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Abstract

Water activity (a,) is an important property of foods, with correlations to safety, quality, and shelf-life. The presence of high
concentrations of non-water volatiles has been problematic for analytical a,, instruments, thereby limiting potential applications
of a,, measurements for quality assessments of fermented beverages and foods. The objectives of this study were to measure the
ay, values (ays) of wines and spirits using a tunable diode laser instrument (AquaLab TDL, METER Group, Inc.), reported to be
unaffected by volatiles such as ethanol, and determine the effects of ethanol and residual sugar (R.S.) concentrations on the ay,.
The ays of commercial wines (n=678), other liquors (n =42), and model solutions containing controlled concentrations of
ethanol and sugars were measured using the TDL at 25 °C. The alcohol by volume (ABV) was determined by electric
ebulliometer and Fourier transform infrared spectroscopy (FTIR) methods, and sugars were determined using a FTIR method.
The ays of wines ranged from 0.860 to 0.968 (average 0.940 ay,), the a,s of spirits ranged from 0.750 to 0.909 a,, and grain
alcohol had the lowest ay, at 0.365 and the highest ABV (95%). The Norrish equation, accounting for ethanol, glucose, fructose,
and sucrose concentrations, resulted in predicted a.,s of wines that were 0.012 + 0.007 higher than the measured a.,s. Ethanol had
a greater effect on the a,, of wines than sugar contents, and the ~0.012 lower than predicted a,,s of wines were attributed to the
effects of additional solutes (glycerol, acids), that were not included in the Norrish equation, on lowering the a.
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Introduction

Wine, the fermented juice of grapes, is quite possibly the
world’s most valuable agricultural commodity (€70 billion
in annual global production value; €31 billion in global trade
value) (International Organisation of Vine and Wine 2018).
The fundamental production steps (destemming, crushing, fer-
mentation of sugars into alcohol and carbon dioxide by
Saccharomyces spp., and pressing thereafter for reds) have
remained the same for at least 6000 years, as only recently
proven by the presence of succinic acid (rather than inconclu-
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sive tartaric acid) residues at archeological sites (McGovern
et al. 2017). Wine laboratory quality systems in place at com-
mercial wineries around the world typically include eight dif-
ferent wine analyses: pH and titratable acidity, free and total
sulfur dioxide, residual sugar (R.S.), volatile acidity, malic
acid, and ethanol (Howe et al. 2015).

The determination and declaration of the alcohol (ethanol)
content of a wine are relevant for both human health consid-
erations, as well as tax purposes. In the USA, the percentage
of alcohol by volume (ABV) not to be exceeded to qualify for
the lowest excise tax bracket for still wine was raised in 2018
from 14 to 16% (Alcohol and Tobacco Tax and Trade Bureau
2018). This means that all wines produced via natural alco-
holic fermentation are now included in this tax class. Due to a
trend toward increased grape sugar concentrations at
harvest—for reasons of both climate change and the popular-
ity of wine styles emphasizing ripe fruit aromas—it had be-
come common, particularly in California where 90% of US-
wine grapes are grown, to produce (red) wines with alcohol
concentrations of 14 to 15.5%, the upper limit of alcoholic
fermentation by traditional wine yeast. Methods for alcohol
analysis used in commercial wineries in the USA were 51% by
ebulliometer, 31% by gas chromatography, 8% by near-
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infrared spectroscopy, and 10% by distillation/density (Butzke
2002) (Table 1). Labs were most proficient in alcohol analysis
compared to all other analyses, achieving coefficients of var-
iation between 1.2 and 1.9%, despite the use of a wide range
of equipment and methods of analysis. This confirms that non-
standardized methodology does not necessarily compromise
the ability to produce acceptable results. However, the indus-
try trend to make delicate alcohol adjustments to wines for
sensory or tax purposes would require an even greater profi-
ciency in order to make such decisions more precise and re-
producible (Butzke 2012).

None of the existing methods of analysis for alcohol is
rapid, robust, accurate, and inexpensive enough not to warrant
a search for a better assay (Butzke and Ebeler 1999). The
analysis of physical or chemical parameters and quantitative
data from seemingly unrelated and novel or unconventional
methods may help find a new technique that would improve
the current state of alcohol analysis in wine as well as other
alcoholic beverages such as liqueurs and distilled spirits. The
analytical assessment of water activity (a,,) in alcoholic bev-
erages could potentially provide such a novel assay. The de-
termination of the a,, of many foods has been incorporated
into the Code of Federal Regulations Title 21 (CFR 21), good
manufacturing practices (GMPs), and hazard analysis and crit-
ical control points (HACCP) plans (Fontana 1998).

Water activity is defined as the equilibrium partial vapor
pressure of water in a sample divided by the equilibrium vapor
pressure of liquid water at the same pressure and temperature
(Reid 2007), as shown in Eq. 1:

where P, is the vapor pressure of water in the sample, P, is
the vapor pressure of pure water, and subscript 7P indicates
the presence of isothermal and isobaric conditions. In dilute
ideal solutions containing nonvolatile solutes, the ay, is
lowered from that of water (for which a,, = 1) based on the
mole fraction of the solute in solution (a colligative property),
as can be predicted by Raoult’s law (Raoult 1887). However,
the a, values (a,s) of most foods deviate from ideality due to
variable interactions between different types of solutes and

water (Schmidt 2004), and both ethanol (Allan and Mauer
2017) and sugars (Riiegg and Blanc 1981) are known to in-
fluence a,.

