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Abstract: In the present work, 38 elements were quantified in the different fractions generated by
applying amateur winemaking methods. Inductively Coupled Plasma Mass Spectrometry was used
as detection technique. Grapes were analyzed and separate metal profiles were also obtained for the
skin and seeds. Additional vinification fractions included musts before and after the fermentation
process. Meanwhile, solid fractions corresponded to the so-called hat, pressed pomace and the lees
obtained after gravitational settling at the tank bottom. Wine was further analyzed. The obtained
results revealed a different repartition depending on the particular element and winemaking solid
and liquid fraction evaluated. The studies included vinification in presence and in absence of added
yeast and grape geographical origin. Principal component analysis helped to discriminate among
fractions and to determine the critical elements behaving differently. Finally, a mass balance allowed
to unequivocally detect the migration of a given element to the winemaking fractions.

Keywords: red wine; winemaking; metals; rare earth elements; inductively coupled plasma; mass
spectrometry; wine waste quality

1. Introduction

The elemental composition of wine is an important issue affecting the quality, aging and
geographical origin [1] of the obtained alcoholic beverage. In this context, there are two main
sources of metals [2]: natural sources, including the root absorption from soil, and anthropogenic
sources related with the harvest practices (i.e., use of fertilizers, phytosanitary treatments), winemaking
process (e.g., type of reservoirs, conductions, use of additives) or environmental pollution [3]. For
instance, metals such as Cd, Cu, Mn or Zn may be incorporated, as they are commonly present in
pesticides, fungicides and fertilizers. A possible classification of elements present in wine is also based
on primary (i.e., those that originate from the vineyard soil) and secondary that correspond to the
elements being incorporated during the grape processing.

The characteristics of the wine depend, partially, on the metals present and their concentration.
For instance, elements such as Al, Cu, Fe, Mn, Ni and Zn contribute to the final wine color, because
they form organometallic complexes with anthocyanins and tannins [4]. High Cu and Fe levels may
confer unpleasant flavor to the finally obtained wine and cause precipitates, especially at high pH
values [5]. A similar phenomenon is observed at high Al concentrations [6]. Additionally, toxicological
concerns exist for several elements, e.g., Pb, As or Cd [7]. In fact, the International Organization of Vine
and Wine (OIV) has recommended maximum levels of these two elements, together with B, Br, Cu, Ag,
Pb, Na and Zn [8]. Finally, it is indicated that wine also contributes to the intake of some essential
elements such as Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Ni or Zn.
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Another important aspect is related to the potential uses of the residues issued from the winemaking
process, e.g., pressed pomace, mark, lees [9]. From a compositional point of view, it can be indicated
that 62% of the total mass of sub-products generated corresponds to the marc that contains water
(roughly 60%) and skin (50% on a dry mass basis), seeds (47% on a dry mass basis) and stems [10].
These materials are of great environmental concern, because they are produced in a large amount
during a short period of time [11]. Their possible applications include direct combustion to generate
energy and biofuels [12], as well as compost production [13]. In fact, these materials can be considered
an appropriate source of humic substances [14]. Additional interest has been paid to the use of marc
as a source of antioxidants such as polyphenols or surfactants [15]. In addition, the high content of
antioxidants in the seeds, together with the appropriate level of elements such as Ca, Mg, Na, K, Fe,
Zn, Cu and Mn, make this product highly recommended as a supplement in animal feed [16].

In order to gain more control on the production process, thus increasing the quality and safety of
the final product, it is very important to detect changes in the multielemental content of the different
products. The level of metals should be known, and the evolution of their concentration must be
followed. Note that metals may accumulate if the residues are incorporated to the soil.

Up to now, there have been a few studies dealing with the evolution of the elemental composition
during the wine production process [17]. Furthermore, the list of evaluated elements is actually short,
and the solid residues are not commonly analyzed, but only liquid fractions are of interest. In addition,
there are a lack of studies on this subject dealing with Spanish red wines. The goal of the present work
was thus to monitor the evolution of the content of metals, metalloids and rare earth elements during
the winemaking process in a rural environment with an ecological (non-certified) cultivation method,
in which bentonite, a recognized source of metals for wine, was not added as clarifying agent. A further
aim of the present research was to fully characterize the residues generated from the point of view of
elemental composition, which could help to assess the safety level of these products. Hypothetically,
the contribution of the instruments used in the production process to the final elemental composition
of the different fractions obtained could be detected through mass balance. This last point could help
to detect critical points within the wine production process.

2. Results and Discussion

2.1. Method Validation

The first step was to test the reliability of the method for the elemental analysis selected in the
present study. The efficiency of the microwave digestion step was verified by means of the measurement
of the ICP-OES emission intensity at the C 193.030 nm line. By comparison with the corresponding
signals for the standards or blanks, it emerged that the digests contained a significant fraction of
dissolved organic matter (higher carbon emission intensities). This fact suggested that the digestion of
the samples was incomplete and that ICP-MS interferences caused by the presence of carbon in the
samples could occur. Therefore, a solution containing 50 µg kg−1 of 45Sc, 72Ge, 103Rh and 185Re was
added online, in order to apply internal standardization, and to compensate for possible interferences
caused by the sample matrix, as well as instrumental signal drift.

Limits of detection (LODs) were calculated according to the following equation:

LOD =
3 sb
S

(1)

where sb is the standard deviation of twenty consecutive measurements of a blank solution containing
nitric acid and S is the slope of the calibration line.

Method limits of quantification (mLOQ) were also obtained by multiplying the limit of
quantification, LOQ, found according to:

LOQ =
10 sb

S
(2)



Molecules 2020, 25, 2961 3 of 18

by the dilution factor that, as detailed in Section 4, was 12.5. The obtained results are shown in Table
S1 for all the elements quantified. The elements quantified in the present work were those whose
concentrations were far above the method LOQs given in Table S1.

In order to verify the accuracy of the analytical procedure, samples were spiked with a
multielemental standard at a 40 µg kg−1 level and the concentration was determined. It was verified
that, within a 10% tolerance, the measured concentrations corresponded to the spiked ones. Further
experiments were performed, in order to verify the accuracy of the method, and the concentrations
obtained by means of ICP-OES were compared with those provided by the ICP-MS instrument.
Again, good correlation between both techniques was obtained. In the present work, the elemental
concentrations were expressed on a dry weight basis (i.e., w/w). Measured densities of the liquid
fractions corresponded to 1070, 995 and 993 g L−1 for must, must after 8 days’ fermentation and wine,
respectively. Taking these data into account, the elemental concentrations in liquid fractions, expressed
in terms of w/v, were easily obtained.

