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Microalgae lipid-derived biofuels is considered promising candidates for substitution of 
petroleum-based energy sources. However, the lipid extraction from the algal biomass stands 
as a challenge due to its low yields and cost-intensive cell disruption procedures. In this study a 
multivariate optimization of the extraction conditions was suggested, aiming a maximization of the 
lipid extraction from Scenedesmus sp. microalgae grown using wastewater as a nutrient medium. 
The extraction method, extraction time, solvent mixture and pretreatment were considered between 
upper and lower levels in order to access their significance, including their interactions, on the 
experimental response, while using a reduced number of experiments. The studies were performed 
using low-cost extraction methods (magnetic stirring and ultrasonication). The optimal extraction 
condition was obtained using CHCl3:MeOH (2:1) solvent mixture, in a 2-hour extraction period 
using ultrasonication. Fatty acid profiles of extracted lipids were also evaluated. 
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Introduction

At present, a considerable part of the world’s energy 
is derived from unrenewable fossil fuel sources,1-3 despite 
their rate of depletion and the effects of the generated 
greenhouse gases on global climate change.4-6 Considering 
such conditions, the search for renewable and sustainable 
fuels has been intensifying, stimulating large-scale biodiesel 
synthesis.7-9 However, regarding the substrates traditionally 
used for biofuel, commercial production of fatty acid methyl 
ester (FAME) from edible oils is no longer sustainable since 
it displaces food production,10 and the production of non-
edible oils is coupled with the availability of arable lands 
for its cultivation.11 Thus, the exploration of alternative fuels 
has focused on the so-called third-generation biofuels,12 i.e., 
the production of low-cost and renewable biomass with 
high potential to produce energy. From an environmental 

perspective, microalgae present several advantages over the 
oilseed largely used for oil extraction13 as they do not need 
cultivable fields, can be grown using wastewater, present 
higher growth rates than terrestrial plants and have a greater 
energy density than vegetable feedstocks.14

The lipid extraction from microalgae biomass consists 
of disrupting the algae cell walls15 using mechanical or 
chemical approaches (organic solvent-based and solvent-
free methods).16 Thus, the amount of lipids obtaining is of 
critical importance and systematic studies focused on this 
matter are somehow scarce using multivariate approaches. 
Such approaches open up the possibility to evaluate the 
individual effects of variables and their interactions. 
Among many advantages, the multivariate analysis allows 
a knowledge of the best experimental conditions, while 
using a reduced number of experiments.17 

Scenedesmus sp. is an excellent biodiesel feedstock 
due to its robustness towards open cultivation.18 Moreover, 
this species can accumulate lipid under nutrient-deficient 
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mediums with a suitable fatty acid profile, i.e., it can be 
cultivated in wastewater without compromising on quality.19 
Several procedures were proposed for lipid extraction, 
such as supercritical fluid extraction,20 microwave-assisted 
extractions,21-23 pressurized liquid extraction,23,24 osmotic 
shock,25 and ultrasound-assisted extraction.26,27 However, 
considering that ultrasonication requires a single unit, 
has a low power input,28 and is advantageous due to 
the fast operational time and low set-up cost,15 which 
is more commercially suitable, its exploration as lipid 
extractor has an appealing significance. Abomohra et al.21 
studied an optimized procedure for lipid extraction from 
Scenedesmus obliquus; however, using a univariate analysis. 
The univariate analysis does not deal with relationships 
among the parameters since the main purpose is a simplified 
description. For that matter, a specific parameter is varied, 
such as solvent mixtures, maintaining all the other variables 
under a specific condition. The process is repeated for all 
the parameters considering the best condition previously 
obtained. The multivariate approach is able to describe 
the relationship among the parameters in a comprehensive 
methodology. 

To the best of our knowledge, there is a lack of 
literature dealing with Scenedesmus sp. microalgae using 
a multivariate approach. In addition, even considering it 
is impossible to predict whether or not biodiesel from 
microalgae will give rise to future incomes, it is undeniable 
that this feedstock has a potential application.29 Hence, the 
studies herein presented aimed at investigating the optimum 
conditions for oil extraction from Scenedesmus sp. For the 
proposed study, a solvent based lipid extraction method 
was investigated for the biodiesel-promising microalgae 
substrate. The best conditions were searched among 
different solvent mixtures, extraction times, pretreatments 
and cell-disruption methods under sonication bath 
conditions and magnetic stirring. Analysis of variance 
(ANOVA) was used to verify the significance of effects. 
In addition, we evaluated the back-extraction of the 
biomass residue and performed gas chromatography-mass 
spectrometry (GC-MS) for determination of the lipid profile 
obtained from the different extraction procedures.