The ays of wines and spirits have not been previously
reported, likely due to the interference of the volatile ethanol
with conventional a,, measurements: chilled-mirror dewpoint
(Campbell and Lewis 1998; METER Group 2013), capaci-
tance (Rotronic, 2009; Suntola 1979), and resistive electrolyt-
ic (Horn 1990; Novasina, 2007) sensors. A newer a,, measure-
ment device, the AquaLab TDL (METER Group 2015), uti-
lizes a tunable diode laser and Lambert-Beer law principles to
measure the water vapor pressure in the headspace above a
sample by the 1854 nm absorbance of water (“loss of signal
strength from the laser”) (METER Group 2015). Then, the
water vapor pressure above the sample is divided by the vapor
pressure of pure water at the measurement temperature to
calculate the a,, RH=a,, x 100=P,, / Pg, ) (METER Group
2015). This method is able to measure a,, in the presence of
other non-water volatiles as long as the volatiles do not also
absorb at 1854 nm. The ay,s of a range of ethanol/water solu-
tions measured using the TDL have been reported (Allan and
Mauer 2017). Pure ethanol has a a,, of 0.00 and exhibits little
absorption at 1854 nm (Yano et al. 1997). The objectives of
this study were to (1) document the a,, of wines and spirits,
and (2) correlate the measured ays to the alcohol and sugar
contents of the alcoholic beverages.

Materials and Methods
Materials

A total of 678 wine samples (15 mL) from commercial win-
eries were collected during the 2017 Indy International Wine
Competition (Purdue University, West Lafayette, IN), and
larger volumes (250 mL) of a subset of these wines (109
samples) were also collected to enable ebulliometer analysis.
Wine samples were categorized by the wine classes in the
2017 Indy International Wine Competition, which were deter-
mined by the wine grape species and styles as follows (with
the number of each sample type collected shown in

Table 1 Ethanol measurement methods used for wines and spirits (Butzke 2012)
Method of analysis Principle of correlation Issues
Ebulliometer Boiling point comparison to water under known Significantly influenced by wine sugar content

atmospheric pressure

Gas chromatography w/ flame
ionization detector
Infrared spectroscopy

Distillation and density

Separation by molecular interaction with column
phase and specific detector response
Light absorption at a particular wavelength

Specific gravity/Archimedes or densitometry

Expensive equipment w/ dedicated maintenance

Sample background-dependent correlation

No linear correlation between density and
ethanol concentration
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parenthesis): red Vitis vinifera (267), white Vitis vinifera (131),
red hybrid (77), white hybrid (67), and American varictals
(36), fruit wines (47), honey wines (15), sparkling wines
(23), and fortified wines (15) (Indy International Wine
Competition 2019). In addition to the wine category, the la-
beled alcohol by volume (ABV) content and the percent sugar
reported by the wine producer on the competition entry were
also recorded. Wine samples were collected in 15 mL conical
polypropylene (VWR, Rannor, PA) and 250 mL high-density
polyethylene (Nalgene™, Rochester, NY) containers, sealed,
and stored at 4 °C to minimize any wine compositional chang-
es until further analysis. Commercial spirit samples were do-
nated by professors and graduate students in the College of
Agriculture at Purdue University. These samples were collect-
ed into 15 mL centrifuge tubes on which the name and ABV of
each product were recorded. The water used in this study was
processed using reverse osmosis then filtered by a Barnstead
E-Pure Lab Water System (Dubuque, IA) to > 17.4 milliohm-
cm. Sugars used to produce model solutions were the mono-
saccharides anhydrous glucose from Sigma-Aldrich (St.
Louis, MO) and fructose from Acros Organics (Pittsburgh,
PA), and the disaccharide sucrose from Mallinckrodt
Chemical (Phillipsburg, NJ). Ethanol (100%) was purchased
from Koptec (King of Prussia, PA).

Preparation of Model Solutions

Model solutions containing various ratios of water, ethanol,
and different sugars, chosen to encompass the majority of the
wine compositions, were prepared and then analyzed by
Fourier transform infrared spectroscopy (FTIR) and a,,
methods to document the effects of the varying ratios on the
measurements. The compositions of the model solutions
(10 mL) were 10, 12, 14, and 16% initial ABV (1ABV) with
0, 5, 10, and 15% w/w glucose; 11 and 13% iABV with 0, 5,
10, and 15% w/w fructose; and 11 and 13% iABV with 5, 10,
and 15% w/w sucrose. The model solutions were equilibrated
overnight to allow for sugar mutarotation (Flood et al. 1996)
and ethanol-water volume contraction (Lee et al. 2013) prior
to analysis.

