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Abstract: A quality control material (QCM) for the analysis of volatile compounds in alcoholic beverages was
developed. The problems of the development and production of QCM were investigated. The seven water-ethanol
solutions, containing 9 volatile compounds (acetaldehyde, methyl acetate, ethyl acetate, methanol, propan-1-ol,
propan-2-ol, 2-methylpropan-1-ol, butan-1-ol and 3-methylbutan-1-ol) with a concentration range from 1.20 to
5000 mg/L of anhydrous ethanol were prepared and studied according to the ISO Guide 80 and 1SO Guide 35 in
order to prove their stability over 6 months. The algorithm for the assessment of uncertainty associated with the
characterization of QCM was developed. The studies were carried out by validated direct gas chromatography
(GC) method with flame ionization detection (FID), based on using ethanol as an internal standard. The expanded
relative uncertainty of QCM does not exceed 4.5 %.

Keywords:Quality control material (QCM); homogeneity assessment; stability assessment; alcoholic beverages;
volatile compounds; uncertainty estimation. © 2021 ACG Publications. All rights reserved.

1.Introduction

The certified reference material (CRM) is one of the important instruments in analytical
chemistry for validation of analysis methods and assessment of the trueness of the results, obtained in
analysis [1]. Review of offers of RM and CRM for analysis of alcoholic beverages showed, that there
are two main manufacturers of such products — LGC Standards and Sigma-Aldrich. These RM and
CRM largely are 1) the water-ethanol mixtures with exact value of concentration of ethanol for
determining of strength of alcoholic beverage(wine, beer, lager, brandy and whiskey)[2]; 2) matrix
whiskey material (Certified Reference Material LGC5100 Whisky-Congeners) [3], which contains 6
volatile compounds: methanol, propan-1-ol, 2-methylpropan-1-ol, butan-1-ol, 2-methylbutan-1-ol and 3-
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methylbutan-1-ol and presents only one level of concentration.Thus, there are currently no proposals of
RM and CRM for determination of mass concentrations of volatile compounds in wide range of
alcoholic beverages (except whiskey).

The quality control material (QCM), variously referred to in the literature as “in-house reference
material”, can partially perform CRM and RM functions in terms of an assessment of repeatability,
intermediate precision and reproducibility [4].

For this reason, the water-ethanol solutions with 9 volatile compounds (acetaldehyde, methyl
acetate, ethyl acetate, methanol, propan-1-ol, propan-2-ol, butan-1-ol, 2-methylpropan-1-ol and 3-
methylbutan-1-ol) were proposed as quality control material (QCM). The choice of 9 of these volatile
compounds is due to the fact that they are the most researched for the method in previous studies [5-8],
and also the most frequently analyzed volatile compounds of alcoholic products.

The developed QCM are the water-ethanol solutions with ethanol volume concentration
(40 £ 0.1) % alcohol by volume (ABV) and with volatile compounds in concentration range from 1.20
to 5000 mg/L of AA (absolute alcohol — AA). The measurement method was GC-FID modified internal
standard method, based on ethanol usage as an internal standard [5]. The results of assessment of
metrological characteristics of the method in single-laboratory and interlaboratory studies were
performed in previous works [7,8]. The statistical insignificance of influence of the matrix effect on the
results obtained by the developed method has been proved [9]. This allows the use of calibration
characteristics (relative response factors of the detector to the volatile compound relative to ethanol)
obtained for water-ethanol standard solutions for analysis of wide range of alcoholic beverages
(bourbon, brandy, calvados, gin, grappa, rakia, rum, tequila, sake, scotch, vodka, whiskey, wine, liquor)
and rectified ethyl alcohol [10].

At the present time, the official method for determination of volatile compounds in alcoholic
beverages, used in the vast majority of countries in the world, for example, EU [11], USA [12], China
[13], India [14], Mexico [15] and etc., include a procedure for preparing solutions for calibration,
checking detector response linearity and quality control of obtained results. These solutions consist of
ethanol (40 % ABV), water and volatile compounds with concentration range from 10 to 1000 mg/L of
AA approximately [1]. The reagent of ethyl alcohol 96 % ABYV is used for preparation of base water-
ethanol solution for further preparation of standard solutions according to the official method. It is
necessary to notice, that this reagent, as rule, contains acetaldehyde, methanol and propan-2-ol, which is
difficult to fully separate from ethyl alcohol with inexpensive methods. Thus, it is necessary to take into
account the concentrations of these impurities in order to obtain more accurate results. This problem
was taken into account and resolved for developed QCM.

