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Abstract

In the present work a novel methodology for the determination of Fe, Mn, and Zn by flame atomic absorption spectrometry
in samples of spirulina, commercialized as a food supplement, was developed. Variables involved in the sample preparation
were optimized using the Doehlert design and desirability function. The developed method presented quantification limits
of 18, 5.3, and 8.6 mg kg™!, precision, expressed as repeatability (%RSD, 0.5 mg kg™, N=5) of 1.3; 1.8 and 2.3% respec-
tively for Fe, Mn, and Zn. Accuracy was assessed by addition/recovery test, comparison with another method adopted as
standard, and analysis of certified reference materials (Apple leaves NIST1515, and Pinus leaves NIST 1575a), showing that
the method presents adequate accuracy for the determination of the elements studied. The concentrations of Fe, Mn, and Zn
found were in the ranges from 52.5 to 836; 7.50 to 40.2, and 13.7 to 25.0 mg kg™~! respectively.
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Introduction

Arthrospira (Spirulina) platensis is a spiral-shaped filamen-
tous cyanobacterium, classified as a blue-green microalgae.
They are microorganisms generally found in tropical and
subtropical regions in warm water bodies with a high con-
tent of carbonate/bicarbonate compounds, alkaline pH, and
salinity. Under ideal physical conditions and in the presence
of adequate nutrients, it can proliferate rapidly and generate
a large mass of algae. This mass is easily collected from the
aqueous medium, which enables its cultivation and com-
mercialization on a large scale [1-3].

Spirulina has been used as a food supplement for humans
and animals, being adopted as a source of proteins, miner-
als, B vitamins, iron, and antioxidants, such as phycocyanin
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and gallic acid. Several benefits of the use spirulina in the
diet have been researched, such as the prevention of heart
attacks, arteriosclerosis, and stroke. Also, your consump-
tion can avoid allergic rhinitis and diseases linked to obesity
(helping with weight loss), allows the treatment of diabetes,
combating anemia, and provide muscle mass gain [4-7].
Spirulina is often marketed in a dried form to prevent the
product deterioration and to extend its shelf life. It is avail-
able in powder, capsule and tablet form. Ingesting more than
recommended amounts of spirulina can cause nausea, vomit-
ing, or diarrhea in some people. Allergic reactions caused
by ingestion of large amounts of spirulina are, however, rare
[8,9].

Slurry sampling is a sample preparation technique based
on dispersing a finely powdered solid in a liquid and intro-
ducing it into equipment aiming at elemental determina-
tion. The technique intents to minimize treatment steps and
increase the analytical frequency. The following additional
advantages are: minimization of the risk of contamination
and loss of volatile elements, reduction in the use of corro-
sive reagents, application to a wide variety of inorganic and
organic samples, among others [10, 11].

Slurry sampling has already been applied in the food
industry for the determination of Cu, Cd, Pb, and Cr in
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yogurt by graphite furnace atomic absorption spectrom-
etry (GFAAS) [12], Cd, Pb, and Cr in honey by GFAAS
[13], Cr from milk and similar baby food by GFAAS [14],
Fe from fortified milk power by high resolution continu-
ous source flame atomic absorption spectrometry (HR-CS
FAAS) [15], Ca, Fe, and Zn from coffee by flame atomic
absorption spectrometry (FAAS) [16], Ca, Cu, Fe, K, and
Mg from sugarcane juice by inductively coupled plasma
optical emission spectrometry (ICP OES) [17], 16 metals
from plant-based foods by inductively coupled plasma mass
spectrometry (ICP-MS) [18], K, Fe, Zn, Cu, Mo, and Cd
from wheat flour by ICP-MS [19], As from rice samples by
hydride generation atomic fluorescence spectrometry (HG
AFS) [20], Arsenic, Cd, Hg, and Pb from herbs by electro-
thermal vaporization (ETV) ICP OES [21], among other
works. Flame atomic absorption spectrometry (FAAS) is a
very widespread analytical technique in laboratories due to
its versatility, simplicity, and relatively low cost of acquisi-
tion and maintenance [22-25]. Because it is robust, FAAS
is very compatible with slurry sampling, providing fast, reli-
able methodologies with good analytical characteristics.

