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ABSTRACT: Microalgal lipids exhibit physical-chemical characteristics similar to vegetable 
oils, representing alternative sources of long-chain fatty acids for food supplements. 
However, separating intracellular lipids from microalgae biomass is still challenging due 
to downstream processing technology limitations that depend on the particular microalgal 
species and its cultivation conditions. Thus, this work evaluated a multistep process for lipid 
extraction from Tetradesmus obliquus biomass instead of conventional single extraction 
methods to improve the lipid yield. The wet biomass was freeze-dried, the cells of the dried 
biomass were disrupted in a ball mill, and the milled biomass was suspended in water to obtain 
solid contents of 5 % and 10 % w v–1. Lipids were extracted from the aqueous suspension 
using the ethanol polar solvent and the hexane apolar solvent with ethanol:hexane ratios of 
1:1, 1:2, and 3:5 v v–1. Tests were also carried out on the deproteinized biomass to evaluate 
the effect of proteins on emulsion formation since deproteinization can avoid emulsion 
formation. Thus, lipid downstream processing could be designed without an emulsion 
removal stage. The biomass was deproteinized before lipid extraction with NaOH at pH 10. 
The highest lipid content was verified for the 1:2 ethanol:hexane ratio, in which up to 42 % of 
the total lipids were extracted from the biomass. With the 3:5 ratio, the organic and aqueous 
phases emulsified due to the presence of lipoproteins, which hindered the lipid extraction 
process. Under the studied conditions, no increase in lipid extraction yield was observed 
with increases in the solid content or biomass deproteinization.
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Introduction

Microalgae are a renewable energy source with promising 
prospects for the supply of bioproducts with economic 
value, such as proteins, pigments, polysaccharides, and 
lipids, for different technological fields. Cultivating 
microalgae cells under stressful conditions can increase 
bioproduct production and alter their properties and 
associated uses (Estevam et al., 2023; Liang et al., 2018). 
For some green microalgae, for example, the nutritional 
stress of phosphorus, nitrogen, and iron supplementation 
deprivation increased lipid accumulation at the expense 
of additional glyceride synthesis (Hu et al., 2008). 
Nevertheless, cell stress may not always be reflected in 
higher lipid productivity, as increasing the lipid is to the 
detriment of the growth and division of the cells (Halim 
et al., 2012; Rodolfi et al., 2008).

Microalgal lipids are used in the production 
of biofuels, food, pharmaceuticals, biofilms, and soil 
biofertilizers (Amorim et al., 2021) on account of the 
following characteristics: (i) they consist of glycerol or 
esterified bases of fatty acids; (ii) they can be saturated 
or unsaturated (Neofotis et al., 2016); (iii) they are 
classified as neutral lipids (mono-, di-, triglycerides, 
and free fatty acids) and polar lipids (phospholipids 
and glycolipids); (iv) they exhibit high fatty acid content 
with chains of 14-22 carbons and physical-chemical 
characteristics similar to vegetable oils (Gunstone et al., 

2007); and (v) they contain fatty acids belonging to the 
omega-3 and omega-6 families, which are attractive to 
human nutrition (Wong et al., 2022).

Since microalgal lipid extraction is still challenging 
(Grossmann et al., 2018; Silva et al., 2021a, b), it is 
necessary to develop efficient separation processes to 
elaborate strategies to reduce the formation and stability 
of emulsions. Most lipids are withdrawn from microalgae, 
mainly using hexane as the solvent. However, a very stable 
emulsion is formed due to the protein in the biomass, 
making lipid extraction difficult by using only hexane as 
an extraction agent. Thus, the present work evaluated 
lipid extraction from Tetradesmus obliquus (Turpin) 
Wayne (Chlorophyta) at different solvent:biomass ratios. 
T. obliquus was previously named Scenedesmus obliquus 
(Wynne and Hallan, 2016). Two types of biomasses, 
protein, and deproteinized biomasses, were tested. The 
microalgal cell wall was broken using a ball mill to achieve 
high lipid recovery. The process variables evaluated were 
the solid content of the rehydrated biomass suspensions, 
the solvent ratios, and the presence or absence of proteins 
during lipid extraction.

Materials and Methods

Six steps were taken in the experimental procedure of 
lipid extraction from microalgal biomass: (1) processing 
of chemicals and T. obliquus biomass; (2) determination 
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of the T. obliquus composition; (3) disruption of cell 
biomass; (4) determination of the influence of the solids 
content on lipid extraction; (5) extraction of lipids from 
the biomass; and (6) deproteinization of biomass and 
extraction of lipids from deproteinized biomass.

Chemicals and processing of Tetradesmus obliquus 
biomass

The chemicals used were ethanol (≥ 99.5 % purity, 
Sigma-Aldrich), hexane (Neon), methanol (99.8 % purity, 
Sigma-Aldrich), and chloroform (≥ 99 % purity, Sigma-
Aldrich). All other chemicals were PA grade.