Water Activity (a,,) Determination

The a,s of all samples (wines, spirits, model solutions) were
measured at 25 °C using an AqualLab TDL, a tunable diode
laser a,, measurement device with software version S4TDL-
R2-12 (METER Group, Inc., Pullman, WA). Four milliliters
of each solution at ambient temperature was pipetted into a
high-density polyethylene cup sourced from METER Group,
the cup was placed into the TDL, and the analysis was con-
ducted using a criterion setting of two consecutive measure-
ments within 0.003 a,, at the set temperature before the instru-
ment reported the sample a,. Each measurement took

approximately 10 min. The AqualLab TDL device was veri-
fied daily using 0.920 and 0.984 a,, standards purchased from
the manufacturer, and offsetted as needed. A multi-point cal-
ibration was performed once a week using 0.250, 0.500,
0.760, and 1.00 manufacturer a,, standards. The a,, standards
and TDL have accuracies of =0.003 and + 0.005 ay,, respec-
tively, at 25 °C (METER Group 2015).

Alcohol by Volume Measurement

The ABVs of 109 dry wines with reported sugar contents <
2% were determined using a digital ebulliometer
(Laboratoires Dujardin-Salleron, Noizay, FR) (£ 0.1%ABV
accuracy) following the manufacturer’s instructions
(Laboratoires Dujarden-Salleron 2008). The ABVs of wines
determined by the ebulliometer analysis were used to develop
the FTIR ABV measurement method.

Spectra of all wines and model solutions were collected
using a ThermoNicolet Nexus 670 Fourier-Transform
Infrared Spectrometer (ThermoNicolet Analytical
Instruments, Madison, WI) with a multi-Bounce HATR 45°
ZnSe trough plate. The FTIR was equipped with a mercury
cadmium telluride A (MCTA) detector and KBr beam splitter.
Spectra were collected using 128 scans with a 4 cm™ ' resolu-
tion from 4000 to 650 cm ', from which a background spec-
trum, collected every 60 min, was subtracted using OMNIC
8.0 software (Thermo Fisher Scientific Inc., Waltham, MA),
as shown in Fig. 1. The ABVs of wines were calculated from
these spectra using a method developed in TQ Analyst 8.0
(Thermo Fisher Scientific Inc., Waltham, MA). For this meth-
od, the ABVs determined by the ebulliometer were assigned
to the corresponding spectrum of the 109 wine samples
followed by partial least square (PLS) regression analysis of
the spectral regions 3005-2960 and 900-860 cm™ ' with a
linear baseline removed. These spectral regions encompassed
the 2974 and 881 cm ™' peaks of ethanol (SDBSWeb 2018)
and avoided regions wherein sugars would interfere (Max and
Chapados 2007). The correlation coefficient of the PLS model
of'the ebulliometer measured ABVs and predicted ABVs from
the spectra was 0.9792. Therefore, the dry wines with known
ABVs determined by the ebulliometer were used as standards
for the development of this FTIR method. The PLS method
was then used to calculate the ABVs of all wines from their
individual spectra.

Sugar Content Measurement

The concentrations and types of sugars present in the wines
were determined using a FTIR method adapted from Moreira
and Santos (2004) and Patz et al. (2004) and developed from
initial analyses of the model solutions, acting as standards,
containing varying sugar types and concentrations in the pres-
ence of varying ABVs. Spectra of the model solutions were
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Fig. 1 FTIR spectra of (A) 13%
1ABYV, 15% fructose model solu-
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collected using the same conditions and settings described
above, and the ABV was determined by the FTIR approach
described previously. The known sugar type(s) and concentra-
tion(s), along with the ABV, were assigned to the correspond-
ing model solution spectrum, and then PLS regression analy-
sis was performed on the 1506-965 cm™ ' region with no base-
line correction and the 30052960 and 900-860 cm™ ' regions
with a linear baseline removed using TQ Analyst 8.0 software.
The correlation coefficient of this model was 0.99971. Using
this PLS method, the concentrations of glucose, fructose, and
sucrose (% w/w) in the wines were calculated from their indi-
vidual spectra and used to calculate the total residual sugar
(R.S)).

Statistical Analysis and Modeling

Most analyses were conducted in at least duplicate, ex-
cept the two methods based upon repeated measures of
the same sample (FTIR and a,, measurements) which
were done at least once. One-way ANOVA with a
Tukey HSD post hoc test («=0.05) was performed using
IBM SPSS Statistics Version 23 (Armonk, NY) to iden-
tify significant differences in ay, ABV, and sugar content
between wine categories. Pearson correlation coefficients
(r) were calculated using Microsoft Excel 2016
(Redmond, WA). Correlations were considered to be
weak if —0.5<r<0.5, moderate if —0.8<r<—0.5 or
0.5<7r<0.8, and strong if »>0.8 or »<—0.8 (Devore

@ Springer
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2011). Raoult’s law (Eq. 2) was used to compare the
effects of varying sugar and ethanol concentrations on
the as of the model solutions and wines:

aw = Xws (2)

where X, is the mole fraction of water and ~, is the
activity coefficient. A y=1 is indicative of an ideal so-
lution (no solute-solvent effects), and deviations of
from 1 were used to evaluate the non-ideality solution
behaviors of the wines.