Multivariate optimization methods have been widely
applied in the development of analytical methods in recent
years. They are economical, efficient, and allow the evalu-
ation of interactions between variables involved in system
performance. Doehlert design is an experimental matrix that
has been widely used in response surface methodology in
the optimization of various analytical procedures due to its
practicality and application versatility [26-29].

The present work deals with the development of a method
based on slurry sampling for the determination of Fe, Mn,
and Zn by flame atomic absorption spectrometry (FAAS) in
samples of pulverized spirulina sold as a food supplement.
The preparation of the slurry was optimized using multivari-
ate optimization techniques (Doehlert design and desirability
function) in order to generate the best possible analytical
characteristics for the method.

Experimental
Instrumentation

The metals were determined in the slurries of spirulina
samples using a flame atomic absorption spectrometer from
Perkin Elmer (Norwalk, CT, USA), model Analyst 200.
Absorbance signals for Fe, Mn, and Zn were obtained using
hollow cathode lamps operating according to the manufac-
turer's recommendations, i.e. 1.8, 0.7, and 2.7 for slit, 248.3,
279.5, and 213.9 nm for the wavelengths and 30, 20 and
15 mA for the lamp currents. Background absorbance sig-
nals were corrected using a deuterium lamp. The flame was
maintained by a gas mixture composed of acetylene (flow

rate of 2.0 mL min~') and air (flow rate of 13.5 mL min~")
and the height of the burner was 13.5 mm. The flow rate
used for nebulization was 5.0 mL min~".

An analytical balance (Sartorius, model BL D105) was
used to determine the mass of samples and reagents used
to prepare solutions. To increase the slurry formation per-
formance, an ultrasonic bath (Maxclean 1450 model, Sado
Paulo, Brazil) was used. In the samples decomposition pro-
cess by wet process, a digester block (Tecnal, model TE
0851, Piracicaba, Brazil) was used. An Elga Purelab Classic
system (model, High Wycombe, UK) was used to obtain
ultrapure water.

Reagents and solutions

All reagents used in this work were analytical grade. The
solutions were prepared and the experiments were carried
out in cleaned glassware (kept in a 10% (v/v) HNO; solu-
tion for at least 12 h). This material was then rinsed with
ultrapure water and dried in a dust-free environment.

Triton X-114 10% m/v solutions (Sigma-Aldrich, Mil-
waukee, USA) were prepared by diluting 10 g of the sur-
factant in 100 mL of ultrapure water and sonicating for
10 min to improve its solubilization. HNO; and HCI solu-
tions were prepared by diluting concentrated solutions of
these acids (Merck, Darmstadt, Germany) to the various
required concentrations. Iron, Mn, and Zn standard solutions
were prepared by diluting volumes of 1000 ug mL~"! stock
solutions preserved in 1% chloric acid (Merck, Kenilworth,
NIJ, USA) to the required concentrations.

Sample collection

Samples of powdered spirulina were purchased from stores
specialized in natural feeding in the city of Jequié (Bahia,
Brazil) and taken to the laboratory in its packaging. The
samples did not need to be comminuted because they already
showed fine particles with a size considered adequate for the
slurries preparation.

Method optimization

The method based on slurry sampling for the determination
of analytes by FAAS was optimized by performing prelimi-
nary studies and multivariate optimization methods (Doe-
hlert design and desirability function). In the optimization
step, a mixture of several samples of spirulina belonging to
different lots and stores was used with the intention of guar-
anteeing greater representativeness of the matrix.