The range of volatile compounds’ concentrations from 1.20 to 10 mg/L AA was added in order
to make more accurate analysis of vodka, gin and rectified ethyl alcohol. The results of previous studies
of spirit drinks and ethanol-containing products [9,10] showed, that the minimal concentration levels of
volatiles can be about 0.4 mg/L AA. This concentration value is higher than the limit of quantification
(LOQ) of the method [10], but it is too difficult to obtain such limit with the required accuracy.For this
reason,the concentration level about 1.2 mg/L AA (0.5 mg/L) was chosen as the lowest concentration
point. The highest concentration point was approximately 5000 mg/L AA (2000 mg/L), since the results
of studies [9,10] showed, that the highest levels of volatiles’ concentrations are often have values
between 1000 and 5000 mg/L AA.

2. Experimental
2.1. Materials and Methods

High-purity ethanol with 96 % ABV was supplied by Dyatlovo Distillery Plant “Algon”
(Grodno, Belarus). Pure deionized water was purchased at JSC “Integral” (Minsk, Belarus). The
following chemical standards were purchased from Sigma Aldrich (Madrid, Spain) with the highest
purity available (more than 99.5 %): acetaldehyde, methyl acetate, ethyl acetate, methanol, propan-2-ol,
propan-1-ol, 2-methylpropan-1-ol, butan-1-ol, 3-methylbutan-1-ol.

All solutions were prepared gravimetrically according to the ASTM D4307 [16].
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Water-ethanol solution (WES) with ethanol volume concentration 40 % ABV was prepared by
mixing of high-purity ethanol with 96% ABYV and deionized water.

The solution A (with approximate concentrations of volatile compounds 5000 mg/L AA) was
prepared by adding of the volatile compounds (acetaldehyde, methyl acetate, ethyl acetate, methanol,
propan-2-ol, propan-1-ol, 2-methylpropan-1-ol, butan-1-ol, 3-methylbutan-1-ol) to WES.

The calibration solution C* (with approximate concentrations of volatile compounds 250mg/L
AA) was prepared by mixing of solution A and WES.

The solutions B, C, D and E (with approximate concentrations of volatile compounds 500; 250;
200; 25 mg/L. AA, correspondingly) were prepared by mixing of solution A and WES.

The solutions F and G (with approximate concentrations of volatile compounds 10 and 1.2
mg/L AA, correspondingly) were prepared by mixing of solution C and WES.

Since reagent ethanol, depending on its origin, often contains volatile compounds (as rule
methanol, acetaldehyde, propan-2-ol, etc.), it was necessary to take account volatile compounds, which
are present in WES(Figure 1). The algorithm for this calculation is presented in the item S.1 of
Supplementary material. The mass concentrations and corresponding uncertainties of concentrations of
prepared solutions are shown in Table S.1.2 of Supplementary material.

The experimental study was carried out in full accordance with ISO Guide 80 [4],
ISO/IEC 17025 [17], ISO Guide 35 [18], ISO 17034 [19] and ISO 5725-2 [20].

2.2. GC-FIDAnalysis Conditions

Analysis was performed using a gas chromatograph Crystal-5000.1 (JSC SDB Chromatec,
Yoshkar-Ola, Russia), equipped with the autosampler and FID detector. All the separations were carried
out with a capillary column Rt-Wax, 60 m x 0.53 mm, 1.0 um (Restek, Bellefonte, USA). The injections
were made in the split mode (10:1), and the injection volume was 1.0 pL. The temperature of injector
was 190°C. The oven was programmed for 75°C for 9 min, increased by 5°/min to 130°C, then
increased by 10°/min to 180°C, followed by 5 min at the final temperature. The temperature of FID was
280°C. All solutions were measured twice under repeatability conditions. The typical chromatograms of
WES and solutions A-G are shown in Figures 1 and 2.

