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Membrane dialysis for partial dealcoholization of wine. Comparison between white
and red wines

José I. Calvo,’?" David Rodriguez,® Encarnacién Fernandez-Fernandez,® Pedro Pradanos,’
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Abstract

BACKGROUND: Membrane dialysis is a suitable technique for the partial
dealcoholization of wines that preserves most of the aromas of the original wine. In
this study it has been compared the use of this technique in white and red wines of the
same vintage. The results of partial dealcoholization have been checked in terms of
chemical and sensory properties. In addition, gas chromatography was carried out to
determine whether the aromas are appreciably diminished in their final composition
for filtered wines.

RESULTS: Membrane dialysis resulted in wines with a lower alcoholic strength than
the starting one, 11.0 g/kg alcohol reduction was obtained for white wines and 13.4
g/kg for red wines after dialysis, and with acceptable chemical and sensory
characteristics but with a lower concentration of some aromatic compounds.

CONCLUSION: This partial dealcoholization technique is slightly more effective for the
treated red wines. However, the dialyzed red wines become also less acceptable for
consumers than the corresponding white wines.

Keywords: Wine dealcoholization; Dialysis; White wine; Red wine; Aromas

INTRODUCTION

Wine is a natural product whose quality varies with grape conditions, but skilled
oenologists can reduce this variability to meet the strict standards required by regional
wine appellation organizations (for example Denominazione di Origine Controllata, DOC;
Appellation d'Origine Contrélée, AOC; or Denominazione di Origine Controllata e Garantita,
DOCGQG) for labelling and marketing.

One key characteristic of wine is its alcohol content, which depends on the sugar
concentration in grapes before fermentation. Since alcohol levels are difficult to alter
without affecting taste, choosing the right harvest time is crucial. As grapes ripen, sugar
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increases, and winemakers must balance acidity, aroma, phenolic maturity, and potential
alcohol. Harvesting too early can produce wines with “green” flavors, and limited aging
potential due to insufficient aroma complexity and underdeveloped tannins.

In Spain, red wines are usually marketed with an alcohol content of between 97.7-118 g/kg
(12-15° in units of alcohol degree, much more used in alcoholic beverages), while white
wines, in general, have a slightly lower alcohol content (71-110 g/kg). However, higher
alcoholic wines are becoming increasingly common.

Several factors can affect the rise in alcohol content, but one of the main ones is climate
change, which causes grapes to ripen earlier and accumulate more sugar. To counter this,
some Spanish and other European wine regions have begun harvesting in late summer
instead of autumn. However, harvesting earlier can hinder grape development and
ultimately reduce yield.’

Conversely, there is an increasing demand for wines with lower alcohol content, as they
offer fewer calories and reduce health risks linked to excessive alcohol consumption.
Additionally, producing lower-alcohol wines can bring notable tax benefits.2

While excessive alcohol consumption is harmful, moderate intake as part of a
Mediterranean diet can benefit health.? In red wines, phenolic compounds like resveratrol
have antioxidant, anti-inflammatory, and antithrombotic properties, offering
cardioprotective, anti-osteoporotic, and antimutagenic effects.* Therefore, producing
wines with lower alcohol content but similar phenolic levels is both appealing and
advantageous.

However, wine is a product that is consumed for pleasure, and while lower-alcohol wines
are increasingly sought after, the tasting qualities and sensory satisfaction of a good wine
remain highly valued.®

In this situation, several options can be considered.

One option is to modify viticulture practices—such as irrigation or canopy management—
to control photosynthesis and limit sugar accumulation in grapes.® However, these
methods are complex, labor-intensive, and raise production costs.

Other chemical techniques involves adding of glucose oxidase or catalase enzyme directly
in the must before alcoholic fermentation.”

Afurther method, used frequently by our research group, is to remove part of the sugar from
the must through membrane processes such as nanofiltration (NF),%° or combining NF with
pervaporation (PV) to recover some lost aromas.'®'2While effective—especially for white
wines—NF can also remove essential components, negatively affecting the wine’s sensory
and taste qualities.'? Even blending NF-treated wine with the original cannot fully restore its
aromatic and sensory profile.

Finally, alcohol content can be reduced after the wine is produced, using various
separation techniques, as reviewed by Figueroa-Paredes et al."®

The most conventional techniques to achieve this would be heat treatment, operating
under vacuum; for example, evaporation, distillation or vapour separation.’ But also, other
techniques such as osmotic distillation or rotating cone columns can be used with
satisfactory results.’°

In addition to these methods, membrane processes present an attractive alternative due
to their high selectivity and gentle treatment of wine, a delicate product that can easily
degrade at relatively high temperatures.
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87 On the other hand, the International Organisation of Vine and Wine (OIV) allows alcohol
88 reduction using membrane techniques only under strict conditions:?>2" the wine must be
89 free of organoleptic defects; the must’s sugar content cannot be altered before
90 fermentation; alcohol reduction cannot exceed 20% of the initial level; and the wine with a
91 modification of alcoholic strength must be more than 67 g/kg. In fact, Spanish regulations
92 only consider as wine those products having at least 71 g/kg (9 % v/v of alcohol) to fall within
93 the definition of wine of the OIV. Moreover, the process must be supervised by an
94 oenologist or specialised technician.

95 Figueroa-Paredes et al.’® used PV to strongly reduce alcohol in red wines (from 117 to
96 84 g/kg), exceeding the OIV’s 20% maximum reduction limit (up to 93 g/kg). However, they
97 compare the results with those obtained after this strong dealcoholisation, if the
98  dealcoholized wine is then blended with the starting wine, to achieve a final result of 107
99  g/kg.

100 In our case, previous studies with various possibilities (NF, PV, dialysis) led us to opt for
101 membrane dialysis,?? which allows reductions acceptable to the OIV, in a single stage and
102 with fairly good organoleptic results for white wines.

103 Membrane dialysis is a separation process in which a semi-permeable membrane of
104 controlled porosity separates two solutions with different concentrations (usually the
105 product to be dialysed and an agueous solution). The difference in concentration between
106 the two sides of the membrane induces, by diffusion, the passage of components from the
107 concentrated solution to the more dilute one. If the pore size is adjusted so that only certain
108 components can pass through the membrane, these components are removed from the
109 starting solution. Advantages include no need for cooling, pressure, increase the
110 concentration or dilution, minimizing CO, loss.* Previous tests on white wines showed
111 minimal chemical and sensory differences between treated and untreated wines, making
112  them hard for consumers to distinguish.??

113 Figueroa-Paredes et al."3, in their study, focused on the analysis of productivity and costs
114 of the process but also on the changes in volatile compounds due to PV. Accordingly,
115 sensorial and chemical analysis has complemented with an analysis of aromas, which is
116 expected that can help to discriminate the organoleptic differences found.

117 On the other side, it remains open the question if dialysis of wines results in similar
118 performances and organoleptic changes when applied to red wines, with distinct sensorial
119 characteristics. Therefore, in the work presented here, a further step has been tried by
120 studying the performance of dialysis for the dealcoholisation of red wines, comparing it
121 with the results for white wines, all of them from the same vintage.

122 Differences in applying membrane dialysis to white versus red wines may be more
123 noticeable in sensory analysis than in chemical tests. To strengthen the validity of the
124 sensory evaluation, over a hundred consumers participated in this study.

125 Finally, the aim of the present study is to check if the membrane dialysis process designed
126 in our previous study for the partial dealcoholisation process of white wines, can be
127 similarly used for red wines. To the best of our knowledge such comparison has not been
128 previously tested and could be useful to offer a competitive and reliable process to reduce
129 the alcohol content in wines.

130

131 MATERIALS AND METHODS

132 Departing wines
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133  Thewinesusedinthis study were elaborated at the Escuela Técnica Superior de Ingenierias
134 Agrarias de Palencia-Spain (ETSIIAA) with grapes from the 2022 harvest. Red wine was
135 made from 80% Tempranillo and 20% Garnacha, while white wine was 100% Verdejo. Both
136 wines followed traditional winemaking methods and were stored for at least 6 months at
137 6.0+ 0.5°C. Before dialysis, the wines were homogenized and filtered through a 2.5 pm
138 cellulose plate to prevent sedimentation.

139 Membrane and dialysis equipment
140 Membrane

141 Since the main mechanism of separation of alcoholin membrane dialysis is not sieving, the
142 pore size of the membrane (or alternatively, the MWCO) to be used in the process is not the
143 key factor in the membrane selection. In fact, diffusion from a concentrated side to the
144 diluted one, allows separating molecules smaller than pore sizes. Wine alcohols are quite
145 small molecules (47 Da for ethanol or 92 Da for glycerol, much scarcer), therefore any
146 membrane with a cut-off over some hundreds of Da will be adequate to allow ethanol
147 passage. This cut-off should be in the NF range, nevertheless, previous experience showed
148  that using NF membranes, the resulting wine not only losses alcohol but almost other
149 aromas or sensory compounds. Then a tight UF membrane seems to be more adequate.

150 Previous studies on white wines,?? showed that the PLGC Ultracel membrane achieved the
151 best alcohol reduction in the shortest time,?? so it was selected for this study. These
152 membranes, made of regenerated cellulose, are hydrophilic with a dense microstructure
153 and pores in the ultrafiltration range. They are sold as with a diameter of 150 mm flat discs,
154 and the 10 kDa molecular weight cut-off version (Sigma Aldrich 2023 catalogue) was
155 chosen for this work.

156  This cut-offis high enough to assure passage of all volatile molecules, including alcohol but
157 also aromas or similar molecules.

158 Dialysis setup

159 The dialysis filtration experiments were carried out in the laboratories of the Surfaces and
160 Porous Materials Group (SMAP) at the Faculty of Science, Valladolid.

