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Rapid through-container detection of fake spirits
and methanol quantiﬁcation with handheld Raman
spectroscopy†
D. I. Ellis, *a H. Muhamadali,a,b Y. Xu,
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The spirits drinks industry is of signiﬁcant global economic importance and a major employer worldwide,
and the ability to ensure product authenticity and maintain consumer conﬁdence in these high-value products is absolutely essential. Spirit drinks counterfeiting is a worldwide problem, with counterfeiting and
adulteration of spirit drinks taking many forms, such as substitution, stretching with lower-grade products,
or creation of counterfeits with industrial, surrogate, or locally produced alcohols. Methanol for example,
which has been used as a substitute alcohol for ethanol, has a high toxicity in humans. The counterfeiting
of spirit drinks is consequently one of the few leading reported types of food fraud which can be directly
and unequivocally linked to food safety and health concerns. Here, for the ﬁrst time, we use handheld
Raman spectroscopy with excitation in the near IR (1064 nm) for the through-container diﬀerentiation of
multiple spirit drinks, detection of multiple chemical markers of counterfeit alcohol, and for the quantiﬁcation of methanol. We established the limits of detection (LOD) of methanol in the analysed samples
from four diﬀerent spirit types (between 0.23–0.39%), which were considerably lower than a quoted
maximum tolerable concentration (MTC) of 2% (v/v) methanol for humans in a 40% alcohol by volume
Received 3rd September 2018,
Accepted 26th November 2018

