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ABSTRACT
The performance of three conventional treatments, including microwave-assisted acid digestion (MWAD), ultrasound-assisted extraction (UAE) and dry method (DAM) for determination of Cu2+ and Zn2+ in flaxseed meal, was evaluated.Quantification was performed by flame atomic absorption spectrometry (FAAS) and differential pulse anode strippingvoltammetry (DPASV). The MWAD treatment was performed with both concentrated HNO3 (CA) and diluted acid (DA).The concentration of Cu2+ was determined by FAAS and DPASV, by different treatments, ranging from 14.4-26.0 µg g−1

and 8.5-17.9 µg g−1, respectively. The concentration of Zn2+ was possible only by FAAS (28.7-77.4 µg g−1).The highest concentrations were obtained using MWAD. The DAM showed values similar to MWAD for Cu2+,however, for Zn2+ it showed the lowest concentrations. UAE, in turn, showed low concentrations of Zn2+ in relation toMWAD, but similar results to MWAD-DA for Cu2+ in a sample with low fat content. Therefore, both the choice oftreatment and the quantification technique play a crucial role in metal determination.
keywords linseed, functional food, voltammetry, sample preparation
RESUMO
O desempenho de três tratamentos convencionais, incluindo digestão ácida assistida por micro-ondas (MWAD),extração assistida por ultrassom (UAE) e método via seca (DAM) para determinação de Cu2+ e Zn2+ em farinhade linhaça, foi avaliado. A quantificação foi realizada por espectrometria de absorção atômica em chama (FAAS) evoltametria de redissolução anódica de pulso diferencial (DPASV). O tratamento MWAD foi realizado tanto com HNO3concentrado (CA) quanto com ácido diluído (DA). A concentração de Cu2+ determinada por FAAS e por DPASV,pelos diferentes tratamentos, variando de 14,4 a 26,0 µg g−1 e de 8,5 a 17,9 µg g−1, respectivamente. A determinaçãode Zn2+ foi possível apenas por FAAS (28,7-77,4 µg g−1). As maiores concentrações foram obtidas usando MWAD.O método por DAM apresentou valores semelhante a MWAD para Cu2+, porém, para Zn2+ apresentou as menoresconcentrações. UAE, por sua vez, apresentou baixas concentrações de Zn2+ em relação a MWAD, mas resultadossimilares a MWAD-DA para Cu2+ em amostra com baixo teor de gordura. Portanto, tanto a escolha do tratamentoquanto à técnica de quantificação desempenha um papel crucial na determinação do metal.
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Introduction
In the last years, great attention has been given to analysis
of functional food, including mainly food from natural
sources to supply energy and prevent diseases (Tonetta
et al., 2017). In this regard, flaxseed is a source of lipids,
fiber, protein and has a high content of minerals, such
as copper (Cu2+) and zinc (Zn2+) (Cloutier et al., 2012;
Kajla et al., 2015). Copper acts as an enzymatic cofac-
tor to ceruloplasmin, assisting the iron oxidation and the
hepatic markers’ mobility to bone marrow (Baierle et al.,
2010). Zinc constitutes several enzymes and acts in vital
functions, such as cellular division, genetic expression and
transcription, cell membrane stabilizer, cognitive develop-
ment, immunology, and the growing process.
Due to the importance of the copper and zinc intake,

it is essential to determine these metals in food samples,
especially those used as a functional food such as flaxseed
flour. Nevertheless, for metal determination, the sample
treatment has an important role to avoid errors, diminish
time-consuming steps and to make the sample compatible
to the analysis by the analytical techniques.
Thus, a satisfactory treatment should increase the

availability of the analytes, avoiding interferences, loss
of analytes, and contamination (Prestes et al., 2009). In
order to choose an adequate sample treatment, the main
parameters that must be considered are the nature of the
sample and analyte, the concentration, and the detection
technique (Korn et al., 2008).
Microwave-assisted acid digestion (MWAD) is widely