A modified Norrish equation (Eq. 3) for a multiple solute
system (Labuza and Altunakar 2007) was used to estimate the
ays of the wines:

YKi(Xi)®

Z(Xi)z (l_)(w)2 (3)

Inay, = InXy, +

where X, is the mole fraction of water, X; (same as X;) is the
mole fraction of the solute, and Kj is the fitting constant for
each solute that was calculated by taking the slope of In (a,/
Xy) (y-axis) in respect to X g (x-axis) (Labuza and Altunakar
2007; Norrish 1966). The K; for ethanol was calculated from
data from Miyawaki et al. (1997) (for which K; was found to
equal —0.91). The K;s used for glucose (—2.25) and sucrose
(= 6.47) were reported in Chirife et al. (1980), and the K; for
fructose (—2.15) was reported in Chirife et al. (1982). To
calculate the ethanol mole fraction, the reported density of
ethanol (0.7893 g/mL (Weast 1988)) was used for the model
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solutions, and the ABV of wines determined using the FTIR
method was converted to gram of ethanol per 100 mL using
the conversion factor of 0.79 (e.g., 12% ABV x 0.79=9.48 g/
100 mL) (Brick 2006). The ays predicted using the Norrish
equation were compared to the measured wine ays.
WebPlotDigitizer (Version 4.1) software was used to extract
published data as follows: The activity coefficient of water in
respect to the mole fraction of ethanol was extracted from
Fig. 3 in Miyawaki et al. (1997) in order to calculate the K;
of ethanol, and the ethanol and sugar compositions of wine
and must during fermentation were extracted from Figs. 4-11
in Boulton et al. (1999) and Fig. 7.13 in Jackson (2008b) in
order to calculate the anticipated changes in a,, during the
fermentation progression of wines.

Results
The Water Activities of Wines and Spirits

The average a,, of the 678 wines was 0.940 = 0.011, with the a,s
ranging from a low of 0.860 to a high of 0.968 (Table 2). The
wine category with the highest average a,, was sparkling wines
(0.948 a,,), and the lowest average a,, was found in fortified
wines (0.910 a,). As a category, the fortified wines had, on
average, both higher ABVs (17.2% measured ABV and 19.3%
winery-reported ABV) and total sugar contents (11.8% measured
total sugar and 7.2% winery-reported total sugar) than the other
categories, while sparkling wines had one of the lowest ABVs
(10.8% measured ABV and 11.3% winery-reported ABV) and
less sugar (5.0% measured total sugar and 3.9% winery-reported
total sugar) than the fortified wines (Tables 2 and S1). No signif-
icant differences in a,, were found between any of the other wine
categories (Table 2). The a,,s of non-fortified naturally fermented

Table 2 The measured ays of nine categories of wines (reported as
highest value, lowest value, and averages with one standard deviation);
ABVs for wines determined from FTIR analysis (highest value, lowest
value, and averages with one standard deviation) and labeled ABVs from

wines never dropped below 0.90 a,, likely due to the inability of
yeast to grow in < 0.90 a,, conditions (Bamforth 2008). Fortified
wines, to which distilled alcohol was added, were found to have
ays < 0.90 in some cases (Table 2).

The ays of spirits and liqueurs (excluding grain alcohol)
ranged from 0.750 ay, to 0.909 a,, with reported ethanol contents
from 14.9% ABV to 69% ABV (Table 3). Grain alcohol had the
lowest ay, at 0.365 and the highest ABV of 95%. Distilled spirits
have little, if any, sugar (CFR 2018c), and the a,, would therefore
be lowered primarily by the ethanol. For example, gin and bran-
dy samples both had 45% ABVs and had an average a,, of 0.843
and 0.841, respectively. The labeled ABVs of dry distilled spirits
were moderately correlated (R2 =0.575, R=0.758, Fig. 2) to the
measured ays. In liqueurs (which must have a minimum of 2.5%
sugar by weight in the finished product (CFR 2018c)) and spirits
with added sugars, both ethanol and sugars will lower the ay,. The
ays of these samples varied widely and were lower than the a,s
of the dry spirits (Fig. 2). The ays of the sweetened spirits were
weakly correlated to the reported ABVs (R2 =0.152, R=0.389,
Fig. 2).

The measured a,,s of the model solutions containing water,
ethanol, and glucose were similar to the measured s of the
wines. The a,, of the 10% iABYV ethanol/water solutions with-
out any sugar was 0.959 (Table 4), which resembled the upper
as and lower ABVs (Table 2) of the wines. Similarly, the 5%
glucose 12% iABV model solution had a a,, = 0.947, which
was similar to the average a,, of wines within the “American”
category (a,, = 0.939) that also had a similar average ABV and
sugar composition (Tables 2 and 4). Since model solutions
and wines with similar compositions also have comparable
ays, this suggests that the ethanol and sugar contents are the
primary solutes that affect the a,, in wine.

