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SEQUENTIAL DETERMINATION OF Zn, Fe, Mg, Ca, Na AND K IN SYNTHETIZED BABASSU FAME BY HIGH
RESOLUTION CONTINUUM SOURCE FLAME ATOMIC ABSORPTION SPECTROMETRY
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In this work, babassu FAME samples were synthesized by transesterification reaction under alkaline catalysis with sodium glyceroxide
and by two steps process with KOH followed by H,SO, as catalysts. A sequential multi-element method for determination of Zn,
Fe, Mg, Ca, Na and K in synthesized babassu FAME by high resolution continuum source flame atomic absorption spectrometry
(HR-CS FAAS) was developed. The proposed method is based on a microemulsion formation by mixing the babassu FAME samples
with 1-propanol and aqueous phase. The mass proportion of the added components was evaluated through a ternary diagram. External

and matrix-matching calibration techniques with inorganic and organic standard were investigated. In the five-level spike-recovery

test, satisfactory results were obtained by performing the matrix-matching calibration along with inorganic standard solutions. By
using the optimized conditions, limits of detection in the range of 0.002-0.12 mg kg™ were obtained. Accuracy was attested by the
agreement of the results obtained in the analysis of three certified reference materials. By applying the microemulsion system and
HR-CS FAAS, the sequential determination of six elements was achieved. Therefore, the proposed method was a suitable alternative
for metal determination in babassu FAME samples, with good sensitivities, accuracy, and a wide linear working range.
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INTRODUCTION

Triglycerides present in the traditional oils and fats from vegetable
or animal sources as those from soy, corn, sunflower, tallow, and lard
are predominantly comprised of palmitic (C16:0), oleic (C18:1), and
linoleic (C18:2) acids. The fats extracted from the kernel of palm
tree fruits, in contrast, are rich in triglycerides containing short and
medium chain fatty acids, specially lauric (C12:0) and myristic
(C14:0) and, the fatty esters derived from them are more volatile and
less viscous than those obtained from the common commercial oils
and fats."* Due to these features, the exploitation of such sources as
feedstock for the biodiesel production has been intensively studied,
and babassu (Artalea speciosa) is a prominent example.*® Moreover,
biodiesels obtained from palm fats have been also highlighted as
precursors for the production of biokerosene, since the medium-
chain fatty acid esters and jet fuel distillation ranges are very similar.
However, in order to meet all the specifications of a jet fuel, some
biodiesel properties must be improved, which requires its composition
modification by chemical process. One recent example is the catalytic
deoxygenation of the fatty acid methyl esters (FAME) derived from
the licuri (Syagrus coronate) oil, as proposed by Aradjo et al.'° Other
authors have suggested blending JET-A1 with light biodiesel, i.e., a
mix of short and middle chain FAME produced by the distillation of
biodiesels derived from babassu (Aftalea speciosa),''* palm kernel
(Elaeis guineensis),>>'> macauba (Acrocomia aculeata),? and gueiroba
(Syagrus oleracea)® fats.

In any context, continuous research and development are
necessary to support the production and commercialization of these
biofuels since regulatory requirements are very strict. Thus, quality
control by monitoring the concentration of inorganic contaminants is

*e-mail: Imazzini@uol.com.br; mmsilva@iq.ufrgs.br

essential to guarantee a product that complies with current legislation
in the country, allowing its large-scale commercialization.

The presence of metallic species in biofuels can occur through
raw material or by incorporation during the production process,
mainly as traces of catalysts.'*'> Alkali and alkaline earth metals such
as Na, K, Ca and Mg can lead to deposits formation and corrosion
of engine parts (injectors, pumps, rings and pistons).'*!® Transition
metals including Fe and Zn, even when present in low concentrations,
can catalyze oxidation reactions,'*!” affecting the stability of biofuel
and promoting its degradation.!”!¥

Methods for the determination of metals in biofuels have been
widely discussed in the literature,'*'®! in view of the complexity
of the samples in terms of organic content, viscosity and water
immiscibility, which may cause several inconveniences during
analysis when an adequate pre-treatment is not applied. The use
of microemulsions is an interesting alternative in biofuel sample
preparation for elemental analysis, due to it requires low amount of
organic solvents, in addition to the high stability of the analytes in the
system, since inorganic acids can be added to aqueous phase.'*?*?! The
reduction of sample viscosity, allowing its introduction in equipment
by using pneumatic nebulizers, and the possibility of using aqueous
standard solutions in the microemulsion for calibration are other
attractive advantages of this method.**

Different analytical techniques have been used for elemental
determination in biofuel samples.'®!** Based on data recently
published by Martinez, et al.,” inductively coupled plasma optical
emission spectrometry (ICP OES) stands out with the highest number
of publications referring to this application, followed by inductively
coupled plasma mass spectrometry (ICP-MS) and flame atomic
absorption spectrometry (FAAS).

An alternative technique for monitoring the concentration of
metals in biofuels is the high-resolution continuum source flame
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atomic absorption spectrometry (HR-CS FAAS), which was
commercially introduced in 2004. The xenon short-arc lamp, used
as continuum source, allows the sequential determination of a wide
range of elements. In addition, a detector consisting of a linear array
of charge-coupled devices (CCD) operating with 588 pixels, makes
it possible to visualize the spectral environment of 0.2 nm around the
analytical line, providing a series of information about the region.
The equipment’s software allows full reprocessing of data after the
measurements and has a reference spectra library to correct fine-
structured background interferences, which are normally generated by
diatomic molecules.? Due to its characteristics, the HR-CS FAAS is
especially useful in analysis of complex samples such as biofuels. It is
possible to find in the literature some works that use this technique for
trace analysis in biodiesel.?!* However, multi-element determination
in short and medium chain FAME has not yet been reported. Due
to the different physical-chemical properties of babassu FAME in
relation to traditional biodiesels, especially viscosity, as mentioned
above, it is necessary to investigate the need of a new method to
analyze it, since these properties can directly influence the sample
introduction and nebulization process in HR-CS FAAS.