2.2. Grape and Yeast Analysis

Once the analytical method was established, experiments were carried out with grape (a mixture
of grapes belonging to the varieties Tempranillo and Grenache at 4:1 proportion) and yeast (Saccharomyces
cerevisiae). As Figure S1a reveals, elements were more abundant in the grape skin than in the seeds, the
overall grape concentration being intermediate between them. This trend has already been described in
the literature, for elements such as Pb [18]. From these data, it was observed that some elements (B, Na,
Mg, Al, P, K, Ca, Ti, Mn, Fe, Cu, Zn, Sr and Ba) were present at concentrations above 1000 µg kg−1 on a
dry mass basis and, thus, could be considered micro- and macro-elements. Meanwhile, others were
encountered at trace levels (V, Cr, Ni, As, Se, Rb, Mo, Cd, Sn, Ba, Hg and Pb), whose concentrations
were on the order of several hundreds of micrograms per kilogram, or even lower.

A special comment should be made regarding the contents of rare earth elements (See Figure S1b).
The relevance of these elements is related to the fact that they can give signatures of the wines according
to their geographical origin [19]. In the present study, it was found that, these elements, whose
concentrations were on the order of parts per trillion (i.e., nanograms per kilogram), also preferentially
accumulated in the grape skin.

When the yeast was analyzed (Figure S1c), it was found that it was particularly rich in elements
such as Na, Mg, P, K, Ca, Fe and Zn. Therefore, it was necessary to evaluate the contribution of the
yeast used during the vinifying process to the final composition of both wine and the by-products of
the winemaking process.

2.3. Evolution of the Content of Major Elements

As mentioned before, within the frame of the present work, ‘major elements’ corresponded to
those whose concentrations in most of the fractions was above 1000 µg kg−1. The trend found for major
elements is exemplified for potassium (Figure 1). Once the alcoholic fermentation was completed, this
element was enriched in the solid fraction above the must (so called hat). According to the encountered
data, the potassium concentration was around eight times higher in the solid residue, with respect
to that in the fermented must. This was compatible with the fact that potassium was preferentially
present in the bay skin, as was previously highlighted in Figure S1. The level of this element remained
constant in the resulting must after the mixture was pressed, and the malolactic fermentation did not
severely affect the potassium concentration (See Figure 1). In contrast, this element was present at
an actually high concentration in the pressed pomace. Comparatively speaking, the concentration of
potassium was around 25 times higher in the pressed solid fraction than in musts or wine. It is worth
mentioning that yeast consume significant fractions of potassium during the fermentation process,
thus lowering its concentration in the liquid fractions [20]. A slight increase in the concentration of this
element was found in the decanted solids, as compared to the potassium concentration in the wine
finally obtained. A comment should be made regarding the water content in the solid samples (e.g.,
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79 ± 3 and 82 ± 2% in the solids before and after pressing, respectively). Even if the concentrations of
potassium were referred to wet mass, the comments made before were qualitatively valid.
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(n = 4; t for a 99% confidence level: 3.74).

Results corresponding to the remaining major elements are summarized in Table 1. The data in this
table correspond to the winemaking process in which no yeasts were added. In this case, autochthonous
yeasts existing on the bays skin were the responsible for the fermentation. The concentrations of
elements such as boron, sodium or magnesium in the liquid fractions were fairly high. In contrast,
aluminum, phosphorous, calcium, iron or copper were present in the liquid fractions at levels
much lower and far below those encountered in the solid fractions of the winemaking process.
The consumption of elements such as Ca, Mg, Fe, Cu and Zn by yeasts may explain their preferential
accumulation in the solid fractions. Indeed, previous reports have demonstrated that a fraction of Zn
present in must migrate, thus leaving wines with lower contents of this metal [21]. Table 1 also presents
the confidence intervals. It should be pointed out that the solid fractions presented, in general terms,
higher variability on a relative basis. Thus, the Relative Standard Deviation (RSD) of the concentrations
were as high as 10–20% for solid fractions, whereas this parameter took values generally lower than 10%
for liquid ones. A possible explanation could be the heterogeneity of the solid residues, as compared
to the liquid fractions.

An interesting trend emerged for elements that can act as promoters of some enzymes, or as
catalysts of oxidation reactions, such as Fe, Cu and Zn, because they were more abundant in the wine
than in the remaining liquid fractions. Among the possible reasons for this trend, the solubilization
of a fraction of these elements or their presence as suspended microparticles could be argued. In the
particular case of Cu, mainly originated from treatment with pesticides [22], it has been indicated
that, under oxidative conditions, it may be scavenged by the solid fractions [23]. Consequently, the
concentration of this element was high in the pressed pomace.

For Mn, it has been indicated that its content does not change during the former fermentation
steps [20], which is compatible with the fact that, in the present work, the concentration for this element
was similar for fermented and pressed must and wine.
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Table 1. Concentrations (µg kg−1) found for abundant elements in the different fractions of the winemaking process without added yeast *.

B Na Mg Al P Ca Fe Mn Sr Ba Cu Zn

O 20400 ± 15 114284 ± 15800 509700 ± 10200 8789 ± 807 1189100 ± 198000 282814 ± 36300 12024 ± 786 4453 ± 205 4100 ± 200 652 ± 120 3930 ± 110 4110 ± 800

A 4141 ± 163 10059 ± 321 112665 ± 1700 6366 ± 571 276610 ± 13000 28265 ± 3979 6591 ± 662 613 ± 19 493 ± 37 45 ± 2 15747 ± 778 6706 ± 132

B 3876 ± 213 5235± 321 114086 ± 860 740 ± 368 127081 ± 1204 18018 ± 1974 735 ± 153 560 ± 5 419 ± 6 46 ± 5 220 ± 87 730 ± 142

C 26365 ± 2980 42434 ± 5410 684204 ± 86370 17025 ± 1981 1013301 ± 1670 354918 ± 6033 24295 ± 1289 4594 ± 592 13219 ±
1802 3162 ± 53 3972 ± 401 5142 ± 370

D 3837 ± 100 4602 ± 598 115544 ± 1282 550 ± 279 144600 ± 1702 16778 ± 1503 511 ± 3 531 ± 7 416 ± 7 46 ± 4 163 ± 9 1012 ± 171

E 32080 ± 2935 16227 ± 2820 1039619 ± 110768 83940 ± 2375 3268118 ± 295792 1023100 ± 139161 132907 ± 4443 11555 ± 1976 14421 ± 7 3162 ± 53 14768 ± 1009 12467 ± 682

F 3776 ± 348
(80000) 5494 ± 560 116005 ± 4088 1086 ± 139

(10000) 158364 ±3721 19217 ± 1138 2086 ± 404
(20000) 583 ± 21 460 ± 12 58 ± 4 2074 ± 130

(1000)
1824 ± 445

(5000)

G 4216 ± 195 19265 ± 378 108524 ± 995 4017 ± 1491 222788 ± 6742 23322 ± 7411 3222 ± 876 639 ± 13 437 ± 27 74 ± 16 1350 ± 167 1092 ± 143

* O: Grape; A: Must; B: Fermented must; C: Hat; D: Fermented & pressed must; E: Pressed pomace; F: Wine; G: Decanted solids or lees. Bold characters correspond to liquid winemaking
fractions. The figures in parenthesis show the maximum acceptable limits according to the International Organization of Vine and Wine (OIV). Confidence intervals were calculated
according to: ± t s