used as an efficient sample treatment (Korn et al., 2008).
This technique involves heating the sample in the presence
of one or a mixture of concentrated acids, commonly,
HNO3, HCl, HF, H2SO4, and H2O2 in closed flaskssubmitted to higher temperature and pressure (Arruda
& Santelli, 1997; Korn et al., 2008). MWAD, com-
pared with conventional acid digestion by convection heat-
ing in heating plate or digestion block, provides lower
residual carbon and avoids loss of analyte by volatilization.
In addition, due to higher temperature and pressure, diluted
acids can be used for sample digestion with satisfactory
results. However, this technique is still expensive for most
laboratories.
The dry ashing method (DAM) using muffle furnace

has also been used. The samples are added to crucible and
digested by combustion at higher temperature in air atmo-
sphere. This method is not indicated to volatile elements
but, as higher mass of sample can be digested, low concen-
trations of elements can be determined (Morales-Rubio
et al., 1992).
Ultrasound-assisted extraction (UAE) has also been

used as sample treatment. Such method is environment-
friendly because diluted acids are used, and lower

analytical blanks can be obtained. Additionally, UAE
is relatively easy to use, versatile, and requires low costs
for implementation (Lemes & Tarley, 2021; Tiwari, 2015).
Atomic absorption spectrometry is considered one of

the most analytical techniques used for metal determina-
tion. Among them, flame atomic absorption spectrometry
(FAAS) is the most used, but due to its low sensitivity, this
technique is more suitable for determining metal ions at
higher concentration (mg L−1), usually minerals in food
samples (Subramanian et al., 2012).
Electroanalytical methods have been used success-

fully during years for metal ions determination with
higher sensitivity compared with FAAS (Corazza et al.,
2020). Differential pulse anodic stripping voltammetry
(DPASV) is widely used for copper and zinc determination.
The method is commonly based on a preconcentration step
at surface of mercury electrode as working electrode by
applying a negative potential (cathodic region). The reduc-
tion of the target metal promotes an amalgam formation
onto a mercury electrode, according to equation (1) given
by

M + n+ ne− ⇀↽ M (Hg) . (1)
Upon preconcentration step, a stripping step occurs in

an anodic direction, equation (2),
M (Hg) ⇀↽ M + n+ ne− +Hg (2)

and a voltammogram is registered, in which the peak cur-
rent is proportional to the metal concentration (Oliveira
et al., 2004; Raj et al., 2013).
Considering the large use of flaxseed as a functional

food; the complexity of sample, which contains high
amount of fat and protein; the importance of sample
treatments and their performance on the analytical tech-
niques, this paper deals with a comparative study involving
MWAD (using concentrated and diluted acid), DAM and
UAE as sample treatment methods of commercial flaxseed
flour and their influence on the Cu2+ and Zn2+ determi-
nation by FAAS and DPASV.

Materials and methods
Materials

All reagents used were of analytical grade, and all working
solutions were prepared in ultrapure water (18.2 MΩ cm)
from an ELGA PURELAB®Maxima purification system
(High Wycombe, Bucks, UK). To avoid contamination,
all glassware and storage bottles were kept in a 10.0% v/v
nitric acid solution for 24 h. Two commercial brands of
brown flaxseed flour were purchased at the supermarket,
named in this study as sample 1 (S1 -Jasmine) and sample 2
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(S2 - Vitao Linha Chef). It must be pointed out that the
samples were used as sold, and were not water washed,
ground, and sieved due to high content of fat.
Theworking solutions of Cu2+ and Zn2+ were prepared

from a standard solution of concentration 1000 mg L−1

from Quimilab® (Jacareí, SP, Brazil). Analytical grade hy-
drogen peroxide (H2O2, 30.0% v/v) from Synth (Diadema,SP, Brazil) and nitric acid (HNO3, 65.0% w/w) from
Sigma-Aldrich (Steinheim, Germany), sodium acetate
buffer solution (CH3COONa, 99.0%) was prepared fromVetec (Rio de Janeiro, RJ, Brazil), mercury (II) chloride
(HgCl2, 99.0%) from Merck. The pH of the working solu-tions was adjusted with sodium hydroxide (NaOH, 99.0%)
and hydrochloric acid (HCl, 37.0%) from Vetec and Pan-
reac (Darmstadt, Germany), respectively.

