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Abstract: The measurement of ethanol and toxic alcohol (methanol and isopropanol) strengths in
beverages and spirits is crucial for health reasons but also for the identification of adulterated products.
Many methodologies have been reported in the literature, based mainly on chromatographic and on
spectroscopic techniques. Chromatographic techniques are laborious and time-consuming, while
spectroscopic techniques are rapid and need no special sample pretreatment. All techniques were
only applied to off-line or at-line manner. In the present work, Raman spectroscopy was used for
fast and non-destructive measurements. A “through the container” method was developed for a
non-invasive analysis, i.e., analysis without unsealing the bottles. This method, coupled with a
miniature portable Raman, can serve for in-line measurements in a production line. The optimum
laser focus for maximum spirit signal and minimum glass-wall signal was investigated. Calibration
curves for the alcohols of interest were constructed and validated. The limits of detections were
calculated and proved to be lower than the legitimate values. The influences of the liquor color and
the bottle color, shape, and thickness were checked. Twenty-eight alcoholic products were studied.
The concentrations found were compared against the nominal values (from the bottle labels).

Keywords: spirits; beverages; alcohol; toxicity; Raman; portable

1. Introduction

For decades, alcohol content (ethanol, methanol, and isopropanol) in beverages and
spirits has been evaluated in an indirect way using density measurements after distilla-
tion [1,2]. This approach has been abandoned as it lacks the accuracy needed for this type of
analysis. Space has been given to gas (GC) and liquid (HPLC) chromatography [3,4], which
are undeniably accurate techniques. However, they are time-consuming and presume an
off-line type of analysis (i.e., they involve removal of a sample from the bottle). In addition,
ethanol and methanol cannot be measured simultaneously due to the usual huge difference
in their concentrations. Thus, sample pre-treatment is needed.

The determination of strength in alcoholic beverages and spirits is imperative due
to customs legislation as well as intoxication in cases of abuse. Adulteration by alcohols
other than ethanol (methanol or isopropanol) is also an issue that needs to be dealt with,
as their consumption can have serious health consequences, leading to blindness or even
death. Swift and on-the-spot measurement without the destruction of packaging or sample
contamination would help to avoid all the previously described problems. Furthermore,
applications in the quality-control procedure in the production line would be of great value.

Apart from chromatography, spectroscopic techniques such as UV /Vis [5], MIR [6-13],
NIR [14-18], and Raman spectroscopy [1,17,19-25] have also been reported in the literature
for alcohol determination. Several devices (flow cells, immersion probes, and sensors) have
been employed. No special sample preparation was needed, but a sample was withdrawn
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from the bottle. For NIR and MIR techniques, the presence of sugars appeared as an
obstacle for analysis as it interfered with the signal from ethanol.

Performing ethanol analysis in alcoholic drinks or beverages in a non-destructive
way, i.e., without opening the bottles, is a major challenge. In the present work, portable
Raman spectroscopy is used to accurately measure the ethanol content (strength) as well as
methanol and isopropanol content (toxicity) in alcoholic beverages (wine and beer) and
spirits (vodka, whisky, and gin) directly from the bottle without opening the container and
withdrawing a sample to analyze.

2. Materials and Methods
2.1. Samples Analyzed
2.1.1. Standard Solutions

For the construction of the ethanol calibration curve, standard solutions of absolute
ethanol (Fisher Chemical, Waltham, MA, USA, 99.99%) in water (Elix 3, Millipore, Burling-
ton, MA, USA, 15 M(Q).cm) were prepared in concentrations of 0, 25, 50, 75, and 100% vol.
For the toxic alcohols, quantities were added in spirit samples (Ballantine’s whiskey, Pernod
Ricard, Paris, France). For pure methanol (Fisher Chemical, 99.99%), concentrations of
0.20, 0.40, 0.80, 1.00, and 1.50% vol were used, and for pure isopropanol, (Fisher Chemical,
99.98%) concentrations of 0.10, 0.20, 0.30, and 0.40% vol were used. Predefined amounts of
the liquids were accurately pipetted and mixed in all cases.

2.1.2. Drinks

Alcoholic drinks, beverages, and spirits in mini-bar packages (50 mL) and bottles
(up to 700 mL) with different contents of alcohol were purchased from various countries
around the world and used in this study. They are all quoted in Table 1 with their strength,
color, and bottle characteristics (material, color, and volume) noted.

Table 1. Drinks (brand name, type, volume of the container) used for the study. The alcohol content
(strength), color, and as information about the container are quoted.

