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Abstract 24 

The impact of the combined ascorbic acid and sulfur dioxide antioxidants on white wine 25 

oxidation processes was investigated using a range of analytical techniques, including flow 26 

injection analysis for free and total sulfur dioxide and two chromatographic methods for 27 

ascorbic acid, its oxidative degradation products and phenolic compounds. The combination 28 

of different analytical techniques provided a fast and simultaneous means for the monitoring 29 

of oxidation processes in a model wine system. In addition, the initial mole ratio of sulfur 30 

dioxide to ascorbic acid was varied and the model wine complexity was increased by the 31 

inclusion of metal ions (copper(II) and iron(II)). Sulfur dioxide was found not to be a 32 

significant binder of ascorbic acid oxidative degradation products and could not prevent the 33 

formation of certain phenolic pigment precursors. The results provide a detailed insight into 34 

the ascorbic acid/sulfur dioxide antioxidant system in wine conditions. 35 

  36 

Keywords: ascorbic acid, sulfur dioxide, xanthylium cations, xylosone, 3-hydroxy-2-pyrone, 37 

2-furoic acid, white wine oxidation. 38 

39 
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1. Introduction 40 

The commonly ascribed antioxidant action by which ascorbic acid protects wine relies on its 41 

reaction with molecular oxygen [1, 2],  preferential autoxidation over phenolic compounds 42 

[1, 3, 4], and ability to reduce the subsequently generated ortho-quinones back to the original 43 

phenolic compounds [1, 3, 4], although some evidence has been recently provided that the 44 

latter mode of action is minimal based on electrochemical studies in wines [5]. In any case, 45 

the oxidation of ascorbic acid generates dehydroascorbic acid and hydrogen peroxide (Fig. 1). 46 

While hydrogen peroxide can lead to detrimental spoilage reactions, especially in the 47 

presence of metal ions [6-8], dehydroascorbic acid is an unstable compound and is known to 48 

degrade into a wide range of products [9]. Of particular interest is xylosone, which has been 49 

recently identified as a pigment precursor in the presence of flavan-3-ols in a model white 50 

wine system (Fig. 1) [10, 11]. In fact, xylosone is most commonly known as an intermediate 51 

in the aerobic ascorbic acid degradation leading to the formation of 3-hydroxy-2-pyrone and 52 

2-furoic acid (Fig. 1) [9]. It is however not known how both reaction pathways, formation of 53 

the pigment precursors or production of the two ‘terminal’ compounds, compete under wine 54 

conditions.  55 

 56 

Sulfur dioxide is recommended for use as a complementary antioxidant when utilising 57 

ascorbic acid in white wine, as the latter does not exhibit antimicrobial properties [12]. In 58 

addition, the presence of sulfur dioxide is critical to ensure efficient scavenging of hydrogen 59 

peroxide [13]. The latter results in a drop of both ‘free’ sulfur dioxide and ‘total’ sulfur 60 

dioxide concentrations [14]. Sulfur dioxide has also been reported to interact with 61 

dehydroascorbic acid and its degradation products [9, 15], but it is not known whether such 62 

interactions are sufficiently strong under wine conditions to result in a decrease of the free 63 

and/or total sulfur dioxide. Bradshaw et al. [16] reported a 1.7:1 mole ratio for consumed 64 
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total sulfur dioxide to oxidised ascorbic acid in a model wine without added metal ions. This 65 

mole ratio, greater than 1:1, suggested that sulfur dioxide may have been binding 66 

dehydroascorbic acid or its degradation products, as well as scavenging hydrogen peroxide. 67 

 68 

In the absence of ascorbic acid, it is suggested that sulfur dioxide normally scavenges 69 

hydrogen peroxide and ortho-quinones generated from the oxidation of phenolic compounds 70 

[5, 17]. In this case, oxygen undergoes a metal ion-mediated reaction with phenolic 71 

compounds, of ortho-dihydroxybenzene functionality, and ultimately generates hydrogen 72 

peroxide and ortho-quinone compounds [1, 18]. The sulfur dioxide can then scavenge 73 

hydrogen peroxide and the otherwise reactive ortho-quinone compound, thereby forming a 74 

sulfonic addition product [9, 17]. Alternatively, sulfur dioxide can also react with the ortho-75 

quinone in a mechanism where the ortho-quinone compound is reduced back to its original 76 

phenolic structure with production of sulfate in the process [17]. As a consequence of these 77 

reactions, the mole ratio of sulfur dioxide consumption to oxygen consumption in wine is 78 

around 2:1, which has been confirmed experimentally by Danilewicz et al. [17]. 79 