In this work, a method for the sequential multi-element
determination of Zn, Fe, Mg, Ca, Na and K in synthetized babassu
FAME by HR-CS FAAS, using microemulsions as sample preparation
procedure, was proposed. The formation of microemulsions, through
a simple mixture of babassu FAME, aqueous phase and 1-propanol,
was investigated by constructing a ternary phase diagram. The method
accuracy was evaluated by analyzing certified reference materials of
biodiesel and lubricating oil.

EXPERIMENTAL
Instrumentation

All measurements were carried out using a ContrAA 300 high-
resolution continuum source flame atomic absorption spectrometer
(Analytik Jena AG, Germany), equipped with a xenon short-arc
lamp (which emits a continuous spectrum between 190 and 900 nm),
operating in a hot-spot mode. The high resolution was obtained by
using a double echelle monochromator (DEMON) and a detector
consisting of a linear array of charge-coupled devices (CCD) with
588 pixels, 200 of which were used for analytical purposes. An
air-acetylene flame was used for the determination of Zn, Fe, Mg,
Ca, Na and K. The compressed air was supplied by an air compressor
(Fiac CD TOP 50 V, Maringd, Brazil) operating with a flow rate of
470 L h'. High-purity acetylene (99.0% v/v, White Martins, Sdo
Paulo, Brazil) was used as fuel gas. The optimized instrumental
parameters for each analyte are detailed in Table 1. A flow injection
valve SFS 6 (Analytik Jena) was used to introduce the solutions
into the equipment. The total sample volume injected to measure
the six analytes was 1.5 mL, considering the following optimized
conditions: aspiration rate of 2.1 mL min”', injection time of 1.0 s

Table 1. Instrumental parameters used for measurements by HR-CS FAAS
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and capillary filling time of 20 s. The reading time was 10 s for each
analyte and all measurements were performed in quadruplicate. As
the signal generated were transient, integrated absorbance (Aint) of
the center pixel (CP) and the adjacent pixels, as specified in Table 1,
were measured for all elements. An analytical balance model ATX224
(Shimadzu, Kyoto, Japan) with a resolution of 0.0001 g was used to
weigh samples and reagents.

Reagents and solutions

In this work, babassu FAME samples were produced by using
commercial babassu oil (Campestre, Sdo Bernardo do Campo, Brazil).
Sodium hydroxide P.A. (Dinamica, Indaiatuba, Brazil), ethanol
(Exodo, Sumaré, Brazil) and glycerol (Vetec, Rio de Janeiro, Brazil)
were employed in the synthesis of sodium glyceroxide, which was
used as catalyst in homogeneous basic transesterification, as described
in the supplementary material. Potassium hydroxide (Vetec, Rio de
Janeiro, Brazil) and sulfuric acid (FMaia, Cotia, Brazil) were used as
catalysts in a modified transesterification double step process (TDSP),
according to the literature.?* Methanol P.A. (Exodo, Sumaré, Brazil)
was employed in both synthetic routes.

Analytical grade reagents were exclusively used during the
sequential multi-element method development step. Deionized
water with a specific resistivity of 18.2 M(Q) cm from a Milli-Q water
purification system (Millipore, Bedford, USA) was used for the
preparation of standards and samples. All containers and glassware
used in the preparation and storage of solutions were submitted to a
cleaning and decontamination process. The materials were previously
washed with a 1.0% (v/v) solution of Triton® X-100 (Dinimica,
Indaiatuba, Brazil) and deionized water. Subsequently, it was
introduced in 1.4 mol L' HNO, for 48 h and rinsed with deionized
water before use.

Nitric acid (Quimica Moderna, Barueri, Brazil) and 1-propanol
(Fisher Scientific, New Jersey, USA) were employed in the
microemulsions preparation. The nitric acid was purified by sub-
boiling distillation in a quartz distiller (Marconi, Sao Paulo, Brazil).
The 1-propanol was distilled under a heating mantle at 97 °C.

Inorganic standard solutions of 100 mg L' were prepared by
appropriate dilution of the stock standard solutions 1000 mg L' of
Zn, Fe, Cu, Ca and Na from Specsol® (Quimlab, Jacaref, Brazil) and
Mg and K (SCP Science, Quebec, Canada) in 1.4 mol L' HNO,.
Organic standard solutions were prepared by dilution of the stock
standards 1000 mg kg™ of Zn and K Specsol® (Quimlab), Fe (Merck,
Darmstadt, Germany) and Mg, Ca and Na Conostan® (SCP Science)
in soybean oil biodiesel (Bianchini, Canoas, Brazil).