Brand Name (Type of Drink,

Alcoholic Strength, Volume) Characteristics of the Drink () Characteristics of the Bottle (34°)
Blue island (Beer, 0%), 330 mL light yellow
Blue island (Beer, 4.5%), 330 mL light yellow
Carib (Beer, 5%), 330 mL light yellow
Desperados (Beer, 5.9%), 250 mL light yellow
Somersby (Beer, 4.5%), 330 mL light yellow
dark brown,

Martell (Cognac, 40%), 50 mL

not tranparent

Beefeater (Gin, 47%), 50 mL plastic

Ahududu (Liqueur, unknown), 50 mL

dark red,
not transparent

Banane (Liqueur, unknown), 50 mL yellow
Belle epoque orange,
(Liqueur, unknown), 50 mL not transparent
Brandy (Liqueur, unknown), 50 mL light yellow
Drambuie (Liqueur, 40%), 50 mL yellow plastic, brown, not transparent
red,

Fraise (Liqueur, unknown), 50 mL

not transparent

Limoncello (Liqueur, 32%), 50 mL

yellow,
not transparent
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Table 1. Cont.
Brand Name (Type of Drink, - . 112 . s 34,5
Alcoholic Strength, Volume) Characteristics of the Drink (<) Characteristics of the Bottle (°*°)
(Liqueur, unknown), 50 mL light yellow
Sabra (Liqueur, 30%), 50 mL burgundy,
not transparent
Tikelli (Ouzo, 40%), 50 mL
Varvagianni (Ouzo, 42%), 50 mL
Haraki (Raki, 40%), 50 mL
Agioritiko (Tripouro, 38%), 50 mL
. o dark brown,
Amorgos (Tsipouro, 20%), 50 mL not transparent
Babajim (Tsipouro, 40%), 50 mL
Stolichnaya (Vodka, 40%), 50 mL
Ballantines (Whiskey, 43%), 50 mL light yellow
Jack Daniel’s (Whiskey, 43%), 50 mL light yellow
J & B (Whiskey, 40%), 50 mL light yellow plastic, green, not transparent
Vat 69 (Whiskey, 40%), 700 mL yellow green, not transparent
Kourtaki (Wine, 11.5%), 500 mL light yellow

1 All drinks are colorless, unless otherwise stated. 2 All drinks are transparent, unless otherwise stated. 3 All
bottles are made of glass, unless otherwise stated. 4 All bottles are colorless, unless otherwise stated. 5 All bottles
are transparent, unless otherwise stated.

2.2. Raman Instrumentation and Spectra Collection

A portable Raman spectrometer (i-Raman Plus, B & W Tek, Plainsboro Township, NJ,
U.S.A)), equipped with a fiber-optic probe accessory, was used for the study. The set-up
is shown in Picture 1. The handling of this system requires wearing safety glasses for eye
protection. The incident radiation was a laser line at 785 nm with a power of 350 mW. Each
Raman spectrum was the sum of four accumulations. The exposure time was 20 s for each
accumulation. Five replicate measurements were performed for each sample (standard
solution or drink), each one from different spot. A “dark” spectrum was collected before
any sample recording (at the same conditions with the samples spectra, setting the laser
off) to eliminate any interference.

The drinks were analyzed directly in their containers (circular or rectangular). The
same containers were used as sample holders for the standard solutions. A backside metal
coated cuvette of 5 mm path length (QX, Hellma GmbH & Co. KG, Miillheim, Germany)
was used for collection of some spectra for comparison purposes.

2.3. Raman Spectra Processing

The intensity (height) of the characteristic peaks of ethanol at 878 and 1046 cm~ L,
methanol at 1024 cm 1, and isopropanol at 814 cm ! in all Raman spectra [20,24] were used
after appropriate baselining and background correction (Figure 1). The peak boundaries
used to draw the baseline were (approximately) 838-925 cm ! for ethanol, 998-1147 cm ™!
for methanol, and 796-829 cm ™! for isopropanol.
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Figure 1. Drawing a two-point baseline (A), and background removal and height measuring (B) for
the peak of ethanol at 878 cm .

2.4. Intraday and Interday Analyses

Intraday (three repeat cycles within the same day) and interday (three repeat cycles on
the same day for three successive days) repeatability tests were performed for all standard
ethanol-water, methanol-whiskey, and isopropanol-whiskey solutions.