√
n

(n = 4; t for a 99% confidence level: 3.74).
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2.4. Evolution of the Content of Minor Elements

The results found for minor elements are included in Table 2. Nickel was the most abundant
element in these series. In fact, as could be observed from Figure S1, this element was found at a rather
high content in the grape (230 µg kg−1) and its skin (692 µg kg−1). As a result, Ni prevailed in the liquid
fractions with concentrations close to 100 µg kg−1. It was clearly observed that nickel accumulated
preferentially in both the hat and the solid pressed pomace. Chromium and vanadium were also
present at remarkable concentrations, although their levels in liquid fractions were around five times
lower than that for nickel. The remaining elements were detected at very low contents, although some
interesting observations could be made. The former one was that the pressed pomace contained Co, As,
Se and Hg in concentrations of tens of parts-per billion. Meanwhile, the pressed residues were more
enriched in V, Cr, Ni and Pb. Cd was also preferentially accumulated in the solid fractions, as it has
been previously suggested to be a consequence of the addition of bentonites for wine clarification [20].
However, in the present work, the winemaking process did not include this step. Therefore, additional
reasons, such as the association of this element to the protein related products, could be argued.

Chromium is retained in skins and seeds in pressed pomace, and its content does not change
during clarification. Instead, the Cr concentration in wine uses to grow once bottled, because of the
presence of chromium oxides in the glass pigments used [24]. However, this source of Cr could be
discarded in the present work, as the wines analyzed were not previously bottled. The Pb concentration
was around 10–30 times lower in musts than in the grape skin, which is in agreement with other
results [25]. This element was accumulated in the pressed pomace, likely, because it mainly occurs as
non-soluble complexes (pectic polysaccharide rhamnogalacturonan (II)) that are not degraded during
the winemaking process, whereas free lead precipitates as PbS or as insoluble complexes with wine
proteins [26,27]. This would explain the depletion in Pb concentration from must to wine.

Finally, it is worth mentioning that, by considering only the liquid fractions (bold characters in
Table 1; Table 2), it was found that the elemental richest fraction corresponded to the must initially
obtained by grape pressing. It was interesting to notice that, for elements such as B, Mg, Mn, Sr and Ba,
all of them present at relatively high contents, the concentration did not modify or slightly decrease as
the must evolved to wine. The concentrations for other elements, including P, Ca, V, Cr, As, Se, Hg,
were around 50% of those found in the must, once the alcoholic fermentation was completed. Finally,
elements such as Al, Fe, Cu, Zn, Ti, Ni, Co, Cd and Pb were drastically affected by the fermentation
and, with some exceptions, their concentrations were from two to 12 times lower than those registered
when analyzing the fresh must. An inverse relation between the Fe, Cu or Mn concentration and the
flavonoids content has been assigned to the complex’s formation [28], which may further precipitate.
Any deviation from this trend could be attributed to their incorporation to the must or wine from
yeasts or components of the production line [29].

The obtained results were quite in agreement with the literature. Thus, Castiñeira-Gómez et al. [30]
found that the boron content for white wine was from 10 to 40% below that in must. Similar qualitative
trends for other elements (e.g., Cu and Ba) were also reported. Ca and Mg concentrations increased
along the winemaking process. This was not in concordance with the results found in the present work,
and could be accounted for by the fact that bentonites, that slightly increased the amount of these
metals in the final wine [29], were not added. Therefore, possible discrepancies could be assigned to
modifications in the vinification process. In our case, it was clearly confirmed that the most determining
step from the point of view of elemental depletion in liquid fractions was the alcoholic fermentation.

The data in parenthesis presented in Table 1; Table 2 correspond to the maximum allowable
levels, according to the OIV [7]. It may be observed that, for all the elements, except for Cu, the
determined levels were below the maximum ones. Copper was likely present in the final wine,
because it was employed as pesticide. In addition, it has been indicated that copper concentration in
amateur winemaking (as that followed in the present work) may be higher than that for professional
vinification [31]. Cu is an interesting element also from the point of view of fermentation efficiency,
because it has been claimed that the yeast activity may be negatively affected for copper concentrations
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far above 30,000 µg kg−1 [32]. Fortunately, for the copper concentration indicated in Table 1 (around
15,700 µg kg−1), autochthonous yeast was expected to behave in a satisfactory way in terms of must
fermentation. Expectedly, this yeast was able to accumulate such copper levels.

Regarding solid residues, the data reported in Table 1; Table 2 clearly demonstrated that metals
tend to accumulate in grape marc. Composts prepared from this residue are beneficial for soil.
However, the high content of metals should be taken into account, because it may be detrimental from
an environmental point of view [33]. Thus, for instance, while arsenic concentration in musts and
wine is on the order of 2–4 µg kg−1 (see Table 2 and reference [34]), its content raised up to 50 µg kg−1

in pressed pomace. However, it has been reported that, generally speaking, these kind of residues
have contents in heavy metals on the order, or below, the concentrations found in urban wastes or
manures [8].

Table 2. Concentrations (µg kg−1) found for trace elements in the different fractions of the winemaking
process without added yeast *.

Fraction Ti Ni V Cr Co As Se Cd Hg Pb

O 372 ± 97 230 ± 50 63 ± 18 25 ± 1 12 ± 2 8.2 ± 0.5 20 ± 3 6.2 ± 1.5 4.8 ± 0.2 24 ± 9

A 121 ± 28 1427 ± 27 29 ± 3 32 ± 1 18.8 ± 0.6 4.3 ± 0.2 7.9 ± 0.2 2.0 ± 0.2 0.7 ± 0.2 190 ± 9

B 25 ± 5 93 ± 8 18 ± 3 19 ± 9 4.36 ± 0.03 0.9 ± 0.1 5 ± 1 0.58 ± 0.04 0.5 ± 0.1 12 ± 5

C 941 ± 45 259 ± 25 94 ± 11 59 ± 10 12.9 ± 0.8 24 ± 3 426 ± 24 1.46 ± 0.02 30 ± 3 36 ± 11

D 18 ± 5 91 ± 2 21 ± 4 21 ± 2 4.78 ± 0.11 1.9 ± 1.1 4 ± 1 0.57 ± 0.02 0.2 ± 0.1 7 ± 1

E 3368 ± 135 281 ± 81 204 ± 27 299 ± 79 37 ± 5 50 ± 3 63 ± 14 4.6 ± 0.3 12 ± 2.0 129 ± 29

F 54 ± 2 94 ± 4(100) 29 ± 3 14 ± 3(100) 3.7 ± 0.2 2.4 ± 0.2(200) 5 ± 1 2.0 ± 0.2(10) 0.4 ± 0.2 < LOD(100)

G 431 ± 68 61 ± 3 18 ± 2 13 ± 3 3.9 ± 0.2 3.2 ± 0.6 9 ± 1 0.77 ± 0.03 0.4 ± 0.1 13 ± 3

* O: Grape; A: Must; B: Fermented must; C: Hat; D: Fermented & pressed must; E: Pressed pomace; F: Wine;
G: Decanted solids or lees. Bold characters correspond to liquid winemaking fractions. The figures in parenthesis
show the maximum acceptable limits according to the International Organization of Vine and Wine (OIV). The level
for lead has been established in the 2019 summary of resolutions adopted in 2019 by the 17th General Assembly
of the OIV—Geneva (Switzerland). Confidence intervals were calculated according to: ± t s

√
n

(n = 4; t for a 99%
confidence level: 3.74).