161 The main elements of the dialysis equipment have been described previously.?? Firstly, 2 L
162 of wine and Milli-Q water are added respectively to each of the Erlenmeyer flasks,
163 Parafilm®-capped to prevent loss of aroma. The wine and Milli-Q water were pumped in
164  crossflow and counter-current mode on each side of the membrane using their respective
165 peristaltic pumps. Since both pumps operated at the same recirculation speed, the
166 pressure difference between both sides of the membrane remained nil. The active area of
167 the dialysis cell is 4.4 x 10 m2. After passing through the cell, the liquids are returned to
168  their respective Erlenmeyer flasks.

169 Filtration procedure

170 Following OIV regulations (maximum 20% alcohol reduction), an 8-hour dialysis was used
171 to ensure alcohol did not exceed ~158 g/kg. Wine bottles were refrigerated and properly
172 sealed before dialysis to preserve aromatic compounds.

173 For each wine type (red and white), filtration was carried out in three consecutive sessions
174 to have enough filtered wine for the subsequent chemical and sensory analyses. The three

4
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175  filtrations of each type of wine were carried out with the same membrane sample, which
176 was rinsed with pure water after finishing each day session. Later, Milli-Q water was
177 circulated on both sides of the membrane for about 10 minutes to clean the system.

178 Membrane sample was changed for a fresh one when wine tested changed from white to
179 red wine. All dialysis sessions lasted 8 hours and, at the end of the 3 sessions for each type
180 of wine, the resulting wine was homogenised (by mixing the filtered wine from all sessions),
181 re-bottled and stored in fridge until being chemically, chromatographically and sensorially
182 analysed.

183  Although parafilm was used to seal both flasks, some partial oxygenation occurred during
184 the equipment priming needed for consistent filtration. Additionally, after 8 hours of red
185 wine dialysis, the aqueous phase flask showed a slight pink/reddish tint, likely due to
186 anthocyanins passing through the membrane—a phenomenon not observed with white
187 wines.

188 Finally, during the whole process, no noticeable change in volume was observed in each of
189 the containers, which leads us to consider that there is no significant transfer of water from
190 the extracting solution to the wine.

191 Analytical methods

192 All the chemical analyses described below were carried out in duplicate, both on control
193  white and red wines and on dialyzed wines (white and red). The analyses carried out on
194  these wines were: pH (pH-meter), total acidity (potentiometric method), alcohol content
195  (ebullometry), volatile acidity (Garcia Tena method), free and total sulphur (simple Ripper
196  method), total polyphenol index (TPI, ultraviolet index method) and colour (Glories
197  method). All methods used are described by the OIV.?3

198 Determination of volatile organic compounds (VOCs) by headspace-solid-phase
199 microextraction-gas chromatography-mass spectrometry (HS-SPME-GC-MS)

200 Gas chromatography was carried out on control and dialyzed white and red wines at the
201 Laboratory of Instrumental Techniques (LTI) of the University of Valladolid (UVa). A 7890A
202 Equipment from Agilent Technologies (Santa Clara, CA, USA), equipped with an HP-
203 INNOWAX column (J &W Scientific, Folsom, CA, USA) was used. Components were
204 extracted previously to GC by HS-SPME with Supelco Fibers (StableFlex).

205 VOCs analysis was done in duplicate using HS-SPME-GC-MS. Identification of compounds
206  was achieved by comparing their mass spectra with those of pure standards and/or
207 spectral data from the NIST08 v. 2.4 and Wiley7 libraries. Quantification was carried out
208 using the internal standard quantification method as equivalents of 2-octanol.?*

209 Sensory analysis

210 A sensory analysis was conducted with 126 non-trained consumers (57 (44.88%) men, 69
211 (54.33%) women), prioritizing a large sample to enhance statistical reliability. Most
212 participants were familiar with wine tasting and all were regular wine consumers. The
213 sensory test were carried out in the tasting room of the ETSIIAA in individual sensorial
214 booths, which complies with the standards of the International Organisation for
215 Standardisation (ISO) 8589.%%
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216  Wine glasses used comply with the ISO 3591 standard,?® which contained ~25 mL of liquid,
217  were coded with three-digit random numbers, and were presented to the consumers in
218 random order. The serving temperature of the red wine was 15 = 1°C and the white wine was
219 served at 12 = 1°C. Mineral water at room temperature was provided to the participants for
220 palate cleansing.

221 The data from the online tasting tests were collected using a Google Forms survey, the
222 results of which being automatically exported to Excel format.

223 Triangular test

224  This test has been designed according to ISO 4120.?” The method consists of providing the
225 judges with three samples, two of which are the same and one of which is different, so that
226  the judge must indicate which of the samples is different even if based on an unsure
227 assumption (forced judgement test).

228  CATA (Check-All-That-Apply)

229  The Check-All-That-Apply (CATA) technique involves selecting the descriptors that best
230 describe each sample from a given list, reducing biases from open-ended responses. It is
231 an effective method for discriminating and characterizing products, and also includes a
232  free comment option for judges to add additional descriptors if they wish. 2

233 CATA questionnaire, for white wines, contained 16 terms related to the sensory
234 characteristics of the Verdejo wines grouped in two visual terms (clean, rusty), eight
235 olfactory terms (fruity, citric, tropical, herbaceous, balsamic, reduced, aniseed, aroma
236 intensity), four terms related with the mouth (bitter, acid, mouth volume, persistence), and
237  finally consumers were asked to give a general evaluation of the wine by setting if the wines
238  were pleasant for them (like or unlike). The terms were selected based on published data,?®
239 considering the descriptors selected by trained assessors in preliminary studies, along with
240 thetypical characteristics of Verdejo wines.?228%0

241 Similarly, descriptors used to characterise the red wine were also selected based on the
242 literature,? resulting in similar descriptors, excepting some not very common in white
243 wines, and including alcoholic and astringent, more likely to appear in red wines. Therefore,
244  thetermsincluded inthe CATA questionnaire for red wines were 14, two in the visual phase
245 (clean, intense colour), five in the olfactory phase (fruity, herbaceous, alcoholic, reduced,
246 aroma intensity), five in the mouth (bitter, acid, astringent, mouth volume, persistence),
247 and two related with the global perception (like or unlike).

248 Overall acceptability test

249 A 9-point hedonic scale was used to study the overall acceptability of the wines among
250 consumers® with scale numbers from 1 (dislike extremely) to 9 (like extremely) as
251 described by Stone et al.*?

252 Statistical analysis

253  The statistical treatment of the chemical analyses and VOCs was carried out using analysis
254 of variance (ANOVA), in addition to the Tukey test (p < 0.05), using the IBM SPSS Statistics
255 26.0 programme. Principal component analysis (PCA) was also performed on data of VOCs
256  to characterize the four samples (control and dialyzed red and white wines) using
257 Statgraphics Centurion 19.
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258 Theresults of the triangular test were calculated according to ISO 4120.%7

259 The CATA test was analysed by Cochran's Q test to check whether or not there are
260 statistically significant differences between treated and untreated wine. In addition, a
261 correspondence analysis (CA) with the four wines (control and dialyzed red and white
262  wines) was also performed by considering the chi-square distance with the matrix
263 containing the frequency of use of each term common for each sample. These analyses
264  were performed with the statistical program IBM SPSS Statistics 26.0.

265 Finally, ANOVA and Tukey's test (p < 0.05), was performed on the overall acceptability test
266 using Statgraphics Centurion 19.

267 RESULTS AND DISCUSSION
268 Chemical analysis
269 White wine

270  Table 1 shows the results of the statistical study of the chemical analysis of the control and
271 dialysis-treated white wine sample. Firstly, the objective of the process is achieved with a
272 reduction of 11.0 g/kg in the alcohol content of the wine (reduction corresponding to
273 10.60% of the original value, therefore acceptable according to OIV regulations). Also, it
274 can be seenthatthere are significant differences in total acidity, alcohol content and colour
275 intensity. In all these analytical parameters, the dialyzed wine shows significantly lower
276  values.

277 Total acidity was significantly reduced after dialysis, it is likely that this loss of acidity is due
278  to the diffusion of acidic components through the membrane, although this reduction did
279 not translate into a similar pH drop. This could be due to the fact that, as can be seenin the
280 table, the level of volatile acidity is relatively high, and it is this acidity that has accounted
281 for most of the reduction in total acidity, without affecting the pH as much. The absence of
282 significant changes in pH is related with the fact that wine is a buffer solution to a certain
283 extent, even when small amounts of acids are added or removed.

284 Thereis also a significant drop in colour intensity (0.006 AU, correspondingto an 11% drop).
285 This decrease could be due to the passage of brown (oxidised) polyphenols through the
286 membrane, although this is not visible in the colour of the dialysed wine.??

287 If the analytical results obtained for the dialysis of white wines are compared with those
288 presented in the previous work,?? the major difference can be seen in a greater drop in
289 alcoholic strength in this case (11 g/kg) reduction, compared to the previous work, 9.5 g/kg.
290 Here it should be noted that, although in the 2022 work, the same methodology, equipment
291 and filtration time were used, the starting product is different, as should be the case when
292 using wines from the same grape but from different vintages. In the previous work, the
293 starting alcohol content was significantly lower, 78.1 g/kg, which translates into a lower
294 efficiency of the dialysis process and, consequently, a lower drop in alcohol content.

295 Table 1. Mean value = standard deviation of the white wine analyses
Chemical Analysis Control wine Dialyzed wine
pH 3.30 £ 0.30¢° 3.26 £ 0.00°
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Total acidity / g-L"' (TH2) 49=0.1°
Alcohol degree / g-kg™' 104 +2°
Volatile acic;ict:?(d/)g-L'1 (acetic 0.74 +0.14°
SO,L/ mg-L" 64 + 0?
SO, T/ mg-L" 142 £ 92
TPI 5=%0°

Colour intensity / AU 0.055 = 0.000°

4.4 £0.0°
93 £0°

0.69+0.01°

6142
113 £ 42
5=0°
0.049 +0.000?