3. Results
3.1. Conventional Raman System

The usual way of analyzing a beverage or spirit with Raman spectroscopy is to use
a special cuvette (Raman cuvette) made of synthetic quartz with a path length of 5 mm,
equipped with a mirror in the back side, to reflect the scattered radiation and divert it
towards the detector. A quantity of the sample to be tested is poured in, and the cuvette
is placed under the Raman microscope in a vertical position or in a horizontal position in
the case that an angle objective lens is used. This setup presupposes that the sample is
withdrawn from the container and transported to the Raman lab for analysis.
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3.2. Analysis of Raman Spectrum of a Spirit

The Raman spectrum of a spirit (whiskey), recorded as previously described, can be
seen in Figure 2A. The Raman spectrum of pure ethanol, also recorded in a cuvette, is
quoted in Figure 2C for comparison. The spectrum of the whiskey is dominated by the
peaks of ethanol, which is its major constituent other than water (43% v/v).
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Figure 2. Raman spectra of (A) a spirit (whiskey, 43% vol) recorded using a Raman cuvette, (B) the
same spirit using the Raman portable system and the “through the container” method, and (C) pure
ethanol. Major ethanol peaks at 883, 1053, and 1097 cm ™! shifted to 878, 1046, and 1086 cm ™! for

the whiskey.

The peaks for pure ethanol, together with their assignment as reported in the litera-
ture [17,26,27], and the peaks of the whiskey are quoted in Table 2.

Table 2. Peak maximum and assignment for pure ethanol and ethanol in whiskey.

Ethanol Peak Maximum Whiskey Peak Maximum B .
1 1 and Assignment
(cm—1) (cm~1)
433 433 C-C-O bending
883 878 C-C-O stretching
1053 1046 C-C-O stretching
1097 1086 C-O stretching, CHj3 rocking
1277 1276 C-H torsion and rotation
1454 1454 CHj; and CHj bending
1486 1483 CHj3 bending

It should be noted that a (red) shift of the maxima of the ethanol peaks at 883, 1053,
and 1096 cm ™! to lower wavenumbers (878, 1046, and 1086 cm ™!, respectively) is recorded
for the whiskey spectrum. This is attributed to the strong hydrogen bonds between ethanol
and water molecules in the spirit, which weaken the neighboring C-C, C-O, and C-H bonds
and lead to polarizability changes [17,26,27].

3.3. Portable Raman Setup for Spectra Acquisition through Transparent Containers

In the present work, a different Raman setup was used to perform this type of analysis
in a non-destructive and non-invasive way (Figure 3). The central unit, which houses the
laser, the optics, and the detector, is a portable apparatus, small in volume and weight. The
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laser beam is directed to the sample through a fiber-optic probe. The scattered radiation is
also collected from the probe and transferred through a second fiber-optic to the detector in
the main unit. The spectra are pictured and processed on a laptop connected to the system
using specialized software. (i-Raman Plus, B & W Tek, Plainsboro, NJ, USA).

Figure 3. Portable Raman setup for the in-line analysis of drinks and spirits. A bottle of beer is placed
as the sample.

In this work, the portable Raman system was used for spectra acquisition from bever-
ages and spirits through their container without package opening and sample withdrawal.
It is important to note that a red laser (785 nm) was used to minimize the fluorescence of
complex matrix spirits and beverages. Spectra were collected from different spots on the
perimeter of the bottle. A characteristic spectrum of the whiskey (43% v/v) used before
is shown in Figure 2B. Apart from a moderate background in the area of 1300-1500 cm !,
attributed to the glass wall, the quality of the spectrum is verified by its resemblance to the

spectrum collected with a cuvette (Figure 2A).

3.4. Optimization of the Signal

The spectra of a spirit (whiskey, 43% vol) inside its container were recorded by placing
the laser probe in three pre-specified distances away from the bottle so that the laser focused
(A) on a point away from the bottle, (B) on the glass wall of the bottle, and (C) on a point
inside the bottle. In all three cases, the probe was kept in a vertical position with respect to
the glass wall, and the focal point moved from position (A) to (C) in a straight line. The
spectra are shown in Figure 3. When the laser focused in front of the wall (position A),
the wide peak of glass (1100-1750 cm~!) prevails in the collected spectrum (Figure 4A).
The ethanol signal is suppressed to a minimum; the major peak at 878 cm~! is barely seen,
while the rest of the peaks have completely disappeared. In the case of laser focus exactly
on the wall (position B), the spectrum collected is also dominated by the wide peak of
glass. However, the peaks of ethanol (878, 1046, 1086 cm™!) can be clearly seen (Figure 4B).
The optimum position is for the probe to be in contact with the glass wall so that the laser
beam focuses inside the container, in the liquid. In this case, the signal from the glass is
suppressed to a large extent and the signal from the spirit is clear (Figure 4C). The ethanol
peaks are recorded almost as clear and intense as in the spectra from the cuvette (Figure 4D).
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Figure 4. Raman spectra of a spirit (whiskey, 43% vol) recorded using the Raman portable system
and the “through the container” method. (A) The laser is focused in front of the glass wall, (B) the
laser is focused on the glass wall, (C) the laser is focused in the main volume of the liquid through
the glass wall, and (D) Raman spectrum of the same spirit using the Raman cuvette. Major peaks of
ethanol in the whiskey at 878, 1046, and 1086 cm ! are marked.