2.5. Evolution of the Content of Rare Earth Elements

Rare earth elements (REEs) are highly relevant for wine discrimination purposes [35]. In the
present work, the evolution of these elements during the winemaking process was also evaluated
(Table 3). The most abundant REEs in solid fractions were Pr and Nd, followed by Sm, Eu and
Gd. Other elements also present at appreciable concentrations were Dy and Hf. Meanwhile, liquid
fractions (Table 3) contained much lower concentrations of these elements. In fact, some of them
were not detected in fermented must or pressed must. Interestingly, Gd was not found in any of the
liquid fractions. Comparatively speaking, it was observed that, virtually for all the studied cases, the
concentration was the highest in the pressed pomace, whereas wine contained the lowest amount of
REEs. This trend was found for all the elements except for Hf. In this case, it was observed that its
content was significantly higher in the hat fraction than in the remaining ones.

REEs concentration variations can be explained on the basis of bentonite addition [36]. However,
in the present work, the clarification process was based on gravitational settling and, hence, the
presence of parts-per-trillion of these species could be mainly attributed to their migration from soil to
the grapes by absorption through the plant roots.
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Table 3. Concentrations (µg g−1) found for trace elements in the different fractions of the winemaking process without added yeast *.

Fraction Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf

O 8.8 ± 1.7 25 ± 2 20 ± 3 16 ± 3 10.0 ± 0.2 1.3 ± 0.2 14 ± 2 7.9 ± 0.5

A 160 ± 20 292 ± 18 141 ± 26 16 ± 2 96 ± 9 21 ± 2 33 ± 2 13 ± 2 84 ± 6 228 ± 40

B 69 ± 13 104 ± 15 19 ± 2 164 ± 5 36 ± 7 31 ± 5 600 ± 10

C 1415 ± 62 4276 ± 200 960 ± 80 864 ± 60 1512 ± 50 131 ± 26 410 ± 65 39 ± 4 325 ± 52 50 ± 6 385 ± 70 145 ± 22 2836 ± 130

D 67 ± 8 244 ± 41 351 ± 17 135 ± 15 35 ± 6 56 ± 5 432 ± 80

E 4580 ± 212 10060 ± 210 1900 ± 420 952 ± 50 2518 ± 260 250 ± 15 1693 ± 320 57 ± 5 488 ± 75 87 ± 17 532 ± 102 123 ± 22 1120 ± 205

F 46 ± 7 300 ± 45 161 ± 30 166 ± 22 102 ± 21 65 ± 13 375 ± 61

G 705 ± 133 2140 ± 120 760 ± 25 332 ± 52 840 ± 57 55 ± 2 303 ± 14 57 ± 2 220 ± 42 44 ± 1 89 ± 2 77 ± 13 292 ± 34

* O: Grape; A: Must; B: Fermented must; C: Hat; D: Fermented & pressed must; E: Pressed pomace; F: Wine; G: Decanted solids or lees. Bold characters correspond to liquid winemaking
fractions. The figures in parenthesis show the maximum acceptable limits according to the International Organization of Vine and Wine (OIV). Confidence intervals were calculated
according to: ± t s

√
n

(n = 4; t for a 99% confidence level: 3.74).
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2.6. Influence of the Yeast Addition

The winemaking process was also performed after addition of yeast (S. cerevisiae), in order to
evaluate the influence of these microorganisms on the metal content. By comparison with the contents
found in presence and in absence of added yeast, it was verified that, for K, Na, B, Mg, Al, P, Ca and Fe,
the addition of microorganisms did not have any significant effect on the concentration.

However, for Cu interesting observations were made. Thus, the addition of yeast induced a
growth in its concentration in the hat fraction (9300 ± 500 and 4000 ± 400 µg kg−1 in the presence and
in the absence of added yeast, respectively). This could be partially assigned to the copper present
in the added yeast (5600 ± 250 µg kg−1). While the copper content for fermented must and the must
after pressing (fractions A and C, respectively) did not change upon the addition of yeast, a higher
copper concentration in wine was found in absence than in presence of added yeast (101 ± 11 µg kg−1

with added yeast and 2100 ± 130 µg kg−1 without added yeast). Therefore, the wine obtained after the
addition of S. cerevisiae contained a copper concentration below the maximum OIV acceptable limits [7],
whereas the vinification with autochthonous yeasts led to values of this concentration above the
allowed limits (see Table 2). This trend was accompanied by an increase in the Cu concentration in the
lees (2700 ± 15 and 1350 ± 12 µg kg−1 in the presence and in the absence of added yeast, respectively).
Additional reasons for the enrichment of Cu in the solid fractions were linked to the formation of
copper sulfide complexes that were settled in the tank [37]. This was promoted by the transformation
of elemental sulfur in hydrogen sulfide by the yeast [38]. Alternatively, the obtained data demonstrated
the copper bioaccumulation in the added yeast [39].

An analogous situation was found for Zn (Figure S3a). In this case, the concentration of this
metal in S. cerevisiae was actually high (around 200000 µg kg−1, see Figure S1c). Taking into account
the mass of added yeast, (120 g yeast/100 L must), this represented a non-negligible amount of zinc.
This element was partially distributed in the yeast removed after pressing the solid residues and that
present in the decanted solids or lees (Figure S2a).

Regarding trace elements, it was discovered that Ti, Cr, Mn, Co, Cd, Hg and Pb were preferentially
present in the solid residues when yeast was added, rather than in its absence. Figure S2b shows the
data obtained for cadmium. This element was present in yeast as impurities at a concentration of
14 µg kg−1. This could be considered to be the main reason for its buildup in solid fractions such as
pressed and decanted residues. For other elements that were not present in yeast, such as mercury,
it was found that its content in the hat did not depend on the addition of yeast. Nevertheless, the
bioaccumulation capability of the yeast was evidenced, because the mercury concentration was higher
in the pressed pomace and lees when yeast was added (16 ± 1 and 1.9 ± 0.2 µg kg−1, respectively) than
without its use (11 ± 1 and 0.42 ± 0.03 µg kg−1, respectively). It was finally observed that V, Ni, As, Se,
were present at similar concentrations regardless of the yeast addition.

2.7. Influence of the Vineyard

The grape composition had an obvious direct influence on the metallic load of the different
fractions. To illustrate this fact, potassium was taken as representative element. Figure S3 shows the
concentration of this element for the different fractions under study. It was observed that K was more
abundant in the grapes originated from one of the two localizations evaluated (Alfafara) than for the
alternative one (Alcocer). This promoted higher K concentrations in the remaining fractions. The same
could be stated for all the elements measured. Therefore, elemental grape analysis is a good indication
of the quality of the obtained wines and residues.