The strain of the microalgae T. obliquus had 
been previously isolated from freshwater reservoirs, 
following Rocha et al. (2017), and cultivated in BG11 
culture medium as described by Covell et al. (2020). 
The microalgal biomass was separated from the growing 
medium, according to Cesário et al. (2021). T. obliquus 
biomass (6 % w v–1) was frozen and stored at –10 °C 
and was a gentle gift from the Laboratory of Biofuels 
at the Universidade Federal de Viçosa, Brazil. The 
frozen biomass was thawed for fractionation, washed 
with deionized water, filtered in an organza fabric filter 
medium to remove impurities, packed in containers, 
and frozen (GE freezer) at –80 °C. The frozen biomass 
was freeze-dried (LS 3000, Terroni), giving rise to dry 
biomass, reaching a final moisture content of 8 % w v–1.

Confocal microscopy of the biomass

A sample of the T. obliquus culture collected in the 
exponential growth phase was centrifuged (Eppendorf, 
5430) at 4000 × g for 5 min, and the cells were washed 
twice with phosphate-buffered saline (PBS) (0.1 M and 
pH 7.2). They were then examined in a laser scanning 
confocal microscope (Zeiss LSM 510 Meta) with argon 
laser excitation at 488 nm and emission at 650 nm for 
autofluorescence.

Proximate composition of the Tetradesmus obliquus 
microalgae

The lyophilized biomass was characterized for moisture 
(AOAC, 2005), ashes (AOAC, 2005), lipids by the Folch 
method (Folch et al., 1957) before cell rupture, lipids by 
ethanol and hexane solvents (Bermudez-Sierra, 2018) 
after cell rupture, and protein by the Kjeldahl method 
(AOAC, 2005) with a nitrogen factor of 5.89 (Afify et 
al., 2018). The carbohydrate content was calculated 
by difference (Carbohydrate % = 100 % – ashes % – 
lipids % – proteins %).

Quantification of lipids

Two lipid-determining methods were applied according 
to the cell structure condition, e.g., whole or disrupted 
cells.

The Folch method (Folch et al., 1957) was used 
for biomass containing whole cells, that is, before cell 
disruption. Thus, methanol and chloroform solvents 
were associated with acid hydrolysis (Bermudez-Sierra, 
2018) to quantify lipids in biomass with whole cells. 
Acid hydrolysis is a destructive method utilized in the 
determination of the total lipid content.

A gravimetric method based on the Schmid-
Bondzynski-Ratzlaff (SBR) principle (IDF, 1988) was 
applied to quantify lipids in microalgal biomass after 
cell disruption with a ball mill.

Hexane and ethanol (Viegas et al., 2020; Vieira et 
al., 2021) are alternatives to chloroform and methanol, 
solvents commonly proposed for lipid extraction.

Hexane was used because of its greater selectivity 
for neutral lipid fractions and minimal affinity for 
nonlipid contaminants, according to Shin et al. (2018). 
These authors investigated the extraction of lipids from 
Tetraselmis sp. using mixtures of hexane and methanol. 
The literature (Khoo et al., 2023; Vasistha et al., 2021) 
also reported other solvent systems for microalgal lipid 
extraction: (i) combinations of chloroform-methanol, 
chloroform-methanol-water, chloroform-ethyl acetate, 
methanol-sulfuric acid, hexane-isopropanol, water-
(propan-2-ol)-cyclohexane, methanol-ethyl acetate-light 
petroleum, water-ethanol-hexane, and hexane-ethanol-
acid; (ii) biobased solvents such as ethyl acetate-ethyl 
lactate, cyclopentyl methyl ether, and 2-methyl-
tetrahydrofuran to replace hexane; and (iii) single 
solvents such as acetone, dimethyl sulfoxide (DMSO) 
ethanol, ether, ethyl acetate, hexane, liquefied dimethyl 
ether, and methanol.

In our work, ethanol was selected as the polar 
solvent due to its green, environmentally friendly, 
and low toxicity characteristics, allowing it to extract 
lipids to be applied in human and animal nutritional 
supplements. Methanol is a toxic material that causes 
several adverse effects on human health.

Folch method associated with acid hydrolysis for 
lipid quantification in whole-cell biomass

Methanol (10 mL) and HCl (5 mL, 3 M) were added 
to the freeze-dried biomass (1 g) for acid hydrolysis in 
Falcon tubes. The Falcon tubes were placed in a 65 °C 
water bath (Solab, SL-153), withdrawn after 10 min, 
cooled to room temperature, and added to chloroform 
(20 mL). Next, the Folch method was applied to the 
mixture (Bermudez-Sierra, 2018).