Different letters indicate statistically significant differences between samples with a p < 0.05

according to Tukey’s test. AU: absorbance units.

Red wine

Table 2 shows the results of the chemical analyses of the control and dialysis-treated red
wine sample. There are statistically significant differences in the alcohol content and TPI

analyses.

Table 2. Mean value * standard deviation of the red wine analyses

Chemical Analysis

Control wine

Dialyzed wine

pH 3.76 £0.022
Total acidity / g-L-' (TH2) 3.7 0,02
Alcohol degree / g-kg™! 104 0P
Volatile acidity / g-L' (acetic acid) 0.05%0.002
SO,L/ mg-L" 30 + 42
SO, T/ mg-L"’ 42 = 12
TPI 46 = 1°
Colour intensity / AU 9.27 +0.06?

3.77 £0.06°
3.6+0.1°
91«08
0.04 £0.00°
26+ 32
45+ 6°
42 =12

9.06+0.17°

Different letters indicate statistically significant differences between samples with a p < 0.05

according to Tukey’s test. AU: absorbance units.

The alcohol reduction has been of 13.4 g/kg after dialysis (then observed reduction
corresponds to 12.90% of the original value, therefore equally acceptable according to OIV
standards). This percentage is slightly higher than observed for white wines, which is
consistent with previous comment of a higher efficiency of membrane dialysis for higher

departing alcohol concentrations.

TPI of the partially dealcoholized wine in this study is significantly reduced, by 4 units. This
may be due to the passage of polyphenols through the membrane, such as the
anthocyanins. It would be necessary to study these TPI drops in other red wines to check
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315 whether with this membrane and these times the drop is always of the same order, although
316 it seems clear that it is always higher than that observed with white wines, whose low initial
317 TPl makes the reduction practically inappreciable.

318 VOCs comparison

319 Tables S1 and S2 (see Supporting information), show the concentrations (ug/L) of VOCs
320 that show statistically significant differences between the control wines and the dialysed
321 white and red wines, respectively.

322  Thefirstthree compounds in white wines (see Supporting information, Table S1), alcohols,
323 are typically associated with undesirable, pungent odours. Notably, their concentrations
324 decreased in the dialyzed wine, except for 2,4-ditert-butylphenol. This compound is a
325 phenolic compound that usually provides notes that can vary from medicinal, smoky or
326 plastic aromas, depending on its concentration. It is also commonly found in plastics and
327 resins, likely increased due to leaching from the tubing used during dialysis. In other
328 beverages such as Fu-brick tea, the 2,4-ditert-butylphenol was described as ‘phenolic’ and
329 ‘herbal’ odors,*® which was also detected as an odor-active compound in other Dark
330 teas.**% The subsequent nine compounds, primarily esters, known for their fruity and floral
331 aromas, were observed at lower concentrations in the dialyzed wine. Similarly, 2-octanone,
332 associated with apple aroma, also demonstrated a sensible reduction. Benzylamine, an
333 amine, is often characterized by ammonia-like aromas.3¢-3°

334 In red wines (see Supporting information, Table S2), the first twenty-four compounds,
335 predominantly esters, associated with fruity and floral notes, were generally found at lower
336 concentrations in the dialyzed red wine compared to the control. An exception was
337 phenethyl acetate, which is associated to a honey aroma, and showed a clearincrease. The
338 following nine compounds were alcohols, typically linked to unpleasant, pungent odours.
339 However, 1-hexanol (herbaceous), benzyl alcohol (fruity), and 2-phenylethanol and 1-
340 nonanol (rose) are notable exceptions. All alcohols, except 2,4-ditert-butylphenol,
341 decreased in the dialyzed wine. The increase in 2,4-ditert-butylphenol, common in plastic
342 manufacturing, is likely attributable to leaching from the dialysis tubing, similarly to what
343 happened for white wines. The subsequent three compounds, possessing aromatic rings,
344 showed decreased concentrations in the dialyzed wine. These include naphthalene
345 (unpleasant odour), toluene (bitter almond aroma), and 1,3-diacetylbenzene (no
346 characteristic aroma). Similarly, two ketones, generally considered to have minimalimpact
347 onwine aroma, also decreased. Benzoic acid (odourless or slight acetaldehyde aroma) and
348 butanedioic acid (no characteristic aroma) were also reduced. Diphenyl ether (geranium
349 aroma) considered a defect in wines, and 4-nitrophthalamide (no characteristic aroma)
350 were both found at lower concentrations in the dialyzed wine36-3°,

351 It can be concluded that those VOCs that underwent a change in their concentration after
352 dialysis very mostly this change resulted in a significant reduction (typically between 30 and
353 70%), with some components being reduced by much larger amounts. Note for example a
354 reduction of 90% in hexyl acetate (for white wine), 90% for ethyl nonanoate (in red wine) or
355 99.6% in ethyl palmitate (red wine).

356 When comparing the efficiency with respect to aromas of the membrane dialysis process
357 applied to white or red wines, the problem arises because many of the VOCs that appear in
358 white wines do not appear in red wines and vice versa. Therefore, it was decided to focus
359  this comparison by selecting those aromas that, appearing simultaneously in both white

9



Page 13 of 49

360 and red wines, and in both the control sample and the filtered sample, have undergone a
361 significant change during dialysis.

362 The values corresponding to those common aroma compounds are presented in Figure 1,
363 after a PCA using VOCs as variables and the wines as samples.
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366 Fig. 1. Results of PCA analysis for VOCs present in both wines, before and after filtration (1-
367 Control white wine, 2-Dialyzed white wine, 3-Control red wine, 4-Dialyzed red wine).
368

369 PC1 and PC2 explained 77.59% and 20.88% of the total variance, respectively (Figure 1).
370 The wines were clearly differentiated into several groups. It was observed that the dialyzed
371 wines (samples 2 and 4) were placed on the left side of the PC1, whereas the control white
372 wine (sample 1) was positioned on the positive scale of the PC1, and the control red wine
373 (sample 3) was located on the positive scale of PC2. This finding indicated that the aromatic
374  features of the dialyzed wines was different from that observed control wines. It should be
375 noted that ethyl hexanoate, ethyl decanoate, ethyl octanoate and hexyl acetate, were
376 positively correlated with PC1, all of them associated with fruity notes, usually pleasant
377 aroma descriptors in wines. Therefore, these volatile compounds play important roles in
378 the aromatic feature of the control white wine (sample 1) indicating that these fruity
379 aromatic compounds resulted in control white wine with different aromas than the other
380 wine samples. In addition, ethyl heptadecanoate showed a similar correlation as seen for
381 the control red wine (sample 3) to PC2, indicating that this fruity aromatic compound
382 resulted in the control red wine with different aroma than the other wine samples. Finally,
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383 2,4-diter-butylphenol appeared to be the major volatile compound that distinguish the
384 aroma feature of the dialyzed wines (white and red) from the other wines. This compound,
385  were identified for the first time in wines sealed with synthetic closures.*® This compound
386 has been routinely used as an intermediate for the preparation of antioxidants and
387 ultraviolet stabilizers in the plastic industry and manufacturing of pharmaceuticals and
388 fragrances.*' However, their sensory impact on wine chemical and sensory properties are
389 completely unknown.

390 Dimension 2 differentiated the control red wine (sample 3) from all other samples, notably
391 without influence from Dimension 1. Conversely, Dimension 1 separated the control white
392  wine (sample 1) from both dialyzed wines.

393 2,4-ditert-butylphenol and ethyl dodecanoate exhibited a negative correlation. Notably,
394 dialyzed wines showed an increase in 2,4-ditert-butylphenol and a decrease in ethyl
395 dodecanoate.

396  Sensory analysis comparison
397 Triangular test

398 According to the number of consumers, 126, and using ISO 4120,%¢ the minimum number
399 of judges necessary to consider both wines (dialyzed and control) as significantly different
400 (with a significance level of 0.05) is 51. There were 76 people able to identify the different
401 white wine and 85 were able to identify the different red wine. Accordingly, it should
402 consider that dialyzed and control wines (in both white and red cases) are different
403 attending to the triangular test results.

404 Moreover, from confidence intervals (95% significance level) it can be concluded that
405 52.09% for white and 64.06% for red wines would be the maximum proportion of people
406 able to distinguish the sample (with a minimum proportion of 30.11% for the white and
407 38.14% for the red wine).

408 In the previous work,?? that employed white wines and a similar procedure, there were not
409 shown significant differences, which can be related to the low number of consumers in that
410 study (33 vs. 126 in the present work). According to ISO 4120, the participation of a high
411 number of judges increases the probability of detecting small differences between
412 samples.

413  CATAtest

414  The number of consumers that have been considered for CATA data processing was
415 reduced to 116 for white wine and 115 consumers for red wine lower, once erroneous
416 answers (incorrect naming of the samples) were eliminated.

417 Figure 2 presents the frequencies of mention of each of the terms for the control wine and
418 the dialyzed white wine, as well as the results of Cochran's Q test.
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420 Fig. 2. Bar chart of the parameters of the CATA test of the white wine. An asterisk (*) marks the
421 parameters that showed statistically significant differences

422 Nine of the sixteen parameters used to describe the white wines show significant
423 differences (Figure 2). Consumers consider the dialyzed wine cleaner; with less volume in
424 the mouth; less acidic, fruity and tropical; more herbaceous; less aromatic and persistent;
425  and more consumers did not like it compared to the control white wine.