 80 

The main focus of this paper is to investigate the combined effect of sulfur dioxide and 81 

ascorbic acid, as well as the presence of metal ions, on the reactions associated with the 82 

oxidative spoilage of white wine, including formation of the main ascorbic acid degradation 83 

products, the xylosone-derived (+)-catechin pigment precursors and pigment development. 84 

The complexity of the model wine system utilised in this study was further increased by the 85 

inclusion of metal ions and the use of a range of sulfur dioxide to ascorbic acid mole ratios in 86 

order to provide an assessment of each model wine component’s impact on the reactions 87 

described above. In fact, discussion of the impact of ascorbic acid and sulfur dioxide in terms 88 

of their mole ratios appears to be one of the major omissions in the available literature. 89 
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2. Experimental 90 

2.1. Reagents 91 

All glassware and plasticware were soaked for at least 16 h in 10% (v/v) nitric acid (BDH, 92 

AnalR, Kilsyth, VIC, Australia) and then rinsed with copious amounts of Grade 1 water 93 

(ISO3696). Solutions and dilutions were prepared using Grade 1 water. Ascorbic acid 94 

(>99%), (+)-catechin hydrate (>98%), potassium hydrogen L-(+)-tartrate (>99%), sodium 95 

metabisulfite (>99%), copper(II) acetate (>98%) and 5,5´-dithio-bis(2-nitrobenzoic acid) 96 

(DTNB) (98%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Potassium 97 

hydroxide (AR grade, >85%) and hydrochloric acid (31.5%) were obtained from BDH 98 

(Kilsyth, VIC, Australia), monosodium phosphate monohydrate (>99%) from VWR 99 

International (Poole, England), disodium phosphate heptahydrate from Mallinckrodt 100 

Chemicals (Phillipsburg, NJ, USA), and sulfuric acid (AR grade, >95%, Seven Hills, NSW, 101 

Australia) and iron(II) sulfate heptahydrate (>98%, Auburn, NSW, Australia) were purchased 102 

from Ajax Fine Chemicals. Ethanol (AR grade, >99.5%), glacial acetic acid (AR grade, 103 

>99.7%) and acetonitrile (HPLC grade, >99.9%), purchased from Ajax Fine Chemicals 104 

(Seven Hills, NSW, Australia), and formic acid (>98%, Fluka, Steinheim, Germany) were 105 

used without further purification.  106 

 107 

2.2. Model wine system 108 

The model wine system was prepared by dissolving 2.09 g of potassium hydrogen L-(+)-109 

tartrate and 0.990 g of potassium hydroxide in 1L of 12% (v/v) aqueous ethanol, resulting in 110 

a tartaric acid concentration of 0.011 M and a potassium concentration of 0.026 M. The pH of 111 

the model wine system was adjusted to 3.20 with 10% (v/v) sulfuric acid using a Cyberscan 112 

510 ion pH meter and a EuTECH instruments pH electrode. (+)-Catechin was added to the 113 

model wine system (150 mL) at 100 mg L
-1

 in 500 mL Schott bottles.  114 
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 115 

When appropriate, ascorbic acid was added at 41, 82 or 165 mg L
-1

, and iron(II), copper(II) 116 

and sulfur dioxide were added from stock solutions freshly prepared in water, from iron(II) 117 

sulfate heptahydrate (12.452 g L
-1

), copper(II) acetate (0.786 g L
-1

) and sodium metabisulfite 118 

(22.256 g L
-1

), respectively, to achieve the concentrations outlined in Table 1. Once prepared, 119 

the model wine samples were stored at 20 C in darkness, and opened to the air with 2 min 120 

stirring on a daily basis to replenish the molecular oxygen content in the samples. 121 

 122 

2.3. Free and total sulfur dioxide measurements 123 

A multi-channel flow injection analyser (FIA) was utilised for the automatic and 124 

simultaneous determination of free and total sulfur dioxide, composed of a FIAstar
TM

 5000 125 

(FOSS) wine analyser and a 5027 sampler both run by the SoFIA software (service pack 3). 126 

The model wine system was used as the blank and measurements were made in triplicates. 127 

 128 

The FIAstar technique provides results for the measurement of sulfur dioxide in wines that 129 

are not statistically different from the more traditional measurement methods, such as the 130 

aspiration-oxidation method [19]. Briefly, the samples were injected (20 L) in a phosphate 131 

buffer solution (pH 8.4) to which 5,5´-dithio-bis(2-nitrobenzoic acid) (DTNB) reagent was 132 

then added and the stream heated to 50 °C. The DTNB reacts with all forms of sulfur dioxide 133 