Certified reference materials (CRMs) of biodiesel: BDM1
(Ref: 150-441-095) containing 50 mg kg'! of Ca and Mg; and BDM2
(Ref: 150-441-060) containing 50 mg kg of K and Na, both from
Conostan® (SCP Science), and the standard reference materials
(SRM): 1084a (Wear-metals in lubricating oil (NIST, Gaithersburg,
USA), containing 100 mg kg™! of Fe and Mg), and 1083 (Wear-metals

Analyte Wavelength (nm) Relative sensitivity (%)* C,H, flow rate (L h'') Burner height (mm) Pixels evaluated
Zn 213.857 100 60 7 CP+1
Fe 248.327 100 60 6 CP=x1
Mg 285.212 100 65 6 CP=x1
Ca 422.672 100 40 4 CPx2
Na 589.592 50 80 6 CP=+3
K 766.490 100 70 4 CP+1

*Compared to the main resonance line of the element. *CP: Center pixel.
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in lubricating oil (NIST), with low analyte content) were analyzed.
An organic standard solution of 1000 mg kg Zn from Specsol®
(Quimlab) was used to fortify the biodiese]l CRMs.

Babassu FAME samples

Two samples of babassu FAME (BBF1 and BBF2) were prepared
as described by Santos et al.”’ (method A: homogeneous alkaline
transesterification using sodium glyceroxide as catalyst), and by
Guzatto et al.?® (method B: modified transesterification double step
process - TDSP). The procedures are described in the supplementary
material. The babassu FAMEs were characterized as follow. The fatty
esters content,”® and profile,”® the methanol content,”” iodine* and
saponification®' values were determined by 'H NMR. The spectra
were acquired in a Varian Mercury 400 MHz spectrometer (Palo
Alto, USA) in CDCl; (D 99.8%, 0.1% TMS, Cambridge, Andover,
USA), and are presented in the supplementary material. The specific
mass (p) at 20 °C, the kinematic viscosities at 40 °C (v), and the pour
point (PP) were determined as described in the ASTM D1298-12
(hygrometer, 0.7 to 1 g mL"!, Incoterm, model 5598, Porto Alegre,
Brazil),’> ASTM 445-06 (Cannon-Fenske 75 tube, Laborglass, Sdo
Paulo, Brazil, k 0.0066105 m? s?2),** and ASTM D97-17 (PP Meter,
IBP, Porto Alegre, Brazil),* respectively.

Microemulsion preparation

Microemulsions were obtained by mixing babassu FAME, aqueous
phase (0.14 mol L' HNO;) and 1-propanol in polypropylene flasks
Corning® (New York, USA). After the addition of all components,
the containers were closed, and the system was shaken manually for
a few seconds. This procedure was performed at 25 °C, maintained
by the laboratory’s refrigeration system. Different proportions of
babassu FAME, diluted nitric acid and 1-propanol were mixed, and
the formation of microemulsion was evidenced when a system with
a clear, transparent, and stable appearance was observed. Through
the different proportions of mixed reagents, a ternary phase diagram
was constructed, which will be presented and discussed later. The
composition adopted in the preparation of the microemulsions was
3.5 g of babassu FAME, 1.02 g (1.0 mL) of nitric acid 0.14 mol L' and
4.0 g (5.0 mL) of 1-propanol. The final volume of the microemulsion
was 10 mL. All samples were prepared in triplicate.

Preparation of analytical curves

Four calibration techniques were investigated in order to evaluate
which was the most suitable for the analyses: (i) matrix-matching
calibration along with babassu FAME and inorganic standard
solutions (MMBE-INO); (i) external calibration along with inorganic
standard solutions (EC-INO); (iii) matrix-matching calibration along
with biodiesel and organic standard solutions (MMBD-ORG) and
(iv) matrix-matching calibration along with babassu FAME and

Table 2. Description of the different calibration techniques investigated
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organic standard solutions (MMBF-ORG). The analytical curves
were prepared in different media, as described in Table 2. The BBF2
babassu FAME sample and soybean oil biodiesel (Bianchini), that
were previously analyzed and did not show significant analytes
content, were used as the oil phase in matrix-matching calibration
microemulsions. Standard solutions were prepared by dilution of the
stock standard solutions in inorganic or organic media, as described
above, and were added to the aqueous phase (inorganic standards)
or to the oil phase (organic standards) of the microemulsions. The
following concentration ranges in mg L' were used: 0.1-0.9 for Zn,
0.6-5.4 for Fe, 0.1-0.5 for Mg and K and 0.2-1.2 for Ca and Na.

Recovery tests and certified reference materials analysis

Recovery tests at five analytes concentration levels were used
to evaluate the matrix effects in different calibration techniques
investigated. The BBF2 sample were spiked with organic standards
resulting in the following concentrations: spike 1: 0.1 mg L' of Zn,
Mg and K, 0.6 mg L' of Fe and 0.3 mg L' of Ca and Na; spike 2:
0.2 mg L' of Zn, Mg and K, 1.3 mg L' of Fe and 0.5 mg L' of
Ca and Na; spike 3: 0.3 mg L' of Zn, Mg and K, 2.0 mg L' of Fe
and 0.8 mg L' of Ca and Na; spike 4: 0.4 mg L' of Zn, Mg and K,
2.6 mg L' of Fe and 1.1 mg L' of Ca and Na; spike 5: 0.6 mg L*!
of Zn and K, 0.5 mg L' of Mg, 3.4 mg L' of Fe, 1.4 mg L"! of Ca
and 1.3 mg L' of Na. Afterwards the spiked sample aliquots were
prepared for analysis by the microemulsification proposed method
as described above.

Certified reference materials of biodiesel (BDM1 and BDM?2)
and NIST 1084a lubricating oil standard reference material were
also analyzed. Since CRMs BDM1 and BDM2 have the same matrix
(biodiesel) and different elements, both were prepared together, in the
same microemulsion, in order to perform a multi-element analysis.
Furthermore, as there was no certified value of Zn in these materials,
biodiesel CRMs were spiked with Zn organic standard solution, so
that all investigated analytes could be determined. Thus, BDMI1 and
BDM2 aliquots and the Zn standard solution were diluted to a final
mass of 15 g with soybean oil biodiesel (Bianchini). The mass of
CRMs and Zn standard solution used were calculated so that the
analytes concentration was in the instrumental working range at the
final dilution (microemulsion).