3.5. Raman Spectra of Drinks and Beverages

Various types of drinks were studied. The drinks, quoted in Table 1, varied with respect
to their alcoholic strength, the type of bottle used (glass or plastic), and the thickness of
the bottle.

The previously described portable system was used for the collection of the spectra.
The drinks were separated into two main categories: (A) colorless spirits in colorless
transparent containers, glass or plastic and (B) colored spirits (color ranging from light
yellow to dark red) in colorless glass containers.

3.5.1. Colorless Spirits

Three representative strong spirits (ouzo, Varvagianni, 42% vol (A); vodka, Stolichnaya,
40% vol (B); and gin, Beefeater 47% vol, (C)) are shown in Figure 5a. All spectra were
collected with the probe of the portable Raman system through their containers. Gin
Beefeater had a plastic container, the spectrum of which is shown in Figure 5(aD).

The ethanol peaks are sharp and clear for all the spirits. The background appearing
in the spectra of ouzo, Vavagianni and vodka, Stolichnaya can, to a greater degree, be
attributed to the thickness of the container which decreases from A to B (1.8 mm for A and
1.5 mm for B). This background does not, however, prohibit the detection of ethanol in
the spirits.

For the Beefeater gin (Figure 5(aC)), the Raman signal of the plastic container is
suppressed to minimum, in accordance to what was previously described for the glass with
the “through the container” method. The peak of the plastic at 857 cm ™! appears only as a
shoulder at the peak of ethanol at 878 cm~! (Figure 5b).
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Figure 5. (a) Raman spectra of (A) ouzo, Varvagianni (42% vol), (B) vodka, Stolichnaya (40% vol), (C)
gin, Beefeater (47% vol), and (D) the plastic container of Beefeater gin. The Raman portable system
and the “through the container” method were used. Major ethanol peaks at 878, 1046, and 1086
cm 1 and the 857 cm ! peak of the plastic bottle are marked. (b) Zoomed area of (a) in spectral area
700-1000 cm ™. The peak of plastic container at 857 cm~! as a shoulder of the peak of ethanol at 878
cm ™! in the spectrum of Beefeater gin is shown.

3.5.2. Colored Spirits

The Raman spectra of colored spirits and beverages are shown in Figure 6. The
cases A to D refer to slightly colored (light yellow) but still transparent drinks in colorless,
transparent glass bottles. Apart from the background at 1300-1500 cm !, stemming from
thicker glass walls, the ethanol presence is recorded. The spectrum of Desperados beer
(D) is less intense as its ethanol content is low (5.9% vol). The peaks of the rest of the
low-quantity ingredients can be seen. Some background in the area of 1250-1750 cm ™!
also appears.
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Figure 6. Raman spectra of (A) wine, Kourtaki (11.5% vol), (B) whiskey, Ballantine’s (43% vol), (C)
whiskey, Jack Daniels (43% vol), (D) beer, Desperados (5.9% vol) (baselined), (E) liqueur, Fraise
(baselined), and (F) liqueur, Belle Epoque, obtained using the Raman portable system and the
“through the container” method. Major ethanol peaks at 878, 1046, and 1086 cm ! are marked.

The Belle Epoque liqueur is darker (orange) and not transparent. Its spectrum is also
clear. The exact concentration is not known, but is expected to be around 40% vol. The
intensity is not equal but is comparable to spirits of 43% vol concentration. On the other
side, Fraise liqueur provided a spectrum of unexpectedly low intensity, taking into account
the ethanol content (expected to be around 40% vol) when compared to Belle Epoque
liqueur. This can be attributed to the deep red color of the spirit.

Spectra 5B and 5C can be compared directly, as they are two whiskeys of 43% strength.
The container of B is thicker (1.6 mm) with a slightly higher glass peak, and C is thinner
(1.4 mm) with slightly lower glass peak.

The background (spectral area 1250-1750 cm~!) is at a maximum in the spectra A and
F of beverages in glass containers of 1.9 mm thickness and at a minimum in case C, with
1.4 mm glass thickness.

Spectra of other spirits of Table 1 are quoted in the Supplementary Materials.