Experimental

Materials and methods

All the experimental procedures were performed 
using Scenedesmus sp. microalgae, which was isolated 
from Kwa-Zulu Natal province, in the Durban region, 
South Africa. The cultivation was performed using 
post-chlorinated effluent wastewater with supplementation 

of BlueGreen nutrients, BG1130 (consisting of 1.5 g L-1 
NaNO3, 0.075 g L-1 MgSO4.7H2O, 0.036 g L-1 CaCl2.2H2O, 
0.006 g L-1 citric acid, 0.01 g L-1 Na-EDTA, 2.86 g L-1 
H3BO3, 0.036 g L-1 CaCl2.4H2O, 0.06 g L-1 Fe ammonium 
citrate, 0.02 g L-1 Na2CO3, 0.04 g L-1 K2HPO4.3H2O, 
2.86 g L-1 H3BO3, 1.81 g L-1 MnCl2.4H2O, 0.222 g L-1 
ZnSO4.7H2O, 0.390 g L-1 Na2MoO4.2H2O, 0.079 g L-1 
CuSO4.5H2O, 0.049 g L-1 Co(NO3)2.6H2O) at Kingsburg 
wastewater treatment (Durban, South Africa) plant in 
3000 L open circular ponds. The biomass was harvested 
after 3 weeks of cultivation using a disc stack centrifuge. 
Harvested biomass is oven dried and then pulverized using 
a blender for further use in extraction experiments. 

Experimental design parameters

The lipid extraction protocols were performed 
according to the literature, with modifications.31 In a 
typical procedure, 2 g of dried microalgal biomass were 
suspended in 30 mL of a chosen solvent mixture and 
maintained in ultrasonication or magnetic stirring under 
specific conditions described hereafter. Then, the biomass 
residue was separated from the organic phase by filtration 
and the solvent was evaporated under reduced pressure. All 
the extractions were performed in triplicate. 

A full 24 factorial design was used to assess the 
significance of the effects and the interactions of the 
variables on the lipid extraction. The algal biomass 
obtained from the drying process was subjected to different 
disruption techniques. The evaluated variables for the 
experiment design I were: solvent mixture, extraction 
method, extraction time and pretreatment (Table 1). The 
extraction methods were ultrasonication at 60 °C (Unique 
USC-1850A, 154 W, 25 kHz) and magnetic stirring 
(600 rpm, Arec X, Velp, Scientifica, at 60 and 150 °C). 
The 16 assays were performed randomly within 5 days 
to avoid systematic errors. The response was analyzed as 
the amount of obtained lipids in relation to the mass of 
microalgae used, expressed as a percentage.

Table 1. Full 24 factorial design for the solvent mixture, extraction 
technique, extraction time and pretreatment. (experiment design I)

Variable Symbol
Factor level

−1 +1

Solvent mixture X1

CHCl3:EtOH 
(2:1)

CHCl3:MeOH 
(2:1)

Extraction method X2

ultrasonication 
at 60 °C

magnetic stirring 
at 60 °C

Extraction time / h X3 1 2

Pretreatment X4 water bath oven
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Based on findings from the experiment design I, another 
full 24 factorial design (experiment design II), that would 
evaluate any other possible interaction, was proposed. 
The evaluated variables for the experiment design II are 
presented in Table 2. 

For the experiment design II, 16 experiments were 
performed. As the last investigation, the time of extraction 
was considered, based on the experiment design I. In this 
context, the differences among the response for 2, 4 and 6 h 
of extraction time (in triplicate), using ultrasonication at 
60 °C as extraction method, CHCl3:MeOH (2:1) as solvent 
and water bath as pretreatment, were accessed by means 
of the one-way ANOVA.

Lipid back-extraction 

To evaluate the obtaining of more oil from the 
microalgae, a new extraction (back-extraction) procedure 
was performed from the algal-residue biomass. The residue 
was dried in an oven at 60 °C overnight before its usage; 
then subjected to lipid extraction using the same procedure 
as described before. 