In a second moment, SRM NIST 1084a analysis was carried out.
Due to the analytes high concentration in this material, a dilution with
soybean oil biodiesel (Bianchini) was also performed, and from this,
microemulsions were prepared. In order to investigate possible matrix
effects in SRM NIST 1084a analysis, recovery tests were performed
using SRM NIST 1083, which is a diluent base oil for SRM 1084a
with low analyte content (concentration below the limit of detection
- LOD for all investigated elements). For the analysis, inorganic
standard solutions with concentrations referring to the midpoint of
the calibration curves were added to the microemulsions aqueous
phase prepared with the SRM 1083 (oil phase).

Calibration technique Oil phase Aqueous phase (mol L' HNO,) Co-surfactant Standard solutions
MMBEF-INO Babassu FAME (BBF2) 1-propanol Inorganic
EC-INO - - Inorganic
MMBD-ORG Biodiesel (Bianchini) 1-propanol Organic
MMBF-ORG Babassu FAME (BBF2) 1-propanol Organic

MMBEF-INO: Matrix-matching calibration along with babassu FAME and inorganic standard solutions. EC-INO: External calibration along with inorganic
standard solutions. MMBD-ORG: Matrix-matching calibration along with biodiesel and organic standard solutions. MMBF-ORG: Matrix-matching calibration

along with babassu FAME and organic standard solutions.
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RESULTS AND DISCUSSION
Babassu FAME characterization

Babassu FAME samples were prepared by two different
methods in order to obtain distinct samples with possible different
contaminants; BBF1 was isolated in the presence of a basic catalyst,
while BBF2, under acidic conditions. The samples composition and
physical properties are presented in the Table 3. As can be seen,
the transesterification process does not affect the main attributes of
babassu FAME. The '"H NMR spectra of samples BBF1 and BBF2
can be seen in Figures 1S and 2S (at supplementary material).

In both cases, babassu FAMEs were free from methanol, with
fatty esters content of 99%. The '"H NMR spectrum gives all the
necessary information to calculate the average molar mass, from what
iodine and saponification values were estimated as 21 g I, 100 g and
approximately 245 mg KOH g, respectively. As expected, babassu
FAMEs are mainly comprised of saturated chains, 84-85%, thus
justifying such low values of iodine. The babassu fat is known to have
short and middle acyl groups, mainly formed by 12 and 14 carbons,
in agreement with the high saponification value, and with the low
kinematic viscosity (v) and specific mass (p). Soy FAME, for instance,
in which short and medium chain fatty esters are negligible, shows a
higher specific mass, 880 kg m?, and viscosity, 4,29 mm?s'.” Babassu
FAMEs composition, and physical properties are in accordance with
those described in the literature, as presented in Table 3.43%

Table 3. Babassu FAMEs properties: total fatty ester (Cp,ye), and methanol
(Cyeon), contents, tri-unsaturated (CX:3), di-unsaturated (CX:2), mono-unsa-
turated (CX:1), and saturated fatty esters molar fraction, average molar mass
(M,y), iodine (I) and saponification (Sy) values, pour point (PP), kinematic
viscosity (v) at 40 °C, and specific mass (p) at 20 °C

Property BBFI BBF2 Literature
(Method A) (Method B)

Crame (%) 99 x2 9+2 -
Cyieon (%) nd nd -
CX:3 (%) nd nd 14

CX:2 (%) 23+04 25+04 1.6*

CX:1 (%) 13.1+0.6 13.7+0.7 15.9¢

CX:0 (%) 84.6 £0.6 83.8+0.3 85.74
M, (g mol™) 226 +2 233+3 -

I, (g1, 100 g") 21 +2 20.6 £0.9 21%
Sy (mg KOH g™) 248 +3 241+ 1 -
PP (°C) -3 -3 -

v (mm?s™) 3.14£0.01 3.28 £0.01 3.18

p (kg m™) 868 + 1 868 +0.01 874°

nd: Not detected.

Microemulsion formation

Mixtures of different proportions of babassu FAME, 0.14 mol L"!
nitric acid and 1-propanol were investigated, with the aim of obtaining
a stable microemulsified system to be used as a sample preparation
method for the determination of metals in babassu FAME. This
methodology was chosen in view of the various advantages reported
in the literature, such as its practicality and speed.!¢-!:36-38

The microemulsion formation region was obtained through the
construction of a ternary phase diagram (Figure 1), consisting of
three axes, which represent the mass fraction of each component
(babassu FAME, 1-propanol, and nitric acid). Each point inside
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the diagram corresponds to a mixture in which the sum of the
fractions is equal to 1. The different mixtures obtained (emulsified
or microemulsified) have its own physicochemical characteristics.
However, they could be visually distinguished, since emulsions have
a turve appearance while microemulsions have a clear, transparent,
and stable aspect, often being confused with solutions.

For this study, sample BBF1 was used and the investigation
was initially based on the experimental condition proposed by
Antunes et al.,*® where microemulsions were used as a sample
preparation method for the determination of Fe, Cu, Zn, Al and Cr
in biodiesel by FAAS. Subsequently, points referring to the border
between the microemulsion and emulsion regions were plotted by
fixing the sample mass and 1-propanol volume and by changing the
amount of diluted HNO;, which was added until the visualization of
an emulsified system. This procedure was performed for different
sample masses, until the entire border region was delimited.

