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Abstract In the present study, an inductively coupled plasma
optical emission spectrometer ICPE-9820 with the mini-torch
technology that significantly reduces the consumption of plasma
gas to 7.0 Lmin−1 was applied for the multielemental analysis of
wine samples. Three sample preparation procedures (microwave
digestion in closed vessels, acid digestion in open vessels in a
water bath, both with HNO3, and 1:10 dilution with deionized
water) were compared for the determination of 15 elements in
wines. In all wines analyzed, the lowest concentration was ob-
tained for Li (0.06–0.09 mg L−1) and the highest for K (475–
995mg L−1). The concentration >1mg L−1 of B, Fe, and Nawas
determined in all wines analyzed by the three sample preparation
procedures. The average concentrations found for the acid ex-
tracts for Al (1.31 mg L−1) and Fe (3.40 mg L−1) were higher in
comparison to results of sample dilution (0.73 and 1.56 mg L−1

respectively). The recoveries were between 88.2 and 110%, 65.9
and 106 %, and 62.8 and 109 %, whereas the relative standard
deviations (RSDs) varied between 0.04 and 4.62 %, 0.74 and
5.57 %, and 0.70 and 5.80 %, respectively, for the procedure of
sample dilution, microwave digestion, and water bath digestion.
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Introduction

It is well known that the application of inductively coupled
plasma optical emission spectrometry (ICP OES) showed
powerful analytical performance (Thiel and Danzer 1997;
Yabuta et al. 2002; Nowak et al. 2014, 2015; Luis et al.
2015). The ICP OES technique has been extensively
employed in the determination of trace elements in wine
(Péres-Jordán et al. 1998; Gonzálvez et al. 2008; Rodrigues
et al. 2011; Alkiş et al. 2014). Despite many advantages of this
technique, one of the main problems is the high consumption
of plasma-forming gas. An average consumption of argon
when using a typical torch during the analysis is from 15 to
25 L min−1 (Yabuta et al. 2002; Larrera-Marín et al. 2010;
Nunes et al. 2013; Szymczycha-Madeja and Welna 2013;
Santos et al. 2014). In order to reduce the use of argon, differ-
ent approaches can be applied: miniaturization of the torch or
modification of the way of cooling the entire system (air or
water) (Yabuta et al. 2002; Nowak et al. 2014).

For the determination of elemental composition of wines, it
is required to properly prepare the samples. Taking into con-
sideration that wine is a complex water-ethanol mixture, con-
taining various inorganic and organic substances at different
levels (Álvarez et al. 2007; Pyrzyńska 2007; Gonzálvez et al.
2008; Moreno et al. 2008; Voica et al. 2009; Rodrigues et al.
2011), the sample preparation stage is very important in the
analysis of particular wine components. The preparation of
wine samples for metal and metalloid determination includes
microwave-assisted acid digestion, UV-assisted digestion,
thermal digestion in an open reactor, sample dilution, dry
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and wet ashing, and also less common approaches such as
dealcoholization or analyte separation (Gonzálvez et al.
2008; Ivanowa-Petropulos et al. 2015). Moreover, when
choosing the method of wine sample preparation, it should
be considered which procedure provides the best results in
the shortest time, with minimum losses and contamination
risk, consumes the smallest quantities of reagents and sam-
ples, and generates little amounts of residues and wastes
(Gonzálvez et al. 2008).

The aim of this study was to find optimal working condi-
tions for an ICP OES spectrometer which would allow us to
perform the multielemental analysis of wine samples with the
least possible consumption of argon (plasma gas).
Additionally, a comparative study of red and white wine sam-
ple preparation procedures was conducted for the determina-
tion of Al, B, Ba, Cu, Fe, Li, Mn, Se, Sr, Zn, Ca, Mg, Na, P,
and K by ICP OES. Furthermore, the accuracy of the selected
sample pretreatments was evaluated by the comparison of the
ICP OES results obtained for wine samples after having been
treated by either digestion procedures or simple sample
dilution.