Fatty acid profile characterization

The analysis of the fatty acid profile was performed 
by gas chromatography. An esterification reaction was 
conducted for each sample before the injection. The reactions 
were performed according to Hartman and Lago,32 with 
modifications. In a typical procedure, 5 mL of a methanolic 
solution of NaOH (0.5 mol L-1) were added to a 50-mL 
volumetric flask containing 500 mg of the oil to be reacted. 
The mixture was boiled in a reflux system for 5 min before 
the addition of 15 mL of the esterification reagent (a mixture 
of 2 g of ammonium chloride, 60 mL of methanol and 
3 mL of sulfuric acid, which were refluxed for 15 min). The 
esterification reaction was conducted in a reflux system for 
10 min and transferred for a separating funnel and washed 
twice with a mixture of 50 mL of distilled water and 25 mL 

of hexane. The aqueous phase was discarded and from the 
organic one, 1 µL was injected in the GC. 

The GC-MS analyses were performed using a 
GCMS-QP2010 SE Shimadzu instrument. Chromatographic 
separation was achieved by using fused silica capillary 
column, SLBTM-5ms (30 m × 0.25 mm × 0.25 µm). The 
temperature program for the oven was the following: an 
initial temperature of 100 ºC (0.5 min hold), followed by 
a ramp of 4 ºC min-1 up to a final temperature of 240 ºC 
(10 min hold). The split/splitless (S/SL) injector was used 
in split mode at the ratio of 1:1 and was set at 220 ºC. 
The carrier gas was helium (99.9999%) at a constant flow 
rate of 1.0 mL min-1. The transfer line temperature was 
240 ºC. The quadrupole mass spectrometer was operated 
in full scan mode over the mass range 47-500 Da. The 
ion source was operated in electron impact (EI) mode at 
70 eV. The identification of components was performed by 
comparison of elution order, retention times, mass spectra 
with literature data and with a mixture of methyl esters 
(FAME Mix, CRM47885, lot XA16739V). The analyses 
were also carried out by gas chromatography with flame 
ionization detection (GC-FID) in a Shimadzu GC-2010 
Plus instrument, using a capillary column coated with 
NST 05 HT (30 m × 0.25 mm × 0.25 µm). The method used 
was similar to that described above for GC-MS. The carrier 
gas was N2 (30 mL min-1); the flow for H2 and O2 was 40 
and 400 mL min-1, respectively. The GC-FID chromatogram 
was used to determine the relative concentrations using 
peak areas. 

Results and Discussion

Some of us have published the production of biodiesel 
from the Scenedesmus sp. microalgae. Since the acid value 
of the lipids extracted from the algal biomass is high, 
with a high value of free fatty acids (> 4 mg KOH g-1), 
alkali catalysts are disregarded due to the possibility of 
saponification.33 Using H2SO4, 91.75% of yield for biodiesel 
was obtained,34 while the tungstated zirconia solid acid 
catalyst yielded 71% using sonication.22 Thus, aiming at 
the feasibility and strengthening of biodiesel production as 
an alternative for fossil fuel sources, the lipid extraction 
is a critical step. Bearing that in mind, we have put a lot 
of effort into such a process using a multivariate method, 
which is highly applied in the literature35-37 since different 
matrices present different responses. 

Experimental design

A multivariate approach was proposed to study the effects 
of the extraction conditions on total lipid content obtained 

Table 2. Full 24 factorial design for the solvent mixture, magnetic stirring, 
extraction time and pretreatment (experiment design II)

Variable Symbol
Factor level

−1 +1

Solvent mixture X1

CHCl3:EtOH 
(2:1)

CHCl3:MeOH 
(2:1)

Magnetic stirring 
temperature / °C

X2 60 150

Extraction time / h X3 1 2

Pretreatment X4 water bath oven
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from the microalgae Scenedesmus sp. This methodology 
regards the individual effects of the variables and their 
interactions. The variables studied were: solvent mixtures, 
CHCl3:EtOH (2:1) and CHCl3:MeOH (2:1); ultrasound-
assisted extraction (at 60 °C); magnetic stirring coupled 
with a condenser (60 and 150 °C); extraction time (1, 2, 
4 and 6 h) and pretreatment (water bath and oven). The 
dependent variable corresponds to the amount of obtained 
lipid in relation to the mass of microalgae used, expressed 
as a percentage. It is worth mentioning that the use of 
chloroform and methanol for lipid extraction is well-known 
since 1957. The original procedure was applied to animal 
tissues;38 however, matrix effects in biological samples have 
been recognized as complex interferences, which are needed 
to be studied before any quantification.39 Thus, although 
many studies use the same procedure, it is important to study 
different samples rather than make a generalization. 