In Figure 1, two distinct regions are visualized: region (I),
where the formation of clear and stable mixtures (microemulsion)
was observed, and region (II), which represents mixtures that form
emulsions. Comparing the phase diagram obtained in the present work
for babassu FAME with the diagram presented by Antunes ez al.?® for
biodiesel, it was noticed that the regions of microemulsion formation
are similar, since the samples in question present a certain similarity in
its chemical structure. The adopted composition for microemulsions
used in this work was 3.5 g of babassu FAME, 4.0 g of 1-propanol
and 1.02 g of HNO, 0.14 mol L', which corresponds to the following
mass proportion: 41% of sample, 47% 1-propanol and 12% diluted
HNO,. This condition was chosen because even if there is a small
variation in the system composition, the microemulsion will not be
destabilized. In addition, a high amount of sample was adopted, in
order to improve the limits of detection. Maximum amount of acidified
water is also desirable since it allows the use of standards in aqueous
medium for calibration and increases the analytes stability in the
microemulsion due to the presence of acid. The system employed
in this work can be classified as water-in-oil (w/0) microemulsion,
since the hydrophobic percentage is greater than the aqueous one,
and the water droplets are dispersed in oil phase.

Adopted proportion (m/m):
41% babassu FAME;
47% 1-propanol;
12% diluted HNO3.

0.00 0.25 0.50 0.75 1.00
0.14 mol L™ HNOs

Figure 1. Ternary phase diagram for babassu FAME; 0.14 mol L' HNO; and
1-propanol, mixed at 25 °C. Region (I): microemulsion; region (II): emulsion

Optimization of instrumental parameters

The optimization of the spectrometer experimental parameters
for sequential multi-element analysis was carried out with a babassu
FAME sample (BBF2) enriched with an inorganic standard solution
containing all the analytes, prepared as microemulsion. Flame
composition and burner height were automatically optimized by the
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software (Aspect CS 2.1.2.0 — Analytik Jena) using continuous flow
mode, taking maximum absorbance as a criterion. The aspiration
rate was manually adjusted to the maximum possible (2.1 mL min™),
since later an injection valve would be used to introduce the samples
into the equipment. For the elements Zn, Fe, Mg, Ca and K, the main
absorption lines were used, due to the absence of spectral interferences
and the maximum relative sensitivity. The 589.592 nm line (50%
relative sensitivity) was used for Na, chosen based on desired working
range (from 0.1 to 1.2 mg L").

After optimizing the instrumental conditions using continuous
flow mode, the use of a flow injection valve (SFS 6) was evaluated.
Its use allows controlling the injection of solutions, passing
from the sample to the Milli-Q® water (cleaning solution) and
vice versa, avoiding flame instability, since no air is aspirated
between the solutions. In addition, there is a reduction in sample
consumption,® which is advantageous for the method developed in
this work, considering that six elements were investigated. A manual
optimization of the flame conditions for each analyte was carried
out with SFS 6 valve, in order to verify if the automatically defined
parameters in continuous flow mode were the most suitable when
using flow injection. For this evaluation, not only the maximum
absorbance was taken into account, but also the peak profile.
The results demonstrated conditions of burner height and flame
composition similar in both optimizations (automatic and manual).
Thus, it was decided to use the automatically optimized parameters
by the software. The conditions adopted for each analyte are shown in
Table 1. Valve injection volumes were tested for the following times:
0.5; 1.0; 1.5 and 2.0 s, with 1.0 s chosen as a compromise condition
for all analytes, since the obtained signals presented peak profiles
closer to the Gaussian format, as shown for Mg in Figure 2. Longer
injection times have not been investigated in order to avoid higher
consumption of samples and to decrease analysis time. Considering
the defined injection time (1 s), to measure a replicate of one analyte,
the sample volume employing the SFS 6 valve was 35 pL. The total
volume used to determine all analytes in quadruplicate was 1.5 mL,
considering also the capillary filling time (20 s).

o ... g 0.5s
Mg ITERAE, — ] Os
/> -1 ——1.5s
0.30 ; Y ----20s
I‘ \‘
5 i ' '
= ! \
: 0.20 ' !
a | ‘ E
o ' 4!
L 1 : 3
0.10-
I} Nagea
000 T I‘ T T I- T T ' I.HA —

Figure 2. Overlaid transient signals for 0.4 mg L' Mg at different injection
times, obtained from a microemulsion of BBF2 sample enriched with an

inorganic standard solution
Calibration techniques study

In order to avoid transport interferences in HR-CS FAAS,
calibration solutions must have physical characteristics very similar
to those sample, since changes in physical properties of aspirated
solutions, such as viscosity and surface tension, can influence the
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nebulization process.'®3* Therefore, the use of microemulsions for
calibration by matrix-matching method was investigated in this
work. Inorganic and organic standard solutions were also evaluated.
Babassu FAME (BBF2) and biodiesel samples, which were used
as oil phase in the calibration microemulsions by MMBF-INO,
MMBF-ORG and MMBD-ORG techniques were previously analyzed
and did not show significant analytes content. Furthermore, the use of
biodiesel to simulate the oil phase in calibration microemulsions was
tested due to the physical and chemical similarity with babassu FAME
samples and their availability. For comparison purposes, external
calibration (EC-INO) was also evaluated.