According to the principles of Raoult’s law (Eq. 2), ethanol
would be expected to lower the a,, more than sugars on an

the manufacturer (averages with one standard deviation) of wines; and
total sugar concentrations of wines (sum of glucose, fructose, and sucrose
concentrations from Table S1) determined by FTIR analysis (% w/w)
(upper, lower, and averages with one standard deviation)

Water activity (ay,)

Alcohol by volume (ABV)

Total sugar (w/w)

Category n High Low  Avg High Low Avg. Labeled ABV ~ High Low Avg.
American 36 0954 0931  0.939 +0.006 °¢  14.0 90 112+1.1%B¢ 115409 160 0.8 54+40C€
Fortified 15 0941 0860 0910+0.019* 205 143 172+1.6F 193 £2.1 259 40 11.8+40F
Fruit wine 47 0961 0912 0940 £0.012% 148 54 106+21% 105 £2.1 156 0.0 80x40P
Honey wine 15 0963 0930 0943+0.010%¢ 136 66 107+18"% 116+14 162 1.8 93 +37PE
Red hybrid 77 0963 0920 0943 +0.0085¢ 155 98 121+1.0°€ 124 +1.0 17.8 0.0 2.1+2548
Red Vinifera 267 0964 0902 0940 +0.008% 165 78 134+13° 135+12 115 00 12144
Sparklingwine 23 0.959 0.938 0948 £0.006°  12.8 87 108+1.1°% 113+10 119 00 50+36C€
White hybrid 67 0968 0901 0.948 +0.011 3¢ 141 82 116+ 115  11.9+09 214 0.0 4.1 + 458
White Vinifera 131 0.962 0908 0.941 £0.010 %€  16.2 88 122+12°€ 125+ 1.1 187 0.0 22+3448

Statistical groupings are indicated by the superscript capital letter
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Table 3 Average reported ABVs and average meaured ays of spirits
and liqueurs

Spirit n Reported ABV  Average a, Range of ays
Absinthe 1 69 0.750 -

Bitters 1 38 0.844 -

Bourbon 3 51(40-59.5) 0.834+0.018 0.819-0.854
Brandy 3 45(40-55.7) 0.841+£0.012 0.829-0.854
Gin 4 454447 0.843+0.014  0.832-0.865
Grain alcohol 1 95 0.365 -

Grappa 1 43 0.866 -

Liqueur 10  24.64 (14.9-40) 0.842+0.037 0.785-0.898
Rum 5 40 (3547) 0.852+£0.022 0.826-0.876
Tequila 5 39(3840) 0.873+£0.008 0.862-0.882
Vodka 1 40 0.866 -

Whiskey 7 46 (355-57.6) 0.836+0.028 0.797-0.872

The average meaured ays activities are reported with one standard devi-
ation, and the range of meaured a,,s is also provided

equal weight basis because ethanol has a lower molecular
weight (46.07 g/mol (Weast 1988)) than mono- and di-
saccharides (180.156-342.297 g/mol (Weast 1988)).
Raoult’s law is based on colligative properties and assumes
that an ideal solution is present, wherein the vapor pressure
ratio of a solution (a,) is equal to the molar ratio of the solvent
(X = ay). However, as the concentration of solutes increases,
the a,, typically deviates from X, due to solute-solvent inter-
molecular interactions. This deviation from ideality is adjusted
with an activity coefficient () (Eq. 2). A v>1 results from
structure breaking, and the ay, is higher than X; a y< 1 results
from the solute being structure forming, and the a,, is lower
than X,, (Miyawaki et al. 1997). Sugars (e.g., glucose, fruc-
tose, and sucrose) have structure forming interactions with
water (7< 1) and decrease the a,, more than predicted by
Raoult’s law (Miyawaki et al. 1997). Ethanol in low concen-
trations in water (X, > 0.90, X <0.10) had a y< 1 (Miyawaki

Fig. 2 The labeled ABVs 65
compared to the measured ays of

dry hard alcohols (e) and sweet 60
hard alcohols (o)

0.78
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etal. 1997), resulting in ethanol-water solutions with a.,s low-
er than predicted by Raoult’s law. In contrast, ethanol at higher
concentrations (X, <0.75, Xg>0.25) had a y> 1 and these
ethanol solutions had ays higher than predicted by Raoult’s
law (Allan and Mauer 2017). A similar concentration-related
phenomenon was found in methanol and isopropyl alcohol
solutions, and the positive deviation from Raoult’s law at low-
er X,, was theorized to be associated with the hydrophobic
interactions in solution (Zhu et al. 1996). Based on these
concentration-related trends, ethanol in wines is anticipated
to be structure forming (< 1) resulting in the ay, being less
than that predicted by Raoult’s law (the average X,, of wines in
this study was ~0.96). In distilled alcoholic products with
ABVs >30% (X, <0.90) (e.g., spirits), the ethanol is antici-
pated to be structure breaking (7> 1), resulting in measured
ays that would be equal to or higher than predicted by
Raoult’s law. Since both sugars and ethanol are known to alter
a, the determination of a,, for the complete set of wines was
followed by a series of studies to correlate the composition of
the wines to the measured a,,s.