426 The decrease in acidity was also noted in the chemical analysis (Table 1) and the decrease
427 in aromas was analytically noted in the almost general decrease in the concentration of
428 aromatic compounds (Table 3 and Figure 1). The decrease in mouthfeel may be associated
429  withthe passage of certain alcohols such as glycerolthrough the membrane. Therefore, the
430 fact that dialyzed wine shows a lower persistence may be due to a decrease in aroma and
431 mouthfeel. It should be noted that the dialyzed white wine was liked by fewer people (53
432 compared to 61 for the control white wine), although there were no significant differences
433 in this attribute. Several consumers added watery, flat and smooth as other attributes of
434 the dialysed wine.

435 The bitter, citric, balsamic, reduced, aniseed, oxidised and “I like” parameters do not show
436 statistically significant differences between the two wines.
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437 It can be said that most of the parameters used to characterise the white wine show a
438 certain reduction in their appreciation by the judges. This reduction is notably evident in the
439 case of the aromatic and persistent attributes, which is undoubtedly consistent with the
440 significant decrease in aromatic compounds mainly present in white wines.

441 Calvo et al.??2, who carried out a CATA test with the same attributes using 33 consumers,
442 found that there were no significant differences for any of the parameters. Again, this
443 different result may also be due to the low number of consumers who carried out the

444  sensory analysis.

445 Figure 3 shows the frequencies obtained for all parameters tested and the results of
446 Cochran's Q test for the red wines study.
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447
448 Fig. 3. Bar chart of the parameters of the red wine CATA test. With an asterisk (*) the
449 parameters that presented statistically significant differences.

450 Seven of the fourteen parameters (alcoholic, reduced, aromatic, bitter, persistent, “like”
451 and “unlike”) used to describe the red wines in CATA methodology show significant
452 differences. Although significant differences were also found in the reduced attribute, it
453 was only selected by reduced number of consumers (6 out of 115 for control wine and 10
454 out of 115 in the case of the dialyzed red wine. It is likely that this low number could be due
455  tothe fact that consumers may not distinguish clearly what a reduced wine is.
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456 The dialyzed wine, compared to the control, was considered less bitter, which could be due
457  to the analytically proven decrease in phenols; less alcoholic, due to the 12.9% decrease
458 in alcoholic strength; less aromatic, surely due to a lower concentration of VOCs; and less
459 persistent, this may be because this wine is less aromatic and bitter. In addition, the
460 dialyzed wine was liked by fewer consumers and disliked by more compared to the control.

461 The parameters clean, intense colour, fruity, astringent, herbaceous, acid and mouthfeel
462  volume, showed no significant differences between the two wines.

463  These outcome can be summarised by indicating that significant attributes in red wines,
464 such as alcoholic, aromatic or persistent, show a significant reduction in their appreciation
465 by the judges. These results coincide with a significant drop in alcohol content, aswell as a
466 reduction in aromas (although less drastic than in the white wines, as shown by the
467 chromatographic study). The conjunction of these changes influences the remarkable
468 change in consumers with respect to the attributes “I like”, and “l don't like”.
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471 Fig. 4. Descriptive map of the four wines (control and dialyzed red and white wines) and
472 sensory attributes used to describe them in two-dimensional maps of CA of CATA frequency.
473

474 Figure 4 shows the results from the CA with the 11 common sensory descriptors significant
475 used in the CATA test (clean, fruity, herbaceous, reduced, aroma intensity, bitter, acid,
476 mouth volume, persistence, like and unlike) of the four wines (control and dialyzed red and
477  white wines). The first two dimensions accounted for 88.6% of the total experimental data,
478 attesting to the robustness and relevance of the data.
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479 Graph analysis revealed that most of the data explanation was on the Dimension 1,
480 indicating that the differences between the wine samples were more pronounced on the
481 horizontal axis rather than the vertical axis. The control samples differed clearly from the
482 dialyzed samples (red and white wines). Plot also shows which descriptors or attributes
483  were associated with each wine. Persistence, aroma intensity, like, fruity and acid
484 attributes were identified in the control wines; while attributes bitter, unlike, reduced, clean
485 and herbaceous were associated with the dialyzed wines. It should be noted that the
486 attribute mouth volume, although it showed statistically significant differences among
487 wine samples, did not have a great impact on the wines evaluated. More specifically,
488 considering the quadrants in the graphic, the control red wine was characterized by the
489 persistence and aroma intensity attributes while the control white wine by the like, fruity
490 and acid attributes. On the other hand, the dialyzed red wine was differentiated by the
491 attributes bitter, unlike and reduced; and the dialyzed white wine was associated with the
492 attributes clean and herbaceous.

493 Dimension 2 effectively differentiates wine types, with red wines characterized by positive
494 quadrant and white wines by negative quadrant. Dimension 1 distinguishes between
495 dialyzed and control wines.

496 Sensory 'unlike' ratings correlated with reduced and bitter notes, while 'like' ratings
497 correlated with fruity and acidic notes. Notably, 'like' and 'unlike' ratings exhibited a
498 negative correlation.

499 Overall acceptability test

500 The number of consumers considered for this test was 113 (for white wine) and 118 (for red
501 wine), again after eliminating some errors in sample naming. Table 3 summarize the results
502 of the overall acceptability test.

503 Table 3. Means and standard deviation of the overall acceptability of the samples for red
504 and white wine
Control wine Dialyzed wine
White wine 6.16 +1.87¢ 5.62+1.88°
Red wine 5.62 £ 1.90° 5.22 £1.80°

505 Different letters indicate statistically significant differences between samples with a p < 0.05
506  according to Tukey’s test.

507 Both dialysed wines show a lower overall acceptability than the control wines, although
508 only in the case of the white wine those differences present statistical significance.

509 For both wines the acceptance score is quite low, with values between 5 (neither like nor
510 dislike) and 6 (like slightly), which was expected from young wines elaborated with no
511 special grape selection.

512 Attending to the comparison of acceptability before and after dialysis, it can be seen that
513 controlwine has sensorial characteristics that are more pleasant to the consumer, but this
514 difference is less than half a point in both cases. In any case, it is clear from this test and
515 from results of CATA test, that global acceptance of the dialyzed wine is lower than that of
516  the controlwine for both white and red ones. Itis well known that alcohol has an enhancing
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517 effect on the aromas of wine. Thus, the reduction of alcohol content leads to the loss of
518 some aromas. But certainly, if the objective is to produce wines with low alcohol content,
519 itis needed to sacrifice some of the aroma-enhancing effect of alcohol.

520 CONCLUSIONS

521 The study showed that alcohol content in both white and red wines was successfully
522 reduced to levels meeting OIV standards through dialysis. Increasing the membrane area
523 could further improve alcohol reduction, while extending dialysis time is less desirable due
524  to higher costs and aroma loss.

525 Dialysis was found to be more effective in red wines, likely because their higher alcohol
526 content enhances separation efficiency. However, sensory tests revealed that dialyzed
527  wines were less intense and aromatic, a result confirmed by chromatographic analysis,
528 which showed decreases in most aroma compounds. Using a membrane with a lower cut-
529 off (<10 kDa) could help reduce these losses.

530 Overall, partial dealcoholization by dialysis produces wines with different but acceptable
531 sensory characteristics, making it a viable option for consumers seeking lower-alcohol
532 wines. Future work will aim to scale up the process using larger membranes and optimize
533 filtration times to minimize sensory alterations. Additionally, techniques like barrel aging or
534 aging on lees could help enhance the sensory quality of the final product.
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Abstract

BACKGROUND: Membrane dialysis is a suitable technique for the partial
dealcoholization of wines that preserves most of the aromas of the original wine. In
this study it has been compared the use of this technique in white and red wines of the
same vintage. The results of partial dealcoholization have been checked in terms of
chemical and sensory properties. In addition, gas chromatography was carried out to
determine whether the aromas are appreciably diminished in their final composition
for filtered wines.

RESULTS: Membrane dialysis resulted in wines with a lower alcoholic strength than
the starting one, 11.0 g/kg alcohol reduction was obtained for white wines and 13.4
g/kg for red wines after dialysis, and with acceptable chemical and sensory
characteristics but with a lower concentration of some aromatic compounds.

CONCLUSION: This partial dealcoholization technique is slightly more effective for the
treated red wines. However, the dialyzed red wines become also less acceptable for
consumers than the corresponding white wines.

Keywords: Wine dealcoholization; Dialysis; White wine; Red wine; Aromas

INTRODUCTION

Wine is a natural product whose quality varies with grape conditions, but skilled
oenologists can reduce this variability to meet the strict standards required by regional
wine appellation organizations (for example Denominazione di Origine Controllata, DOC;
Appellation d'Origine Contrélée, AOC; or Denominazione di Origine Controllata e Garantita,
DOCGQG) for labelling and marketing.

One key characteristic of wine is its alcohol content, which depends on the sugar
concentration in grapes before fermentation. Since alcohol levels are difficult to alter
without affecting taste, choosing the right harvest time is crucial. As grapes ripen, sugar
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increases, and winemakers must balance acidity, aroma, phenolic maturity, and potential
alcohol. Harvesting too early can produce wines with “green” flavors, and limited aging
potential due to insufficient aroma complexity and underdeveloped tannins.

In Spain, red wines are usually marketed with an alcohol content of between 97.7-118 g/kg
(12-15° in units of alcohol degree, much more used in alcoholic beverages), while white
wines, in general, have a slightly lower alcohol content (71-110 g/kg). However, higher
alcoholic wines are becoming increasingly common.

Several factors can affect the rise in alcohol content, but one of the main ones is climate
change, which causes grapes to ripen earlier and accumulate more sugar. To counter this,
some Spanish and other European wine regions have begun harvesting in late summer
instead of autumn. However, harvesting earlier can hinder grape development and
ultimately reduce yield.’