(ABV) spirit drink, and even lower than the general EU limit for naturally occurring methanol in fruit spirits
of 0.5% v/v (10 g methanol per L ethanol). We believe that Raman spectroscopy has considerable practic-
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able potential for the rapid in situ through-container detection of counterfeit spirits drinks, as well as for
the analysis and protection of other beverages and liquid samples.
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Introduction
The spirits drinks industry is of significant economic importance and a major employer worldwide. In Europe for example,
spirit drinks generate EU governments’ revenues of at least €23
billion in excise duties and VAT, with approximately 1 million
jobs linked to the production, distribution and sales of spirit
drinks.1,2 Spirit drinks are also the EU’s biggest agri-food
export, with almost two-thirds of the spirits produced within
the EU being exported. In the United States in 2017, spirit
drinks supplier revenues represented 36.6% of the total beverage alcohol market, or US $26.2bn, with U.S. exports being
worth a projected US $1.63bn in 2017.3
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The ability to ensure and maintain consumer confidence in
this important industry, by providing assurance that its products are authentic, is absolutely essential. Well known forms
of counterfeiting, as with other forms of beverages,4,5 can
include: complete substitution of a popular brand with a
cheaper product; stretching of genuine products with cheaper
locally produced ones; or the creation of counterfeits using
either cheap locally produced alcohols, or alcohols used for
industrial purposes such as denatured alcohol or methanol,
with the addition of flavourings and colourings to these in
order to mimic the real product. In addition, some counterfeiting operations will ‘recycle’ bona fide bottles to convince the
consumer that they are being sold a genuine high-value
product.6
Whilst many laboratory-based techniques have been used
to authenticate spirit drinks (e.g., ref. 7 and 8), these methods
generally require transportation of samples to analytical facilities. The bottles are opened prior to direct analysis and are
therefore destructive, and the results are thus provided retrospectively. To date these lab-based methods include gas
chromatography, liquid chromatography, nuclear magnetic
resonance (NMR) spectroscopy,9,10 capillary electrophoresis,11
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trace element concentrations,12 electrospray ionization mass
spectrometry,13,14 as well as paper spray mass spectrometry.15
These have been used for the measurement of indicators of
authenticity such as alcohol strength,16 volatile components
(i.e. congeners),17–19 sugars, colouring compounds and wood
components,20,21 as well as stable isotope ratios for data to
assist in determination of botanical or geographical
origins.22–24
Mobile brand authentication has also been receiving
increasing attention for some time.25 Spectroscopic
approaches have been of particular interest, since they oﬀer
the potential for rapid and easily deployable analyses, capable
of being taken out of the laboratory and into supply chains for
use by non-experts.26,27 These have included UV-Vis,28,29 fluorescence,30 and the vibrational spectroscopies – mid-infrared
(MIR),31 near-infrared (NIR)32,33 and Raman approaches – the
latter including conventional33,34 as well as more recently
spatially oﬀset Raman spectroscopy (SORS),35 and optical chip,
waveguide confined Raman spectroscopy (WCRS).32,36 These
have had varying degrees of success for through-container or
direct analyses of spirit drinks samples.
Indeed, multiple attempts have been undertaken to explore
the potential of Raman spectroscopy for the analysis and
authentication of spirit drinks. These included very early
experiments using a combination of outside bottle and in
bottle fibre-optics and spectral subtraction, using a 783 nm
laser at 30 mW.37 This resulted in some rudimentary Raman
spectra, and the ability to detect ethanol through the bottle via
fibre-optic in-bottle validation, and showing that throughbottle analysis was possible, though not at that point very practicable or information rich.37 Following this diﬀerent excitation wavelengths (including: 488, 514, 532, and 785 nm) were
investigated for out of the bottle direct analysis of spirit
samples for ethanol,38,39 or ethanol and methanol quantification,40 but these still destroy the sample as it is removed
from its container prior to analysis.
Moreover, in addition to our work here, there have only
been three through-bottle demonstrations of Raman spectroscopy and two of these have been in the last year. Nordon
and co-workers first reported on the determination of ethanol
in spirit drinks using 785 nm excitation but these experiments
were limited to clear glass bottles due to strong absorption/
fluorescence occurring with coloured glass bottles.33 Also last
year, Kiefer and co-workers analysed single malt
Scotch whiskies through bottle with Raman spectroscopy at
785 nm, discriminating diﬀerent brands, and detecting the
presence/absence of artificial colourants but, yet again, with
severe fluorescence from green glass.34 More recently, our
group demonstrated the first use of handheld SORS (at
830 nm) on a food or beverage product with through-container
detection of multiple chemical markers of counterfeit
spirits,35 with methanol adulteration further validated through
a range of commercial coloured bottles. In this study as SORS
was used any fluorescence contribution from the bottle was
minimal and could be removed by the use of spatially oﬀset
subtractions.
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In the present study, we employ handheld Raman spectroscopy, with an excitation laser emitting at 1064 nm, to
analyse a large range of spirit drinks samples provided by the
Scotch Whisky Research Institute (SWRI). These samples were
provided to us without identifications (i.e. blind encoded) and
included genuine spirit drinks, as well as multiple counterfeits
(n = 40) encompassing common additives and flavourings that
signify the presence of illicit alcohol. We demonstrate the
eﬃcacy and potential of handheld Raman spectroscopy in conjunction with chemometrics for the detection of multiple
chemical markers of fake spirit drinks within these complex
chemical matrices, to extremely low concentrations. We also
concentrate on the rapid quantification of methanol, including
its detection through commercial spirit bottles, as this denaturant has a high toxicity in humans.