(i.e., both bound and free) and produces a strong yellow colour which is dialysed before the 134 

absorbance measurement is recorded. The absorbance intensity was measured at 420 nm, 135 

thereby giving a measure of the total sulfur dioxide. Similar to the more traditional measures 136 

of sulfur dioxide, the free sulfur dioxide was quantified by prior acidification of the samples. 137 

In this case, the samples were injected (40 L) into a water carrier and then acidified with 138 

hydrochloric acid to liberate sulfur dioxide in gaseous form from the samples. This free sulfur 139 
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dioxide is allowed to diffuse through a gas permeable membrane into the phosphate buffer 140 

solution (pH 8.4) where it is measured as above. 141 

 142 

2.4. Ion exclusion high performance liquid chromatography with diode array detection 143 

(HPLC-DAD) 144 

Quantification of ascorbic acid and (+)-catechin was achieved using an ion exclusion HPLC-145 

DAD method [20, 21]. Single injections of each replicate were conducted on a Waters 600 146 

separation module connected to a Waters 2996 diode array detector both run by Empower Pro 147 

(version 1) chromatography manager software. The column was a Bio-Rad Aminex HPX-148 

87H (300  7.8 mm, 9 µm) with integrated guard column of the same type. The temperature 149 

of the autosampler was set up at 8 °C and the column temperature was maintained at 25 °C. 150 

The injection volume was 20 L and the isocratic solvent consisted of 81% (v/v) 0.005 M 151 

sulfuric acid in water and 19% (v/v) acetonitrile. The run time was 40 min and the flow rate 152 

was 0.5 mL.min
-1

. Chromatograms and UV-visible spectra were recorded over the range 200-153 

700 nm. 154 

 155 

2.5. Ultra high performance liquid chromatography with diode array detection (UHPLC-156 

DAD) 157 

Quantification of (+)-xylosone-catechin-derived isomers and xanthylium pigments was 158 

performed by UHPLC-DAD. Single injections of each replicate were conducted on a UPLC 159 

system consisting of a Waters Acquity binary solvent manager connected to a sample 160 

manager and a diode array detector all run by Empower Pro (version 2) chromatography 161 

manager software. The column was a Waters Acquity BEH C18 (2.1  50 mm) with 1.7 μm 162 

particle diameter; injection volume was 7.5 μL, column temperature 35 °C, and flow rate 0.45 163 

mL.min
-1

. The elution gradient consisted of solvent A, 0.5% (v/v) acetic acid in water, and 164 



 
 

 

 

 

- 8 - 

 

solvent B, 0.5% (v/v) acetic acid in methanol, as follows (expressed in solvent A followed by 165 

cumulative time; %, v/v): 100%, 0 min; 100%, 1 min; 95%, 1.31 min; 62%, 5.25 min; 56%, 166 

6.27 min; 48%, 6.34 min; 45%, 7.22 min; 0%, 8.85 min; 0%, 9.40 min; 100%, 8.74 min; and 167 

100%, 9.76 min. The mobile phase was degassed and filtered using a filtration system and 168 

0.22 m cellulose acetate filters for aqueous solvents and 0.22 m nylon filters for organic 169 

solvents. All samples were filtered using 0.22 m cellulose acetate filters prior to injection. 170 

 171 

2.6. Statistical analysis 172 

All data were expressed as the arithmetic mean of the replicates (n = 3), and significant 173 

differences were determined by the 95% (p = 0.05) confidence limit [22]. 174 

 175 

3. Results and discussion 176 

The model white wine system consisted of a tartaric acid-buffered 12% (v/v) aqueous ethanol 177 

solution at pH 3.20 with 100 mg L
-1

 (+)-catechin, the latter representative of the flavan-3-ol 178 

concentration in a heavily pressed white wine [23-25]. Ascorbic acid, sulfur dioxide and 179 

metal ions were added to this model wine system as described in Table 1. The initial 180 

concentration of sulfur dioxide was measured as 27 mg L
-1

, which is a typical free level 181 

adopted in white wine [12, 25]. The concentrations of ascorbic acid at 41, 82 and 165 mg L
-1

 182 

provided sulfur dioxide to ascorbic acid mole ratios of 2:1, 1:1 and 1:2, respectively, and 183 

covered the concentration range at which ascorbic acid is routinely used in white wine [4, 12, 184 