Schmid-Bondzynski-Ratzlaff (SBR) method for 
lipid quantification in disrupted cell biomass

The SBR method, modified according to Vieira et al. 
(2021), used ethanol and hexane solvents to quantify 
the lipid content in the disrupted and rehydrated 
biomass suspensions containing 5 %, 10 %, and 36 % 
w v–1 solids.
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Biomass cell disruption

Mechanical disruption by ball milling was used to disrupt 
T. obliquus cells (Vieira et al., 2021). The lyophilized 
biomass was disrupted using a ball mill (Retsch, Model 
MM 400) at a frequency of 30 kHz and a processing 
time of 90 s, making the cell compounds accessible for 
separation. The freeze-dried biomass was characterized 
before and after cell disruption for moisture, ash, lipids, 
and protein, according to proximate composition of the 
T. obliquus microalgae.

Influence of solids content

The influence of solid content on lipid quantification and 
extraction was studied using suspensions of freeze-dried 
biomass diluted in water at proportions of 5 %, 10 %, 
and 36 % (w v–1). Water was carefully added with even 
distribution over the biomass, then manually stirred for 
5 min at room temperature to complete the hydration.

Biomass lipid extraction

Lipid extraction tests were conducted in disrupted and 
rehydrated biomass suspensions containing 5 % and 
10 % w v–1 solids. Extraction tests were also performed 
on the protein and deproteinized biomass to define the 
levels of extracted lipids in both cases. The solvents used 
in SBR lipid quantification after cell rupture are the 
same as those used in the lipid extraction of disrupted 
and rehydrated biomass (DRB).

Ethanol was added to DRB in a Falcon tube and 
manually shaken for 1 min. Then, hexane was added, and 
the system was shaken until the mixture was complete. 
The proportions (v v–1) of ethanol (polar solvent) and 
hexane (nonpolar solvent) were 1:1 (15:15 mL of ethanol: 
hexane), 1:2 (10:20 mL of ethanol: hexane), and 3:5 
(11:25:18.75 mL of ethanol: hexane)  a total of 30 mL of 
ethanol and hexane. The solvents were added in a 3:1 
ratio of solvent:microalgal biomass. The mixture was 
centrifuged (Eppendorf, 5430) to separate the organic 
upper phase (hexane phase rich in lipids) and the 
aqueous phases (rich in proteins and carbohydrates). The 
hexane phase was removed with a volumetric pipette, 
placed in an Erlenmeyer flask, dried in an oven at 102 
°C, cooled in a desiccator, and weighed. This procedure 
was repeated four times. At each repetition, the hexane 
volume corresponding to each proportion was added to 
the mixtures of DRB and ethanol. The volumes were 15 
mL in a 1:1 ratio, 20 mL in a 1:2 ratio, and 18.75 mL 
in a 3:5 ratio. The volumes of the organic phase were 
collected in an Erlenmeyer flask, and the hexane was 
evaporated at 70 °C. After evaporation of the solvent, the 
amounts of extracted lipids were obtained by weighing 
the lipids in an Erlenmeyer flask. This entire procedure 
was performed in triplicate. The percentage of lipids 
extracted from the biomass or yield was determined as 
described by Patel and Kannan (2021) using Eq. (1):

Extraction efficiency(%)=
Lipids recovered by the experimenttal method (g)

Lipids recovered by the analytical method (gg)
×100%

  (1)

Biomass deproteinization and lipid extraction

The influence of protein removal from biomass on 
lipid extraction was evaluated after cell disruption 
since proteins can emulsify in solvents for lipid 
extraction (Amorim et al., 2021). Before and after 
each test condition of lipid extraction, the contents 
of proteins and lipids were determined. Thus, the 
influence of deproteinization on lipid extraction could 
be evaluated.

The methodology proposed by Silva et al. (2021a) 
was used for protein separation before lipid extraction. 
An amount of dried biomass, already broken in a ball 
mill (30 kHz and 90 min), was weighed, and diluted to 
obtain the desired percentage of solids (5 % or 10 % 
w v–1). The pH was adjusted to 10 with 1 M NaOH; 
the biomass was shaken manually (1 min) and then 
centrifuged (5430, Eppendorf) at 7500 × g for 10 min 
at 20 °C. The first centrifugate (first residual biomass), 
containing lipids and insoluble proteins, was separated 
from the first supernatant, containing soluble proteins, 
polar lipids, pigments, and other soluble bioproducts. 
The first supernatant was stored for later extraction 
of the proteins. The pH of the first centrifugate was 
adjusted to 10 with 1 M NaOH (99 % purity, ACS 
científica). The mixture was shaken manually (1 min) 
and centrifuged again (7500 g, 10 min, 20 °C). The 
second centrifugate (second residual biomass) was 
separated from the second supernatant, which was 
stored. This process was similarly applied to obtain the 
third centrifugate (third residual biomass), assumed to 
be the control sample. The third supernatant was also 
stored.