Conversely, there is an increasing demand for wines with lower alcohol content, as they
offer fewer calories and reduce health risks linked to excessive alcohol consumption.
Additionally, producing lower-alcohol wines can bring notable tax benefits.?

While excessive alcohol consumption is harmful, moderate intake as part of a
Mediterranean diet can benefit health.® In red wines, phenolic compounds like resveratrol
have antioxidant, anti-inflammatory, and antithrombotic properties, offering
cardioprotective, anti-osteoporotic, and antimutagenic effects.* Therefore, producing
wines with lower alcohol content but similar phenolic levels is both appealing and
advantageous.

However, wine is a product that is consumed for pleasure, and while lower-alcohol wines
are increasingly sought after, the tasting qualities and sensory satisfaction of a good wine
remain highly valued.®

In this situation, several options can be considered.

One option is to modify viticulture practices—such as irrigation or canopy management—
to control photosynthesis and limit sugar accumulation in grapes.® However, these
methods are complex, labor-intensive, and raise production costs.

Other chemical techniques involves adding of glucose oxidase or catalase enzyme directly
in the must before alcoholic fermentation.”

Afurther method, used frequently by our research group, is to remove part of the sugar from
the must through membrane processes such as nanofiltration (NF),%° or combining NF with
pervaporation (PV) to recover some lost aromas.’®'?2 While effective—especially for white
wines—NF can also remove essential components, negatively affecting the wine’s sensory
and taste qualities.'? Even blending NF-treated wine with the original cannot fully restore its
aromatic and sensory profile.

Finally, alcohol content can be reduced after the wine is produced, using various
separation techniques, as reviewed by Figueroa-Paredes et al.™

The most conventional techniques to achieve this would be heat treatment, operating
under vacuum; for example, evaporation, distillation or vapour separation.’ But also, other
techniques such as osmotic distillation or rotating cone columns can be used with
satisfactory results.’"°

In addition to these methods, membrane processes present an attractive alternative due
to their high selectivity and gentle treatment of wine, a delicate product that can easily
degrade at relatively high temperatures.
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87 On the other hand, the International Organisation of Vine and Wine (OIV) allows alcohol
88 reduction using membrane techniques only under strict conditions:?>2" the wine must be
89 free of organoleptic defects; the must’s sugar content cannot be altered before
90 fermentation; alcohol reduction cannot exceed 20% of the initial level; and the wine with a
91 modification of alcoholic strength must be more than 67 g/kg. In fact, Spanish regulations
92  onlyconsideraswine those products having at least 71 g/kg (9 % v/v of alcohol) to fall within
93 the definition of wine of the OIV. Moreover, the process must be supervised by an
94 oenologist or specialised technician.

95 Figueroa-Paredes et al.’® used PV to strongly reduce alcohol in red wines (from 117 to
96 84 g/kg), exceeding the OIV’s 20% maximum reduction limit (up to 93 g/kg). However, they
97 compare the results with those obtained after this strong dealcoholisation, if the
98 dealcoholized wine is then blended with the starting wine, to achieve a final result of 107
99  g/kg.

100 In our case, previous studies with various possibilities (NF, PV, dialysis) led us to opt for
101 membrane dialysis,?* which allows reductions acceptable to the OIV, in a single stage and
102 with fairly good organoleptic results for white wines.

103 Membrane dialysis is a separation process in which a semi-permeable membrane of
104 controlled porosity separates two solutions with different concentrations (usually the
105 product to be dialysed and an agueous solution). The difference in concentration between
106 the two sides of the membrane induces, by diffusion, the passage of components from the
107 concentrated solution to the more dilute one. If the pore size is adjusted so that only certain
108 components can pass through the membrane, these components are removed from the
109 starting solution. Advantages include no need for cooling, pressure, increase the
110 concentration or dilution, minimizing CO, loss.* Previous tests on white wines showed
111 minimal chemical and sensory differences between treated and untreated wines, making
112  them hard for consumers to distinguish.??

113 Figueroa-Paredes et al.’3, in their study, focused on the analysis of productivity and costs
114 of the process but also on the changes in volatile compounds due to PV. Accordingly,
115 sensorial and chemical analysis has complemented with an analysis of aromas, which is
116 expected that can help to discriminate the organoleptic differences found.

117 On the other side, it remains open the question if dialysis of wines results in similar
118 performances and organoleptic changes when applied to red wines, with distinct sensorial
119 characteristics. Therefore, in the work presented here, a further step has been tried by
120 studying the performance of dialysis for the dealcoholisation of red wines, comparing it
121 with the results for white wines, all of them from the same vintage.

122 Differences in applying membrane dialysis to white versus red wines may be more
123 noticeable in sensory analysis than in chemical tests. To strengthen the validity of the
124 sensory evaluation, over a hundred consumers participated in this study.

125 Finally, the aim of the present study is to check if the membrane dialysis process designed
126 in our previous study for the partial dealcoholisation process of white wines, can be
127 similarly used for red wines. To the best of our knowledge such comparison has not been
128 previously tested and could be useful to offer a competitive and reliable process to reduce
129 the alcohol content in wines.

130

131 MATERIALS AND METHODS

132 Departing wines
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133  Thewinesusedinthis study were elaborated at the Escuela Técnica Superior de Ingenierias
134 Agrarias de Palencia-Spain (ETSIIAA) with grapes from the 2022 harvest. Red wine was
135 made from 80% Tempranillo and 20% Garnacha, while white wine was 100% Verdejo. Both
136 wines followed traditional winemaking methods and were stored for at least 6 months at
137 6.0 = 0.5°C. Before dialysis, the wines were homogenized and filtered through a 2.5 uym
138 cellulose plate to prevent sedimentation.

139 Membrane and dialysis equipment
140 Membrane

141 Since the main mechanism of separation of alcoholin membrane dialysis is not sieving, the
142 pore size of the membrane (or alternatively, the MWCO) to be used in the process is not the
143 key factor in the membrane selection. In fact, diffusion from a concentrated side to the
144 diluted one, allows separating molecules smaller than pore sizes. Wine alcohols are quite
145 small molecules (47 Da for ethanol or 92 Da for glycerol, much scarcer), therefore any
146 membrane with a cut-off over some hundreds of Da will be adequate to allow ethanol
147 passage. This cut-off should be in the NF range, nevertheless, previous experience showed
148  that using NF membranes, the resulting wine not only losses alcohol but almost other
149 aromas or sensory compounds. Then a tight UF membrane seems to be more adequate.

150 Previous studies on white wines,?? showed that the PLGC Ultracel membrane achieved the
151 best alcohol reduction in the shortest time,?? so it was selected for this study. These
152 membranes, made of regenerated cellulose, are hydrophilic with a dense microstructure
153 and pores in the ultrafiltration range. They are sold as with a diameter of 150 mm flat discs,
154 and the 10 kDa molecular weight cut-off version (Sigma Aldrich 2023 catalogue) was
155 chosen for this work.

156  This cut-offis high enough to assure passage of all volatile molecules, including alcohol but
157 also aromas or similar molecules.

158 Dialysis setup

159 The dialysis filtration experiments were carried out in the laboratories of the Surfaces and
160 Porous Materials Group (SMAP) at the Faculty of Science, Valladolid.

161 The main elements of the dialysis equipment have been described previously.?? Firstly, 2 L
162 of wine and Milli-Q water are added respectively to each of the Erlenmeyer flasks,
163 Parafilm®-capped to prevent loss of aroma. The wine and Milli-Q water were pumped in
164 crossflow and counter-current mode on each side of the membrane using their respective
165 peristaltic pumps. Since both pumps operated at the same recirculation speed, the
166 pressure difference between both sides of the membrane remained nil. The active area of
167 the dialysis cell is 4.4 x 10 m2. After passing through the cell, the liquids are returned to
168  their respective Erlenmeyer flasks.

169 Filtration procedure

170 Following OIV regulations (maximum 20% alcohol reduction), an 8-hour dialysis was used
171 to ensure alcohol did not exceed ~158 g/kg. Wine bottles were refrigerated and properly
172 sealed before dialysis to preserve aromatic compounds.

173 For each wine type (red and white), filtration was carried out in three consecutive sessions
174 to have enough filtered wine for the subsequent chemical and sensory analyses. The three

4
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175  filtrations of each type of wine were carried out with the same membrane sample, which
176 was rinsed with pure water after finishing each day session. Later, Milli-Q water was
177 circulated on both sides of the membrane for about 10 minutes to clean the system.

178 Membrane sample was changed for a fresh one when wine tested changed from white to
179 red wine. All dialysis sessions lasted 8 hours and, at the end of the 3 sessions for each type
180 of wine, the resulting wine was homogenised (by mixing the filtered wine from all sessions),
181 re-bottled and stored in fridge until being chemically, chromatographically and sensorially
182 analysed.

183  Although parafilm was used to seal both flasks, some partial oxygenation occurred during
184 the equipment priming needed for consistent filtration. Additionally, after 8 hours of red
185 wine dialysis, the aqueous phase flask showed a slight pink/reddish tint, likely due to
186 anthocyanins passing through the membrane—a phenomenon not observed with white
187 wines.

188 Finally, during the whole process, no noticeable change in volume was observed in each of
189 the containers, which leads us to consider that there is no significant transfer of water from
190 the extracting solution to the wine.

191 Analytical methods

192 All the chemical analyses described below were carried out in duplicate, both on control
193  white and red wines and on dialyzed wines (white and red). The analyses carried out on
194  these wines were: pH (pH-meter), total acidity (potentiometric method), alcohol content
195  (ebullometry), volatile acidity (Garcia Tena method), free and total sulphur (simple Ripper
196  method), total polyphenol index (TPI, ultraviolet index method) and colour (Glories
197  method). All methods used are described by the OIV.??