Materials and Methods

Reagents

SigmaAldrich (USA) stock solution containing Al, B, Ba, Cu,
Fe, Li, Mn, Se, Sr, Zn, Ca, Mg, Na, P, and K (1000 mg L−1 for
each element) were used to prepare calibration standards. The
calibration range for Al, B, Ba, Cu, Fe, Li, Mn, Se, Sr, and Zn
was 10–1000 μg L−1, and for the highly concentrated ele-
ments such as Ca, Mg, Na, P, and K, it was 100–10,
000 μg L−1. The suprapure 69 % HNO3 (m/m) from
Sigma Aldrich (USA) and deionized water with the maximum
resistivity of 18.2 MΩ cm−1 obtained from the Hydrolab
System (Gdansk, Poland) were used for sample (pre)treatment
and sample dilution.

Instrumentation

A Shimadzu ICPE-9820 spectrometer (Shimadzu, Japan) was
used for the analysis of wine samples. This spectrometer with
the vertical orientation of mini-torch works both with axial
(for low concentration of elements) and radial (for high con-
centration of elements) plasma observation within one se-
quence. Moreover, the orientation of the torch reduces mem-
ory effect and ensures stable results of analysis even for sam-
ples with high concentrations of acids, salts, or for a variety of
organic solvents. Also, this spectrometer can work with the
argon gas of 99.95 % purity instead of the normally used
99.999%. The samples were introduced into the plasma using
a high-accuracy nebulizer by free aspiration and a gravity

drain. Emission lines were selected based on their sensitivity.
The ionic lines of Ba II (455.403 nm), Ca II (393.366 nm), Fe
II (259.940 nm), Mg II (279.553 nm), Mn II (257.610 nm), Sr
II (407.771 nm), and atomic lines of Al I (394.403 nm), B I
(249.773 nm), Cu I (327.396 nm), K I (766.490 nm), Li I
(610.364 nm), Na I (589.592 nm), P I (178.287 nm), Se I
(196.090 nm), and Zn I (213.856 nm) were measured.
Table 1 presents the operating conditions and accessories for
the multielemental analysis of wines on an ICP OES spec-
trometer (Shimadzu ICPE-9820, Japan). The limit of detection
(LOD) values were calculated as the concentrations corre-
sponding to signals equal to three times the standard deviation
of blank solution signal, both for 10 and 7.0 L min−1 plasma
flow rate.

Microwave

Microwave sample digestion was carried out with CEMMars
5 (CEM Corporation, Mathews, NC, USA) instrument. The
samples were digested using the program recommended by
the manufacturer (16 vessels). Table 2 presents operational
parameters for microwave digestion.

Samples

Four samples of wines, including one sample of white wine
(Resling) and three samples of red wine (Roja, Bordeux, and
Carlo Rossi), were analyzed. Wine bottles were purchased in
Polish supermarkets. The alcoholic content ranged from 12.0
to 13.5 % v/v ethanol. All the wine samples were from 2012 to
2014 vintages. The containers used for storage or treatment of
the samples were cleaned to avoid contamination with any
metals. The containers were treated with nitric acid and
washed with deionized water. Wine samples were handled
according to three preparation procedures, immediately after
opening the bottles.

Procedures of Sample Preparation

Wine samples for determination of metals and metalloids con-
tent were pretreated using the three different procedures de-
scribed below. Each sample of wine was prepared in triplicate
for each method. Blanks were prepared in an identical way as
the samples.