The investigations of extraction conditions were carried 
out using a full 24 factorial design, as presented in Table 1 
(experiment design I). For the proposed strategy, the 
independent variables were qualitative and quantitative, 
i.e., extraction time is the quantitative parameter and the 
other ones, qualitative. Table 3 shows the results of the 
experimental assays (16 runs) for the lipid extraction, 
presenting the coded levels of the variables (according to 
Table 1). The experiments were performed in a random 
manner, within a period of 5 days.

The Pareto chart in Figure 1, resulting from the 
standardized effects estimate from the experimental 
design I for each interaction and factor, shows both 
the magnitude and importance of the parameters. The 
horizontal dashed line corresponds to the t value from the 
Student’s distribution with 95% of confidence (p = 0.05) and 
proper degrees of freedom. Thus, those individual effects 
or interactions that extends past the horizontal dashed 
line are significant. It can be seen that the only significant 
parameter for the extraction is the solvent mixture. The 
positive value suggests that the response maximization 
(increasing of total lipids yield) occur at the higher level, 
i.e., with the proportion of CHCl3:MeOH of 2:1. This 
data is in accordance with the literature; Cho et al.40 in a 
univariate approach, has obtained such parameter (solvent 
mixture of CHCl3:MeOH of 2:1) as the most significant 
for Scenedesmus obliquus lipids extraction as well. 
Abomohra et al.21 present similar findings. However, it 
is important to emphasize that in univariate analyses the 
response maximization is only found in certain special 
conditions corresponding to those whose interactions 
of the variables have little or no influence in the chosen 
experimental domain. Since the absence of interactions is 
a priori never known, a multivariate approach must always 
be done. The effects of the other variables, i.e., extraction 
method, time and pretreatment, and interactions were not 
significant since they are not statistically different from the 
experimental variation. 

It is important to note that despite the Pareto chart in 
Figure 1 (experiment design I) revealed a very important 
piece of information for the lipids extraction optimization, 

Table 3. Experiment design I (full 24 factorial design) and responses (total 
lipids yield) obtained for each experiment 

Experiment
Variablea

Total lipid  
yield / %X1 X2 X3 X4

1 −1 −1 −1 −1 6.39

2 −1 −1 −1 +1 2.81

3 −1 −1 +1 −1 5.26

4 −1 −1 +1 +1 4.79

5 −1 +1 −1 −1 4.17

6 −1 +1 −1 +1 4.39

7 −1 +1 +1 −1 5.13

8 −1 +1 +1 +1 4.19

9 +1 −1 −1 −1 7.50

10 +1 −1 −1 +1 5.90

11 +1 −1 +1 −1 6.23

12 +1 −1 +1 +1 7.70

13 +1 +1 −1 −1 6.29

14 +1 +1 −1 +1 5.48

15 +1 +1 +1 −1 6.06

16 +1 +1 +1 +1 5.72

aAccording to descriptions of Table 1.

Figure 1. Pareto chart for the experiment design I with a horizontal dashed 
line corresponding to a significance level of p = 0.05, which indicates the 
solvents mixture significance for the lipids extraction. The symbols are 
presented in Table 1; XiXj stands for the interaction between i and j factors.
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different levels of temperature were not considered. 
Previously, the analyses were all performed at 60 °C, both for 
ultrasonication- and magnetic stirring-assisted extractions. 
The ultrasonication-assisted extraction necessarily occurs 
in the liquid phase, i.e., the procedure has to be performed 
under the boiling point of the solvent, where the acoustic 
cavitation causes the formation of microbubbles.41-43 
Alternatively, the magnetic stirring-assisted method can be 
applied under different temperatures. Therefore, a second 
experiment design (experiment design II) was proposed to 
investigate any significant statistical effect involving the 
temperature and/or its interactions with other variables on 
the extraction. The extraction experiments were carried out 
using a full 24 factorial design, as shown in Table 2. Table 4 
shows the results of the experimental assays (16 runs), 
presenting the coded levels of the variables (according to 
Table 2). The experiments were performed in a random 
manner, within a period of 5 days. 