After optimization, the method was performed as follows:
About 0.1 g of the powdered spirulina sample was weighed
and transferred to a 50.0 mL volumetric flask. Then, the
sample was put in contact with about 5 mL of ultrapure
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water and then with 7.8 mL of concentrated HNO; and soni-
cate for 13 min. The mixture was manually shaken so that
the acid attacks the sample and it turns from green to brown.
After this process, it was added 625 pL of 10% Triton X-114
solution. Finally, the mixture had the volume completed to
50.0 mL with ultrapure water and taken to the flame atomic
absorption spectrometer to perform the determination of the
metals.

Sample decomposition

The decomposition method was applied to the spirulina sam-
ples in order to compare their results with those obtained by
the method that employs slurry sampling. A mass of approx-
imately 0.1 g of the sample was weighed and transferred to
a digester tube. Subsequently, about 2 mL of ultrapure water
was added to avoid pelletizing the sample at the bottom of
the container and 5.0 mL of concentrated nitric acid and

Fig. 1 Preliminary studies on 0.06
slurry formation. a study of the
diluent in the formation of the
slurry of the spirulina samples.
Experimental conditions: 250 g
of the sample, 25 mL of 2.0 mol 0.04
L~ acid, Triton X-114 for a

final concentration of 2.5%,

30 min of ultrasonic bath; b 0.03
study of the stirring method.
Experimental conditions:
250 mg of the sample, 25 mL
of 2.0 mol L™! HNO;, Triton
X-114 for a final concentration 0.01
of 2.5%

0.05

0.02

Abs Fe

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

Abs Fe

3.0 mL of 30% hydrogen peroxide (vv~') were added. This
mixture was stirred and taken to the digester block for heat-
ing at 110 °C until it is completely decomposed.

Results and discussion
Method optimization

Preliminary studies were carried out to evaluate the dilu-
ent and the agitation method. First, 2.0 mol L! HNO; and
2.0 mol L™ HCI solutions were tested as diluents. The
results are shown in Fig. 1a. It was observed that for the
metals Mn and Zn, the highest signals were obtained when
HNO; was used as diluent. For Fe, however, HCI have
showed a slightly better result compared to HNO;. However,
nitric acid was chosen because it generates more satisfactory
results considering the three analytes simultaneously.

Abs Mn Abs Zn
B HNO3 mHCI
I
l I |
= I — -
Abs Mn Abs Zn
m Ultrasound m Vortex + ultrasound @ Shaker = Vortex
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The sample agitation procedure was also studied. The
methods used are as follow: (i) ultrasonic bath (10 min), (ii)
vortex agitation (60 s), (iii) shaker agitation (30 min) and
(iv) vortex agitation (10 s) followed by ultrasound (10 min).
The results are shown in Fig. 1b. According to this study, the
methods involving sample submission to ultrasound energy
present the best results, especially for Fe. As there are prac-
tically no differences between treatments i and ii, we chose
to use only ultrasonic agitation preceded by a quick manual
agitation.

To carry out the simultaneous optimization of the vari-
ables involved in the slurry formation (sonication time (ST),
concentration of nitric acid (AC) and volume of the 5% Tri-
ton X-114 solution (TX)), the surface response methodology
was applied using the Doehlert matrix. Table 1 presents the
combination between the levels of the variables that make
up the 13 experiments necessary for modeling and the
responses. For the simultaneous optimization of the three
responses (the absorbances obtained for the three metals
studied) the desirability function was used. Individual desir-
abilities (d;) were calculated with the aim of maximizing

(Eq. 1). Overall desirabilities (D) were obtained by the geo-
metric mean of individual desirabilities according to Eq. 2.
Yi— YL

d =1L
Y = VL M

D=4{/dd,...d, )

where y; is the response to be transformed, y; is the small-
est response (absorbance) obtained for an analyte, y,, is the
maximum response and m is the number of analytes.