Instrumentation

A microwave digestion system Milestone Inc® model
ETHOS One (Sorisole, Italy) was used for acid diges-
tion, while the Cu2+ and Zn2+ leaching from the samples
was performed with an ultrasound bath Quimis® model
Q335D2 (Diadema, SP, Brazil). A muffle furnace from
Fornitec Ind. and Com. Ltda® (São Paulo, SP, Brazil)
was used in the dry ashing method. The quantification
of Cu2+ and Zn2+ was carried out using a flame atomic
absorption spectrometer (FAAS) model AA-6601F Shi-
madzu® (Kyoto, Japan). The composition of the flamewas
air/acetylene with a flow rate of 15.0 and 2.0 mL min−1,
respectively. Hollow cathode lamps (Plainview, NY, EUA)
were used as radiation source and operated at 10.0 mA,
with wavelengths of 324.75 and 213.86 nm for Cu2+ and
Zn2+, respectively. For background correction, a deu-
terium lamp was employed.
Differential pulse anodic stripping voltammetry

(DPASV) was also used for Cu2+ and Zn2+ quantification
using a potentiostat/galvanostat Palm Instruments
BV® PalmSens (Houten, Netherlands), controlled by
software Palm Instruments BV® PSTrace 4.4 (Houten,
Netherlands) in a single-compartment electrochemical
cell, containing an Ag/AgCl (KCl 3.0 mol L−1) as a
reference electrode, a platinum wire as an auxiliary
electrode and a glassy carbon electrode (Metrohm,
Herisau, Switzerland) modified with mercury film as a
working electrode. All measurements were made with a
fixed volume of 10.0 mL.
The pH measurements were performed with the pH-

meter Metrohm® 827 pH lab. A peristaltic pump Gilson®
Minipuls Evolution (Middleton, Wi, USA) with Tygon®
tubes (Courbevoie, France) was coupled to the ultrasound
bath in order to recirculate the water and keep constant
the bath water temperature.

Microwave-assisted digestion (MWAD)

The influence of concentrated and diluted HNO3 on thedigestion process was evaluated. Therefore, 400.0 mg of
each sample was weighed and transferred to the reaction
flask and subjected to microwave-assisted digestion with
concentrated acid (MWAD-CA), adding 8.0 mL of HNO3(65.0%) and 2.0 mL of H2O2 (30.0%) or with dilute acid(MWAD-DA), using 2.0 mL of HNO3 (65.0%), 0.5 mLof H2O2 (30.0%) and 7.5 mL of H2O.The heating program of microwave oven was carried
out in four steps, where:
Step 1: heating to 120°C for 5 min (750W);
Step 2: plateau at 120 °C for 2 min (750W);
Step 3: heating to 200 °C for 10 min (1200W);
Step 4: plateau at 200 °C for 15 min (1200W),

with exhaustion time of 30 min. Upon this time, di-
gested samples were transferred to a 25.0 mL volumet-
ric flask, and the volume was made up with ultrapure
water.
The samples were stored in polyethylene bottles and

refrigerated until the analysis. The MWAD method was
based on literature (Lemes & Tarley, 2021) with minor
modifications.
Decomposition by dry ashing method (DAM)

1.00 g of each sample was weighed in a porcelain cru-
cible. Then, the sample was burned in a Bunsen burner
until carbonization. Afterward, the crucible containing the
reduced samples was placed in a muffle furnace at 500 °C
for 10 h. The obtained ash was dissolved in 1.0 mol L−1 of
HNO3, transferred to a 25.0 mL volumetric flask, and thevolume was made up with ultrapure water. The samples
were stored and kept under refrigeration until the moment
of analysis. The DAM method was based on reference
(Krug & Rocha, 2016).
Ultrasound-assisted extraction (UAE)

The procedure for leaching Cu2+ and Zn2+ via ultra-
sound was carried out by mixing 400.0 mg of sample with
10.0 mL of a mixture of HCl, HNO3 and H2O2, whose fi-nal concentrations were 4.0 mol L−1, 4.0 mol L−1 and 0.5
mol L−1, respectively, in a 50.0 mL tube Falcon®. Using
a homemade support with thirteen holes, see Figure 1, the
sample were placed in the ultrasound and kept for 1 h.
A preliminary study was carried out to evaluate the ef-
ficiency of each position of the support, and all thirteen
positions indicated similar extraction efficiency. The ultra-
sound bath consisted of 2.0 L of distilled water containing
0.2% (v/v) detergent. As already mentioned, the peri-
staltic pump was operated at flow rate of 14.0 mL min−1
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to recirculate the water and keep constant the bath water
temperature (Capelo et al., 2005; Lorimer &Mason, 1987;
Shirsath et al., 2012).
Figure 1 - Schematic representation of copper and zincleaching using ultrasound bath containing distilled waterwith 0.2% detergent and a peristaltic pump at flow rate of14.0 mL min−1.