Materials and methods
Sample preparation
A comprehensive set of 144 samples were provided by the
SWRI in Edinburgh. Of these there were representatives of
brand profiles: (i) 60 diﬀerent production rotations of a single
genuine Scotch whisky brand; (ii) 10 diﬀerent production
rotations of a diﬀerent genuine Scotch whisky; (iii) 10 diﬀerent
rotations of a third genuine Scotch whisky; (iv) 10 diﬀerent
rotations of a genuine Irish whiskey; and (v) 10 diﬀerent
rotations of a genuine vodka. All of these genuine products
were supplied by their producers to the SWRI. The samples
were subsampled directly into 2 mL threaded glass vials for
analysis. More in-depth information regarding preparation of
samples can be found in the ESI.†
Raman analysis
All Raman spectra were collected using a handheld CBEx
Raman spectrometer (Snowy Range, Laramie, USA) which operates using a 400 mW (300 mW at sample) 1064 nm laser with
detection on a 2048 element CCD array, resulting in a
12–14 cm−1 spectral resolution. The instrument is equipped
with orbital raster scanning (ORS) and we used this to increase
sample volume interrogation while in the vial mode. In
addition, we used the point-and-shoot function as well to
measure directly through glass spirit bottle walls. All spectra
were collected in the spectral range 400–2300 cm−1 with an
acquisition time of 15 s. All experiments were undertaken in
triplicate with a total of 1521 spectra manually collected for
the adulteration experiments (n = 1296) and generation of
methanol quantification curves (n = 225). Information on
through-bottle analysis using commercial bottles can be found
in ESI.†
Methanol quantification, standard curve
Partial least squares regression (PLSR) was employed to establish multivariate quantitative models in order to quantify the
concentrations of methanol using Raman spectra collected
from the handheld device. The limit of detections (LODs) of
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methanol in four types of spirits were established based on
the PLSR models using the method described in ref. 41.
The reason we chose to quantify methanol was that is a
potent toxicant in humans.45 Whilst it also occurs naturally
at a low to trace levels in most alcoholic beverages (and other
beverages such as fruit juices42), this is at concentrations
which normally would not cause harm. However, counterfeit
spirits, especially the ones made from denaturants such as
industrial alcohols, may have very high levels of methanol and
can lead to serious illness and fatalities in consumers.
Considering the fact that very low to trace level methanol commonly exist in spirits drinks, the estimates for the LOD from
spirits samples should be higher than the actual LOD. Thus
‘Blank’ samples were also provided to estimate the genuine
LOD of methanol using the handheld device.
Pure unadulterated spirits (whisky, rum, vodka and gin)
and LC-MS grade methanol (Rathburn Chemicals, UK) were
used to generate additional samples (2 mL in clear vials) spiked
with methanol ranging from 0–3% in 0.2% increments. The
Raman spectral data generated from these samples were used to
generate PLSR models for methanol quantification. Additional
test samples (2 mL) which were blind coded to the investigators,
with varying concentrations of methanol were also prepared following the same protocol, and used to test the generalization
performances of the trained chemometric models.
As the Raman spectral data suggested the presence of a
natural background concentration of methanol in the examined spirit samples, which may aﬀect the accuracy of the PLSR
models, a second set of samples were prepared, using 40%
ethanol/water solution spiked with methanol ranging from
0–3% with 0.2% increments, to establish the natural concentration of methanol in the examined spirits.
Details of standard chemometric methods such as PCA for
exploratory analysis, Multiblock-PCA (MB-PCA) for discriminating diﬀerent simulated counterfeit spirits, and PLSR for
methanol quantification and determination of limit of detections used in this study can be found in ESI.† The code for
these calculations is available on GitHub (https://github.com/
Biospec/).