3.6. Measuring Ethanol Strength
Colorless Spirits

For the quantification of ethanol in colorless spirits (Figure 5), a calibration curve was
constructed. Standard solutions of absolute ethanol in water in concentrations of 0, 25, 50,
75, and 100% vol were prepared. Raman spectra were recorded using the portable system
and a rectangular and a rounded colorless glass container, each with a 1.5 mm thickness, as
sample holders. The intensity (height) of the main ethanol peak at 878 cm~! was measured
after background removal and plotted as a function of concentration (Figure 7). The
intensities measured for the two sample holders were similar. Thus, the results were pooled
and a general calibration equation was derived:

TEOH, 878cm—1 = —132.5934 (+:340.5896) + 305.8411 (£5.5618) Crop (% vol) (1)

R? = 0.998
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Figure 7. Intensity of the ethanol peak for ethanol-water standard solutions using a rectangular and
a rounded bottle as sample holders.

3.7. Calibration Testing
3.7.1. Repeatability

Intraday and Interday tests were performed using the standard ethanol-water solu-
tions with concentrations of 25, 50, 75, and 100% vol in order to verify the repeatability of
the results. All data are quoted in Table 3.

Table 3. Interday (A) and intraday (B) repeatability tests for ethanol-water standard solutions.

A. Interday
CEtOH Calculated CEtOH + SD o,
(% vol) % vol) Rel. Error (%)
1st day 26.57 £1.99 6.29
25 2nd day 24.94 £ 0.80 0.24
3rd day 26.01 £1.76 4.05
1st day 49.67 £ 1.85 0.65
50 2nd day 50.51 £+ 1.86 1.02
3rd day 47.84 £ 2.11 4.33
1st day 70.37 £ 2.16 6.18
75 2nd day 7495 £+ 1.70 0.06
3rd day 74.89 £ 4.09 0.15
1st day 100.06 £ 0.29 0.06
100 2nd day 99.68 £+ 2.91 0.32
3rd day 104.43 + 5.16 443
B. Intraday
CE’(OH Calculated CEtOH + SD o
(% vol) (% vol) Rel. Error (%)
25 2591 + 1.67 3.62
50 4934 +£2.14 1.32
75 73.40 4+ 3.45 2.13
100 101.39 + 3.88 1.39

The repeatability of the results is considered satisfactory, being less than 5% in most
cases for intraday analysis and less than 4% for the interday analysis.
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3.7.2. Robustness
e  Bottle shape

The bottle shape did not affect the results. The calibration line was similar either for
circular or rectangular glass containers, as is shown in Figure 7.

e Bottle color

Colored containers were found to reduce Raman intensity. In the case that a quantita-
tive analysis of a spirit placed in a dark container is performed, a calibration line should be
constructed using the same container as the spirit.

e  Liquid (spirit, beverage) color

The effect of the color of the liquid is studied below (Section 3.9).

3.8. Limits of Detection and Quantitation

The limits of detection (LOD) and quantitation (LOQ) for ethanol in the spirits were
calculated [28] and found to be 0.50% vol and 1.12% vol, respectively, which are much
lower than the concentration of interest (4.5% vol, Table 1). A synthetically prepared
mixture of 0.5% vol ethanol in water confirmed the calculated LOD (the ethanol peak was
barely visible).

3.9. Method Application
3.9.1. Colorless Spirits

The previously described methodology was applied for the calculation of the concen-
tration of colorless spirits. The results and the relative error with respect to the nominal
concentration (bottle label) are quoted in Table 4. There is good agreement between them.

Table 4. Ethanol concentration in spirits calculated using the portable Raman setup and the “through
the container” method. Deviation to the label value (relative error) is also quoted (*).

Calculated Relative
Drink Analyzed Color Concentration Error
(%) (%)
Ouzo, Varvagiani (42% vol) colorless 4217 £1.44 0.40
Whiskey, Ballantines (43% vol) light yellow 43.80 £ 1.30 1.86
Whiskey. Jack Daniels (43% vol) light yellow 42.89 £ 1.80 0.24
Vodka, Stolochnaya (40% vol) colorless 39.51 +2.37 1.22

(*) The calculated concentration is given as the mean + standard deviation. The relative error is calculated as the
absolute value of [(calculated concentration — label concentration)/label concentration] x 100%.

3.9.2. Slightly Colored Spirits and Beverages

The calibration curve previously constructed (Equation (1)) was successfully extended
to slightly colored spirits (whiskeys) (Table 4).