Angular coefficients and intercepts were compared by analysis
of covariance (ANCOVA)* to verify equivalence possibility between
the four proposed calibration techniques. This statistical test employs
multiple linear regression analysis through the use of dummy variables
and allows evaluating, simultaneously, equality between regression
coefficients when more than two calibration techniques need to be
compared. ANCOVA test was performed using the Excel software
at a 95% confidence level, and MMBF-INO calibration curve was
used as a parameter. Linear regressions obtained by the different
calibration techniques evaluated, which were statistically compared,
are presented in Table 4.

Table 4. Linear regressions obtained by different calibration techniques
investigated for babassu FAME multi-element analysis by HR-CS FAAS

Calibration

Analyte technique Linear regression equation R?
MMBF-INO y = 0.6242x + 0.0089 0.9969
- EC-INO y=0.6764x + 0.0178 0.9948
MMBD-ORG y = 0.4242x - 0.0049 0.9985
MMBF-ORG y =0.4941x - 0.0015 0.9993
MMBEF-INO y =0.1169x + 0.0067 0.9981
EC-INO y =0.0973x + 0.0179 0.9928
e MMBD-ORG y = 0.0958x + 0.0082 0.9986
MMBF-ORG y =0.1148x — 0.0002 0.9982
MMBEF-INO y =2.7175x + 0.0041 0.9987
Mg EC-INO y =2.9070x + 0.0563 0.9954
MMBD-ORG y = 1.7863x — 0.0035 0.9999
MMBF-ORG y =2.0178x — 0.0032 0.9985
MMBE-INO y =0.1852x + 0.0024 0.9963
Ca EC-INO y =0.1509x + 0.0079 0.9972
MMBD-ORG y =0.1674x + 0.0002 0.9964
MMBF-ORG y =0.1794x + 0.0015 0.9992
MMBEF-INO y =0.7669x + 0.0272 0.9984
EC-INO y =0.8541x - 0.0115 0.9979
Na MMBD-ORG y=0.6782x - 0.0114 0.9985
MMBF-ORG y =0.7298x + 0.0517 0.9980
MMBEF-INO y =0.5617x + 0.0060 0.9997
K EC-INO y =0.5318x + 0.0066 0.9973
MMBD-ORG y =0.5738x - 0.0021 0.9998
MMBF-ORG y = 0.5948x — 0.0020 0.9983

MMBF-INO: Matrix-matching calibration along with babassu FAME and
inorganic standard solutions. EC-INO: External calibration along with
inorganic standard solutions. MMBD-ORG: Matrix-matching calibration
along with biodiesel and organic standard solutions. MMBF-ORG: Matrix-
matching calibration along with babassu FAME and organic standard solutions.
R Coefficient of determination.
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Since the statistical results demonstrated that there is no
equivalence between the four investigated calibration techniques
for all analytes, new ANCOVA tests were carried out, with the
purpose of comparing separately the linear regressions: (i) by
fixing the type of standard solutions used (inorganic or organic)
and (if) by fixing matrix-matching calibration along with babassu
FAME (MMBF). When establishing the use of inorganic standard
solutions, external calibration (EC-INO) and matrix-matching
along with babassu FAME (MMBF-INO) methods were compared.
Results indicated that these investigated methods presented curves
with equal sensitivities and intercepts only for the elements Zn,
Mg and K. Furthermore, by fixing the use of organic standard
solutions, matrix-matching along with biodiesel (MMBD-ORG)
and matrix-matching along with babassu FAME (MMBF-ORG)
methods were compared. The results showed that these two methods
presented curves that are coincident only for Ca and K. As already
expected, the medium in which the analytes are present significantly
influence the measurements in most cases, which can be explained
by the differences in physicochemical properties of the prepared
calibration solutions, affecting their nebulization and transport
until the flame.

Thus, it is necessary to use a method in which the sample matrix
is present, to avoid this type of interference. For this reason, matrix-
matching along with babassu FAME (MMBF) was chosen for
another ANCOVA test, and standard solutions employed (inorganic
or organic) were compared. For this test, results demonstrated
that for Fe, Ca and Na, the curves obtained by MMBF-INO and
MMBF-ORG methods are coincident (equivalent sensitivities
and intercepts), indicating that only for these three elements both
standard solutions could be used. Since the methodology proposed in
this work consists of a sequential multi-element analysis, employed
calibration technique must be satisfactory for all investigated
elements. Therefore, based only on ANCOVA tests results, it was
not possible to conclude which calibration technique was the most
suitable for the proposed analysis.

Additionally, recovery tests were performed, with the purpose of
evaluating possible matrix effects on the four investigated calibration
curves. For this study, the BBF2 sample was enriched with organic
standard solutions at five analytes concentration levels. Added
values are described in the experimental section. Results are shown
in Figures 3 and 4.

Based on results showed in Figure 3, it was possible to observe
certain similarity between recoveries obtained for MMBF-INO and
EC-INO methods. This can be explained by the calibration curves
tendency to present closer sensitivities to each other when the same
standard solutions (inorganic or organic) are used. Same similarity
was also observed between MMBD-ORG and MMBF-ORG methods
(Figure 4). An exception was noticed for K, in which similar
recoveries were obtained for all investigated calibration techniques,
since for this analyte the four curves presented very close regression
coefficients.