Ethanol Content in Wines

The ABV measurement is important for legal labeling require-
ments, and the ebulliometer is the most common technique
used to determine the ABV. In the USA, the ethanol content
displayed on the label (ABV) has a tolerance of + 1.5% alco-
hol for wines containing <14% ABYV, and a + 1% alcohol
tolerance for wines containing > 14% ABV (CFR 2018a).
The ABVs measured by the ebulliometer were compared to
the ABVs labeled on the wine bottles (on which no indication
was given about the method used to determine ABV), and
91.3% of the labeled ABVs were found to be within the +
1.5% ABYV deviation. The ebulliometer determines the ABV
based on the sample boiling point (Zoecklein et al. 1995), but
this method does not account for the effects of other solutes
(e.g., sugars) on the colligative properties of water, and thus

R>=0.575

Rz=0.152

0.80 0.82 0.84 0.86 0.88 0.90
Measured Water Activity
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Table 4 Model solution

compositions, measured final iABV without  %Glucose Final ABV (by  Ebulliometer = Measured water ~ Predicted water

ABVs by FTIR and ebulliometer, glucose (w/w) added FTIR) ABV activity activity

measured water activity, and

water activity predicted using the 10 10.0 £ 0.2 9.8+03 0.959 £ 0.000 0.965

Norrish equation (with Kj=— 10 5 9.2+ 0.0 0.955+0.000  0.960

0.9) 10 10 8.9 + 0.0 0.947 £0.001 0953
10 15 84 +0.0 0.941 = 0.000 0.946
12 0 11.8 £ 0.0 11.7 £ 0.1 0.955 = 0.000 0.958
12 5 10.8 £ 04 0.947 £ 0.000 0.952
12 10 10.6 = 0.0 0.942 £ 0.000 0.945
12 15 10.0 + 0.0 0.936 £ 0.000 0.938
14 13.5+0.0 133403 0.948 £ 0.000 0.950
14 129 +£0.2 0.941 + 0.001 0.944
14 10 123+£02 0.936 = 0.000 0.937
14 15 11.6 £ 0.0 0.928 + 0.000 0.930
16 154 +0.0 0.941 £ 0.000 0.941
16 5 15.0 £ 0.0 0.935 £ 0.000 0.935
16 10 142 +£0.2 0.929 = 0.000 0.929
16 15 13.6 £ 0.0 0.919 = 0.000 0.921

errors in ABV determination are higher for sweeter wines
(containing >2% R.S.).

FTIR compositional analysis of wine is a rapid method,
requiring minimal sample preparation, that can simultaneous-
ly measure multiple components in wines (e.g., ethanol, sugar,
organic acids, glycerol) (Moreira and Santos 2004; Patz et al.
2004). However, the accuracy is highly dependent on the ri-
gidity of calibration (Patz et al. 2004). The ABVs of the 678
wine samples, as determined by FITR, are summarized in
Table 2 and ranged from a low of 5.4% to a high of 20.5%
ABYV. Within this dataset, 95.7% of the ABVs determined by
the FTIR analysis were within a = 1.5% ABYV error range of
the ebulliometer-measured ABVs, and the FTIR and
ebulliometer measured ABVs of the model solutions without
sugar were within 0.3% ABV of each other (Table 4). It is also
important to note that the iABV is typically greater than the
final equilibrated ABV measured by the FTIR and
ebulliometer (Table 4), attributed to a 2-4% volume contrac-
tion in 0.1-0.2 mol fraction (0.90-0.80 a,,) ethanol solutions
(Lee et al. 2013).

The following Pearson’s correlation coefficients were
found when relating the ABVs to the measured a,s by linear
regression: R*=0.410 (r=0.640) for the ebulliometer-
measured ABVs and measured ays of 109 dry wines; R* =
0.298 (r=0.546) for the FTIR-determined ABV's and mea-
sured ays of the 678 wine dataset; and R*=0.278 (r=
0.527) for the labeled ABVs and measured a,s of the 678
wine dataset. As a comparison, the R? for the ABVs and ays
of solutions containing only ethanol and water was R* = 0.986
(r=0.993), while the R? for the model solutions with sugars,
ethanol, and water was R*>=0.203 (»=0.451). The a,, of a
solution containing only ethanol and water was strongly

correlated to the ABV; however, this correlation greatly de-
creased in the presence of other solutes such as sugars, and
therefore it is not possible to accurately estimate the a,, of a
wine based on its ABV, or vice versa, in the absence of more
compositional information.

Sugar Content in Wines

The residual or added sugars present in wine will lower the a,,
from that of water, with increasing concentrations resulting in
lower ays. Some amount of sugar is likely to be present in
wines, ranging from <2 g/L in dry wines up to 200 g/L in
sweet dessert wines (Jeffery and Wilkinson 2014). Residual
sugar (sugar that was present in the must but not fermented)
can be present in larger quantities (i.e., > 2 g/L) in the follow-
ing situations: if the primary fermentation did not finish due to
early sterile filtration, when dosing with large quantities of
sulfur dioxide (SO») (e.g., 200 mg/L), if a stuck fermentation
occurs, and/or when starting with a must with a high sugar
content (e.g., for Sauternes or ice wines) (Jeffery and
Wilkinson 2014). Sugars in the form of juice or concentrated
juice can be added to sweeten wines (CFR 2018b); however,
adding sucrose to wine is not a common practice (except in
sparkling wines) and is frowned upon or not legal in some
regions (Jackson 2008c). Soluble solids (sugars) in grape juice
are easily measured using a refractometer (Zoecklein et al.
1995). Soluble solids and fermentation progression can also
be monitored by measuring the specific gravity using a hy-
grometer (Jeffery and Wilkinson 2014; Zoecklein et al. 1995).
However, refractometry and hygrometry are not specific to
sugars and are hampered by the presence of ethanol; therefore,
other more specific techniques may be used to quantify
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sugars, including high-performance liquid chromatography
with a refractive index or variable UV detector, enzymatic-
spectrometric assays, redox reactions (The Australian Wine
Research Institute 2018), and near- or mid-infrared spectros-
copy methods (Bauer et al. 2008; Fernandez-Novales et al.
2009; Patz et al. 2004). The spectroscopy techniques are rapid
but require a high degree of calibration with known standards
(Jeffery and Wilkinson 2014).