2.3. Calibration

The single-point calibration method was performed every two weeks during the study with the
usage of the calibration solution C*. The values of RRF™" (Relative Response Factor — RRF) for each
volatile compound were determined according to the following formula [5-10]
G~ A

c PEtn

where C°" is the concentration of the i-th volatile compound in the calibration solution C*, expressed in

RRF Eth —

)

mg/L AA units; A”" and AS; are the detector responses for i-th volatile compound and ethanol in the

calibration solution C*, correspondingly, a.u. (arbitrary units), pewn is the density of pure ethanol, pen =
789300 mg/L.

2.4. Concentration Calculations

The experimental values of concentration of analytes C*was determined according to the
following formula [5-10]

k Eth Ak

C’ =RRK kPt (2)
th

where A“ and A{, are the detector responses for i-th volatile compound and ethanol in the k-th studied

solution (QCM), correspondingly, a.u.
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Figure 1. Typical chromatograms of WES and QCM G, F, E solutions. 1 — acetaldehyde, 2 — methyl
acetate, 3 — ethyl acetate, 4 — methanol, 5 — propan-2-ol, 6 — ethanol, 7 — propan-1-ol, 8 —
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Figure 2. Typical chromatograms of QCM D, C, B and A solutions. 1 — acetaldehyde, 2 — methyl
acetate, 3 — ethyl acetate, 4 — methanol, 5 — propan-2-ol, 6 — ethanol, 7 — propan-1-ol, 8 —
2-methylpropan-1-ol, 9 — butan-1-ol, 10 — 3-methylbutan-1-ol
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2.5. Uncertainty Estimation
The expanded uncertainty of QCM can be estimated according to the following formula [18]

2 2 2 2
UQCM = k : \/uchar + uhom + usts + uIts ' (3)

where k is the coverage factor, k = 2; uUcnaris Standard uncertainty associated with a value assigned in a
characterization study; unom IS Standard uncertainty associated with potential between-unit heterogeneity;
Usts IS standard uncertainty associated with the transport stability of material; ups is standard uncertainty
associated with long-term stability of material.

The expected value of the relative expanded uncertainty of QCM uZ¢,, was no more than 4.5 %
for solution G and 3.0 % for other solutions.

2.6. Characterization of the QCM

The characterization of QCM was carried out by preparation procedure, according to the
Technical Report 1/2007 [21], ISO/IEC GUIDE 98 [22] and EURACHEM/CITAC Guide [23]. The full
description of estimation and calculation of uchar for prepared solutions is performed in the item S.2 of
Supplementary material and presented schematically in Figure 3.

Purity of reagent Purity of ethyl alcohol Density of pure
(declared) (nondeclared) ethyl alcohol

Manufacturer Manufacturer International

impurities impurities water-ethanol tables Uncertainty

of concentration
in QCM
AN (mg/L AA)

Repeatability of

Repeatability '\ Repeatability FID signal

\ Calibration \ Calibration Calibration
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Measurement by Measurement by Measurement by
Balance Pycnometer GC-FID

Figure 3. The general Fishbone diagram for the determination of uncertainty (associated with a value
assigned in a characterization study) of analyte concentration in QCM

2.7. Assessment of Homogeneity

The homogeneity testing of QCM was carried out by a single primary method [5-10] according
to the item 7 of ISO Guide 35 [18].

The packaging of QCM is 2 mL vials for autosampler in order to single use in analysis. Thus,
QCM, prepared in a 100 mL volumetric flask, will be placed in vials and delivered to the user in this
form. For this reason, the within-unit homogeneity was not estimated as unnecessary. The number of
units, sampled for homogeneity study is 10, according to the recommendations in item 7.1 of ISO
Guide 35 [18]. A between-unit homogeneity study was conducted using the aforementioned GC-FID
method based on the use of ethanol as an internal standard [4-9].

The statistical analysis of obtained results was carried out with Cochran’s test, according to the
item 7.3.3 of 1ISO 5725-2 [20] in order to check the homogeneity of the variances. The obtained results
of measurements and testing with Cochran’s test are shown in Table S.3.1 and Tables S.3.2 of
Supplementary material, correspondingly.