3. Discussion

3.1. Behavior of the Elements as a Function of the Fraction

In order to study possible differences in the behavior of the elements in terms of their accumulation
in the evaluated winemaking fractions, principal component analysis (PCA) was applied. Initially,
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the objects were the fractions while the variables were the determined elements. Previous reports
have demonstrated the capability of this data treatment for discriminating wine samples according to
their provenance [40]. PCA has also proven to be useful in order to trace the origin of the wines by
analyzing berries, leaves and wines [41]. Figure 2 shows the score plots obtained for major (a), trace
(b) and rare earth elements (c). The points on the graph correspond to the obtained results for the
fractions, with and without yeast addition, and the two geographical origins.
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By examining the data for major elements (Figure 2a), it may be observed that some samples
separated, according to a component explaining 65% of the total variance of the elemental profile as a
function of the fractions under study. Interestingly, pressed pomace and grapes separated from the rest,
thus indicating that they had a differentiated elemental concentration profile. The same observation
was made by evaluating the results for trace elements in which 80% of the total variance was explained
by component 1 (Figure 2b). In both cases, i.e., major and trace elements, component 1 was able to
discriminate the geographical origin of the pressed pomace. The situation found for rare earth elements,
however, was significantly different, especially for lees. It was figured out that the concentration
profiles for these elements were different, as compared to those for liquid fractions and hat. In this case,
component 1 explained 75% of the data variability. Again, pressed pomace differentiated from the rest
of the fractions, and it was possible to discriminate between the two origins. Rare earth elements, in
turn, helped to discriminate between lees and pomace from the remaining fractions.

From the PCA analysis, it was concluded that the elemental concentration profiles for solid and
liquid winemaking fractions were different. With the aim of determining what elements played the
most critical role, a new PCA procedure was applied to the data in which the elements were considered
as objects and the fractions were the variables. The main conclusions of this second study were that
three major elements (Mg, P and K), four trace elements (Pb, Ni, Ba and Rb) and seven rare earth
elements (Er, Pr, Gd, Sm, Eu, Hf and Nd) separated from the rest of analytes, according to a component
that respectively explained the 55%, 92%, 48% (Alcocer) and 98%, 84% and 60% (Alfafara) of the total
variance of the data.

3.2. Studies about the Origin of the Metals

In order to elucidate the origin of metals in the final products as well as to get better control on the
winemaking process, a mass balance was established considering the mass of the different elements
in each one of the fractions on a wet basis. Therefore, the moisture was determined in the case of
solid residues. In addition, according to experimental measurements, 70% of the initial grape mass
corresponded to water, 27% to solid residues and 3% was the fraction of decanted mass (lees). These
data were quite in agreement with others previously published [20]. Table 4 shows the results found
for potassium taken as an example. It was concluded that the total mass of this element considering the
different fractions was similar to the sum of the mass of potassium supplied by grapes and yeast. There
was only an around 3% deviation between these two magnitudes. It was, hence, possible to conclude
that there were neither losses nor contaminations of this element during the winemaking process.

∗Deviation =

(
Sum−masssupplied by grapes +yeasts

)
masssupplied by grapes+yeasts

× 100 (3)

The same consideration was thus extrapolated to other elements. The obtained results are
summarized in Figure 3, for a total of 21 elements. First, it should be noted that the precision associated
with the so-called deviation, calculated from error propagation, was 20% (see error bars in Figure 2).
Therefore, for 14 out of the twenty-one elements tested (i.e., B, Mn, Na, K, P, As, Sr, Cu, Mg, Hg, Se, Co,
Ca and V), the mass found in the different fractions corresponded to the mass originally present in
the grapes + yeast. Nevertheless, for Ni, Al, Zn, Cd, Pb, Cr and especially for Fe, the deviation was
significantly higher than 0. This fact suggested that these elements were incorporated to the products
during the grape processing.
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Table 4. Mass balance for potassium #.

Fraction Yield (%) Concentration
(mg/kg) # % Water Total Mass of

Potassium (mg)

Pressed pomace 27 33800 80 1825

Lees 3 3100 85 14

Wine 70 1477 100 1034

Sum 2873

grapes 11100 75 2775

yeasts 13100 20

Mass supplied by grapes + yeasts 2795

Deviation (%) * 3.4
# The calculation basis corresponded to 1 kg.

Previous reports have anticipated this kind of trends. Thus, elements such as chromium, cadmium
and lead became more concentrated during the wine maturation [42]. The release of these elements
from stainless steel and brass cellar equipment was claimed to be in the origin of this observation. In
other studies, it has been indicated that traditional vinification processes may lead to the incorporation
of elements such as Cd, Cr, Cu, Fe, Ni, Pb, V and Zn [38]. These results were also in agreement with
those reported in Figure 3 for this list of elements except for copper.
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The huge increase in Fe content, as compared to the expected one according to its concentration in
grape and yeast (deviation: 700%), could be attributed to its migration from the stainless steel used in
the production plant (conductions, tanks). The same could be applied to Zn, since it can be present at
low levels in this kind of material. Aluminum, in turn, may be present in the final wine if it is in contact
with surfaces containing the employed allow [42]. For chromium, it has been previously observed that
its concentration increased with the wine aging and storage. This was also attributed to the fact that
wine was in contact with stainless steel containers.
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A similar treatment was done for REEs and it was observed that the deviations as defined in
Table 3 footnote were lower than 30% for Sm, Eu, Gd, Dy and Yb (i.e., 5.7%, 9.9%, 15%, 3.9% and 24%,
respectively). This result was considered to be quite satisfactory taking into account the relative error
of the concentration for this kind of elements. However, for Pr and Nd, this parameter took values of
64% and 61%, respectively. Ho, Er, Tm, Lu and Hf were not detected when the grapes were analyzed.
Although the concentrations of these elements were actually low, it was observed that mass balance
was correct for almost all the REEs detected in grapes.

All these results collectively confirmed the hypothesis initially emitted and it was verified that the
mass balance contributed to unequivocally discerning whether the winemaking process was itself a
source of metals and REEs.

4. Materials and Methods

4.1. Winemaking Process

The amateur winemaking method followed in the present work is schematized in Figure 4.
The cultivars used to produce the wine consisted in a mixture of Vinitis vinifera Tempranillo and Vinitis
vinifera Grenache in a 4:1 weight proportion. After the harvesting, the grapes were de-stemmed and
crushed with an automatic device. Then, the fermentation started in 200 L stainless steel containers
around 12 h after the storage of the grapes-must mixture. This step was followed in two different ways:
without and with the yeast addition. In the second situation, 120 g of commercial cultured S. Cerevisiae
were added per 100 L total volume. Alcoholic fermentation was completed after 8 days, and then
the mixture was mechanically pressed. During this period of time, the solid fraction containing skin
and seeds accumulated at the uppermost part of the container, thus constituting the so-called hat. In
order to improve the migration of anthocyanins, this solid fraction was sunken twice a day. After the
alcoholic fermentation was completed, the so-called hat fraction was taken for further analysis. Once
the pressed pomace was separated from the must, the liquid turbid fraction was inserted again in the
steel container, and left for two months. During this period of time, air was prevented from entering
into contact with the fermented and pressed must. The malolactic fermentation took place and this fact
was verified by means of a thin layer chromatography assay. During this period of time, suspended
solid matter containing dead yeasts, proteins and tannins, was naturally decanted and accumulated at
the bottom of the container. The liquid clear fraction was thus bottled. Wine was eventually exposed
to air what decreased tannin content and increased the wine fruitiness. In order to follow the evolution
of the metal content throughout the winemaking process, the fractions highlighted in Figure 4 were
sampled and analyzed.