In this study, the sugar contents in wines were determined
using an FTIR method that was calibrated using spectra of
model solutions containing controlled concentrations of glu-
cose, fructose, sucrose, and ethanol. The correlation coeffi-
cient of the measured versus actual sugar concentrations in
the model solutions was R >0.999. The total sugar contents
in the wines, determined using the FTIR analysis, ranged from
0 to 25.9% w/w (Table 2). The concentrations of glucose and
fructose were more prevalent than sucrose (Table S1), as ex-
pected since sucrose is not naturally found in grapes at sub-
stantial concentrations (Liu et al. 2006) and, if it was added,
the low pH of wine would catalyze the hydrolysis of sucrose
into glucose and fructose (Wilker 1992). No correlation (R* =
0.020, »=0.141) was found between the measured a,, and the
total R.S. contents determined by FTIR analysis. This could
be due to a relatively low molar ratio of sugars present in
wines and the presence of other solutes that have more influ-
ence on the a,,. For example, a 25.9% w/w 6-carbon mono-
saccharide solution (the highest glucose + fructose concentra-
tion measured in a wine sample in this study) would lower the
ay, only by =0.034 (Eq. 2, X;, =0.966). As a comparison, the
effect of a sugar concentration of =~ 10% w/w on a,, is observ-
able in fruit juices, for which the a, is 0.986-0.988 a,,
(Schmidt and Fontana Jr 2007). The relatively minor effect
of sugars on the a,, of wines, and absence of correlation of
R.S. content and measured a,, indicate that the sugars are not
the primary solutes that affect the a,, of most wines.

The Combined Effects of Ethanol and Sugars
on the Water Activity of Wine

Following water, ethanol and sugars often comprise the highest
concentrations in wines (Patz et al. 2004), although the concen-
tration of glycerol may exceed that of sugar in dry wines
(Bamforth 2008; Jackson 2008a). Between ethanol and sugars,
the a,,-lowering power of ethanol per gram is greater than that of
sugars (both mono- and di-saccharides) because of its lower
molecular weight. The average and median ABVs of wines in
this study were both 12.5%, and therefore the average mole
fraction of ethanol was ~0.041, while the average and mean
percent total sugars were 3.1 and 1.5% w/w, respectively, corre-
sponding to mole fractions of =~ 0.003 and ~ 0.002. Differences in
the ay-lowering power of solutes per mole are adjusted by the
activity coefficient  term in Raoult’s law (Eq. 2). Without ~,
assuming an ideal solution, 99% of the a,s for the wines
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predicted using Eq. 2 were higher than the measured as (Fig.
3). The a,,s of model solutions were also lower than the X, and v
was found to range from 0.979 to 0.993. Thus, wines and model
solutions did not behave as ideal solutions because the ethanol
and sugar concentrations were high enough to cause the ay, to
deviate from ideality, i.e., X In addition, solutes other than
sugars and ethanol (e.g., organic acids and glycerol) had the
potential to also contribute to lowering the a,.

To determine if the a,, of wine could be predicted if both the
ethanol and sugar concentrations were known, a modified
Norrish equation (Eq. 3) was applied to the data collected from
model solutions (Table 4), and then to the data collected from the
wines (Fig. 3). Since the samples did not behave as ideal solu-
tions, K; values were used in the Norrish equation as fitting
constants for each solute, similar in concept to the activity coef-
ficients () in Raoult’s law (Eq. 2). The K; values used for the
sugars and ethanol were reported in previous studies (—2.25 for
glucose, —2.15 for fructose, —6.47 for sucrose, and —0.91 for
ethanol) (Chirife et al. 1982, Chirife et al. 1980; Miyawaki et al.
1997). K; is associated with solute-solution intermolecular inter-
actions such as hydrogen bonding and has been roughly corre-
lated to the number of hydroxyl groups on the solute (Chirife
et al. 1980; Miyawaki et al. 1997; Norrish 1966). Using the
Norrish equation (Eq. 3) with these K values to predict the ay,s
of model solutions containing only water, ethanol, and sugar
resulted in strong correlation (R2 =0.982, r=0.991) between
the measured and predicted a,,s (Table 4). More variation was
found between the predicted and measured a.,s of wines (Fig. 3),
with the predicted ays being 0.012 + 0.007 higher than the mea-
sured ays, and only 4.4% of the measured a,s of wines were
higher than the predicted ay,s.