The ANOVA analysis of variances was carried out for each QCM according to the item 7.7.4 of
ISO Guide 35 [18] using MS Excel 2016. The results of ANOVA test of the homogeneity study are
presented in Table S.3.3 of Supplementary material.
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The standard uncertainty of homogeneity unm Was calculated according to the following

formula [18]
MS, . . 2
uhom — within , (4)
Mo VMswithin

where MSyimin is the within-group variance; no is number of observations per group, np = 2; v

MSyithin 1>
degree of freedom of the within-group variance, Vs i = 10.

2.8. Assessment of Stability
The stability testing of QCM was carried out by according to the item 8 of ISO Guide 35 [18].
2.8.1.Short-term Stability

The short-term stability study was not carried out as unnecessary, according to the item 12 of
ISO Guide 80 [4].

The storage temperature of QCMs should be strictly defined: (5 = 4) °C. Due to the fact, that the
composition of the QCM is complicated (11 compounds: acetaldehyde, methyl acetate, ethyl acetate,
methanol, propan-2-ol, propan-1-ol, 2-methylpropan-1-ol, butan-1-ol, 3-methylbutan-1-ol, ethanol and
water) violation of the storage conditions will lead to the unsuitability of the solutions.

This can be explained by chemical processes in solutions of volatile compounds. In any case,
chemical redox reactions will occur in such a solution when the recommended storage temperature is
raised or lowered.

Acetaldehyde, as the most reactive compound in solution, is prone to polymerization reactions
at low temperatures (< 0 © C) [24] and reduction at high temperatures (>30 °C) [25,26]. The studies of
degradation of acetaldehyde did not found any relationships between the reduction of acetaldehyde mass
concentrations and storage temperature.

Another volatile compounds can be also undergone redox reactions at high temperatures in the
presence of oxygen in the vial (ethanol to acetaldehyde or acetic acid, propan-2-ol to acetone) and other
reactions (ethanol with acetaldehyde to 1,1-diethoxyethane, alcohols with acetic acid to ethyl ethers).
Combination and esterification reactions are less likely than redox reactions, but can also occur.

Thus, it makes no sense to study the short-term stability of the QCM at temperatures above and
below the recommended storage temperature, since the chemical reaction in solutions cannot be
quantitatively described and it is obvious that the solution will be unusable.

The short-term stability of the similar solutions during transportation has been partially proven
in a previous interlaboratory study of the method of analysis [8]. Water-ethanol solutions with a mass
concentration of volatile compounds from 10 to 500 mg/L of AA, prepared by analogy with solutions in
the current experiment, were delivered by air and land transport to 9 laboratories from 4 countries
(Russia, Czech Republic, Turkey and Belarus). After transportation, the solutions had the same
characteristics as after preparation.

2.8.2.Long-term Stability

The classical monitoring design was chosen for stability study according to the item 8.10.3.1 of
ISO Guide 35 [18].

Stability studies were performed every 7 days for 6 months for solution G (27 tests) and every
14 days for 6 months for other solutions (14 tests), stored at recommended temperature (5 + 4) °C.

The intermediate results of stability monitoring were estimated according to the condition [18]
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|XQCM ~ Xion | < k- \’uQCM + umon J ®)

where X, is the mass concentration of the volatile compound in QCM, mg/L AA; Xmon is the mass

concentration of the volatile compound in QCM, obtained by measuring monitoring point with formula
(2), mg/L AA; k is the coverage factor, k = 2; U, Is the standard uncertainty, associated with the mass

concentration of the volatile compound in QCM, mg/L AA; umen is the standard uncertainty, associated
with the mass concentration of the volatile compound in QCM, obtained by measuring at monitoring
point, mg/L AA.

The standard uncertainties, associated with the mass concentration of the volatile compound in
QCM ugem and associated with the mass concentration of the volatile compound in QCM Umon Were
calculated according to the following formula

exp

U
Uoem = Uno Q;M . (6)

If the condition (3) was not met, the significance of instability would be confirmed.

The statistical analysis of obtained results was carried out with Cochran’s and Grubbs’ tests,
according to the items 7.3.3 and 7.3.4 of ISO 5725-2 [20] correspondingly, in order to check the
outliers. The obtained results of measurements and testing with Cochran’s and Grubbs’ tests are shown
in Table S.4.1 and Table S.4.2 of Supplementary material, correspondingly. The results of the checking
of condition (3) are presented in Table S.4.3 of Supplementary material.