Dilution

Samples of wines were diluted 10 times with deionized water,
without any prior preparation.
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Microwave-Assisted Digestion

Digestion of wine samples was carried out in the PTFE
(polytetrafluoroethylene) vessels (which were previously
cleaned in concentrated nitric acid to avoid any contamina-
tion) accompanying the microwave oven used. Each time,
2 mL of wine sample and 8 mL of HNO3 were transferred to
the vessel. The acid was added in portions, as the addition of
the entire amount at once would cause a loss of the analyte due
to excessively rapid reaction of organic matter in wine and
heating. After the digestion step had been completed, the di-
gestion vessels were cooled to room temperature. Then, the
resultant solutions were transferred to glass flasks and diluted
with deionized water to the final volume of 25 mL.

Water Bath-Assisted Digestion

Acid digestion of wine samples was carried out in a water
bath, in conical flasks with Vigroux-type columns. Each time,

2 mL of wine sample was transferred to the flask, followed by
slow addition of 8 mL of concentrated suprapure nitric acid.
Then, the flasks were heated in a water bath at 95 °C for 1 h.
After the flasks had cooled to room temperature, the resultant
solutions were transferred to glass flasks and diluted with
deionized water to the final volume of 25 mL.

Results and Discussion

Influence of Plasma and Carrier Gas Flows on the ICP
OES Measurements

The new features of the spectrometer employed allows to
multielemental analysis using less argon. In the applica-
tion note (No. SCA-115-023, www.schimadzu.eu)
concerning the determination of selected elements in
wines, available from Shimadzu, the use of mini-torch
allows a plasma gas flow rate of 10 L min−1. In the

Table 1 Operating conditions and accessories employed in ICP OES spectrometer (Shimadzu ICPE-9820) for the analysis of wine samples

Parameter and accessories Value

Radio frequency power generator 1.2 kW
Gas type Argon
Plasma gas flow rate 7.0 L min−1

Auxiliary gas flow rate 0.6 L min−1

Nebulization gas flow rate 0.7 L min−1

Plasma view Vertical torch; axial/radial view
Torch Mini-torch (quartz)
Nebulizer Burgener NX-175
Chamber Cyclone (glass)
Drain Gravity fed
Injector tube Quartz (1.2 mm i.d.)
Background correction 2 points
Number of replicates 3
Exposure time 15 s
Peristaltic pump Solvent rinse 10 s

Sample rinse 5 s
Sample uptake rate 1 mL min−1

Spectrometer Echelle optics Range of wavelength 167 to 800 nm
Resolution ≤0.005 nm at 200 nm
Atmospheric removal system Rotary vacuum pump ≤10 Pa

Device CCD (charge coupled device) detector
Pixel number 1024 × 1024 pixels (1-in.)
Pixel size 20 μm × 20 μm
Cooling control Peltier device

LOD [μg L−1] Al B Ba Ca Cu Fe K Li Mg Mn Na P Se Sr Zn
7.0 L min−1 1.273 0.201 0.321 0.333 0.758 0.211 2.06 0.039 0.07 0.239 0.502 4.21 4.75 0.923 0.171
10.0 L min−1 1.113 0.388 0.399 0.375 0.913 0.328 1.66 0.037 0.042 0.364 0.642 6.65 7.25 0.701 0.577

Table 2 Microwave oven
program applied for wine samples
digestion

Step Initial temperature
(°C)

Final temperature
(°C)

Ramp time
(min)

Hold time
(min)

Power
(W)

1 25 175 5.30 4.30 1600 (80 %)

2* 175 25 5.00 0 0

* Cool down step
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present study, the plasma gas flow rate was optimized in
order to further reduce the consumption of argon in the
analysis. The first step was to examine to what extent the
consumption of argon would affect the accuracy. To this
end, solutions with known analyte concentration (Al, B,
Ba, Cu, Fe, Li, Mn, Se, Sr, Zn—1 mg L−1, and for Ca,
Mg, Na, P and K—10 mg L−1) were analyzed. Based on
the results, it was observed that the best recoveries were
obtained for the argon flow rates of 10 and 7.0 L min−1

(Fig. 1). The greatest differences in the levels of concen-
trations were reported for macronutrients (Ca, K, Mg, Na,
and P). Nonetheless, the conducted argon flow rate opti-
mization enabled to reduce the flow rate to 7.0 L min−1

while maintaining high precision, as shown in Fig. 1.
The impact of different carrier (nebulizer) gas flow rates

(0.8, 0.7, 0.6, and 0.5 L min−1) on the analyte concentrations
was also studied at the plasma gas flow rate of 7.0 L min−1. It
was observed that the best results were obtained for
0.7 L min−1 (Fig. 2). The other examined flow rates signifi-
cantly under- or overestimated the actual metal concentrations
in standard solutions.