Among the studied calibration techniques, matrix-matching along
with babassu FAME and inorganic standard solutions (MMBF-INO)
presented satisfactory mean recoveries (81-111%) for all analytes,
which are in accordance with the established range by Instituto
Nacional de Metrologia, Qualidade e Tecnologia (INMETRO).*!
Suitable recoveries were also obtained for MMBF-ORG method.
However, this was already expected since calibration solutions
were the same as those used for recovery tests. Based on these
results, MMBF-INO method was chosen to carry out the analyses,
considering that satisfactory recoveries were obtained, in addition
to the easier preparation of calibration solutions when inorganic
standards are used.
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Figure 3. Recovery tests results at five analytes concentration levels, for the
EC-INO and MMBF-INO calibration techniques. EC-INO: external calibra-
tion along with inorganic standard solutions; MMBF-INO: matrix-matching
along with babassu FAME and inorganic standard solutions. P1: 0.1 mg L
Zn, Mg and K; 0.6 mg L' Fe and 0.3 mg L' Ca and Na; P2: 0.2 mg L' Zn,
Mg and K; 1.3 mg L' Fe and 0.5 mg L' Ca and Na; P3: 0.3 mg L' Zn, Mg
and K; 2.0 mg L' Fe and 0.8 mg L' Ca and Na; P4: 0.4 mg L' Zn, Mg and K;
2.6 mg L' Fe and 1.1 mg L' Ca and Na; P5: 0.6 mg L' Zn and K; 0.5 mg L
Mg; 3.4 mg L' Fe; 1.4 mg L' Ca and 1.3 mg L' Na. The black lines are the
limits (80-110%) established by Instituto Nacional de Metrologia, Qualidade
e Tecnologia (INMETRO)* for recovery tests, according to the concentration
range of the analytes

Figures of merit

After optimizing the instrumental conditions and defining the
calibration strategy to be used, merit parameters were determined
from the linear regression equations of calibration curves, obtained
by MMBF-INO method, which are shown in Table 5.

For all investigated elements, the calibration curves presented
good linearity (R? > 0.996). Limits of detection (LOD) and
quantification (LOQ) were calculated according to INMETRO
recommendations,*' as three times and ten times, respectively,
the standard deviation of 10 blank measurements, divided by
the slope of the calibration curve. In order to estimate the LODs
and LOQs of the method, the mass used in sample preparation
(3.5 g of babassu FAME) and microemulsion final volume (10 mL)
were considered.

Although there is no specific legislation for oxygenated
biokerosene, consisting of esters mixture, according to Agéncia
Nacional do Petréleo, Gas Natural e Biocombustiveis (ANP)
Resolution No. 856,* the maximum allowed limit for all investigated
elements in aviation biofuels synthesized through the certified
methods by ASTM is 0.1 mg kg' per metal. In addition, among
the analytes, there are only defined limits for the amounts of
Na+K (2.5 mgkg') and Ca+ Mg (2.5 mg kg') in biodiesel samples,
according to ANP Resolution No. 920.* Therefore, detection limits
obtained in this work for all analytes were lower than or equivalent
to the maximum value established by the Brazilian legislations.
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MMBF-ORG Table 5. Figures of merit obtained by MMBF-INO calibration technique for
120 determination of six elements in babassu FAME by HR-CS FAAS
o 100 2 a a
2 e R LOD LOQ C,
2 80 Analyte Sensitivity (sLmgh (mgke!) (mgkg!) (mgL)
[
z Zg Zn 0.5480 09969  0.02 0.07 0.008
9
& 20 Fe 0.0997 0.9981 0.03 0.08 0.044
0 Mg 2.3983 0.9987 0.002 0.006 0.002
Zn Fe Mg Ca Na K Ca 01995 09963 003 0.09 0.022
Conesnimionlah Na 10752 09984 0.2 0.39 0.004
mP] mP2 mP3 mP4 mP5 K 0.6182 0.9997 0.04 0.14 0.007
MMBD-ORG MMBF-INO: Matrix-matching along with babassu FAME and inorganic
standard solutions. R Coefficient of determination. LOD: Limit of detection.
150 LOQ: Limit of quantification. C,: Characteristic concentration. *LODs and
¥ 120 I B LOQs of the method were calculated considering the sample mass of 3.5 g
B 90 and a volume of 10 mL, used in the microemulsion preparation.
g 60
o - a lubricating oil standard reference material (SRM NIST 1084a). As
R described in the Experimental section, due to the high concentration
0 of the analytes in these materials, they were diluted in a biodiesel free
Zn Fe Mg Ca Na K . . .
. of analytes before the preparation of the microemulsion. The results
Concentration levels

mP]l mP2 mP3 mP4 mP5

Figure 4. Recovery tests results at five analytes concentration levels, for
the MMBF-ORG and MMBD-ORG calibration techniques. MMBF-ORG:
matrix-matching along with babassu FAME and organic standard solutions;
MMBD-ORG: matrix-matching along with biodiesel and organic standard
solutions. P1: 0.1 mg L' Zn, Mg and K; 0.6 mg L' Fe and 0.3 mg L' Ca
and Na; P2: 0.2 mg L' Zn, Mg and K; 1.3 mg L' Fe and 0.5 mg L' Ca
and Na; P3: 0.3 mg L' Zn, Mg and K; 2.0 mg L' Fe and 0.8 mg L' Ca and
Na; P4: 0.4 mg L' Zn, Mg and K; 2.6 mg L' Fe and 1.1 mg L' Ca and Na;
P5: 0.6 mg L' Zn and K; 0.5 mg L' Mg, 3.4 mg L' Fe; 1.4 mg L' Ca and
1.3 mg L' Na. The black lines are the limits (80-110%) established by Instituto
Nacional de Metrologia, Qualidade e Tecnologia (INMETRO)" for recovery
tests, according to the concentration range of the analytes

The characteristic concentrations (C,) obtained in this work are in
agreement with the values reported by Welz et al** and Jesus et al.”!
for the same technique (HR-CS AAS). Comparing the figures of merit
obtained in this work with those reported by Jesus et al.,*' in general,
although lower sensitivities were obtained, lower limits of detection
were achieved, since a higher amount of sample was used in the
microemulsions preparation. Furthermore, the difference in sensitivities
is related to the defined conditions of sample injection time, since using
flow injection mode the absorbance is measured in area.