198 Determination of volatile organic compounds (VOCs) by headspace-solid-phase
199 microextraction-gas chromatography-mass spectrometry (HS-SPME-GC-MS)

200 Gas chromatography was carried out on control and dialyzed white and red wines at the
201 Laboratory of Instrumental Techniques (LTI) of the University of Valladolid (UVa). A 7890A
202 Equipment from Agilent Technologies (Santa Clara, CA, USA), equipped with an HP-
203 INNOWAX column (J &W Scientific, Folsom, CA, USA) was used. Components were
204 extracted previously to GC by HS-SPME with Supelco Fibers (StableFlex).

205 VOCs analysis was done in duplicate using HS-SPME-GC-MS. ldentification of compounds
206  was achieved by comparing their mass spectra with those of pure standards and/or
207 spectral data from the NIST08 v. 2.4 and Wiley7 libraries. Quantification was carried out
208 using the internal standard quantification method as equivalents of 2-octanol.?*

209 Sensory analysis

210 A sensory analysis was conducted with 126 non-trained consumers (57 (44.88%) men, 69
211 (54.33%) women), prioritizing a large sample to enhance statistical reliability. Most
212 participants were familiar with wine tasting and all were regular wine consumers. The
213 sensory test were carried out in the tasting room of the ETSIIAA in individual sensorial
214 booths, which complies with the standards of the International Organisation for
215 Standardisation (ISO) 8589.%°
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216  Wine glasses used comply with the ISO 3591 standard,?® which contained ~25 mL of liquid,
217  were coded with three-digit random numbers, and were presented to the consumers in
218 random order. The serving temperature of the red wine was 15 = 1°C and the white wine was
219 served at 12 = 1°C. Mineral water at room temperature was provided to the participants for
220 palate cleansing.

221 The data from the online tasting tests were collected using a Google Forms survey, the
222 results of which being automatically exported to Excel format.

223 Triangular test

224  This test has been designed according to ISO 4120.?” The method consists of providing the
225 judges with three samples, two of which are the same and one of which is different, so that
226  the judge must indicate which of the samples is different even if based on an unsure
227 assumption (forced judgement test).

228  CATA (Check-All-That-Apply)

229 The Check-All-That-Apply (CATA) technique involves selecting the descriptors that best
230 describe each sample from a given list, reducing biases from open-ended responses. Itis
231 an effective method for discriminating and characterizing products, and also includes a
232 free comment option for judges to add additional descriptors if they wish. 28

233 CATA questionnaire, for white wines, contained 16 terms related to the sensory
234 characteristics of the Verdejo wines grouped in two visual terms (clean, rusty), eight
235 olfactory terms (fruity, citric, tropical, herbaceous, balsamic, reduced, aniseed, aroma
236 intensity), four terms related with the mouth (bitter, acid, mouth volume, persistence), and
237  finally consumers were asked to give a general evaluation of the wine by setting if the wines
238  were pleasant for them (like or unlike). The terms were selected based on published data,?
239 considering the descriptors selected by trained assessors in preliminary studies, along with
240  thetypical characteristics of Verdejo wines.?2:28:30

241 Similarly, descriptors used to characterise the red wine were also selected based on the
242 literature,?*° resulting in similar descriptors, excepting some not very common in white
243 wines, and including alcoholic and astringent, more likely to appear in red wines. Therefore,
244  thetermsincluded inthe CATA questionnaire for red wines were 14, two in the visual phase
245 (clean, intense colour), five in the olfactory phase (fruity, herbaceous, alcoholic, reduced,
246 aroma intensity), five in the mouth (bitter, acid, astringent, mouth volume, persistence),
247 and two related with the global perception (like or unlike).

248 Overall acceptability test

249 A 9-point hedonic scale was used to study the overall acceptability of the wines among
250 consumers® with scale numbers from 1 (dislike extremely) to 9 (like extremely) as
251 described by Stone et al.*?

252 Statistical analysis

253  The statistical treatment of the chemical analyses and VOCs was carried out using analysis
254 of variance (ANOVA), in addition to the Tukey test (p < 0.05), using the IBM SPSS Statistics
255 26.0 programme. Principal component analysis (PCA) was also performed on data of VOCs
256 to characterize the four samples (control and dialyzed red and white wines) using
257 Statgraphics Centurion 19.
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258  Theresults of the triangular test were calculated according to ISO 4120.%7

259 The CATA test was analysed by Cochran's Q test to check whether or not there are
260 statistically significant differences between treated and untreated wine. In addition, a
261 correspondence analysis (CA) with the four wines (control and dialyzed red and white
262  wines) was also performed by considering the chi-square distance with the matrix
263 containing the frequency of use of each term common for each sample. These analyses
264  were performed with the statistical program IBM SPSS Statistics 26.0.

265 Finally, ANOVA and Tukey's test (p < 0.05), was performed on the overall acceptability test
266 using Statgraphics Centurion 19.

267 RESULTS AND DISCUSSION
268 Chemical analysis
269 White wine

270 Table 1 shows the results of the statistical study of the chemical analysis of the control and
271 dialysis-treated white wine sample. Firstly, the objective of the process is achieved with a
272 reduction of 11.0 g/kg in the alcohol content of the wine (reduction corresponding to
273 10.60% of the original value, therefore acceptable according to OIV regulations). Also, it
274 can be seenthatthere are significant differences in total acidity, alcohol content and colour
275 intensity. In all these analytical parameters, the dialyzed wine shows significantly lower
276  values.

277 Total acidity was significantly reduced after dialysis, it is likely that this loss of acidity is due
278  to the diffusion of acidic components through the membrane, although this reduction did
279 not translate into a similar pH drop. This could be due to the fact that, as can be seeninthe
280 table, the level of volatile acidity is relatively high, and it is this acidity that has accounted
281 for most of the reduction in total acidity, without affecting the pH as much. The absence of
282 significant changes in pH is related with the fact that wine is a buffer solution to a certain
283 extent, even when small amounts of acids are added or removed.

284 Thereis also a significant drop in colour intensity (0.006 AU, correspondingto an 11% drop).
285 This decrease could be due to the passage of brown (oxidised) polyphenols through the
286 membrane, although this is not visible in the colour of the dialysed wine.?

287 If the analytical results obtained for the dialysis of white wines are compared with those
288 presented in the previous work,?? the major difference can be seen in a greater drop in
289 alcoholic strength in this case (11 g/kg) reduction, compared to the previous work, 9.5 g/kg.
290 Here it should be noted that, although in the 2022 work, the same methodology, equipment
291 and filtration time were used, the starting product is different, as should be the case when
292 using wines from the same grape but from different vintages. In the previous work, the
293 starting alcohol content was significantly lower, 78.1 g/kg, which translates into a lower
294 efficiency of the dialysis process and, consequently, a lower drop in alcohol content.

295 Table 1. Mean value * standard deviation of the white wine analyses
Chemical Analysis Control wine Dialyzed wine
pH 3.30 £ 0.30¢° 3.26 £ 0.00°




296
297

298

299

300
301
302

303

304
305

306

307
308
309
310
311

312
313
314

Page 30 of 49

Total acidity / g-L"' (TH2) 49=0.1°
Alcohol degree / g-kg"’ 104 = 2°
Volatile acic;igd/)g-Lﬂ (acetic 0.74 +0.14°
SO,L/ mg-L" 64 + 0?
SO, T/ mg-L" 142 £ 92
TPI 5=%0°

Colour intensity / AU 0.055 = 0.000°

4.4 £0.0°

93 £0°

0.69+0.01°

6142
113 £ 42
5=0°
0.049 +0.000?

Different letters indicate statistically significant differences between samples with a p < 0.05

according to Tukey’s test. AU: absorbance units.

Red wine

Table 2 shows the results of the chemical analyses of the control and dialysis-treated red
wine sample. There are statistically significant differences in the alcohol content and TPI

analyses.

Table 2. Mean value * standard deviation of the red wine analyses

Chemical Analysis

Control wine

Dialyzed wine

pH 3.76 £0.022
Total acidity / g-L-' (TH2) 3.7 0,02
Alcohol degree / g-kg"" 104 = Qb
Volatile acidity / g-L' (acetic acid) 0.05%0.002
SO,L/ mg-L" 30 + 42
SO, T/ mg-L"’ 42 = 12
TPI 46 = 1°
Colour intensity / AU 9.27 +0.06?

3.77 £0.06°
3.6+0.1°
91 £0°
0.04 £0.00°
26+ 3°
45+ 62
42 =12

9.06+0.17°

Different letters indicate statistically significant differences between samples with a p < 0.05

according to Tukey’s test. AU: absorbance units.

The alcohol reduction has been of 13.4 g/kg after dialysis (then observed reduction
corresponds to 12.90% of the original value, therefore equally acceptable according to OIV
standards). This percentage is slightly higher than observed for white wines, which is
consistent with previous comment of a higher efficiency of membrane dialysis for higher

departing alcohol concentrations.

TPI of the partially dealcoholized wine in this study is significantly reduced, by 4 units. This
may be due to the passage of polyphenols through the membrane, such as the
anthocyanins. It would be necessary to study these TPI drops in other red wines to check
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315 whether with this membrane and these times the drop is always of the same order, although
316 it seems clear that it is always higher than that observed with white wines, whose low initial
317 TPl makes the reduction practically inappreciable.

318 VOCs comparison

319 Tables S1 and S2 (see Supporting information), show the concentrations (ug/L) of VOCs
320 that show statistically significant differences between the control wines and the dialysed
321 white and red wines, respectively.