The grapes originated from two different but close vineyards located in the north of Alicante,
Spain. Location A corresponded to Alcocer (Latitude: 38.7950; longitude: −0.402440), whereas location
B was situated in Alfafara (Latitude: 38.7727; longitude: −0.573399).
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4.2. Reagents, Samples and Sample Preparation

Nitric and sulfuric acids (Suprapur® Merk, Darmstadt, Germany) were used. In addition,
multielemental standards were prepared from a 1000 mg L−1 stock solution (Merk IV).

All the samples were analyzed after a previous drying and microwave acid digestion step in
sealed PTFE reactors using a Milestone oven (Sart D, Sorisole, Italy). A total of 2 g of raw solid fractions
(yeast, grape, skin, seed, hat, pressed pomace and lees) were weighed and inserted into a dryer at
100 ◦C overnight. The solid residue was again weighed into the PTFE reactors. Regarding the liquid
samples (fermented must, fermented and pressed must and wine), they were directly put into the
reactors without a previous drying step. A total of 7 mL of nitric acid and 1 mL of sulfuric acid were
poured into the PTFE reactors. The reactors were sealed and adapted to the oven carousel. Sample
digestion was performed at a 200 ◦C temperature and 45 bar maximum pressure for 15 min, followed
by a 110 ◦C and 75 bar treatment for 15 additional minutes. To achieve these conditions, the microwave
power was set at 1500 W. Once the samples were digested, the solutions were allowed to cool down for
45 min, and they were subsequently diluted with ultrapure water (Millipore, El Paso, TX, USA) up to
25 g. All these experiments were done by quadruplicate.

4.3. Analysis of the Digests

Multielemental analyses were performed by means of an inductively coupled plasma mass
spectrometer (ICP-MS, Agilent, 7700x, Santa Clara, CA, USA). Some of the experiments were performed
with an inductively coupled plasma optical emission spectrometer (ICP-OES, Agilent, 5100, Santa Clara,
CA, USA). Table 5 summarizes the operating conditions set for both instruments.
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Principal component analysis (PCA) was carried out using the open-source software R [43] version
3.5.3 (Vienna, Austria), with the additional packages Rcdmr [44] and CAT [45].

Table 5. Inductively coupled plasma optical emission spectrometer (ICP-OES) and inductively coupled
plasma mass spectrometer (ICP-MS) instrumental conditions.

ICP-OES

Variable Values and Unities

Nebulizer liquid flow rate 1.0 mL min−1

Nebulizer gas flow rate 0.7 L min−1

Outer plasma gas flow rate 15 L min−1

Intermediate plasma gas flow rate 1.5 L min−1

RF power 1.4 kW

ICP-MS

Variable Values and Unities

Nebulizer liquid flow rate 0.4 mL min−1

Nebulizer gas flow rate 0.7 L min−1

Outer plasma gas flow rate 15 L min−1

Intermediate plasma gas flow rate 1.0 L min−1

RF power 1.6 kW

He (Collision cell) gas flow rate 4.3 mL min−1

5. Conclusions

From the obtained results, several conclusions were drawn. As expected, the most abundant
elements in the winemaking fractions are K, Na, Mg, P and Ca. With regards to transition metals,
Cu, Ti and Ni have been the most concentrated elements, likely because of their use in phytosanitary
treatments, must pollution or assimilation through the plant roots. Finally, Nd was the rare earth
element present at the highest concentration in virtually all the evaluated fractions. The selected
detection technique (i.e., ICP-MS) showed several advantages over other quantification methods, such
as energy dispersion X-ray spectroscopy, which has the capability of achieving extremely low detection
limits although the sample had to be dissolved, prior to its analysis.

The present work demonstrates that most of the elemental content was found in the solid fractions
of the winemaking process. Among them, pressed pomace contained the highest load of major and
trace elements as well as rare earth elements. This was in direct link with the elemental repartition
along the grape parts. Thus, it was verified that the skin was the richest bay fraction in terms of metal
concentration. There were some confirmed exceptions to this rule (e.g., Ni or Cu) that highlighted the
complex chemical process occurring during the wine production. The results also demonstrated the
active role of yeast in scavenging some elements (e.g., Cu, Hg) through bioaccumulation.

A principal component analysis revealed that the elemental profiles of grapes, pressed pomace,
and lees differed from those for musts, wine and hat. This data treatment method also made it possible
to identify the geographical source of a given winemaking fraction. The elements most responsible for
this discrimination were Mg, P, K (as major) Pb, Ni, Ba, Rb (as trace) and Er, Pr, Gd, Sm, Eu, Hf and Nd
(as rare earth elements).

The results obtained when applying a procedure based on the determination of the mass balance
for each particular element confirmed the hypothesis that this procedure was extremely useful to
control the quality and safety of wine production. Elements such as Ni, Al, Zn, Cd, Pb and Cr could
migrate from the components of a wine production plant to the must.
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Further research is needed to obtain additional information about the chemical form in which
the different elements are present in each one of the fractions of the winemaking process. Additional
cultivars, geographical areas and post-production processes are also of interest, in order to optimize
the best practices and varieties from the point of view of quality and environmental safety. Other
fermentation processes (e.g., beer and cider production) could benefit from this kind of study.

Supplementary Materials: The following are available online; Figure S1: Elemental concentration referred to dry
mass for (a) and (b) grape, grape seeds and skin and, (c) yeast. For figs (a) and (b) Black bars: grape; white bars:
seeds; grey bars: skin. The bars correspond to the mean of four replicates; Figure S2: Comparison of the evolution
of zinc (a) and cadmium (b) concentration with and without added yeast. White bars: process with addition of S.
Cerevisiae; grey bars: process carried out with only autochthonous yeast; Figure S3: Potassium concentration for
the vinification fractions corresponding to two different grape origins. Black bars: Alfafara; grey bars: Alcocer;
full bars: without added yeast; dashed bars: with added S. Cerevisiae; Table S1: ICP-MS limits of detection (LOD),
and method limits of quantification (mLOQ) for the elements determined.
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5. Kment, P.; Mihaljevič, M.; Ettler, V. Differentiation of Czech wines using multielement composition-a

comparison with vineyard soil. Food Chem. 2005, 91, 157–165. [CrossRef]
6. McKinnon, A.J.; Catrall, R.W.; Scollary, C.R. Aluminum in wine—Its measurement and identification of

major sources. Am. J. Enol. Vit. 1992, 43, 166–170.
7. Galani-Nikolakaki, S.; Kallithrakas-Kontos, N.; Katsanos, A.A. Trace element analysis of Cretan wines and

wine products. Sci. Total Environ. 2002, 285, 155–163. [CrossRef]
8. OIV (2011) Compendium of international methods of wine and must analysis, OIV-MAC1- 01, maximum

acceptable limits of various substances contained in wine. Paris, France: International Organization of Vine
and Wine. Available online: http://www.oiv.int/en/technical-standards-and-documents/methods-of-analysis/
compendium-of-international-methods-of-analysis-of-wines-and-musts-2-vol (accessed on 25 June 2020).