Effect of Sample Pretreatment in ICP OES
Determinations

The wine samples were prepared following three different
procedures: simple dilution with water, digestion assisted by
microwave, or heating on water bath. In the prepared samples,
15 elements were determined by ICP OES. The obtained con-
centrations ranged widely from 1.0 mg L−1 < to 1000 mg L−1,
depending on the type of wine. In all wine samples, the
highest concentrations were determined for potassium and
the lowest for lithium.

Sample Dilution

Taking into consideration that sample dilution can mitigate
wine matrix effect by simultaneous reduction of inorganic
and organic compound-related interferences, this method
seems to be a fast and precise way of sample preparation
(Gonzálvez et al. 2008). In the present study, the dilution of
1:10 (v/v) was used; it was sufficient for the elimination of
matrix effects, especially the amount of salts and organic

Fig. 1 Influence of the plasma gas flow rate [L min−1] on the concentration of standard solution (1 mg L−1 for Al, B, Ba, Cu, Fe, Li, Mn, Se, Sr, Zn and
10 mg L−1 for Ca, Mg, Na, P, and K)
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components introduced into the ICP plasma. Lower dilution
factors significantly hindered determination of trace elements
in wine samples. In the case of 1:1, 1:2, and 1:5 (v/v) dilutions,
the plasma switched off, which could be associated with too
high content of organic compounds and dissolved solids. The
similar observation was found in the study of wine analysis by
Gonzálvez et al. 2008. The 1:10 dilution enabled the analysis
of all 15 investigated elements in wine. The highest concen-
tration of aluminum (1.07 ± 0.01 mg L−1) was determined in
white wine, while in red wines Al concentration was lower
and amounted to 0.6 mg L−1. Boron concentrations were
higher in red wines (>5 mg L−1) than in the white one
(2.59 ± 0.02 mg L−1). The concentrations of Ba, Cu, Li, and
Se in all wine samples, Mn in the sample of Roja wine, Zn in
red wines, and Sr in all wine samples except for Carlo Rossi
wine were below 1 mg L−1. The highest concentration of iron
was measured in the Roja wine sample (2.02 ± 0.03 mg L−1)
and the lowes t in the sample o f Res l ing wine
(1.19 ± 0.07 mg L−1). Manganese ranged from 0.85 to
1.74 mg L−1, and the highest concentration of sodium
(7.35 ± 0.55 mg L−1) was found in the sample of red Carlo

Rossi wine (Fig. 3, Table S1). For Ca, Mg, P, and K, the
concentrations were markedly higher compared to the other
elements (Fig. 4, Table S1). As for concentrations of Ca, Mg,
and P, we did not observe any significant differences between
particular wine samples. However, potassium concentrations,
for which the highest values of all the analyzed elements were
determined, were clearly different in the investigated wines.