After extraction time, the tubes were centrifuged for
5 min, and 7.0 mL of the supernatant was removed with
the aid of a micropipette and added to a volumetric flask of
25.0mL, and the volumewasmade upwith ultrapure water.
The samples were stored and kept under refrigeration and
then analyzed immediately.
Sensor preparation and voltammetric
analysis

The electrochemical deposition of mercury film on the
surface of glassy carbon electrode was performed in situ
in the presence of Cu2+ and Zn2+ in similar way as re-
ported in the literature (Gorla et al., 2015; Oliveira et al.,
2004). Electrodeposition was carried out in 0.15 mol L−1

acetate buffer (CH3COO−/CH3COOH) at pH 4.0 contain-ing 1.0 × 10−5 mol L−1 of Hg2+ in the electrochemical
cell. A potential of -1.3 V during 180 s was applied to elec-
trochemically reduce metal ions under magnetic stirring.
Upon electrodeposition and an equilibrium time of 2 s,
the measurements were carried out by stripping voltam-
metry toward anodic region from -1.2 V to 0.0 V using
differential pulse voltammetry (DPV), with a scan rate
of 100 mV s−1, amplitude and pulse time of 80 mV and
5 ms, respectively. Therefore, DPASV was also evaluated
to determine Cu2+ and Zn2+.
The volumes of treated samples added to electrochemi-

cal cell for the respective procedures MWDA, DAM, and
UAE procedures were 600.0 µL, 250.0 µL and 800.0 µL.
The DPASV measurements were carried out in elec-
trochemical cell containing 10.0 mL of acetate buffer
(CH3COO−/CH3COOH) at pH 4.0 as supporting elec-trolyte.

Results and discussions
Analytical curve and sample treatment methods
comparison

Initially, analytical curves were obtained using FAAS
ranging from 50 to 2000 ug L−1 for Cu2+ and 100 to
1700 µg L−1 for Zn2+. The linear equations found were
equations (3) and (4):

Abs = 0.0001[Cu2+] + 0.0321 (R2 = 0.999), (3)
Abs = 0.0004[Zn2+] + 0.0223 (R2 = 0.999). (4)
For DPASV the linear range was ranged from 4.9 to

29.0 for Cu2+ and 20.0 to 323.0 µg L−1 for Zn2+ giving
rise to respective linear equations given by equations (5)
and (6):
(µA)current = 0.8379[Cu2+]− 2.5371(R2 = 0.992),

(5)
(µA)current = 0.0540[Cu2+]− 2.8032(R2 = 0.975).

(6)
The anodic potential of Cu2+ and Zn2+ were found to

be -0.2 and -1.1 V, respectively.
The results of Cu2+ and Zn2+ in flaxseed flour ob-

tained by FAAS and DPASV using the different sample
treatments are shown in Table 1 and 2.
As one can see from Table 1, for Cu2+, higher con-

centrations were observed using FAAS compared with
DPASV. This result was observed either for S1 as S2 sam-
ple, which clearly indicates, as expected, that DPASV
is more prone to interferences from the matrices than
FAAS. Such statement is more evident for Zn2+ deter-
mination, where its determination was not possible by
DPASV even using MWAD-DA method as sample treat-
ment, see Figure 2.
Figure 2 - Voltammetric profile of the sample (sampleS1 treated with MWAD-DA) in the simultaneous analysisof Cu2+ and Zn2+ by DPASV. Conditions: acetate buffer0.15 mol L−1 at pH 4.0; Edeposition = -1.2 V; 100mV s−1.
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Table 1 - Concentration of Cu2+ (µg g−1) in flaxseed flour samples after each treatment (mean ± standard deviation,
n = 3), determined by FAAS and DPASV.