However, the same Equation (1) proved unsuitable for beers, though they were also
slightly colored (light yellow). This is probably due to the presence of pressurized CO,. For
the construction of an appropriate calibration curve, beers with different ethanol contents
(Blue Island, 0% vol; Carib, 5% vol; and Desperados, 5.9% vol) were used as standard
solutions. A linear regression provided the following equation:

TE(OH, 883cm—1 = 8.6852 (£74.6323) + 476.8756 (+£16.7148) Crion (% vol), R2 =0.9975  (2)

Another beer (Somersby, 4.5% vol) was used to test the validity of the calibration
Equation (2). The concentration, calculated using the equation, was 4.44% vol (relative
error to the nominal value: 1.38%). It is worthy to note that beers from different firms were
used at this stage of analysis.
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3.9.3. Dark-Colored Spirits

Comparing the spectra of liqueurs (dark-colored spirits) and whiskeys (light-colored
spirits) in Figure 6, it can be seen that, although the concentrations are approximately
the same, the intensities are not comparable. The darker the color of the spirit, the lower
the intensity of ethanol peaks. This suggests that different calibration curves should be
constructed and used for colored spirits. The standard addition method can be also used,
but this implies the unsealing of the bottle, which is destructive and invasive for the product
(not an in-line procedure).

3.10. Illicit Alcohols in Spirits (Methanol and Isopropanol)

The presence of illicit alcohols (methanol and isopropanol) in spirits was also investi-
gated using the portable Raman setup and the “through the container” methodology.

The most intense peak of methanol at 1035 cm™! attributed to C-O stretching vibra-
tion [29], is shifted to 1024 cm~! in the spirit’s environment and appears as a shoulder on
the left of ethanol peak at 1046 cm~! (Figure 8). Isopropanol’s major peak at 821 cm ™!,
assigned to C-C stretching of C-C-O vibration [30,31], shifted to 814 cm ™! (Figure 9). These
were the peaks used for detection and quantification of the alcohols.

Solutions (two series) with precalculated concentrations of methanol (0.20, 0.40, 0.80,
1.00, and 1.50% vol) and isopropanol (0.10, 0.20, 0.30, and 0.40% vol) were prepared
(separately for each alcohol) by the addition of the appropriate quantities of the alcohols
to whiskey (Ballantine’s, 43% vol). Raman spectra were collected using the whiskey glass
container as sample holder. Characteristic spectra are quoted in Figure 8 (for methanol) and
Figure 9 (for isopropanol). The peaks of methanol at 1024 cm ™! (shoulder on the left side
of the ethanol peak at 1046 cm~!) and isopropanol at 814 cm~! can be seen. The spectra in
the Figures are normalized as to the major peak, for clarity.

1046 1086
5

e

0.50% vol
0% vol

w100

Normalized Raman Intensity
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930 1000 1020 1040 1060 1080 1100 1120 1140 1160
- 1024
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980 1000 1020 1040 1060 1080 1100 1120 1140 1160

Raman Shift (cm™)

Figure 8. (A) Raman spectra of increasing concentrations of methanol (0-1.00% vol) added to
Ballantine’s whiskey. The peak of methanol appears as a shoulder on the left of the ethanol peak at
1046 cm~!. The spectra quoted are normalized to the 1046 cm~!. (B) The magnified spectral area,
1000-1030 cm ™1, of (A). Methanol presence can be verified for a content of 0.40% vol or higher. (C)
Raman spectrum of methanol-water solution (1:1).
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Normalised Raman Intensity
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Figure 9. (A) Raman spectra of increasing concentrations of isopropanol (0-0.40% vol) added to Bal-
lantine’s whiskey. The peak of isopropanol appears at 814 cm~!. The spectra quoted are normalized
to the 878 cm~! peak of ethanol. (B) Magnified spectral area 790-840 cm ! of (A). The spectra are
baselined. Isopropanol presence can be verified for content 0.10% vol or higher. (C) Raman spectrum
of isopropanol.

3.11. Measuring lllicit Alcohols Content

A calibration curve was constructed for each alcohol using the standard solutions
prepared previously and their Raman spectra, pictured in Figures 8 and 9. After appropriate
baselining of the alcohols’ peaks (shoulder at 1024 cm ™! for methanol and peak at 814 cm ™!
for isopropanol), their intensity ratios to ethanol (peaks at 1046 cm~! and 878 cm~!) were
sketched as a function of concentration (Equations (3) and (4)). The background signal, i.e.,
the respective ratios for the blank solution (pure whiskey), was subtracted. The calculation
of these mathematical expressions was considered necessary as toxic alcohol content was
(and is expected to be) low, and the signal from the ethanol is significant (see Figure 9B).

The calibration curves (3 and 4) are quoted in the following. They exhibited good
linearity, although the concentrations were lower than limit of quantitation. The spectra of
minor alcohol additions were not used.

For methanol:

(I1024cm—1/T1046em—1) — (Iblank, 1024cm—1/Iblank, 1046cm—1) = 3)
~0.00214 (40.01292) + 0.07741 (£0.01210) Cyzeps (% vol)

R? = 0.95, for a concentration range 0.8-1.5% vol.
For isopropanol:

(Is14cm—1/1878cm—1) — (Iplank, 814cm—1/Iblank, 878cm—1) = @)
—0.00004 (+ 0.00206) + 0.04495 (= 0.00752) Ciprop (% vol)

R? = 0.92, for a concentration range 0.2-0.4% vol.