Microwave-Assisted Digestion

The wine samples were also pretreated by microwave diges-
tion. The process of digestion destroys organic wine compo-
nents (ethanol, organic acids, polysaccharides), which leads to
reduce their influence on analyte transport efficiency and plas-
ma thermal conditions during analysis by ICP OES technique
(Grindlay et al. 2008; Moreno et al. 2008). Similarly as in the
case of sample dilution, all the 15 elements were measured in
the obtained extracts of wine (Figs. 5 and 6, Table S2). It
should be pointed out that concentrations determined for most
elements were at the same level as in the case of sample dilu-
tion. However, it was observed in all wine samples that the

Fig. 2 Influence of carrier (nebulizer) gas flow rate [L min−1] on the concentration of standard solution (1 mg L−1 for Al, B, Ba, Cu, Fe, Li, Mn, Se, Sr,
Zn and 10 mg L−1 for Ca, Mg, Na, P and K). The plasma flow rate is 7.0 [L min−1]
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concentrations of aluminum and iron determined in acid ex-
tracts were higher and those of selenium and phosphorus were
lower. In the cases when twofold higher concentrations of
aluminum and iron were found, it was concluded that the
acidification of a wine sample could increase the solubility
of those metals in wine. In the case of selenium, the obtained
concentrations were at least twofold lower than in the sample
dilution method. The lower content of Se in digestion samples
could be related to oxidation of the metal under the influence
of HNO3 and/or could be connected to losses during evapo-
ration depending on the acid composition. This fact was also
observed in the determination of Se in the biological materials
and cauliflower samples after digestion with acid mixture,
containing HNO3 (Somer and Nakisci Ünlü 2006; Somer
and Ünal 2004).

Water Bath-Assisted Digestion

Acid digestion of wine samples was also performed in the
open system by using a water bath. The same volumes of wine
and acid as in the case of microwave digestion were used. All
15 elements were determined in wine samples (Figs. 7 and 8,

Table S3). Similarly as in the case of microwave digestion,
concentrations of aluminum and iron were higher than in the
samples pretreated by dilution. It was observed that the con-
centrations of selenium were lower as compared to the con-
centrations determined for diluted samples and microwave-
digested samples which can be due to analyte losses during
the digestion process in the open system similar like in anal-
ysis of wine samples by Gonzálvez et al. (2008). The other
elements were determined at the same concentration levels as
in the samples after microwave digestion.

Comparison of the Efficiency of Sample Pretreatment
Methods in Relation to the Results of ICP OES Analysis
Under Optimalized Conditions

Wine samples were prepared using three treatment proce-
dures. The comparison was carried out taking into account
all the quantified element results for different analyzed wines,
for three combinations of methods on the axes X and Y
(Fig. 9). Due to the fact that we obtained different ranges of
concentrations for particular elements, the calculations were
performed for two sets of results: <10 mg L−1 (Al, B, Ba, Cu,
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Fe, Li, Mn, Na, Se, Sr, Zn) and >10 mg L−1 (Ca, Mg, P, K).
The determination coefficients for lower (<10 mg L−1) and
higher (>10 mg L−1) concentrations were as follows: (A)
R2 = 0.838, (B) R2 = 0.840, (C) R2 = 0.997 and (A)
R2 = 0.996, (B) R2 = 0.997, (C) R2 = 1.000, respectively.

The highest R2 value was obtained for the case C (micro-
wave-assisted vs. water bath digestion). The similar determi-
nation coefficient (R2 = 0.997) was also obtained in the study
by Gonzálvez et al. 2008 for elements in wine samples after
complete acid digestion in an open vessel (Y-axis) were plotted
against those found after microwave-assisted acid digestion
(X-axis). Moreover, the obtained determination coefficients
in our study showed that both digestion methods give compa-
rable results for elements in the lower and higher ranges of
concentrations. Therefore, these two methods of sample pre-
treatment may be used interchangeably. Taking into account
the cost of sample preparation, the method of digestion in a
water bath is cheaper and more accessible than digestion in a
microwave oven.