The linear and quadratic functions were adjusted to the
overall desirability to describe the behavior of the data.
Although both the linear (F=135>2.16) and the quadratic
model (F=41.8>2.56) showed a significant lack of fit, the
latter was chosen because it presented a better correlation
between the observed and predicted values (Fig. 2a and b).
The response surfaces obtained by fitting the quadratic func-
tion to global desirability are shown in Fig. 2c. The quad-
ratic model indicated as optimal conditions to obtain the
maximum simultaneous signals for the extracted metals, the

Table 1 Doehlert design

T e Exp ST AC TX-114 Absorbance
applied in the optimization of
three variables that affect the Fe Mn Zn
performance of the method
based on slurry sampling in 1 18 1.5 0.5 0.0475 0.0127 0.0424
the determination of metals by 0.0481 0.0125 0.0429
FAAS 2 16 1.0 1.0 0.0481 0.0139 0.0353
0.0493 0.0145 0.0357
3 16 1.0 0 0.0397 0.0126 0.0308
0.0389 0.0117 0.0311
4 16 2.0 1.0 0.0521 0.0122 0.0451
0.0516 0.0125 0.0448
5 16 2.0 0 0.0541 0.0131 0.0443
0.0548 0.0129 0.0447
6 14 0.5 0.5 0.0352 0.0138 0.0272
0.0356 0.0136 0.0267
7 14 1.5 0.5 0.0487 0.0137 0.0382
0.0485 0.0139 0.0378
8 14 2.5 0.5 0.0594 0.0141 0.0535
0.0591 0.0143 0.0524
9 12 1.0 1.0 0.0454 0.0141 0.0363
0.0452 0.0139 0.0365
10 12 1.0 0 0.042 0.0136 0.0309
0.0425 0.0135 0.0314
11 12 2.0 1.0 0.0547 0.0134 0.0375
0.0552 0.0136 0.0379
12 12 2.0 0 0.0778 0.0147 0.0458
0.0781 0.0151 0.0465
13 10 1.5 0.5 0.0475 0.0136 0.0377
0.0473 0.0133 0.0395

ST sonication time (min), AC acid concentration (mol L™1), 7X 10% mv~" Triton x-114 volume (mL)
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Fig.2 Plots of predicted values versus observed values for the a linear model and for the b quadratic model. ¢ Two partial response surfaces

obtained by fitting the quadratic model to overall desirability

sonication time of 18 min, the nitric acid concentration of
2.5 mol L', and the volume of the surfactant solution 10%
Triton X-114 of 625 pL. Experiments performed under these
optimal conditions showed a response (0.702) very close to
the predicted value (0.711) for these conditions. As the max-
imum response that could be obtained is equal to unity, it is
noted that, for the program algorithm to meet the maximum
simultaneous extraction for the three metals studied, there
was a sacrifice of about 29% of the maximum desirability
that could be achieved for each metal individually.

Evaluation of matrix effects

Aiming to evaluate whether spirulina slurries present trans-
port interference in the determination of analytes, matrix

@ Springer

effect studies were carried out. For this purpose, analytical
curves, performed by external calibration and by standard
addition to the sample, were made with the objective of
comparing the angular coefficients. The external calibration
curves were prepared with the same liquid phase of the slur-
ries without the sample. If these coefficients are not statisti-
cally different at a 95% confidence level, it is considered that
there is no evidence of a matrix effect. The calibration equa-
tions obtained for the two procedures are shown in Table 2.
The equations obtained by the standard addition method
show high values for the linear coefficients compared to
those obtained in the equations by external standardiza-
tion. This fact was already expected since the blank of the
curve by standard addition is constituted by the own sample.
Analyzing the confidence intervals of the slopes, it is noted
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Table 2 Co.mparisorl. between Analyte Media Analytical curve R? Slope interval (IC=95%)
the calibration equations for the
different media studied Fe Aqueous y=0.0491x — 0.0002 0.9992 0.0475-0.0508
Slurry y=0.0490x +0.0490 0.9998 0.0482-0.0497
Mn Aqueous y=0.1082x — 0.0010 0.9984 0.0173-0.0190
Slurry y=0.1087x+0.0133 0.9987 0.0179-0.0195
Zn Aqueous y=0.3470x+0.0019 0.9995 0.0653-0.0687
Slurry y=0.3477x+0.0362 0.9998 0.0666-0.0688