Method accuracy evaluation

The accuracy of the proposed method was evaluated by analyzing
two certified reference materials of biodiesel (BDM1 and BDM?2) and

are reported in Table 6.

Since the analyzed materials did not contain certified values for
Zn, an aliquot of organic standard of this element (at a concentration
of 50 mg kg') was solubilized in the biodiesel CRMs solution, so
that all analytes could be determined. The obtained concentration
for Zn was 48.9 + 2.3 mg kg, resulting in 97 + 4% of agreement
between added and found value. By using the Yuen-Welch’s r-test
(comparison of means with unequal variances),* the obtained results
were in agreement with the certified values for a 95% confidence
level, as demonstrated by the p-values for all the evaluated analytes
(p-values for CRMs BDM1 and BDM2: 0.49 for Zn, 0.06 for Mg,
0.16 for Ca, 0.22 for Na, and 0.32 for K; p-values for SRM NIST
1084a: 0.08 for Fe and 0.17 for Mg).

An additional recovery test was performed, in order to investigate
possible physical interferences in SRM NIST 1084a analysis, due to
the matrix difference between lubricating oil and babassu FAME. The
studies were carried out with the lubricating oil standard reference
material SRM NIST 1083. As the concentrations for all investigated
elements in SRM 1083 were below the LOD, inorganic standard
solutions with concentrations referring to the midpoint of calibration
curves were added to aqueous phase of the microemulsions prepared
from it. Results showed satisfactory values ranging from 95 to 108 %,
indicating the absence of matrix effect in lubricants analysis for Zn,
Fe, Mg, Ca, Na and K by the proposed method. Details can be seen
in Table 1S (at supplementary material).

Determination of Zn, Fe, Mg, Ca, Na and K in synthetized
babassu FAME

The babassu FAME, BBF1 sample, previously synthetized in

Table 6. Determination of Ca, Fe, K, Mg and Na in different reference materials using microemulsion by HR-CS FAAS. Results are expressed as mean +

standard deviation

Reference material Analyte Certified value (mg kg™') Obtained value (mg kg™') Agreement (%)

BDMI Mg 50.0+1.0 48.0+2.0 96 + 4

Ca 50.0+ 1.0 40.8 +3.1 82+6

BDM2+* Na 500+ 1.0 425+1.2 85+3

K 50.0+1.0 46.0+3.3 92+7

F 989+ 1.4 954+ 1.6 96 +2

NIST 1084z¢ ¢ * * *

Mg 99.5+ 1.7 96.9 +0.8 97 + 1

*Associated uncertainty: + 2%. *Three aliquots in quadruplicate (n = 12). “One aliquot in quadruplicate (n = 4).
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this work, was analyzed by HR-CS FAAS using microemulsion as
sample preparation. The results obtained by the proposed method
are presented in Table 7. As already discussed in the calibration
techniques study section, the sample BBF2, that were previously
analyzed and did not show significant analytes content, was employed
as the oil phase in calibration microemulsions of the technique chosen
to the analysis (MMBF-INO). Therefore, this sample was not further
analyzed by the proposed method.

The sample BBF1 showed concentrations below the LOD for all
investigated elements, except for Mg. Furthermore, the concentrations
of Zn, Fe, Mg, Ca, Na and K in this sample were all below the
maximum allowed value by Brazilian legislation for aviation biofuel
(0.1 mg kg! per metal)*> and biodiesel (2.5 mg kg™ for Na + K and
Ca + Mg).* These results showed that both methods of synthesis
employed were suitable for obtaining babassu FAME samples without
these metallic contaminants.

Table 7. Concentration (mean + SD) of Zn, Fe, Mg, Ca, Na and K in synthe-
tized babassu FAME sample using microemulsion and HR-CS FAAS (n=3)

Concentration / (mg kg™)
Zn Fe Mg Ca Na K
BBF1  <0.020" <0.025" 0.013+0.001 <0.028" <0.116" <0.043"
"Values below the LOD of the method.

Sample

CONCLUSIONS

As shown in this work, the sequential multi-element determination
of six analytes in babassu FAME samples by HR-CS FAAS was
possible. The use of a microemulsion system proved to be a simple and
fast alternative for sample preparation, allowing the use of inorganic
standard solutions for the calibration process and circumventing the
use of concentrated inorganic acids throughout the pretreatment steps.
Besides, there was a decrease in the generated residual sample volume
by using the HR-CS FAAS along with the flow injection system. The
accuracy of the proposed method was attested by the satisfactory
results of the spike-recovery test and the agreement with the analytes
concentrations of the certified reference materials. The detection
limits achieved were lower than or equivalent to those established
by Brazilian legislation for aviation biofuel and biodiesel, showing
that the method can be used for routine analysis of medium-chain
fatty acid methyl esters samples applied as biofuel.

SUPPLEMENTARY MATERIAL

Supplementary material describes the sodium glyceroxide
synthesis and babassu FAMEs synthesis through methods A and
B, and shows 'H NMR spectra of synthesized babassu FAMEs
(Figures 1S and 2S) and recovery test results from SRM NIST 1083
(Table 1S). Supplementary material is available at http://quimicanova.
sbq.org.br, as PDF file free of charge.
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