In order to estimate the presence of a trend in the data, the method, described in the item B.3 of
ISO Guide 35 [18] was used. An analysis of the slope was carried out on the results, assuming the linear
regression, where x is the storage time in days and y is the mass concentration of the volatile compound
in QCM in mg/L AA (Figures 4-6).

The regression parameters by and by and their standard errors s(b:) and s(bo) were calculated
according to the item B.3.2 of ISO Guide 35 [18].Inorder to estimate whether the slope significantly
different from zero, a Student’s test was carried out according to the item B 3.4 of ISO Guide 35 [18].

4 SolutionG »  SolutionF v SolutionE < Solution D stability range limits 4949 conventional true value of concentration (characterization study data)
¢ SolutionC = SolutionB e SoluionA TTTTTmmommoooos

acetaldehyde methyl acetate ethyl acetate

5200 5200 5040 5200
e o * e * o o ® 4948 . e 8 e—& g0 —¢ 040 e
4800 BB ) bt 4 . . . =

1 5042
550 550
500 PP S = 500 ® 5 o & B 8 . 8 8 a® = 501 s0{e = = = ® " o 4 5 54 = " = a 502
450 450 450
260 260 °
PR S ® 25
5 S o o ¢ * o250
240
220
200 49 ¢ 9 a o 9 4 4 9 4 ag

v v 9 v

<
<

=

25 v 24.9
vV v v v v v VvV vy 25.1 = v 9y vV gy v g2

Concentration, mgfl AA
Concentration, mg/L. AA

26
u1v\7v‘,v~7VvVV\7vvv:w

11
7 > > Y
e R e R e e 1Y '”1 > v {03 “,j} L —E_5& P 103

14 14
a & appAA A a
4%440a, 40000408 ,40044, R R P P S e R St W PPN Il Aaada a0t an P T TR
1.0 1.0

vvvvvvv

0 14 28 42 56 70 84 98 112 126 HO 1‘4 l(b l‘ fi l-l X J (> ’ 4 ‘7‘< ll 124 ( HO 15 4 l(\ 18 0 14 ‘l -l ‘( 70 N ) ll 124 ( Hi) 15 4 1(\ l\
Day Day Day

Figure 4. The stability monitoring results for acetaldehyde, methyl acetate and ethyl acetate
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Figure 5. The stability monitoring results for methanol, propan-2-ol, propan-1-ol
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Figure 6. The stability monitoring results for 2-methylpropan-1-ol, butan-1-ol, 3-methylbutan-1-ol.
Estimation was conducted by calculating of t-statistics according to the formula [18]

=[b,| /s, Y
where t, is the critical value for estimation of significance of the slope.

If the obtained critical value for estimation of significance of the slope t, was less or equal,

than the two-tailed critical value of Student’s test for n—-2 degrees of freedom at 95 % level of
confidence teit (terit = 2.06 for solution G and teic = 2.18 for other solutions) the absence of a significant
trend was proven. The results of calculations are shown in the Table S.4.4 of Supplementary material.

The standard uncertainty of long-term stability uixs was calculated according to the following
formula

Uy =S(0)-t, (8)
where t is the time of a long-term stability study, t = 182 days (6 months).

3. Results and Discussion
3.1. Uncertainty Estimation

Theresultsof characterization of prepared solutions showed, that developed algorithm of
calculations of mass concentrations in WES allows to specify the values of calibration coefficients for
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acetaldehyde, methanol and propan-2-ol on 0.2, 1.2 and 0.3 % relative, correspondingly (Table S.1.1 of
Supplementary material). The official method for the analysis of volatile compounds in alcoholic
beverages [10] involves the preparation of standard solutions for further analysis, but there is no method
for assessing the mass concentrations of target volatile compounds in a water-ethanol solution for
preparation. Thus, the calibration coefficient, obtained for the official method [11], may be incorrect.
The results of experimental study of the certification of a QCM for the analysis of volatile
compounds in alcoholic beverages showed, that the calculated values of the relative expanded
uncertainty were less, than planned (4.5 % for solution G and 3.0 % for other solutions).
The results of calculations of standard uncertainty associated with a value assigned in a characterization
study; standard uncertainty associated with potential between-unit heterogeneity; standard uncertainty
associated with long-term stability of material and the expanded uncertainty of QCM are shown in the
Table 1.