Intraday and interday analyses (Tables 5 and 6) verified the repeatability of the results
for both cases.

The detection limits calculated from the calibration curves were 0.39% vol for methanol
and 0.16% vol for isopropanol, respectively. They were both verified from the spectra in
Figures 8 and 9.



Biosensors 2023, 13, 135 14 of 18

It should be mentioned that no methanol or isopropanol was detected in any of the
commercially available spirits and liquors studied in the present work.

Table 5. Interday and intraday repeatability tests for the methanol-whiskey standard solutions.

A. Interday
CMeOH Calculated Cpeon £ SD o
(% vol) (% vol) Rel. Error (%)
1st day 0.835 + 0.073 44
0.8 2nd day 0.812 £+ 0.049 1.5
3rd day 0.779 £+ 0.095 2.6
1st day 0.968 £+ 0.089 32
1.0 2nd day 1.083 + 0.086 8.3
3rd day 0.914 £+ 0.063 8.6
1st day 1.532 + 0.091 2.1
1.5 2nd day 1.491 + 0.085 0.6
3rd day 1.540 + 0.097 2.7
B. Intraday
CMeOH Calculated Cyeo = SD o
(% vol) (% vol) Rel. Error (%)
0.8 0.814 £ 0.035 1.73
1.0 0.870 £ 0.084 12.97
1.5 1.512 + 0.052 0.79

Table 6. Interday and intraday repeatability tests for the isopropanol-whiskey standard solutions.

A. Interday
CiproH Calculated Cip,oyg = SD o
(% vol) (% vol) Rel. Error (%)
1st day 0.167 + 0.045 16.5
0.2 2nd day 0.185 £ 0.030 7.5
3rd day 0.201 + 0.024 0.5
1st day 0.315 + 0.016 5.0
0.3 2nd day 0.291 £+ 0.018 3.0
3rd day 0.331 +0.020 10.3
1st day 0.402 + 0.015 0.5
0.4 2nd day 0.397 £ 0.021 0.8
3rd day 0.405 + 0.019 1.3
B. Intraday
Cipron Calculated Cjp,on £ SD .
(% vol) (% vol) Rel. Error (%)
0.2 0.158 £ 0.065 20.85
0.3 0.326 £+ 0.012 8.77
0.4 0.396 £ 0.025 0.96

4. Discussion

The present work sought a method for the quick measurement of ethanol and illicit
alcohols in beverages and spirits. This method will compensate for the disadvantages of
the commonly used chromatographic techniques, which are time-consuming, require bottle
removal from the production line and transfer to the lab, and sample preparation, which is
different for ethanol in the case of the low-content alcohols (methanol and isopropanol).
All these factors imply offline application, long analysis times, and delays in production

and product availability.
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The selected technique was Raman spectroscopy, which is known for its non-destructive
character and fast analysis times. A modern, miniature, portable apparatus equipped with
a fiber-optic accessory offers the possibility of direct on-site analysis, i.e., during production
(in-line manner).

The “through the container” method for the analysis of spirits and alcoholic bever-
ages, developed and proposed in this work, provides a non-invasive and non-destructive
character to the application. This means that there is no need to unseal the container and
withdraw a sample for the analysis. The spirit/beverage is safe for consumption.

Care should be taken regarding the focusing of the laser to maximize the Raman signal
from the spirit/beverage and to suppress the signal from the glass (the probe should touch
the glass wall in a vertical position, so the laser is focused in the liquid, through the glass
and not on the glass or in front of it, outside the bottle). Any other position of laser spot (on
the container wall, in front of the wall) will result in the maximization of the glass signal
and a major suppression of the liquid signal.

The construction of calibration curves using standard solutions ensured the quick
and cumulative character of the analysis. Thus, a large number of alcoholic beverages can
be analyzed in a row under the same calibration curve. The time needed for one sample
analysis can be as little as a few seconds. The portability of the device allows for application
in any place, even in the production line. The non-necessity to transfer the beverage to the
analysis lab enhances the speed of analysis.

The glass wall adds a broad peak to the spectrum. The glass signal can be suppressed
to a large extent by following the instructions given for signal optimization (the fiber-optic
probe should vertically touch the bottle wall so that the laser is focused in the liquid. For
thick walls, the glass signal will not be eliminated, but it will not interfere with the alcohol
signal to a significant degree, as ethanol peaks are well-separated from the broad glass
peak). In any case, calibration should be constructed using the same bottle. Then the
standard solutions will be recorded under the same experimental conditions as the spirits
to be analyzed.