After all protein separation steps, (1) the lipid 
content was determined in the third residual biomass 
(control sample) with the ethanol:hexane method. The 
insoluble protein present in the third residual biomass 
is difficult to separate from it (Silva et al., 2021a). (2) 
The soluble protein content was determined in the 
mixture of the stored supernatants (1, 2, 3). Soluble 
proteins were extracted at their isoelectric point (PI) 
of 2.55 after adding 1 M HCl, manual stirring, and rest 
for three days for protein precipitation. After protein 
precipitation, centrifugation (7500 g, 10 min, 20 °C) 
was used to separate the soluble proteins.

Statistical analysis

The results of the proximate composition were 
submitted to analysis of variance (ANOVA), and 
then the Tukey test of means was performed at 5 % 
probability. The results are represented as the means 
± standard deviations. The statistical analysis was 
performed using the licensed SAS software (Statistical 
Analysis System, version 9.2, 1999).
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Results

The fluorescence micrograph of the cells of T. 
obliquus in the division can be observed in Figure 1A-
F. Cells are grouped into four to eight elements, with 
autofluorescence occupying most of the cells in addition 
to prominent spherical central pyrenoids.

The proximate composition of the T. obliquus 
biomass was 40.64 ± 0.563 % proteins, 21.66 ± 0.11 % 

Figure 1 – Fluorescence micrograph of Tetradesmus obliquus showing cells in division (*), grouped into four (closed white arrow) or eight 
cells (closed black arrow), with autofluorescence occupying most of the cells (open white arrow) in addition to prominent spherical central 
pyrenoids (black open arrow). Autofluorescence (A, D), brightfield (B, E), and superimposition (C, F). Bar = 10 µm.

Table 1 – Lipid extraction from microalgal biomass with different 
solid contents using a solvent proportion 1:2 (ethanol:hexane).

% Microalgal biomass 
% Extracted lipids 
based on 0.1 kg of 

biomass 

 % Extracted lipids 
based on the lipid of total 

biomass

5 5.70 ± 0.63a 36.14
10 6.62 ± 0.28a 41.98
36 5.10 ± 0.37a 32.34
100 6.54 ± 0.68a 41.47
The data are presented as the mean ± standard deviation. Means 
followed by the same letter do not differ statistically by Tukey’s test at 
5 % probability.

Table 2 – Protein content in residual biomass after lipid extraction.
% Proteins

NEF WEF
Deproteinized 
biomass 6.73 ± 0.45b

Biomass with 
proteins 9.85 ± 0.19a

8.02 ± 0.25b (organic phase + 
emulsified interface)

12.51 ± 0.5a (aqueous phase + 
emulsified interface)

NEF = no emulsification formation; WEF = with emulsification formation at 
the system interface; Data are represented by mean ± standard deviation; 
Means followed by the same letter do not differ statistically by the Tukey 
test at 5 % probability.

Table 3 – Influence of biomass deproteinization on lipid extraction under different proportions of solids and solvent ratios.
% Lipids 

Ethanol:hexane Deproteinized biomass Biomass without deproteinization
Proportion Standard deviation

5 % 10 % 5 % 10 % 
1:1 3.48 ± 0.56bA 3.37 ± 0.25bA 3.25 ± 0.60bA 3.49 ± 0.21bA

1:2 5.01 ± 0.68aA 4.55 ± 0.26aA 4.97± 0.40aA 4.91 ± 0.38aA

3:5 5.15 ± 0.76aA 4.82 ± 0.26bA 4.87 ± 0.61aA 4.91 ± 1.03aA

Means followed by the same letter (lowercase in columns and uppercase in rows) do not differ statistically by the Tukey test at 5 % probability.

ashes, 6.01 ± 0.30 % moisture, 15.77 ± 1.09 % lipids, 
and 15.85 % carbohydrates. The lipid content from 
microalgal biomass with different solid fractions using 
the 1:2 (ethanol:hexane) solvent ratio is described in 
Table 1. The protein content in residual biomass after 
lipid extraction is presented in Table 2. The effect of 
biomass deproteinization on lipid extraction under 
different solid proportions and solvent ratios is featured 
in Table 3.
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Discussion

Lipid extraction from microalgae is still a challenge 
(Amorim et al., 2020; Ebert et al., 2019; Grossmann et 
al., 2018; Law et al., 2018; Leal et al., 2021; Silva et al., 
2021a, b; Vieira et al., 2021) since a stable emulsion is 
formed during lipid removal from biomass by nonpolar 
solvents. The emulsion stability can be due to microalgal 
compounds such as proteins.