9. Bustamante, M.A.; Moral, R.; Paredes, C.; Pérez-Espinosa, A.; Moreno-Caselles, J.; Pérez-Murcia, M.D.
Agrochemical characterisation of the solid by-products and residues from the winery and distillery industry.
Waste Man. 2008, 28, 372–380. [CrossRef] [PubMed]

10. Ruggieri, L.; Cadena, E.; Martinez-Blanco, J.; Gassol, C.M.; Rieradevall, J.; Gabarrell, X.; Gea, T.; Sort, X.;
Sánchez, A. Recovery of organic wastes in the Spanish wine industry. Technical, economic and environmental
analyses of the composting process. J. Clean. Prod. 2009, 17, 830–838. [CrossRef]

11. Faure, D.; Deschamps, A.M. Physico-chemical and microbiological aspects in composting of grape pulps.
Biol. Wastes 1990, 34, 251–258. [CrossRef]

12. Kalli, E.; Lappa, I.; Bouchagier, P.; Tarantilis, P.A.; Skotti, E. Novel application and industrial exploitation of
winery by-products. Bioresour. Bioprocess 2018, 5, 46. [CrossRef]

13. Bertran, E.; Sort, X.; Soliva, M.; Trillas, I. Composting winery waste: Sludges and grape stalks. Bioresour.
Technol. 2004, 95, 203–208. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12011-011-9052-7
http://dx.doi.org/10.1016/j.trac.2007.07.005
http://dx.doi.org/10.1016/j.aca.2005.04.029
http://dx.doi.org/10.1016/j.foodchem.2004.06.010
http://dx.doi.org/10.1016/S0048-9697(01)00912-3
http://www.oiv.int/en/technical-standards-and-documents/methods-of-analysis/compendium-of-international-methods-of-analysis-of-wines-and-musts-2-vol
http://www.oiv.int/en/technical-standards-and-documents/methods-of-analysis/compendium-of-international-methods-of-analysis-of-wines-and-musts-2-vol
http://dx.doi.org/10.1016/j.wasman.2007.01.013
http://www.ncbi.nlm.nih.gov/pubmed/17433659
http://dx.doi.org/10.1016/j.jclepro.2008.12.005
http://dx.doi.org/10.1016/0269-7483(90)90026-O
http://dx.doi.org/10.1186/s40643-018-0232-6
http://dx.doi.org/10.1016/j.biortech.2003.07.012
http://www.ncbi.nlm.nih.gov/pubmed/15246445


Molecules 2020, 25, 2961 17 of 18

14. Inbar, Y.; Hadar, Y.; Chen, Y. Characterization of humic substances formed during the composting of solid
wastes from wineries. Sci. Total Environ. 1992, 113, 35–48. [CrossRef]

15. Dwyer, K.; Hosseinian, F.; Rod, M. The market potential of grape waste alternatives. J. Food Res. 2014, 3,
91–106. [CrossRef]

16. Lachmana, J.; Hejtmánková, A.; Hejtmánková, K.; Hornícková, S.; Pivec, V.; Skala, O.; Dedina, M.; Pribyl, J.
Towards complex utilization of winemaking residues: Characterisation of grape seeds by total phenols,
tocols and essential elements content as a by-product of winemaking. Ind. Crop. Prod. 2013, 49, 445–453.
[CrossRef]

17. Muranyi, Z.; Papp, L. “Enological” Metal Speciation Analysis. Michrochem. J. 1998, 60, 134–142. [CrossRef]
18. Teissedre, P.L.; Cabanis, M.T.; Champagnol, F.; Cabanis, J.C. Lead Distribution in Grape Berries. Am. J. Enol.

Viticult. 1994, 45, 220–228.
19. Jakubowski, N.; Brandt, R.; Stuewer, D.; Eschnauer, H.R.; Gortges, S. Analysis of wines by ICP-MS: Is the

pattern of the rare earth elements a reliable fingerprint for the provenance? Fresenius’. J. Anal. Chem. 1999,
364, 424–428. [CrossRef]

20. Nicolini, G.; Larcher, R. Evidence of changes in the micro-element composition of wine due to the yeast
strain. Rivista di Viticoltura e di Enologia. 2003, 56, 45–48.

21. Kristl, J.; Veber, M.; Slekovec, M. The contents of Cu, Mn, Zn, Cd, Cr and Pb at different stages of the
winemaking process. Acta Chim. Slov. 2003, 50, 123–136.

22. Catarino, S.; Pimentel, I.; Curvelo-Garcia, A.S. Determination of copper in wine by EAAS using conventional
and fast thermal programs: Validation of analytical methods. At. Spectrosc. 2005, 26, 73–78.

23. Bekker, M.Z.; Day, M.P.; Smith, P.A. Changes in metal ion concentrations in a Chardonnay wine related to
oxygen exposure during vinification. Molecules 2019, 24, 1523. [CrossRef] [PubMed]

24. Darret, G.; Couzy, F.; Antonie, J.M.; Magliola, C.; Mareschi, J. Estimation of Minerals and Trace Elements
Provided by Beverages for the Adult in France. Ann. Nut. Metab. 1986, 30, 335–344. [CrossRef] [PubMed]

25. Stockley, C.S.; Smith, L.H.; Guerin, P.; Brückbauer, H.; Johnstone, R.S.; Tiller, K.G.; Lee, T.H. The relationship
between vineyard soil lead concentration and the concentration of lead in grape berries. Aust. J. Grape Wine
Res. 1997, 3, 133–140. [CrossRef]

26. ellerin, P.; O’ Neill, M.A.; Pierre, C.; Cabanis, H.T.; Darvill, A.G.; Albersheim, P.; Moutounet, M. Lead
complexation in wines with the dimers of the grape pectic polysaccharide rhamnogalacturonan II. J. Int. Sci.
Vigne Vin. 1997, 31, 33–41.