The Pareto chart resulting from the experiment design II 
in Figure 2 shows again that the only factor significant is the 
solvent mixture. The other factors do not show significant 
interaction among them to produce the maximization 
of responses. Both experimental designs suggest the 
following: (i) the proportion of CHCl3:MeOH of 2:1 is the 
best to maximize the lipids extraction of Scenedesmus sp. 
microalgae; (ii) this solvent composition does not 

interact significantly with the extraction (ultrasonication 
or magnetic stirring) techniques nor with the extraction 
times; (iii) there is also no significant interaction with the 
temperature between the levels of 60 and 150 °C, using 
magnetic stirring as extraction method; (iv) the pretreatment 
procedures are not significant and do not interact with the 
other variables; and (v) times of 1 and 2 h do not differ 
significantly with respect to the lipid content extracted.

In view of the results, the last investigation was 
carried out with respect to the extraction time, in order 
to verify whether the times of 4 and 6 h would increase 
the lipid extraction as only 1 and 2 h were considered 
before. Thus, based on the experimental design I and the 
effect of the primary parameters, the use of water bath, 
CHCl3:MeOH (2:1), and ultrasonication at 60 °C were 
maintained as a pretreatment, solvent mixture, and method 
of extraction, respectively (the effects of the water bath 
and ultrasonication present negative signals according to 
the design proposed before, suggesting that the response 
increases at the lower levels). One-way ANOVA was used 
for the extraction time assessment (2, 4 and 6 h). The 
analyses were performed in triplicate under the conditions 
mentioned above and the results are shown in Table 5. The 
ANOVA (Table S1, Supplementary Information-SI section) 
showed that the extraction time was not significant on the 
total lipid yield (F = 3.04, p = 0.1223), indicating that under 
the conditions studied the extraction is not expressively 
improved due to the time increasing, i.e., the time of 2 h 
is sufficient to promote the release of the lipids from the 
microalgae cells. At this point, it is worth mentioning 
that the absence of significant interactions verified in the 

Table 4. Experiment design II (full 24 factorial design) and responses 
(total lipids yield) obtained for each experiment

Experiment
Variablea

Total lipid 
yield / %X1 X2 X3 X4

1 −1 −1 −1 −1 4.17

2 −1 −1 −1 +1 3.37

3 −1 −1 +1 −1 4.47

4 −1 −1 +1 +1 2.47

5 −1 +1 −1 −1 5.13

6 −1 +1 −1 +1 4.19

7 −1 +1 +1 −1 5.02

8 −1 +1 +1 +1 3.65

9 +1 −1 −1 −1 6.29

10 +1 −1 −1 +1 5.48

11 +1 −1 +1 −1 5.38

12 +1 −1 +1 +1 6.52

13 +1 +1 −1 −1 6.06

14 +1 +1 −1 +1 6.88

15 +1 +1 +1 −1 5.19

16 +1 +1 +1 +1 4.49

aAccording to descriptions of Table 2.

Figure 2. Pareto chart for the experiment design II with a horizontal dashed 
line corresponding to a significance level of p = 0.05, which indicates the 
solvents mixture significance for the lipids extraction. The symbols are 
presented in Table 3; XiXj stands for the interaction between i and j factors.



Using a Multivariate Approach to Compare Lipid Extraction Protocols from Microalgae Scenedesmus sp. J. Braz. Chem. Soc.638

experiment design I and the knowledge developed herein 
would encourage the accomplishment of a univariate study, 
even with the modification in the time levels. However, 
according to what has been exposed so far, the proposed 
multivariate approach is advantageous regarding the 
reduction in the number of experiments, time and energy. 