Tetradesmus obliquus (formerly Scenedesmus obliquus) 
can form and stabilize emulsions, even at low protein 
concentrations (Lima et al., 2023; Silva et al., 2021a). 
Emulsions containing T. obliquus proteins showed greater 
stability in systems containing high NaCl concentrations 
and resistance to pH variation than emulsions with 
commercial whey and soy proteins (Silva et al., 2021a). 
This type of emulsion is desirable in the food, cosmetic 
and pharmaceutical industries; nevertheless, its formation 
is undesirable if the aim is to obtain lipid fractions without 
proteins and pigments for biofuel production, for example 
(Amorim et al., 2020; Ebert et al., 2019; Grossmann et al., 
2018; Law et al., 2018; Leal et al., 2021; Silva et al., 2021a; 
Vieira et al., 2021).

Emulsion formation in microalgal lipid extraction 
can be avoided by using different solvents (ethyl 
acetate, hexane, petroleum ether, chloroform, methanol, 
ethanol) and mixtures of polar and nonpolar solvents 
in different proportions during lipid separation. This 
procedure can also promote system demulsification 
instead of using processes of high energy consumption 
such as centrifugation (Amorim et al., 2020; Ebert et 
al., 2019; Grossmann et al., 2018; Law et al., 2018; 
Leal et al., 2021; Silva et al., 2021a, b; Vieira et al., 
2021). Therefore, it is necessary to elaborate strategies 
to reduce emulsion formation and stability to develop 
efficient lipid extraction processes.

In this context, the results of the present work are 
discussed regarding lipid extraction from the microalgal 
species T. obliquus evaluated at different solvent:biomass 
ratios and using two types of biomasses: protein and 
deproteinized biomasses.

The results of the proximate composition of the 
T. obliquus biomass for protein, ash, moisture, lipids, 
and carbohydrates are consistent with destructive 
methodologies used for their quantification.

The protein content was 40.64 ± 0.563 % before 
cell disruption and 40.54 ± 0.677 % after that, indicating 
that using a mechanical method (ball milling) to disrupt 
cells does not affect the protein content. These results 
are in the range for T. obliquus, as reported by Vieira 
et al. (2021), between 32.1 ± 0.3 % and 58.6 ± 0.5 %. 
The microalgal protein content varies according to the 
species and cultivation conditions, such as nitrogen and 
light availability. In connection with this, Acutodesmus 
obliquus ranges from 36 to 56 % protein content in its 
biomass, Chlorella pyrenoidosa and Dunaliella salina may 
comprise up to 57 %, and Spirulina platensis up to 63 % 
(Amorim et al., 2021; Renuka et al., 2017).

The ash content (21.66 ± 0.11 %) is within the 
range for T. obliquus, according to Miranda et al. (2018), 
reporting 18.02 %, and Vieira et al. (2021), 36.2 ± 0.4 %. 
The ash content also depends on the microalgae cultivation 
conditions because culturing with agricultural fertilizers, 
which lack analytical purity and contain significant 
insoluble compounds increases ash percentages (Vieira et 
al., 2021).

The high ash content of biomass can be attributed 
to the inorganic residues (oxides) formed after the 
calcination of organic matter. It can compromise the 
quality of the extracts obtained (e.g., pro-oxidant metals 
in oils) and the application of these extracts, for instance, 
for biodiesel production since they cause damage in 
engines through abrasiveness (Domingos et al., 2007). 
High amounts of ash in biomass reduce the calorific value 
of biomass since mineral materials do not participate in 
the thermodegradation process (Fakayode et al., 2023). 
A suggestion to reduce ash contents in the biomass is 
washing it before processing.

Lipid extraction may decrease at moisture contents 
higher than 64 % since water can promote the formation 
of a polar barrier between the solvent and the lipid, 
reducing mass transfer (Escorsim et al., 2019; Zorn et 
al., 2017). However, in our work, moisture more than 
64 % facilitated lipid extraction, probably due to the 
better differentiation in the physical-chemical properties 
between the aqueous and organic phases, favoring lipid 
extraction with ethanol and hexane solvents.

The lipid content of the lyophilized biomass 
determined before cell disruption was obtained by using 
acid hydrolysis of dried biomass with HCl (destructive 
analysis technique) followed by the Folch method 
(methanol:chloroform ratio of 1:2). The lipid content 
(15.77 ± 1.09 %) determined by the Folch method was 
higher than that attained for ruptured and rehydrated 
biomass with an ethanol:hexane ratio of 1:2 (between 5.10 
± 0.37 % and 6.54 ± 0.68 %) for solid contents of 5 %, 
10 %, 36 %, and 100 %, as shown in Table 1. Thus, the 
higher percentage of lipids obtained with a destructive 
cell technique was not associated with the water content 
of microalgal biomass (wet or freeze-dried) but with the 
type of solvent that enabled total cell wall destruction, 
such as HCl (Bermudez-Sierra, 2018; Martins et al., 2020).