Cu2+ (µg g−1)
Technique MWAD-CA* MWAD-DA* DAM* UAE*

FAAS
S1 14.2b ± 0.5 17.2 a ± 0.42 15.1a ± 0.8 14.7a ± 1.9
S2 22.4b ± 0.5 26.6 a ± 0.4 24.7a ± 2.9 17.9c ± 1.9

DPASV
S1 9.4a ± 2.9 8.5a ± 2.8 12.2a ± 3.2 7.5a ± 0.3
S2 12.9a ± 2.3 15.9a ± 3.5 17.9a ± 3.9 6.2b ± 0.2

*MWAD-CA: microwave-assisted acid digestion with concentrated acid;*MWAD-DA: microwave-assisted acid digestion with diluted acid;*DAM: Dry Ashing Method;*UAE: ultrasound-assisted extraction.Different horizontal letters indicate statistical difference by the student’s t-test at the 95%confidence level.

Table 2 - Concentration of Zn2+ (µg g−1) in flaxseed flour samples after each treatment (mean ± standard deviation,
n = 3), determined by FAAS.

Zn2+ (µg g−1)
Technique MWAD-CA* MWAD-DA* DAM* UAE*

FAAS
S1 52.5a ± 0.6 53.6a ± 0.5 28.7c ± 1.3 45.3b ± 0.6
S2 77.4a ± 1.0 67.5b ± 0.6 36.6d ± 0.4 52.8c ± 2.4

*MWAD-CA: microwave-assisted acid digestion with concentrated acid;*MWAD-DA: microwave-assisted acid digestion with diluted acid;*DAM: Dry Ashing Method;*UAE: ultrasound-assisted extraction.Different horizontal letters indicate statistical difference by the student’s t-test at the 95%confidence level.

One should note that detectability for Zn2+ using
DPASV is lower than Cu2+. Therefore, some attempts
were carried out for Zn detecting. The time of electro-
chemical deposition was increased from 180 to 900 s and
the sample was evaporated and retaken in supporting elec-
trolyte to diminish the sample acidity. Even using these
procedures no analytical signal for Zn2+ was observed.
Thus, the interference on the Zn2+ determination may be
explained, in fact, from matrices effect and the formation
of intermetallic compounds formed during electrochemical
deposition, such as copper:zinc (1:3) (Shuman & Wood-
ward, 1976).
An important issue regarding the Cu2+ determination

by DPASV are the higher standard deviations of measure-
ments compared with FAAS, which is intrinsic of tech-
nique and again dependent on the sample matrices.
From Table 1, it is possible to evaluate the influence of

concentrated and diluted acid in the microwave-assisted
digestion procedure for metals determination by FAAS. As
observed, the concentrations of Cu2+ in both samples (S1
and S2) and Zn2+ in S1 were higher when using diluted
acid. Several studies demonstrated the higher digestion
efficiency using diluted nitric acid and H2O2 due to for-mation of peroxynitrite and acid regeneration along the

process (Araújo et al., 2002; Bendicho et al., 2010; Gonza-
lez et al., 2009; Kingston & Haswell, 1997; Muller et al.,
2016).
The various reactions in nitric acid regeneration in

closed reaction flasks during microwave digestion can be
demonstrated. Upon organic matter oxidation with diluted
nitric acid, NO2(g) is produced, equation (7), which isabsorbed in the solution and reacts with water to form
HNO3(aq) and HNO2(aq), equation (8):

(CH2)n + 4HNO3(conc)

→ CO2(g) + 4NO2(g) + 2H2O(l), (7)
2NO2(g) +H2O (l) → HNO3(aq) +HNO2(aq). (8)
The acid HNO2(aq) decomposes into NO(g) andNO2(g),equation (9),

HNO2(aq) → H2O (l) + NO2(g) +NO(g), (9)
while the HNO3(aq) restarts the oxidation cycle. It isknown that the main decomposition product of concen-
trated nitric acid is NO2(g), equation (7), and in dilute nitricacid solutions, there is a preferential production of NO(g).
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In this case, during the oxidation of the organic matter by
diluted nitric acid, the NO(g) produced, equation (9) reactswith the O2(g) from H2O2 decomposition to form NO2(g),equation (10), given by