y is the analytical signal (absorbance) and x, the concentration for each studied metal

that, at a confidence level of 95%, they intersect, showing
that there are no statistically significant differences between
them. This fact demonstrates that these slurries introduced
into the equipment, practically do not present matrix effects
for the determination of Fe, Mn, and Zn. Thus, calibration
by external standardization was chosen to carry out the
determinations because it is more practical and simpler to
be adopted in routine laboratories in the analysis of a large
number of samples.

Analytical characteristics

Using the optimized conditions for the developed method,
experiments were carried out to determine the analytical
characteristics of the method. The limits of detection (LOD)
and limits of quantification (LOQ) were accessed by per-
forming 15 sample blank determinations. The LODs were
obtained by calculating the standard deviations of these val-
ues multiplied by 3 and divided by the angular coefficients
of the analytical curves (LOD =3 s/a, where s is the sample
standard deviation and a, the slope of the analytical curve).
The values found for the LODs were 5.5, 1.6 and 2.6 mg g~
for Fe, Mn and Zn, respectively. The LOD is an estimate of
the analyte concentration that can be detected, but this does
not mean that it can be quantified. In order to carry out the
quantification, the LOQ must be calculated. It is accessed
by calculating the standard deviations of the blank signals,
multiplying them by 10 and dividing them by the slopes of
the analytical curves (LOQ =10 s/a). The following values
were found for the LOQs: 18, 5.3 and 8.6 mg kg™ for Fe,
Mn and Zn, respectively.

Precision refers to the degree of dispersion of the results
and can be accessed by calculating the standard deviation(s)
at a given concentration level. For the developed method,
precision was estimated as repeatability and expressed as
%RSD. Thus, eight slurries of a spirulina mix were prepared
and the three analytes were added to a final concentration of
0.5 mg L™! before determination. The calculated %RSD val-
ues were 3.6, 2.9 and 1.8% for Fe, Mn and Zn, respectively.

Sensitivity is a parameter that expresses the ability of the
method to distinguish between two very close concentra-
tions. In this work, it was taken as the angular coefficient

of the analytical curve. The following values were found:
0.0489; 0.1087 and 0.3477 Abs L mg_l. Thus, the method
proved to be more sensitive for Zn.

Accuracy was evaluated using three methodologies: (i)
tests of addition/recovery of known amounts of analytes to
slurries, (i) comparison of analyte concentrations obtained
with the slurry method with those generated by applying
the decomposition method in an acid medium (adopted as
standard method) and (iii) determination of metals studied
in the slurries prepared with certified reference material of
apple and pinus leaves.

The addition tests to the sample allowed the recovery of
analytes in the following ranges 94.0 to 108% (Fe), 90.7 to
108% (Mn) and 93.4 to 119% (Zn). There are some criti-
cisms regarding this type of test, as it overestimates the
recoveries due to the fact that the added analyte is free in
the slurry, as opposed to the analyte present in the sample,
which may be bound or strongly interacting with the matrix.
The values obtained, however, show that the sample matrix
does not affect the accuracy of the method.

Accuracy was also evaluated by comparing the analyte
concentrations obtained by the method developed with the
concentration values obtained from the method adopted
as standard, in this case, acid decomposition in a digester
block. The results are shown in Table 3. The paired t-test
was used to compare these two data sets with a 95% confi-
dence level. The test revealed that there is no evidence of
statistically significant differences between the concentration
values obtained by the two methods. (tz,=0.92; t\;,=0.55
and t;, =1.52 <t ;ca (2.77) for N=5).