The maximum percentage of total lipids in the 
biomass was 15.77 %. Therefore, this value was used 
to calculate the extracted lipid content in the assays. 
Consequently, the percentages of extracted lipids ranged 
from 32.34 to 41.98 % (Table 1), indicating an extraction 
capacity of up to 42 % for a solids content of 10 %. The 
lipid contents observed after cell disruption of biomass 
suspensions with 5 %, 10 %, 36 %, and 100 % solids 
did not vary. Such behavior can contribute to mitigating 
the high cost of energy consumption used to promote 
the drying of microalgal biomass and extract its lipids 
(Amorim et al., 2020).

High lipid contents extracted from (1) freeze-
dried biomass of Nannochloropsis oculata with ethanol 
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were reported by Baumgardt et al. (2016) (11.33 % w 
w–1 of fatty acid methyl esters) and (2) from Chlorella 
minutissima biomass with 36 % w v–1 of solids were 
reported by Zorn et al. (2017) (20 % of lipids).

Compositions between 4.4 and 12.3 % w w–1 
of concentrated and broken biomass to extract wet 
lipids efficiently were reported (Law et al., 2018). The 
authors found that the hexane recovery increased as the 
solids concentration decreased (12.3 % to 4.4 %). This 
promoted a decrease in the critical centrifugal force 
needed to coalesce the droplets from 200 g to 75 g. This 
behavior could be due to the lower amount of surface-
active agents at lower solids concentrations, promoting 
the system viscosity.

The cellular walls reveal greater rigidity when 
dehydrated, thereby hindering solvent cell entrance and 
the release of the lipid-solvent complex. Since water 
can intensify cellular disruption and dissolve some cell 
polysaccharides, the solvent permeability through the 
wall can be increased, thereby providing efficient lipid 
extraction (Cohen, 1999; Zorn et al., 2017), most likely 
due to the dissolution of polar lipids in the aqueous 
phase. However, our results indicated that the lipid 
contents were statistically similar using freeze-dried 
biomass with 5 %, 10 %, and 36 % solids (w v–1). Such 
behavioral distinctions could be imputable to different 
microalgal species, culture conditions, and solvents 
used by the authors and us. Thus, the solid quantity 
used to enable a high percentage of lipid extraction was 
selected using few amounts of biomass and low volumes 
of organic solvents (economic selection). Accordingly, 
biomasses with 5 % and 10 % solids (w v–1) were used in 
the subsequent analyses.

The carbohydrate contents obtained using the 
difference between 100 % and the other compound 
contents (proteins, moisture, ash, and lipids) were 
calculated by Eq. (2) and are shown in Tables 1 and 2. 
The carbohydrate content includes fiber and glycogen:

% carbohydrate = 100 % – (% protein + % 
moisture + % ash + % lipids)   (2)

The dried biomass protein contents were 
approximately 40 %. After lipid extraction, the microalgal 
protein contents in the third residual biomass were 6.73 
± 0.45 % (for deproteinized biomass) and 9.85 ± 0.19 % 
(without deproteinization).

Emulsion formation did not occur during the 
extraction of lipids with deproteinized biomass, while 
emulsion formation was found in biomass without 
deproteinization (Table 2). Two possible reasons can 
explain the low quantity of proteins in the residual 
biomass: the dragging of apolar compounds (as apolar 
proteins) by apolar solvents (such as hexane) and the 
protein partitioning from the aqueous to the organic 
phase. Emulsion formation was also verified at the 
interface of some systems (without deproteinization) 
during the protein quantification experiments, indicating 

the presence of proteins at the end of the lipid extraction 
process. Therefore, deproteinization before lipid 
extraction can potentially prevent emulsion formation, 
and thus facilitate lipid extraction.

The ability and stability of emulsions formed with 
T. obliquus proteins (Tobl-P) were studied by Silva et 
al. (2021a). The authors found that the proteins, even 
at low concentrations (0.3-0.5 %), could form more 
stable emulsions than those of isolated soy protein. The 
authors also evaluated the resistance capacity of the 
Tobl-P emulsions to high concentrations of NaCl (≤ 500 
mM), verifying their superior performance to the salt 
concentration resistance than emulsions formed with 
whey protein isolated (WPI). Thus, after these emulsions 
are formed, one of the ways to break them is to use unit 
operations such as centrifugation to extract the oil from 
them, which would require a high amount of energy.

The behavior of four fractions of broken biomass 
of microalgae, e.g., cell debris, delipidated debris, 
lipids, and serum, was studied by Law et al. (2018). 
The authors reported that emulsions were formed after 
adding a nonpolar solvent (hexane or hexadecane) to 
each fraction. The emulsions were broken down using 
centrifugation to evaluate the system’s stability. Four 
other distinct layers were formed after centrifugation: a 
cellular sediment at the bottom, a supernatant aqueous 
layer, an emulsion layer, and a hexane-lipid top layer. 
The behavior of the interfacial tension and rheology of 
the emulsions indicated that each fraction contributed 
to the system’s stabilities in different ways. The authors 
found that the protein-rich serum fraction stabilizes the 
emulsion by forming rigid interfacial films.