Results and discussion
Detection of denaturants and flavourings in spirits
A range of multivariate statistical approaches were employed to
diﬀerentiate the Raman spectral data, as the mean Raman
spectra of these samples (Fig. S1†) were dominated by the
ethanol characteristic vibrations, and therefore were visibly
very similar. Fig. S2† shows a spectral comparison between
pure ethanol and methanol. The PCA scores plot (Fig. S3a†)
shows Raman spectral data of genuine and adulterated spirits
(whisky, vodka, rum and gin) collected using the handheld
CBEx instrument, with separation according to the PC1 axis
with a total explained variance (TEV) of 76%, and very distinct
diﬀerentiation between rum and all other samples. The rum
samples were a homogenised mix of two expressions of one
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brand, one was rum as defined by the EU definition and the
second a spiced rum, which is defined as a rum-based spirit
drink within the EU. The very obvious diﬀerence between the
rum samples and all other spirits would probably be due to
the production methods for rum, as well as certain flavourings, colourings and/or sugars that are very diﬀerent from
whisky, vodka, and gin. Fig. S3b† shows the same samples
after the rum spectral data have been removed.
In addition, Raman spectral data of whisky samples containing various adulterants, in the form of denaturants or flavourings identified in counterfeit spirit drinks worldwide
(Table S1†), were readily diﬀerentiated using MB-PCA. The
super scores plot in Fig. S4† shows clear separation of the
whisky samples containing 2% methanol from all other
samples according to PC1 (TEV = 23.34%), while PC2 allowed
for the diﬀerentiation of the remaining samples. As PC1 was
dominated by the samples containing 2% methanol, these
samples (2% methanol) were removed and the MB-PCA were
repeated (Fig. S5†). Results then showed the separation of
100 ppm sucrose, 10 ppm vanillin, 4 ppm ethyl sec-amyl
ketone and 190 ppm MEK from the remaining samples,
according to PC1 with TEV of 7.51%.
Quantification of methanol in spirits
Next, additional spirit samples containing various concentrations (0–3%) of methanol were also prepared, analysed by
Raman spectroscopy and the spectra used to generate PLSR
models for predicting the level of methanol spikes into these
samples. The generated PLSR models displayed a strong linear
correlation with increasing methanol concentration (Fig. 1);
also shown in these plots are the linear fit equations and Q2
which gives an estimate of model linearity (the closer to 1 the
better). According to the PLSR loadings plot (Fig. 2c) the peak
at 1030 cm−1 assigned to the methanol C–O stretching
vibration (Fig. S2†) was the most significant peak contributing
to this model. The Raman spectra of whisky samples containing diﬀerent concentrations of methanol (Fig. 2a and b) also
shows the appearance of this peak with increasing concentrations of methanol from 0 to 3% (blue to red spectra).
According to the PLSR models (Fig. 1), the limit of detection
(LOD) of methanol in the spirits were between 0.23–0.39%
(Table 1). It is also worth noting that the LOD in vodka and gin
were both lower compared to whisky and rum, which could be
a result of these two types of spirit drink being colourless and
thereby exhibiting less interference with the Raman signal. In
addition, the LOD of methanol calculated from “Blank”
samples (see above) was 0.15%, which was lower than those
obtained from all four types of spirits analysed. This is likely
to be a more accurate representation of the genuine LOD for
methanol using this specific 1064 nm handheld Raman
device, without the contributions from naturally occurring low
levels of methanol already present within these four types of
spirit drink samples, and found within many other foods and
beverages.42 In the three branded Scotch whisky and one Irish
whiskey samples tested here, the naturally occurring levels
were as follows: W1, 0.00632%; W2, 0.0058%; W3, 0.0034%;
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Fig. 1 PLSR predictions generated using the Raman spectral data of the four spirits containing 0–3% methanol: (a) whisky, (b) rum, (c) vodka,
(d) gin. The error bars denote standard deviation of the mean of three measurements.

Fig. 2 Raman spectra of (a) whisky samples containing methanol (0–3%), and (b) a close-up view of the methanol C–O stretching vibration
detected at 1030 cm−1. (c) The PLSR loadings plots of all four spirits (whisky, rum, gin and vodka), suggested the methanol vibration at 1030 cm−1 as
the most signiﬁcant variable contributing to the model.

Table 1 A summary of the statistics for prediction of diﬀerent concentrations of methanol (test samples) in four diﬀerent spirits

Predicted, %
Known, %

Whisky

Rum

Gin

Vodka

0.2a
1a
1.8a
2.6a
RMSEP
LOD
Q2

0.41
0.92
1.44
2.08
0.34
0.28
0.8592

0.19
1.22
1.69
2.47
0.14
0.39
0.9758

0.31
0.85
1.81
2.39
0.14
0.24
0.9754

0.04
0.84
1.42
2.19
0.30
0.23
0.8863

The limit of detection (LOD) for methanol in each of the spirits and
root-mean-squared error of prediction (RMSEP) of the model is also
reported. a External test samples not used in model construction.
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W4, 0.00372%, with an estimate of accuracy for these measurements of 0.00036% (±3.6 mg L−1). All measurements were
undertaken using GC-FID on-site at the SWRI. The naturally
occurring background methanol levels in these spirits are far
lower (ca. 60×) than our LODs of methanol from Raman-based
measurements and so we do not need to adjust for these in
the PLSR predictions.
To test the prediction accuracy of the generated PLSR
models, a set of test samples with diﬀerent concentrations of
methanol in these spirits were also made up and analysed
with the same instrument (Table 1). The model proved to be
highly accurate (Fig. 3) with overall root-mean-square error of
predictions (RMSEP) between 0.16–0.35% (in terms of percentage of methanol in the sample) (Table 1).
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Fig. 3 Quantiﬁcation of methanol in external blind test samples using
the generated PLSR models, demonstrating the predicted concentration
versus known concentrations.