A slurry was prepared, using the optimized conditions,
of certified reference material apple leaves (NIST 1515 and
pinus leaves (NIST 1575a)). The t-test was applied to
compare the certified values with that found by analyz-
ing the slurry. The values obtained (t=-0.127 or 0.589 or
-1.60 <2.78 for Fe, Mn and Zn respectively) are very close
to the certified values, showing that there are no statisti-
cally significant differences between them, proving that the
method is accurate for the analytes evaluated (Table 4).

Al-Dhabi used ICP-MS to determine Ni, Zn, Hg, Pt,
Mg, and Mn in 25 Spirulina samples for human consump-
tion which were commercialized in different parts of the

@ Springer



5328

U. M. F. M. Cerqueira et al.

Table 3 Concentrations (mg kg™!) of iron, manganese and zinc found
by analyzing spirulina samples using the slurry sampling method and
the acid decomposition method in a digester block

Analyte Sample Slurry sampling  Acid decomposition in
method digester block method
Fe 1 132+8.6 116+1.8
2 215+£2.2 212+4.4
3 836+9.8 78710
4 434+8.8 426+1.6
5 52.5+4.3 753+5.0
Mn 1 14.9+0.55 13.9+0.41
2 19.3+1.1 15.5+0.33
3 21.9+1.2 22.9+0.29
4 40.2+4.0 40.8+1.4
5 750+14 8.24+0.32
Zn 1 13.7+£0.78 189+1.1
2 17.1+£0.97 16.3+0.78
3 20.3+0.58 19.2+0.27
4 25.0+1.7 27.6+0.87
5 15.1+0.10 18.5+0.52

Table4 Comparison between the certified concentration values and
those found applying the slurry sampling methodology

Certified Values Fe Mn Zn

reference (mg kg™

material

Pinus leaves  Certified 46+2 - 38+2
Found 509+1.0 - 38.6+3.4

Apple leaves  Certified 82.7+2.6 54.1+1.1 12.45+0.43
Found 839+38 53.5+3.8 125+1.2

world. They found values (mg kg™!) ranging from 0.005
to 2.248 for Mn and 0.530 to 6.225 for Zn [30]. A similar
study was conducted in order to determine the metal con-
tent in Spirulina-based dietary supplements. They applied
a mineralization procedure based on microwave diges-
tion and ICP-MS analysis and the metal concentrations
(mg kg™!) ranged from 63 + 1 to 1066 + 7 for Fe; 3 +0.3
to 57.3+0.6 for Zn [31]. Rzymski et al. has also studied
the content of macro and trace elements in 13 Spirulina
samples through ICP OES. In this case, they found con-
centrations (mg kg~!) ranging from 368.5 to 2286.6 for Fe,
26.1 to 109.8 for Mn and 9.6 to 61.4 for Zn [32]. The study
carried out by Neher et al. evaluated the metal content in
11 Spirulina samples through the application of an ultra-
sound-assisted digestion and MPAES. In this case, some of
the samples showed a metal content below the LOQ so the
concentration (mg kg™!) of the three analytes varied from
856.74 to 905.8 for Fe, 1.46 to 119 for Mn and 2.87 to
8928 for Zn [33]. Thus, our sets of results showed a good
agreement with the range observed in previous studies.

@ Springer

Conclusions

The analytical method developed based on slurry sampling
allowed the determination of Fe, Mn and Zn by FAAS in
spirulina samples in a fast, economical and reliable way. It is
not a time-consuming procedure, such as sample digestion,
and avoid consuming large amounts of acids to carry out the
decomposition. The method proposed in this work showed
adequate analytical characteristics for the determination of
Fe, Mn and Zn in powdered spirulina samples. The method
proved to be accurate, obtaining satisfactory recoveries,
generating concentration values of the analytes compatible
with the values found by applying the digestion method in
an acid medium and with the certified values according to
their evaluation by t tests.
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