A similar result was observed in our study, 
as shown in Table 2, with emulsion formation in 
the nondeproteinized systems. Thus, these results 
emphasize the importance of protein extraction before 
lipid extraction and how emulsion stability is critical 
to wet lipid extraction. Thus, developing strategies to 
attenuate emulsion stability is fundamental to defining 
an efficient process for wet lipid extraction, which can 
only be achieved by processes that require high energy 
consumption, such as centrifugation (Law et al., 2018).

The highest protein content in the residual 
biomass was 12.51 ± 0.5 %, as shown in Table 2. This 
result was reached when the emulsion formed during 
the lipid extraction was not collected along with the 
organic phase and for biomass without deproteinization 
(biomass with polar proteins). The protein content 
reached the lowest value (6.73 ± 0.45 %) for the residual 
deproteinized biomass (biomass without polar proteins) 
and when the emulsion was collected with the organic 
phase containing the extracted lipids. This behavior 
indicates that the emulsification presented proteins and 
lipids, agreeing with Tavoni et al. (2020).

The ash contents of freeze-dried biomass before 
and after disruption were higher (21 %) than the 
percentage of ash in the residual biomass after lipid 
extraction with ethanol:hexane solvent. The ash results 
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were 4.68 ± 0.50 % in the residual deproteinized biomass 
and 4.520 ± 0.682 % in the residual biomass without 
deproteinization, which exhibits statistical equality. The 
reduction in the ash content may have been due to the 
rehydration of biomass to lipid extraction. The water 
added to the biomass solubilized part of the ash since 
there are soluble and insoluble ashes in water. After 
lipid extraction, the residual biomass was dried, and the 
ashes were quantified. Thus, a large part of the water 
with soluble ash was removed to facilitate biomass 
drying in the muffle calcination. This behavior can 
explain the decrease in ash content after lipid extraction.

Full access to microalgal metabolites can be 
complex due to the metabolite location inside the cells 
and the composition and morphology of structurally 
diverse cell walls. The resistance of the cell wall 
to breakdown hinders the efficient extraction of 
intracellular metabolites and can interfere with the 
accuracy of compound quantification (Schüler et al., 
2020). For this reason, when using some unit operations 
for cell wall rupture, it is necessary to allow the solvent 
to come into intimate contact with the microalgae 
target metabolites. The techniques are classified into 
mechanical and nonmechanical methods, such as 
chemical and/or enzymatic procedures.

 Nonmechanical methods promote cell disruption 
through enzymatic agents, chemical products, or heat 
caused by transformations in membrane permeability 
and cellular appearance. The most applied mechanical 
methods are high-pressure homogenization, grinding, 
ultrasonication, and microwaves (Goh et al., 2019).

The different disruption methods exhibited both 
advantages and disadvantages in terms of cost, cellular 
compound degradation, and process efficiency. For 
example, the cost-benefit for cell lysis and, consequently, 
for biocompound separation is a parameter that needs 
improvement in microalgae processing.

Disruption methods in wet processing routes 
of microalgal biomass are already being used, such as 
sonicators and high-pressure homogenizers, specific 
enzymes for cell wall breakage, chemicals, and ionic 
liquids (Amorim et al., 2020; Dixon and Wilken, 2018; 
Lee et al., 2017; Silva et al., 2021a, b).

Regarding dry biomass routes, mechanical 
disruption by ball milling has been widely used 
(Amorim et al., 2020; Vieira et al., 2021). Grinding in 
a ball mill is a unitary operation considered to have 
high breaking efficiency, capable of processing a large 
volume of biomass in batches and efficiently separating 
the broken biomass by gravity (D’Hondt et al., 2017). 
Since our experiment used dry biomass, we chose 
mechanical disruption by ball milling because of its 
low cost and demonstrated efficiency in disrupting T. 
obliquus cells (Amorim et al., 2020; Vieira et al., 2021). 
Thus, the lyophilized biomass was disrupted using a ball 
mill (Retsch, Model MM 400). The freeze-dried biomass 
was characterized before and after cell disruption for 
moisture, ash, lipids, and protein.

Extraction of lipids using the organic solvents 
ethanol and hexane is intensified when associated with 
a physical method to break the microalgal cell walls 
before lipid extraction (Bermudez-Sierra, 2018).

 Solvents solubilize target compounds if they 
match the compounds’ polarities and weaken specific 
intermolecular interactions, such as hydrogen and van 
der Waals interactions, to permeate the cellular structure 
(Amaro et al., 2015; Grossmann et al., 2018). Solvents 
with low polarities, such as hexane, cannot fully access 
compounds of hydrated cells due to their low polarity 
(Grossman et al., 2018). Thus, these types of solvents 
dissolve only certain cellular compounds, such as 
nonpolar lipids, compared to more polar solvents that 
can partially solubilize other compounds, such as polar 
lipids, proteins, and pigments (Grossmann et al., 2018; 
Halim et al., 2012). If the extraction of polar lipids is the 
goal, extracting proteins and pigments is not desirable.