27. Henick-Kling, T.; Stowsand, G.S. Lead in wine. Am. J. Enol. Viticult. 1993, 44, 459–463.
28. Esparza, I.; Salinas, I.; Caballero, I.; Santamaria, C.; Calvo, I.; Garcia-Mina, J.M.; Fernández, J.M. Evolution of

metal and polyphenol content over a 1-year period of vinification: Sample fractionation and correlation
between metals and anthocyanins. Anal. Chim. Acta. 2004, 524, 215–224. [CrossRef]

29. Bimpilas, A.; Tsimogiannis, D.; Balta-Brouma, K.; Lymperopoulou, T.; Oreopoulou, V. Evolution of phenolic
compounds and metal content of wine during alcoholic fermentation and storage. Food Chem. 2015, 178,
164–171. [CrossRef]

30. Castiñeira-Gómez, M.M.; Brandt, R.; Jakubowski, N.; Andersson, J. Changes of the Metal Composition in
German White Wines through the Winemaking Process. A Study of 63 Elements by Inductively Coupled
Plasma-Mass Spectrometry. J. Agr. Food Chem. 2004, 52, 2953–2961. [CrossRef]

31. Papageorgiou, F.; Karampatea, K.; Mitropoulos, A.C.; Kyzas, G.Z. Determination of metals in Greek wines.
Int. J. Environ. Sci. Te. 2019, 16, 347–356. [CrossRef]

32. Brandolini, V.; Tedeschi, P.; Capece, A.; Maietti, A.; Mazzotta, D.; Salzano, G.; Paparella, A.; Romano, P.
Saccharomyces cerevisiae wine strains differing in copper resistance exhibit different capability to reduce
copper content in wine. World J. Microb. Biot. 2002, 18, 499–503. [CrossRef]

33. Zhang, N.; Hoadley, A.; Patel, J.; Lim, S.; Li, C. Sustainable options for the utilization of solid residues from
wine Production. Waste Man. 2017, 60, 173–183. [CrossRef] [PubMed]

34. Narukawa, T.; Iwai, T.; Chiba, K. Determination of inorganic arsenic in grape products using HPLC-ICP-MS.
Anal. Sci. 2018, 34, 687–691. [CrossRef] [PubMed]

35. Hopfer, H.; Nelson, J.; Collins, T.S.; Heymann, H.; Ebeler, S.E. The combined impact of vineyard origin and
processing winery on the elemental profile of red wines. Food Chem. 2015, 172, 486–496. [CrossRef]

http://dx.doi.org/10.1016/0048-9697(92)90015-K
http://dx.doi.org/10.5539/jfr.v3n2p91
http://dx.doi.org/10.1016/j.indcrop.2013.05.022
http://dx.doi.org/10.1006/mchj.1998.1657
http://dx.doi.org/10.1007/s002160051361
http://dx.doi.org/10.3390/molecules24081523
http://www.ncbi.nlm.nih.gov/pubmed/30999713
http://dx.doi.org/10.1159/000177212
http://www.ncbi.nlm.nih.gov/pubmed/3752932
http://dx.doi.org/10.1111/j.1755-0238.1997.tb00126.x
http://dx.doi.org/10.1016/j.aca.2004.06.074
http://dx.doi.org/10.1016/j.foodchem.2015.01.090
http://dx.doi.org/10.1021/jf035119g
http://dx.doi.org/10.1007/s13762-018-1675-1
http://dx.doi.org/10.1023/A:1016306813502
http://dx.doi.org/10.1016/j.wasman.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28094155
http://dx.doi.org/10.2116/analsci.18SBP02
http://www.ncbi.nlm.nih.gov/pubmed/29887557
http://dx.doi.org/10.1016/j.foodchem.2014.09.113


Molecules 2020, 25, 2961 18 of 18

36. Rossano, E.C.; Szligagyi, Z.; Malorni, A.; Pocsfalvi, G. Influence of winemaking practices on the concentration
of rare earth elements in white wines studied by inductively coupled plasma mass spectrometry. J. Agric.
Food Chem. 2007, 55, 311–317. [CrossRef]

37. Bayhan, Y.K.; Keskinler, B.; Cakici, A.; Levent, M.; Akay, G. Removal of divalent heavy metal mixtures
from water by Saccharomyces Cerevisiae using crossflow microfiltration. Water Res. 2001, 35, 2191–2200.
[CrossRef]

38. Thomas, C.S.; Boulton, R.B.; Silacci, M.W.; Gubler, W.D. The Effect of Elemental Sulfur, Yeast Strain, and
Fermentation Medium on Hydrogen Sulfide Production During Fermentation. Am. J. Enol. Viticult. 1993, 44,
211–216.

39. Almeida, C.M.; Vasconcelos, M.T. Multielement composition of wines and their precursors including
provenance soil and their potentialities as fingerprints of wine origin. J. Agr. Food Chem. 2003, 51, 4788–4798.
[CrossRef]

40. Coetzee, P.P.; Steffens, F.E.; Eiselen, R.J.; Augustyn, O.P.; Balcaen, L.; Vanhaecke, F. Multi-element analysis of
South African wines by ICP-MS and their classification according to geographical origin. J. Agric. Food Chem.
2005, 53, 5060–5066. [CrossRef]

41. Cugnetto, A.; Santagostini, L.; Rolle, L.; Guidoni, S.; Gerbi, V.; Novello, V. Tracing the “terroirs” via the
elemental composition of leaves, grapes and derived wines in cv Nebbiolo (Vitis vinifera L.). Sci. Hortil.
2014, 172, 101–108.

42. Stafilov, T.; Karadjova, I. Atomic absorption spectrometry in wine analysis. Maced. J. Chem. Chem. Eng. 2009,
28, 17–31. [CrossRef]

43. Available online: www.r-project.org (accessed on 26 June 2020).
44. Fox, J.; Bouchet-Valat, M.; Andronic, L.; Ash, M.; Boye, T.; Calza, S.; Chang, A.; Grosjean, P.; Heiberger, R.;

Pour, K.K.; et al. Rcmdr: R Commander. R Package Version 2.5-2. 2019. Available online: https:
//socialsciences.mcmaster.ca/jfox/Misc/Rcmdr/ (accessed on 11 November 2019).

45. Leardi, R.; Melzi, C.; Polotti, G. CAT Chemometric Agile Tool. 2019. Available online: http:
//gruppochemiometria.it/index.php/software (accessed on 11 November 2019).

Sample Availability: Samples are not available.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jf061828t
http://dx.doi.org/10.1016/S0043-1354(00)00499-1
http://dx.doi.org/10.1021/jf034145b
http://dx.doi.org/10.1021/jf048268n
http://dx.doi.org/10.20450/mjcce.2009.218
www.r-project.org
https://socialsciences.mcmaster.ca/jfox/Misc/Rcmdr/
https://socialsciences.mcmaster.ca/jfox/Misc/Rcmdr/
http://gruppochemiometria.it/index.php/software
http://gruppochemiometria.it/index.php/software
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Method Validation 
	Grape and Yeast Analysis 
	Evolution of the Content of Major Elements 
	Evolution of the Content of Minor Elements 
	Evolution of the Content of Rare Earth Elements 
	Influence of the Yeast Addition 
	Influence of the Vineyard 

	Discussion 
	Behavior of the Elements as a Function of the Fraction 
	Studies about the Origin of the Metals 

	Materials and Methods 
	Winemaking Process 
	Reagents, Samples and Sample Preparation 
	Analysis of the Digests 

	Conclusions 
	References