Back-extraction studies

The lipid-extracted residual biomass was subjected 
to a back-extraction under the optimized conditions 
(Figure 3). For this, the results are presented as lipids per 
algal cellular dry weight (CDW in mg g-1 of the biomass), 
due to its easiest visualization. The extraction performed 
with CHCl3:MeOH (2:1) showed that the back-extraction 
reached 20% of the lipid quantity obtained with the first 
extraction procedure for 1 h and 15% for 2 h. For the 
extraction performed with CHCl3:EtOH (2:1), 34% of the 
first lipid yield obtaining was reached for 1 h and 15% 
for 2 h.

According to Figure 3, such data corroborate, in a 
univariate manner, that the CHCl3:MeOH (2:1) solvent 
mixture was the best choice since the amount of total 
lipid yield was much higher than that obtained with 
CHCl3:EtOH (2:1); the original procedure perform the 
back-extraction procedure to guarantee an exhaustive 
extraction,38 right after the first extraction. We performed 

here this procedure and collected the lipid obtained 
separately to study the efficiency of such a step. 

Fatty acid composition

The main fatty acids identified in the lipid extracted were 
comprised of unsaturated esters for the CHCl3:EtOH (2:1) 
and CHCl3:MeOH (2:1) solvent mixtures. Considering the 
quality and quantity of FAME, there was no substantial 
difference between the extractions. As displayed in 
Table 6, the total quantity of unsaturated fatty acids was 
very similar for the mixtures. Thus, both solvents mixtures 
presented similar quality for FAME production, i.e., they 
are prompt to biodiesel production, even considering its 
lower oxidation stability.44,45 According to the literature, 
the unidentified compounds observed in Table 6 can be 
attributed to hydrocarbons of high molecular weight.46 
Liu and Liu47 made a comprehensive study regarding the 
concentration of fatty acids in algae (59 species) and found 
out that C16 and C18, saturated or unsaturated, are the 
most abundant fatty acids, which is in accordance to our 
studies. However, Jay and Kawaroe48 studied the fatty acid 
composition of Chlorella vulgaris and observed more than 
40% of saturated fatty acids with different carbon chains. 
Thus, comparisons are somehow difficult since the available 
nutrients for the microalgae cultivation directly affect the 
fatty acids profile observed.49,50

Conclusions

This study presented a multivariate approach for the 
optimization of total lipid extraction from Scenedesmus sp., 
using 24 factorial designs and one-way ANOVA. We studied 
the solvent mixture, extraction method, extraction time and 
pretreatment and the optimum conditions observed were: 
ultrasonication for 2 h in a CHCl3:MeOH (2:1) medium. 

Table 5. Total lipid yield obtained from Scenedesmus sp. for different 
extraction times. Conditions: water bath, ultrasonication extraction at 
60 °C and CHCl3:MeOH (2:1)

Extraction time / h Total lipid yield / %

2 6.23 5.91 6.06

4 5.17 5.98 7.65

6 6.32 5.88 7.17

Figure 3. Ultrasonication-assisted lipid back-extraction under water bath at 1 and 2 h with (a) CHCl3:MeOH (2:1) and (b) CHCl3:EtOH (2:1) solvent mixtures.
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We attested that the only significant parameter was the 
solvent mixture and that this variable does not interact 
significantly with other variables. The present method can 
be easily applied in research laboratories due to a low-cost 
and low-power ultrasonication unit required. Although the 
study encourages a univariate study when compared to the 
literature, the multivariate optimization herein reported is 
highly advantageous due to the reduction of experiments 
numbers, which avoid waste of time, energy and reagents. 
In addition, although the fatty acid profile presents a high 
quantity of unsaturated compounds, biodiesel production 
can be performed, as previous studies have shown.

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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Hexadecanoic acid C16:1 32.59 38.67

Heptadecanoic acid C16:1 0.63 1.35

Not identified − 0.60 1.07

Not identified − 0.75 1.02

Not identified − 1.11 1.65

Octadec-9,12,15-trienoic acid C18:3 0.70 1.22

Not identified − 1.11 1.28

Octadec-9,12-dienoic acid C18:2 4.94 5.10

trans-Octadec-9-enoic acid C18:1 21.98 17.26

cis-Octadec-9-enoic acid C18:1 8.04 7.43

Octadec-9,12-dienoic acid isomer C18:2 5.11 2.82

Octadecanoic acid C18:2 3.84 4.63
aBranched chain fatty acids do not present an abbreviation.
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