In microalgal cells, not all compounds are freely 
accessible, and some are bound to different structures, such 
as membranes and cell walls or chloroplasts; therefore, the 
solvent must fully permeate the cells and cell debris. Thus, 
it is necessary to use solvents with intermediate polarity or 
mixtures of solvents to allow cellular permeabilization and 
effective extraction of the target compounds. Within this 
context, ethanol (εr = 25.3) dissolves mainly polar lipids, 
such as membrane-associated lipids and polyunsaturated 
fatty acids (Amaro et al., 2015). In contrast, hexane acts 
more in extracting nonpolar and neutral lipids. In the 
present study, mixtures with different concentrations of 
polar:nonpolar solvents were tested to extract microalgal 
lipids, and the results showed a difference in the solvent 
proportion used (Table 3).

The results of lipid extraction under the different 
experimental conditions pertaining to the ethanol:hexane 
ratios (1:1, 1:2, 3:5 w v–1), solid contents of biomass (5 % 
and 10 % w v–1), and biomass deproteinization are shown 
in Table 3. The lowest percentage of lipid extraction was 
obtained at a 1:1 ethanol:hexane solvent ratio.

The statistical analysis showed that the lipid 
content was unaffected by the solids percentages (5 % 
and 10 % w v–1) and biomass deproteinization; however, 
the polar:nonpolar solvent ratio significantly affected 
the lipid extraction.

The 1:2 and 3:5 solvent proportions showed no 
difference between the lipid content extracted, as seen 
in Table 3. Both 1:2 and 3:5 solvent ratios also exhibit 
higher lipid extractions than the 1:1 solvent ratio since 
the neutral lipids have a greater affinity for nonpolar 
solvents, requiring their presence in larger quantities 
than polar solvents.

The use of a polar solvent in microalgal lipid 
extraction is necessary because this solvent allows for 
greater permeabilization within the cell and facilitates 
the movement of the compounds to be extracted. Since 
organic solvents are expensive to recycle on a large 
scale, it is critical to determine the minimum volume 
of solvent required to provide the highest yield in lipid 
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extraction. Thus, our results indicate that the solvents 
and their proportions are crucial for lipid extraction. The 
solvents ethanol, acetone, ethyl lactate, and a mixture 
(3:2) of hexane/isopropanol were used to extract lipids 
from Scenedesmus obliquus (actually T. obliquus) and 
Gloeothece sp. (Amaro et al., 2015). Ethanol promoted 
higher extraction of polyunsaturated fatty acids (PUFAs).

In conclusion, the combined use of a polar and 
apolar solvent allows the separation of up to 42 % of the 
total lipids from the microalgal biomass. The highest lipid 
extraction values were observed using a solvent ratio 
(ethanol:hexane) of 1:2. In contrast, the use of a lower 
amount of the apolar solvent hexane in the solvent ratio of 
3:5 hindered the intended extraction due to the formation 
of an emulsion between the organic and aqueous phases. 
This emulsion made it difficult to collect samples to 
obtain the intended lipid extraction. Emulsion formation 
was avoided by prior biomass deproteinization. The solid 
content (5 and 10 % w v–1) did not significantly affect the 
amount of lipids extracted, indicating the possibility of 
using low-concentration biomass in the disruption stage. 
This condition can reduce energy consumption in the 
drying stage.

In this context, the results found in the present 
work can help to define a multistep process strategy for 
extracting a high quantity of lipids from the microalgae 
T. obliquus, suggesting novelties to traditional single 
extraction by applying (1) a combination a polar and a 
nonpolar solvent; (2) a reduced number of stages before cell 
wall breaking, since low-concentrate biomass suspensions 
can be used as the solid content in the evaluated range did 
not affect lipid extraction; (3) a reduced number of unit 
operations before solvent lipid extraction, since the step 
of emulsion extraction can be eliminated if the biomass 
is previously deproteinized; and (4) a reduced amount 
of energy due to the possibility of using low-concentrate 
biomass suspensions in the breaking step. In addition, 
our results indicated the feasibility of testing other types 
of polar and nonpolar solvents to extract lipids from the 
broken biomass of T. obliquus.

Accordingly, future studies using combinations of 
disruption and extraction techniques may be a way to 
optimize the extraction of lipids from microalgae at high 
levels. Notably, the estimated growth for food, whether 
of animal or plant origin, is approximately 70 % in the 
next 30 years (United Nations, 2019) due to the projected 
increase in the global population to nearly 9.7 billion by 
2050. Thus, the interest in sustainable and ecological 
technologies to obtain human food in large quantities 
such as lipid support research on lipid extraction. Given 
this context, microalgae stand out as a food source.
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