Table 1. The results of calculations of the relative expanded uncertainty (P = 0.95, k = 2) of QCM

acetaldehyde methyl acetate ethyl acetate
CM  Uchar,  Unom, Uocm,  Uchar,  Unom, UocMm,  Uchar,  Unom, Uacwm,
< s Uromygp Ugow U Urom g oo U Urom g Uocw
A 040 013 068 161 036 020 078 176 036 016 053 1.32
B 040 010 o077 175 035 023 087 193 035 021 101 217
C 040 006 066 155 035 010 109 230 035 011 114 240
D 037 013 o080 178 031 012 113 236 031 013 104 219
E 039 007 125 262 034 008 13 280 034 018 115 243
F 03 019 13 282 031 021 138 28 031 011 116 241
G 049 017 160 336 034 010 124 257 034 011 172 351

methanol propan-2-ol propan-1-ol
CM  Uchar,  Unom, UocM,  Uchar,  Unom, Uogcm,  Uchar,  Uhom, Uqgcwm,
A 03 003 064 147 035 007 043 113 035 004 052 1.26
B 03 007 111 233 03 007 08 18 035 004 081 1.77
C 03 001 106 223 035 004 09 203 035 001 o061 141
D 031 006 078 167 031 011 120 250 031 004 033 091
E 033 007 08 189 033 008 101 214 034 004 118 245
F 03 011 136 282 030 015 133 275 031 008 118 244
G 087 007 102 268 055 014 156 333 034 014 143 295

2-methylpropan-1-ol butan-1-ol 3-methylbutan-1-ol
CM  Uchar,  Unom, Uocm,  Uchar,  Unom, UocMm,  Uchar,  Uhom, Uagcwm,
< s Uromy gp Ugow U Urom g oo U Urom g Uocw
A 039 005 036 106 035 005 059 138 038 009 058 1.39
B 038 006 068 157 035 003 093 199 038 007 087 1.90
C 038 003 056 136 035 001 054 129 038 002 059 140
D 03 006 09 203 031 003 062 139 034 003 063 143
E 038 007 098 210 034 004 092 197 037 006 1.08 228
F 03 015 095 205 031 009 094 199 034 011 118 248
G 038 0413 110 234 034 007 116 243 037 008 139 287

The ANOVA analysis of the results, obtained during the study of the homogeneity of solutions,
showed satisfactory results — the approach for preparation and pouring into individual vials of solutions
allows to achieve high homogeneity of samples and carry out a one-time analysis without any manual
sampling.

The results of long-term stability study showed the highest values of relative uncertainty of
long-term stability study for acetaldehyde (1.6 %), ethyl acetate (1.7 %) in solution G compared to other
volatiles. This fact can be explained by abovementioned probable ongoing chemical processes.
Acetaldehyde can be formed from ethanol during oxidation in the presence of oxygen remaining in the
vial when closed and at the same time convert to 1,1-diethoxyethane or acetic acid. Ethyl acetate can be
produced as a result of the reaction of ethanol and acetic acid formed. Also, possible product of side
reactions in solution — 1,1-diethoxyethane has retention time is very close to retention time of ethyl
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acetate (features of the GC column used). Thus, 1,1-diethoxyethane formation could increase the peak
of ethyl acetate. Further observations showed that for most volatile compounds, the relative uncertainty
associated with stability gradually decreased, respectively, with an increase of the mass concentration of
volatiles in solutions.

4. Conclusions

The developed QCMs can be useful for analytical laboratories performing routine analysis of
volatile compounds in alcoholic beverages. A review of RM and CRM offers for the analysis of
alcoholic beverages showed the absence of such a product on the market. The research results show that
these QCMs can be studied and certified as CRMs: the expanded relative uncertainty of the QCM does
not exceed 4.5%, and the long-term stability is proved for 6 months.

During the study, a detailed description of the algorithm for accounting for impurities in ethyl
alcohol-rectified and the assessment of the associated uncertainty was proposed and described in
additional materials. The results showed that the developed algorithm for calculating the mass
concentrations of analytes makes it possible to refine the values of the calibration coefficients and
increase the accuracy of the analysis.
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