While the ays of wines were primarily influenced by the
ethanol followed by the sugar content (based on composition
and influence of these solutes on lowering the ay,), the differ-
ences between the predicted and measured a,,s indicated that
additional solutes were likely also lowering the a, beyond the
contributions of ethanol and sugar. Wines are known to con-
tain glycerol and organic acids. The upper concentration of
organic acids in wines (14.1 g/kg, 0.002 X; for tartaric acid)
reported in Patz et al. (2004) would lower the a,, by = 0.002 in
an ideal solution (following Raoult’s law). Similarly, the upper
limit of glycerol (27.8 g/kg of solution, 0.005 X; (Patz et al.
2004)) would lower the a,, by =0.005. While it is possible,
and likely, that these additional solutes affect the a,, of wines,
it is plausible that the a, of a wine could be predicted using the
Norrish equation within 0.012 + 0.007 a,, using only the ABV
and the sugar content and assuming that the sugar is either
fructose or glucose.

Applications

Using the reported sugar and ethanol compositions of wine
during fermentation from Boulton et al. (1999) and the
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Fig. 3 Measured ays versus the
predicted ay,s of wines using
Raoult’s law (Eq. 2, X, = ay, O)
and the predicted a,,s of wines
using the Norrish equation (Eq. 3) 0.97
accounting for ethanol and sugars
(), and a border where predicted
is equal to measured (—)

0.99

0.95

0.93

0.91

Measured Water Activity

e o
foe] [oe]
N o

o
o0
O
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theoretical wine compositions reported in Jackson (2008b),
the Norrish equation was used to demonstrate that the a,, will
decrease as fermentation proceeds (as shown in Fig. 4). The
initial changes of the a, (osmolarity) of wine have been sug-
gested to be an important indicator of the initial stages of yeast
fermentation (Jones and Greenfield 1986). As shown in Fig. 4,
the greatest changes in a,, were found earlier in the fermenta-
tion process based on the reported compositional changes oc-
curring during that time period. Measuring the a,, of wine
requires only a calibrated TDL instrument, placement of ~
5 mL of wine into a sample cup, and ~ 10 min of analysis
time. Because the a,, of wine is based primarily on ethanol
and sugar content, with some small contribution from other
solutes, it seems that there could be a niche application for
using a,, measurements to monitor the initial stages of fermen-
tation, as shown in Fig. 4.

0.87 0.89 0.91 0.93 0.95 0.97 0.99
Predicted Water Activity

The required accuracy of the commercial determination of
the alcohol content of wines and spirits depends on several
factors, including (Butzke 2012):

1. Differences in alcohol concentration can relate to the per-
ceived sensory properties of ethanol itself (“hotness”) as
well as the relative volatility of aroma compounds in the
headspace of a tasting glass.

2. Reporting of taxable production volumes is often based
on alcohol concentration (“proof gallons” vs “wine gal-
lons” in the USA), and tax brackets are historically based
on arbitrary concentrations of alcohol by volume (the
higher tax bracket is now at > 16% ABV).

3. The absolute concentration of ethanol is relevant for nu-
tritional and public health considerations, e.g., the predic-
tion of blood alcohol concentration, as well as labeling.

Fig. 4 Calculated ays of wine 0.99
during fermentation using the
Norrish equation (ethanol K;=—

0.91, glucose K;=—2.25). Data ’g
were from ABVs and sugar b5

contents reported in Boulton et al. % 098
(1999) (circle, initial sugar ~ o
21.6%, final ABV = 12.6% and H
final sugar =~ 0.0%) and a theo- §
retical figure in Jackson (2008b) S

(square, initial sugar ~19.3%, fi- z 0.97
nal ABV =~ 11.0% and final sugar £
~2.1%) Z
“'S

0.96

Days
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The labeling requirements currently allow an error vari-
ance of = 1.5% in wines with < 14% ABV and + 1.0% in
wines with > 14% ABV.

Based on these considerations, it is suggested that any method
of analysis for alcohol in wines and spirits has an accuracy of no
less than +0.2% ABV. If the Norrish equation had been more
accurate in predicting the a,, of wine based on only ethanol and
sugar content, then it might have been possible to use a,, mea-
surement to predict ABV if the sugar content of the wine was
known. However, with the 0.012 +0.007 a,, error found when
the Norrish equation was applied to wines, the estimation of
ABYV would be off by a margin greater than the desired +0.2%
ABV. For example, accounting for only ethanol in the Norrish
equation a 12.0% ABYV wine would be predicted to have a a,, of
0.959 and a 14.8% ABV wine a a, of 0.949. Therefore, a 0.01
a,, error in a,, measurement would result in as much as a 2.8%
ABYV difference using this approach. Thus, it was concluded that
the margin of error was too great to use a,, measurements to
estimate the ABV of wines.

Conclusions

The ays of model solutions, wines, and spirits were deter-
mined using a water activity instrument capable of measuring
a,, in the presence of volatiles such as ethanol. Increasing
concentrations of both ethanol and sugars decreased the a,s
of model solutions in a manner that was predictable by the
Norrish equation. The greater complexity of composition of
wines compared to model solutions resulted in measured ay,s
for wines that were lower than the predicted a,, values by a
margin of 0.012+0.007 ay,. This margin of error in a, pre-
vents the use of a,, measurement for accurate predictions of
wine ABV using the Norrish equation, since solutes other than
ethanol and sugar are contributing to the wine a,,. While it is
simple to measure the a,, of wines and spirits, and there is
some correlation of ay, to changing ethanol and sugar concen-
trations that occur during fermentation, a niche application for
use of a,, measurement for alcoholic beverages has yet to be
found.
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