2NO(g) + O2 (g) → 2NO2(g). (10)
Thus, the use of H2O2 also contributes to maintain-ing the efficiency of decomposition, acting as a source of

O2 and oxidant of organic matter (Muller et al., 2016).
Then, the formed NO2(g) is reabsorbed in the liquid phase,leading to the production of HNO3(aq) and HNO2(aq),equation (4), continuing the reactions presented in the
equations (3)-(5). Thus, it is possible to use diluted nitric
acid to digest organic samples without decreasing the de-
composition efficiency. The nitric acid regeneration cycle
ends when all the oxygen is consumed.
The concentrations of Cu (sample S1) obtained by

FAAS using DAM and UAE methods were statistically
equal toMWAD-DAmethod (t-test with a 95% confidence
interval); however, for S2 there was statistical difference
between UAE and MWAD-DA. Such outcome can be
explained due to higher content of total fat in S2 (40%)
samples compared with S1 (34%), which makes the UAE
less efficient for leaching Cu from the sample.
With regard the Zn2+ determination by FAAS, Table 2,

the higher concentrations were obtained usingMWAD-CA
and MWAD-DA. The results for sample S1 were statisti-
cally equal using diluted and concentrated acid, but higher
Zn2+ concentration was achieved for S2 using microwave-
assisted digestion in concentrated acid. As mentioned, S2
sample has higher fat content, which requires higher acid
concentration for better digestion efficiency.
Notably, DAM method furnished the lower Zn concen-

tration, whose result can be rationalized bearing in mind
the formation of zinc chloride (ZnCl2) during the decompo-sition by DAM, favoring the volatilization of Zn2+ during
the procedure (Krug & Rocha, 2016).
Thus, DAM has some limitations in the determination

of the Zn element, despite being a simpler sample prepara-
tion method. On the other hand, MWAD is an exhaustive
approach that offers several advantages, such as precise
power control, reduced analysis time, smaller amount of
sample required, minimization of contamination, no loss
of analytes, and being able to analyze several samples at
once. These advantages result in an improved efficiency
of the digestion process (Arruda & Santelli, 1997).
Although the use of the standard addition method in

certain cases can minimize the matrix effect, it is important
to emphasize that this strategy has some disadvantages,
such as the need for a greater total amount of sample. In
this context, it is important to consider that this approach

would not be beneficial to improve the results obtained
by DAM, especially taking into account the analytical
frequency.
The results for Zn2+ concentration obtained by UAE

were statistically different regarding MWAD-CA and
MWAD-DA. It is very well known that ultrasonic
extraction efficiency depends upon homogeneity of sam-
ple, particle size, ultrasonic time extraction and acid con-
centration (Beal et al., 2018; Suquila et al., 2019). Thus,
it is clearly demonstrated that for the successful of UAE,
an adequate optimization must be carried out bearing in
mind the nature of sample and analyte.
The highest concentrations of Cu2+ and Zn2+ in

flaxseed flour were determined by FAAS and using
MWAD, mainly using diluted acid. Similar values to
this study were found in the literature, e.g., Hussain et
al. (2008) who reported concentrations ranging from 19 to
34.5 µg g−1 and 44.3 to 78.6 µg g−1 for Cu2+ and Zn2+,
respectively.
Conclusions
The influence of four sample treatments MWAD-CA,
MWAD-DA, UAE, and DAM on the Cu2+ and Zn2+ de-
termination by FAAS and DPASV was herein reported.
It was observed that DPASV furnished the lower Cu con-
centrations in the samples S1 and S2 regarding FAAS
using the four sample treatments, indicating the greatest
susceptibility to matrices interferences, as also noticed by
absence of analytical signal for Zn2+.
In the overall, MWAD-DA was the most efficient sam-

ple treatment for Cu2+ and Zn2+ determination by FAAS.
DAM presented similar performance of MWAD-DA for
Cu2+ determination, but low efficiency for Zn2+, as result
of volatile species formed during procedure. Although the
UAE method is environment-friendly it was demonstrated
that a careful optimization of variables that play an impor-
tant role on the ultrasonic extraction must be performed
for producing reliable results.
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