Through-bottle analysis
In addition to the set of 144 samples provided by the SWRI in
glass vials, a further subset of samples were analysed using the
Snowy Range 1064 nm handheld spectrometer (Snowy Range,
Laramie, USA). The analysis was undertaken to explore the
potential of this approach with multiple types of spirit drinks
in a range of genuine spirit bottles purchased from local retailers in various colours of glass. Seven bottles were analysed in
total, which were made from clear (flint) or coloured (blue/
green/brown) glass, and contained vodka, Irish and American
whiskey, brandy, rum and two brands of gin. Spectra were collected directly through the unopened bottles with the 1064 nm
handheld device in point-and-shoot mode,26 with the samples
being draped with a black cover to minimise light interference.
These handheld spectrometers are able to measure in vial
mode, by placing a vial into a chamber in the device, or in
point-and-shoot mode, via an adjustable tip accessory which
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allows the user to point the laser directly at a sample, and
through containers or packaging. The commercial glass
bottles were then opened and adulterated with various levels
of methanol (0, 0.5, 1, 2, and 5%), before being closed and
spectra again collected through the bottle in the point-andshoot mode as described above.
The PCA scores plots for each of these Raman data (Fig. 4)
displayed a clear concentration-dependent trend for all tested
samples according to PC1 axis, except for those data collected
from the brown bottled gin (Fig. 4g) for which there was no
clear pattern. This one outlier in the subset of seven commercial bottles analysed (Fig. 4g), was highly likely due to the dark
brown coloured glass interfering significantly with the laser
light transmitted through the glass, and of course, any Raman
signal subsequently generated. With brown glass being well
known for its light filtering/absorption properties, it was
perhaps not surprising that accurate detection of adulterants
through this form of glass with 1064 nm excitation was unsuccessful using conventional Raman spectroscopy.43,44 An image
of the empty commercial glass bottles and the averaged
Raman spectra from three measurements of each of these
empty glass bottles are shown in Fig. S6 and S7† respectively.

Conclusion
Here, for the first time using a conventional handheld Raman
spectrometer with 1064 nm excitation, we have successfully
demonstrated the potential of Raman spectroscopy, especially
in its handheld form, for through-container applications in
the area of spirit drink analysis. In addition, we have demonstrated the ability for through-container diﬀerentiation of

Fig. 4 PCA scores plots of the Raman spectral data collected through seven diﬀerent commercial glass bottled spirits, containing various concentrations (0–5%) of methanol. Diﬀerent colours indicate the level of added methanol in each of the samples: (a) gin, (b) vodka, (c) Irish whiskey, (d)
American whiskey, (e) rum, (f ) brandy, (g) gin.
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several types of spirit drinks, detecting multiple adulterants in
the form of denaturants and flavourings at extremely low concentrations, as well as quantifying levels of methanol. The
LODs of methanol were between 0.23–0.39% and were not only
considerably lower than the maximum tolerable concentration
(MTC) of 2% (v/v) methanol for humans in a 40% alcohol by
volume (ABV) spirit drink, but they were also lower than the
EU general limit of 0.5% v/v (10 g methanol per L ethanol)45
for naturally occurring methanol in fruit spirits. Counterfeit
alcohol and its detection is an important area economically,
and with many socio-economic and health consequences it is
a growing problem globally. This has been demonstrated and
reinforced by the most recent global operation of Europol and
Interpol targeting fake food and beverages where yet again, the
largest reported seizures were of counterfeit alcohol
(1.6 million litres), including product tainted with industrial
alcohols such as methanol.46 Methanol is one of the most pernicious adulterants used by individuals or groups involved in
the counterfeiting of food or drink.
We believe that Raman spectroscopy has considerable practicable potential for the rapid through-container detection of
counterfeit spirits drinks as well as other liquid samples. The
use of 1064 nm has the advantage over other excitation wavelengths in that it is in the near infrared and so fluorescence
contributions from glass containers is considerably reduced or
eliminated. Moreover, these point-and-shoot methods26 also
have inherently broader scope, not only when used as handheld and highly mobile devices. They could just as readily be
applied to the authentication of other forms of food and
drink,47,48 the measurement and monitoring of food/drink
quality indicators, or the rapid detection of food waste or
microbial spoilage (for shelf-life indication). In addition to
applications such as on/at/in-line process control monitoring
in busy and highly complex industrial settings, including
those outside of food, feed or drink manufacture/processing.49
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