322 The first three compounds in white wines (see Supporting information, Table S1), alcohols,
323 are typically associated with undesirable, pungent odours. Notably, their concentrations
324 decreased in the dialyzed wine, except for 2,4-ditert-butylphenol. This compound is a
325 phenolic compound that usually provides notes that can vary from medicinal, smoky or
326 plastic aromas, depending on its concentration. It is also commonly found in plastics and
327 resins, likely increased due to leaching from the tubing used during dialysis. In other
328 beverages such as Fu-brick tea, the 2,4-ditert-butylphenol was described as ‘phenolic’ and
329  ‘herbal’ odors,*® which was also detected as an odor-active compound in other Dark
330 teas.*** The subsequent nine compounds, primarily esters, known for their fruity and floral
331 aromas, were observed at lower concentrations in the dialyzed wine. Similarly, 2-octanone,
332 associated with apple aroma, also demonstrated a sensible reduction. Benzylamine, an
333 amine, is often characterized by ammonia-like aromas.3¢-3°

334 In red wines (see Supporting information, Table S2), the first twenty-four compounds,
335 predominantly esters, associated with fruity and floral notes, were generally found at lower
336 concentrations in the dialyzed red wine compared to the control. An exception was
337 phenethyl acetate, which is associated to a honey aroma, and showed a clearincrease. The
338 following nine compounds were alcohols, typically linked to unpleasant, pungent odours.
339 However, 1-hexanol (herbaceous), benzyl alcohol (fruity), and 2-phenylethanol and 1-
340 nonanol (rose) are notable exceptions. All alcohols, except 2,4-ditert-butylphenol,
341 decreased in the dialyzed wine. The increase in 2,4-ditert-butylphenol, common in plastic
342 manufacturing, is likely attributable to leaching from the dialysis tubing, similarly to what
343 happened for white wines. The subsequent three compounds, possessing aromatic rings,
344 showed decreased concentrations in the dialyzed wine. These include naphthalene
345 (unpleasant odour), toluene (bitter almond aroma), and 1,3-diacetylbenzene (no
346 characteristic aroma). Similarly, two ketones, generally considered to have minimalimpact
347 onwine aroma, also decreased. Benzoic acid (odourless or slight acetaldehyde aroma) and
348 butanedioic acid (no characteristic aroma) were also reduced. Diphenyl ether (geranium
349 aroma) considered a defect in wines, and 4-nitrophthalamide (no characteristic aroma)
350 were both found at lower concentrations in the dialyzed wine36-3°,

351 It can be concluded that those VOCs that underwent a change in their concentration after
352 dialysis very mostly this change resulted in a significant reduction (typically between 30 and
353 70%), with some components being reduced by much larger amounts. Note for example a
354 reduction of 90% in hexyl acetate (for white wine), 90% for ethyl nonanoate (in red wine) or
355 99.6% in ethyl palmitate (red wine).

356 When comparing the efficiency with respect to aromas of the membrane dialysis process
357 applied to white or red wines, the problem arises because many of the VOCs that appear in
358 white wines do not appear in red wines and vice versa. Therefore, it was decided to focus
359  this comparison by selecting those aromas that, appearing simultaneously in both white

9
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360 and red wines, and in both the control sample and the filtered sample, have undergone a
361 significant change during dialysis.

362 The values corresponding to those common aroma compounds are presented in Figure 1,
363 after a PCA using VOCs as variables and the wines as samples.
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366 Fig. 1. Results of PCA analysis for VOCs present in both wines, before and after filtration (1-
367 Control white wine, 2-Dialyzed white wine, 3-Control red wine, 4-Dialyzed red wine).
368

369 PC1 and PC2 explained 77.59% and 20.88% of the total variance, respectively (Figure 1).
370 The wines were clearly differentiated into several groups. It was observed that the dialyzed
371 wines (samples 2 and 4) were placed on the left side of the PC1, whereas the control white
372 wine (sample 1) was positioned on the positive scale of the PC1, and the control red wine
373 (sample 3) was located on the positive scale of PC2. This finding indicated that the aromatic
374  features of the dialyzed wines was different from that observed control wines. It should be
375 noted that ethyl hexanoate, ethyl decanoate, ethyl octanoate and hexyl acetate, were
376 positively correlated with PC1, all of them associated with fruity notes, usually pleasant
377 aroma descriptors in wines. Therefore, these volatile compounds play important roles in
378 the aromatic feature of the control white wine (sample 1) indicating that these fruity
379 aromatic compounds resulted in control white wine with different aromas than the other
380 wine samples. In addition, ethyl heptadecanoate showed a similar correlation as seen for
381 the control red wine (sample 3) to PC2, indicating that this fruity aromatic compound
382 resulted in the control red wine with different aroma than the other wine samples. Finally,

10
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383 2,4-diter-butylphenol appeared to be the major volatile compound that distinguish the
384 aroma feature of the dialyzed wines (white and red) from the other wines. This compound,
385  were identified for the first time in wines sealed with synthetic closures.*® This compound
386 has been routinely used as an intermediate for the preparation of antioxidants and
387 ultraviolet stabilizers in the plastic industry and manufacturing of pharmaceuticals and
388  fragrances.*’ However, their sensory impact on wine chemical and sensory properties are
389 completely unknown.

390 Dimension 2 differentiated the control red wine (sample 3) from all other samples, notably
391 without influence from Dimension 1. Conversely, Dimension 1 separated the control white
392  wine (sample 1) from both dialyzed wines.

393 2,4-ditert-butylphenol and ethyl dodecanoate exhibited a negative correlation. Notably,
394 dialyzed wines showed an increase in 2,4-ditert-butylphenol and a decrease in ethyl
395 dodecanoate.

396  Sensory analysis comparison
397 Triangular test

398 According to the number of consumers, 126, and using ISO 4120,%¢ the minimum number
399 of judges necessary to consider both wines (dialyzed and control) as significantly different
400 (with a significance level of 0.05) is 51. There were 76 people able to identify the different
401 white wine and 85 were able to identify the different red wine. Accordingly, it should
402 consider that dialyzed and control wines (in both white and red cases) are different
403 attending to the triangular test results.

404 Moreover, from confidence intervals (95% significance level) it can be concluded that
405 52.09% for white and 64.06% for red wines would be the maximum proportion of people
406 able to distinguish the sample (with a minimum proportion of 30.11% for the white and
407 38.14% for the red wine).

408 In the previous work,?? that employed white wines and a similar procedure, there were not
409 shown significant differences, which can be related to the low number of consumers in that
410 study (33 vs. 126 in the present work). According to ISO 4120,%¢ the participation of a high
411 number of judges increases the probability of detecting small differences between
412 samples.

413  CATAtest

414  The number of consumers that have been considered for CATA data processing was
415 reduced to 116 for white wine and 115 consumers for red wine lower, once erroneous
416 answers (incorrect naming of the samples) were eliminated.

417 Figure 2 presents the frequencies of mention of each of the terms for the control wine and
418 the dialyzed white wine, as well as the results of Cochran's Q test.

11
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420 Fig. 2. Bar chart of the parameters of the CATA test of the white wine. An asterisk (*) marks the
421 parameters that showed statistically significant differences

422 Nine of the sixteen parameters used to describe the white wines show significant
423 differences (Figure 2). Consumers consider the dialyzed wine cleaner; with less volume in
424 the mouth; less acidic, fruity and tropical; more herbaceous; less aromatic and persistent;
425  and more consumers did not like it compared to the control white wine.

426 The decrease in acidity was also noted in the chemical analysis (Table 1) and the decrease
427 in aromas was analytically noted in the almost general decrease in the concentration of
428 aromatic compounds (Table 3 and Figure 1). The decrease in mouthfeel may be associated
429  withthe passage of certain alcohols such as glycerolthrough the membrane. Therefore, the
430 fact that dialyzed wine shows a lower persistence may be due to a decrease in aroma and
431 mouthfeel. It should be noted that the dialyzed white wine was liked by fewer people (53
432 compared to 61 for the control white wine), although there were no significant differences
433 in this attribute. Several consumers added watery, flat and smooth as other attributes of
434 the dialysed wine.

435 The bitter, citric, balsamic, reduced, aniseed, oxidised and “I like” parameters do not show
436 statistically significant differences between the two wines.

12



Page 35 of 49

437 It can be said that most of the parameters used to characterise the white wine show a
438 certain reduction in their appreciation by the judges. This reduction is notably evident in the
439 case of the aromatic and persistent attributes, which is undoubtedly consistent with the
440 significant decrease in aromatic compounds mainly present in white wines.

441 Calvo et al.??, who carried out a CATA test with the same attributes using 33 consumers,
442 found that there were no significant differences for any of the parameters. Again, this
443 different result may also be due to the low number of consumers who carried out the

444  sensory analysis.

445 Figure 3 shows the frequencies obtained for all parameters tested and the results of
446 Cochran's Q test for the red wines study.
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447
448 Fig. 3. Bar chart of the parameters of the red wine CATA test. With an asterisk (*) the
449 parameters that presented statistically significant differences.

450 Seven of the fourteen parameters (alcoholic, reduced, aromatic, bitter, persistent, “like”
451 and “unlike”) used to describe the red wines in CATA methodology show significant
452 differences. Although significant differences were also found in the reduced attribute, it
453 was only selected by reduced number of consumers (6 out of 115 for control wine and 10
454 out of 115 in the case of the dialyzed red wine. It is likely that this low number could be due
455  tothe fact that consumers may not distinguish clearly what a reduced wine is.
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456 The dialyzed wine, compared to the control, was considered less bitter, which could be due
457 to the analytically proven decrease in phenols; less alcoholic, due to the 12.9% decrease
458 in alcoholic strength; less aromatic, surely due to a lower concentration of VOCs; and less
459 persistent, this may be because this wine is less aromatic and bitter. In addition, the
460 dialyzed wine was liked by fewer consumers and disliked by more compared to the control.

461 The parameters clean, intense colour, fruity, astringent, herbaceous, acid and mouthfeel
462  volume, showed no significant differences between the two wines.