Based on high determination coefficients for cases A and
B, for calcium, magnesium, phosphorus, and potassium, it can
be concluded that in order to determine these elements, there
is no need for sample digestion with acid and the dilution
procedure is enough. It should be highlighted that this
founding was not previously obtained by other researchers
in analysis of wine samples after dilution or digestion and
analyte detection by ICP OES (Gonzálvez et al. 2008;
Grindlay et al. 2008). In contrast, R2 was <0.9 for concentra-
tions <10 mg L−1 were lower; however, the results were still
positively correlated. Based on the obtained results, it was
found that the proposed three methods of wine sample prepa-
ration give comparable results for the concentration of B, Ba,
Cu, Li, Mn, Na, Sr, Zn, Ca, Mg, and K determined by ICP
OES. In the case of Al and Fe measurements, the obtained
results indicated that both methods of sample pretreatment by
acid digestion are more efficient than the dilution. For the
determination of selenium, it was observed that acid digestion
of wine samples can cause losses of Se both in closed and
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open systems, and because of that, direct measurement of
diluted wine is more appropriate method. Also, the dilution
method is better for phosphorus determination.

Accuracy

Commercially available wine reference materials from
Chambre d’Agriculture de la Gironde (France 2013) contain
certified concentrations of only major elements such as K, Ca,
Cu, and Fe. Also, the Food and Environment Research
Agency (USA 2015) developed wine standards with certified
concentrations only for Cd and Pb.

Taking into consideration the complex and unstable nature
of wine and due to the lack of multielemental certified wine
material, the accuracy of the three sample preparationmethods
was checked by recovery test. Similar method to evaluate the
applied method accuracy in the analysis of wine samples was
also used by Grindlay et al. (2008), Grindlay et al. (2014), and
Ivanowa-Petropulos et al. (2015), (2016). Also, the recovery
test (as a spiking sample with standard solutions) was applied
to the determination of metal in tea, wheat, wheat flour, and
fruit juice samples using ICP OES technique (Martins et al.
2015; Szymczycha-Madeja and Welna 2013).

In this study, the sample was spiked with the analyte in
order to determine a possible proportional bias derived from
the sample pretreatment and matrix interference; accuracy was
expressed as the recovery of the analyte (Maroto et al. 2001).
A solution with known analyte concentration (1 to 10 mg L−1,
depending on the actual concentration of elements in a sam-
ple) was added to the samples of wine (control sample) pre-
pared in triplicate according to three different procedures. In
order to determine the recovery for each method, the follow-
ing formula was used:

Rij ¼ Cobs‐Cnative

Cspiked
� 100

where Cnative is the analyte concentration in the unspiked
control sample, Cobs is the analyte concentration of an ele-
ment in the spiked sample, and Cspiked is the analyte concen-
tration in the solution added to sample (Maroto et al. 2001;
Moreno et al. 2008). The values of recoveries are presented in
Table 3. It should be underlined that the presented results
obtained concentrations that do not include dilution factor
calculation.

It can be observed that the results for sample dilution pro-
cedure were the most precise (relative standard deviations
(RSDs) <5 %). Moreover, for both digestion procedures, the
same range of RSDs was determined. The results of recoveries
obtained for Se and P confirmed that acid digestion leads to
lower concentrations than the procedure of direct wine sample
dilution. In the case of recoveries for Al and Fe, lower values
obtained in the dilution method confirmed that the digestion

with acid is a better sample pretreatment method when deter-
mination of the investigated elements in wine is intended.

Conclusions

The use of the mini-torch in a ICP OES spectrometer allowed
to reduce the plasma argon flow rate to 7.0 L min−1 (standard
gas consumption given by the producer—10 L min−1), which
significantly lowers the cost of analysis. Three wine sample
preparation procedures tested in the present study gave com-
parable results for most of the 15 determined elements. High
determination coefficients (R2) obtained for both digestion
methods indicated that the digestion in the open system in a
water bath can be used alternatively with the microwave di-
gestion pretreatment procedure. From the economic point of
view, taking into account that high values of recoveries and
the lowest RSDs (below 5 %) were obtained for the simplest
pretreatment method, it can be stated that sample dilution can
be used as a routine, cheap, and fast procedure for the pretreat-
ment of wine samples.
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