition of biofuel is necessary. 

3.4. Study strengths and limitations 

The advantage of extracting lipids and functional substances from 
diatoms is to take their extremely high lipid synthesis capacity, which 
allows them to efficiently fix atmospheric CO2. However, diatoms are 
very water content when harvested from their culture medium, so dry
ing is conventionally required as a pretreatment for ethanol extraction. 
The advantage of liquefied DME extraction is that drying of diatoms is 

not required prior to extraction, thus avoiding the conventional problem 
of emitting more CO2 than is fixed by the diatoms upon drying. More
over, the fucoxanthin content of this diatom is an order of magnitude 
higher than that of macroalgae U. pinnatifida, most of which can be 
extracted with liquefied DME. In other words, fractionation of high- 
value-added fucoxanthin can reduce the price of lipid-derived bio
fuels. In other words, the results support the practical application of 
diatom-derived biofuels in terms of both energy balance and price. In 
addition, liquefied DME was found to be able to extract many of the 
antioxidants as well, which could be expected to further drive down 
prices. 

The disadvantage is that slightly less fucoxanthin and antioxidants 
are extracted than with ethanol. However, this problem is limited when 
the priority is to take advantage of the high CO2 reduction capacity of 
diatoms. Another problem is the susceptibility to oxidation due to the 
high content of unsaturated fatty acids in the lipids from C. simplex var. 
calcitrans. However, flowability is improved, so this should also be 
considered. 

4. Conclusion 

To effectively utilize the CO2 absorption capacity of diatoms, we 
propose DME as an alternative solvent for the coproduction of lipids and 
other high value-added materials without the energy-intensive drying 
pretreatment. This study shows that fucoxanthin, antioxidants, and 
lipids can be extracted from wet diatoms using liquefied DME without 
the drying pretreatment. Ethanol extraction, which has traditionally 
been used to extract fucoxanthin, can extract slightly more fucoxanthin 
and antioxidants than DME, but consumes more energy in the drying 
pretreatment than is obtained by the diatoms in sunlight. Ethanol also 
has health risks, and the volatile, non-residual DME is an option for 
those who do not wish to use ethanol. 
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