The container materials include glass or plastic, though plastic is not very common.
However, the color of the material may impose a restriction on the analysis. Dark-colored
containers will absorb the incident radiation and the scattered signal from the sample will
be suppressed to such a degree that analysis will be impossible to perform. In such cases,
another portable system can be used.

This method can practically be applied to any beverage or spirit. There can exist groups
of spirits (e.g., colorless and slightly colored spirits) which follow the same calibration
equation. For those which diverge, another, more appropriate calibration curve must be
constructed to solve the problem (e.g., beer, due to pressurized CO,, and dark-colored
spirits, due to their color).

Three alcohols can be most often found in spirits: ethanol and, in some cases, methanol
and/or isopropanol. The last two are very dangerous. An ethanol content in human blood
of 5.07 uL/mL is considered lethal. The respective value for methanol is referred to be as
low as 0.49 uL/mL [32], and it is 430 mg /It for isopropanol [33].

The three alcohols, in case that they coexist in a spirit, can be analyzed simultaneously
in the same spectrum without the need for a more complex sample preparation (e.g., a
dilution to decrease ethanol content, and methanol/isopropanol direct measurement due to
low content). Care should be taken, however, to apply the appropriate calibration equation
for each alcohol; they do not follow the same equation as they are different molecules and
exhibit a different Raman spectrum with different peaks.

The level of alcohol content does not complicate the procedure. Alcohol constituents
of a large concentration (ethanol) can be analyzed simultaneously in the same spectrum
with the low-content (toxic) alcohols.

The lower concentrations that were possible to measure (at the limit of detection) were
0.50% vol, 0.39% vol, and 0.16% vol for ethanol, methanol, and isopropanol, respectively.
The ethanol content in spirits and beverages is usually well higher than 0.50% vol (e.g.,
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40% in spirits and 4-6% in beers). A measurable content of methanol of 0.39% vol is lower
than the maximum tolerable level in spirits for an adult weighing 70 kg who consumes
100 mL of a spirit at 40% vol (14,000 mg methanol/L spirit, which is 1.4% vol) [34]. It is
also acceptable against the general limit for naturally occurring methanol, which is 10 g/L
ethanol, corresponding to 0.4% vol methanol in a 40% vol alcohol spirit [35].

The calibration curves presented here were validated to ensure the repeatability of
results. Intraday and interday tests verified the method robustness. Validation was success-
ful for aquatic solutions (ethanol in water) as standards as well as standards prepared in a
spirit environment (the addition of methanol and isopropanol to whiskey).

5. Conclusions

In the present work, as was thoroughly analyzed in the previous sections, a method
for the measurement of ethanol and illicit alcohols (methanol and isopropanol) in bev-
erages and spirits was developed. The method relied on a miniature, portable Raman
spectroscopy apparatus equipped with a fiber-optic accessory. A “through the container”
setup was proposed.

Major advantages of this approach include the direct character of the analysis, i.e.,
in the production line (in-line analysis), and the non-destructive and especially the non-
invasive application, which implies the non-necessity for the unsealing of the bottle to
withdraw a sample to another lab at any stage of the analysis. The procedure is simple,
quick, and non-strenuous.

The three alcohols, in the case that they coexist in a spirit, can be analyzed simultane-
ously in the same spectrum with no necessity of more complex sample preparation, i.e.,
dilution due to the large concentration of ethanol and an additional analysis cycle.

Calibration curves were constructed, checked, and validated with intraday and in-
terday tests to ensure the repeatability of results. Detection limits for all alcohols were
calculated and were found to be lower than the tolerable levels for human consumption.

This method can practically be applied to any beverage or spirit. Spirits may be
grouped together (e.g., colorless and slightly colored spirits) to follow the same calibration
equation. For those which diverge, another more appropriate calibration curve must
be constructed.

On the other hand, care should be taken when focusing the laser to maximize the
Raman signal from the spirit/beverage and to suppress the signal from the container.
However, the scattering from the glass, even in cases that it cannot be eliminated due to
increased glass thickness, will not interfere with the alcohol to such a significant degree
that analysis is considered insecure.

The calibration curve should be constructed using the same container and experimental
conditions as the spirits to be analyzed. It should be also in the analyst’s mind that not all
the spirits/beverages may be analyzed using the same calibration. For some of them (e.g.,
beers) another calibration should be constructed and followed.

A restriction is also posed by the color of the liquid. Dark-colored spirits will exhibit a
suppressed signal due to laser absorption.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios13010135/s1, Figure S1: Raman spectra of colorless spirits;
Figure S2: Raman spectra of yellow-color spirits; Figure S3: Raman spectra of red-color spirits.
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