463  These outcome can be summarised by indicating that significant attributes in red wines,
464 such as alcoholic, aromatic or persistent, show a significant reduction in their appreciation
465 by the judges. These results coincide with a significant drop in alcohol content, aswell as a
466 reduction in aromas (although less drastic than in the white wines, as shown by the
467 chromatographic study). The conjunction of these changes influences the remarkable
468 change in consumers with respect to the attributes “I like”, and “l don't like”.

Attribute
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1,0
“s? 05 Conjtrol Red Wine
© Dialyzed Red Wine |®
wn °
ag)
o
c 00
R=d o
o
5 Control White Wine
£
8 s
(]
Dialyzed White Wine
-1,0
15
15 1,0 05 00 05 10 15
Dimension 1 (52.8%
469 ( )
470
471 Fig. 4. Descriptive map of the four wines (control and dialyzed red and white wines) and
472 sensory attributes used to describe them in two-dimensional maps of CA of CATA frequency.
473

474 Figure 4 shows the results from the CA with the 11 common sensory descriptors significant
475 used in the CATA test (clean, fruity, herbaceous, reduced, aroma intensity, bitter, acid,
476 mouth volume, persistence, like and unlike) of the four wines (control and dialyzed red and
477  white wines). The first two dimensions accounted for 88.6% of the total experimental data,
478 attesting to the robustness and relevance of the data.
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479 Graph analysis revealed that most of the data explanation was on the Dimension 1,
480 indicating that the differences between the wine samples were more pronounced on the
481 horizontal axis rather than the vertical axis. The control samples differed clearly from the
482 dialyzed samples (red and white wines). Plot also shows which descriptors or attributes
483  were associated with each wine. Persistence, aroma intensity, like, fruity and acid
484 attributes were identified in the control wines; while attributes bitter, unlike, reduced, clean
485 and herbaceous were associated with the dialyzed wines. It should be noted that the
486 attribute mouth volume, although it showed statistically significant differences among
487 wine samples, did not have a great impact on the wines evaluated. More specifically,
488 considering the quadrants in the graphic, the control red wine was characterized by the
489 persistence and aroma intensity attributes while the control white wine by the like, fruity
490 and acid attributes. On the other hand, the dialyzed red wine was differentiated by the
491 attributes bitter, unlike and reduced; and the dialyzed white wine was associated with the
492 attributes clean and herbaceous.

493 Dimension 2 effectively differentiates wine types, with red wines characterized by positive
494 quadrant and white wines by negative quadrant. Dimension 1 distinguishes between
495 dialyzed and control wines.

496 Sensory 'unlike' ratings correlated with reduced and bitter notes, while 'like' ratings
497 correlated with fruity and acidic notes. Notably, 'like' and 'unlike' ratings exhibited a
498 negative correlation.

499 Overall acceptability test

500 The number of consumers considered for this test was 113 (for white wine) and 118 (for red
501 wine), again after eliminating some errors in sample naming. Table 3 summarize the results
502 of the overall acceptability test.

503 Table 3. Means and standard deviation of the overall acceptability of the samples for red
504 and white wine
Control wine Dialyzed wine
White wine 6.16 £ 1.87° 5.62+1.88°
Red wine 5.62 £ 1.90° 5.22 £1.80°

505 Different letters indicate statistically significant differences between samples with a p < 0.05
506 according to Tukey’s test.

507 Both dialysed wines show a lower overall acceptability than the control wines, although
508 only in the case of the white wine those differences present statistical significance.

509 For both wines the acceptance score is quite low, with values between 5 (neither like nor
510 dislike) and 6 (like slightly), which was expected from young wines elaborated with no
511 special grape selection.

512 Attending to the comparison of acceptability before and after dialysis, it can be seen that
513 controlwine has sensorial characteristics that are more pleasant to the consumer, but this
514 difference is less than half a point in both cases. In any case, it is clear from this test and
515 from results of CATA test, that global acceptance of the dialyzed wine is lower than that of
516  the controlwine for both white and red ones. Itis well known that alcohol has an enhancing
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517 effect on the aromas of wine. Thus, the reduction of alcohol content leads to the loss of
518 some aromas. But certainly, if the objective is to produce wines with low alcohol content,
519 itis needed to sacrifice some of the aroma-enhancing effect of alcohol.

520 CONCLUSIONS

521 The study showed that alcohol content in both white and red wines was successfully
522 reduced to levels meeting OIV standards through dialysis. Increasing the membrane area
523 could further improve alcohol reduction, while extending dialysis time is less desirable due
524 to higher costs and aroma loss.

525 Dialysis was found to be more effective in red wines, likely because their higher alcohol
526 content enhances separation efficiency. However, sensory tests revealed that dialyzed
527 wines were less intense and aromatic, a result confirmed by chromatographic analysis,
528 which showed decreases in most aroma compounds. Using a membrane with a lower cut-
529 off (<10 kDa) could help reduce these losses.

530 Overall, partial dealcoholization by dialysis produces wines with different but acceptable
531 sensory characteristics, making it a viable option for consumers seeking lower-alcohol
532 wines. Future work will aim to scale up the process using larger membranes and optimize
533 filtration times to minimize sensory alterations. Additionally, techniques like barrel aging or
534 aging on lees could help enhance the sensory quality of the final product.
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APPENDIX

Table S1. Mean value = standard deviation of VOCs showing statistically significant
differences for white wine (control and dialyzed)

Chemical compound Control white wine Dialyzed white wine
(ng/L) (ng/L)
3-methyl-1-pentanol 2.9° 1.4+0.1°
Trans-3-Hexen-1-ol 3.8° 2,4 %0.0°
2,4-Ditert-butylphenol 2.9+1.1° 7.1£0.7°
Ethyl octanoate 7,618.4 £ 1,465.3° 2,825.8+211.8°
Ethyl dodecanoate 344.6 = 52.0° 83.1+26.52
Isopropyl myristate 5.3° 2.62
Ethyl decanoate 3,976.8 + 780.2° 985.1 +157.6°
Ethyl hexanoate 1,687.6 £418.9° 263.5 2.4
Ethyl heptadecanoate 4.0° 2.3%0.4°
Hexyl acetate 4445+ 123.0° 41.7 +3.82
Isoamyl decanoate 12.9+1.7° 4.0x0.7°
Ethyl benzoate 3.7£0.2° 2.2+0.1°
2-Octanone 2.4+0.1° 1.9+0.12
Benzylimine 12.1+£1.9° 5.12

Different letters indicate statistically significant differences between samples with a p < 0.05
according to Tukey’s test.



Table S2. Mean value + standard deviation of VOCs showing statistically significant
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differences for red wine (control and dialyzed)

Chemical compound

Control red wine (pg-L")

Dialyzed red wine (pg-L")

3-Methylpentanoic acid isopentyl
ester
Phenethyl acetate
Ethyl butyrate
Ethyl heptanoate
Ethyl octanoate
Ethyl dodecanoate
Isobutyl acetate
Ethyl decanoate
Diethyl succinate
Ethyl nonanoate
Ethyl hexanoate
Isoamyl acetate
Ethyl tetradecanoate
Ethyl heptadecanoate
Ethyl acetate
Hexyl acetate
3-Methylbutyl octanoate
2-Methylbutyl hexanoate
2-Ethylhexyl propionate
Ethyl pentadecanoate
Ethyl 9-hexadecenoate
Ethyl undecanoate
Ethyl palmitate
Ethyl undecanoate
Benzyl alcohol
Isoamyl alcohol
Phenol
1-Hexanol
1-Heptanol
1-Nonanol
2-(2-(2-phenylethynyl)hexadecane-
1,2-diol
2,4-Ditert-butylphenol
2-Phenylethanol
Naphthalene
1,3-Diacetylbenzene
Toluene
Damascenone
1-(3,4-Dimethylphenyl)2thenone
Benzoic acid
Butanedioic acid
Diphenyl ether
4-Nitrophthalamide

13.7°

35.5%+0.12
16.3+1.5°
6.4+0.3°
2,098.2 +70.2°
250.2 £ 27.5
2.2+0.1°
1,380.1 £52.1°
580.1 £ 29.2°
268.6 = 33.4°
72.1+£17.0°
311.3+10.0°
147.5+21.5
10.3+0.6°
189.1+7.3°
20.9£2.0°
20.8£1.4°
14.0°
1.4°
19.4+0.7°
20.7£1.2°
15.9+2.9°
663.0 £ 147.7°
2.9+0.1°
7.5+0.2°
1,711 £ 60°
4.4 +0.5°
157.7 £3.3°
8.0+0.0°
24.7 £1.7°
5.8°

4.3+1.5°
1,164.9£111.3°
2.4£0.2°
5.9
12.3+0.5°
5.2£0.7°
2.9
4,711.9+303.3°
48.6 £ 0.4°
4.9
57.6£5.4°

3.42

60.2 +6.6°
3.2+3.2°
3.8°
1,204.0 £111.42
77.9+42.5°
1.1x£0.12
608.0 = 157.7°
407.9 = 23.92
26.8+8.7°
150.9+£6.12
102.4 £0.2°
61.4+17.6°
2.68
114.0 £ 3.0°
9.8 +0.4°
8.2+2.22
2.52
0.6°
6.0+1.9°
4.9=2.,5°
6.3+0.5°
25+0.6°
1.5£0.3°
4.9=0.3°
1,243 =282
2.8+0.2°
123.6 £ 1.42
5.3+0.6°
6.7%0.2°
2.7°

10.1 £ 0.6°
770.0 £56.32
1.0x£0.12
2.4+0.2°
7.6+0.8°
2.2+0.5°
1.42
2,592.1 £ 46°
29.3+4.4°
1.9+0.2°
34.4£2.4°

Different letters indicate statistically significant differences between samples with a p < 0.05

according to Tukey’s test.
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