23, 25]. The metal ion composition and concentrations were 0.2 mg L
-1

 copper(II) and 5 mg 185 

L
-1

 iron(II), which also fall within the range encountered in white wine [14]. The metal ions 186 

were added as copper(II) and iron(II), as has been standard practice in previous model wine 187 

studies [17, 26]. 188 

 189 
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The samples (150 mL) were prepared in triplicate and each was placed in a 500 mL Schott 190 

reagent bottle with a head space of 420 mL. Samples were aerated on a daily basis with rapid 191 

stirring for two minutes to ensure the oxygen concentration was not exhausted throughout the 192 

experiment. The samples were stored in darkness at a temperature of 20 C as it is relevant to 193 

typical wine storage conditions, but also to avoid both loss of volatile sulfur dioxide and the 194 

temperature-induced dissociation of bisulfite-addition products [12]. All samples were 195 

analysed by the FIAstar
TM

 (Flow Injection Analysis) wine analyser, for free and total sulfur 196 

dioxide, and liquid chromatography by UHPLC-DAD for the xylosone-derived (+)-catechin 197 

isomers [10] and pigments, and by an ion-exclusion HPLC-DAD method [20, 21] for (+)-198 

catechin, ascorbic acid and its degradation products. 199 

 200 

3.1. Sulfur dioxide consumption 201 

The extent of sulfur dioxide consumption was investigated with regards to the impact of 202 

metal ions and ascorbic acid (Fig. 2A) as well as the importance of the initial mole ratio of 203 

sulfur dioxide to ascorbic acid (Fig. 2B).  204 

 205 

The data in Fig. 2A demonstrated that metal ions (samples S and MS) and ascorbic acid 206 

(samples S and 82AS) accelerated the rate of sulfur dioxide consumption, both as a function 207 

of free and total sulfur dioxide. Metal ions are well known to accelerate oxidative processes 208 

and are involved in the oxidation of phenolic compounds by molecular oxygen [1, 18, 27]. As 209 

a result, hydrogen peroxide is produced, which enhances sulfur dioxide consumption due to 210 

its scavenging action [13]. Similarly, the impact of ascorbic acid on sulfur dioxide 211 

concentration is due to the accelerated oxygen consumption in the presence of ascorbic acid 212 

[28], which in turn leads to enhanced hydrogen peroxide formation. As previously reported 213 

[16], the increase in initial ascorbic acid concentration showed enhanced free and total sulfur 214 
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dioxide consumption (Fig. 2B). Furthermore, ascorbic acid oxidation is also known to be 215 

catalysed by metal ions [1, 9, 27] and their combination in the 82AMS sample (Fig. 2A) 216 

demonstrated a synergistic effect that led to a further enhancement in the accelerated loss of 217 

sulfur dioxide. Danilewicz showed that addition of 5 mg.L
-1

 iron(II) to a model wine system 218 

could lead to the initial consumption of around 1mg.L
-1

 oxygen and 4mg.L
-1

 sulfur dioxide as 219 

the iron(II) reached an equilibrium between iron(II)/iron(III) [29]. However, further 220 

experiments are required to assess the impact of ascorbic acid on the iron(II)/iron(III) 221 

equilibrium and the magnitude of sulfur dioxide loss induced by this process. 222 

 223 

The results in Fig. 2 showed only minimal differences (p = 0.05) between the free and total 224 

sulfur dioxide levels, especially at the earlier stages of the experiment. Further discussion on 225 

the binding of sulfur dioxide to ascorbic acid degradation products is made in the following 226 

sections. 227 

 228 

3.2. Ascorbic acid consumption 229 

Sulfur dioxide slowed the degradation of ascorbic acid in both the presence and absence of 230 

metal ions (Fig. 3). An earlier study by Bradshaw et al. [16], using a similar model wine 231 

system albeit without added metal ions and at a higher temperature (45 °C), reported that 232 

sulfur dioxide doubled the time before depletion of ascorbic acid at a 1:1 sulfur dioxide to 233 

ascorbic acid initial mole ratio. Given the known ability of hydrogen peroxide to react with 234 

ascorbic acid [30-32], it is likely that sulfur dioxide can scavenge the hydrogen peroxide 235 

before the latter is able to enhance ascorbic acid degradation. At this stage, the relative rates 236 

of reaction between hydrogen peroxide and sulfur dioxide, and hydrogen peroxide and 237 

ascorbic acid in wine conditions have not been determined, but it appears from the results of 238 
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this experiment and other authors [16], that the reaction between sulfur dioxide and hydrogen 239 

peroxide prevails over that of hydrogen peroxide and ascorbic acid.  240 

 241 

The ability of metal ions to accelerate the decay of ascorbic acid was evident by comparison 242 

of all the samples containing 82 mg L
-1

 ascorbic acid (Fig. 3). Indeed, metal ions are well 243 

known to accelerate the degradation of ascorbic acid [9] and as evident from Fig. 3, ascorbic 244 

acid had already started to decay prior to the first injection on the HPLC-DAD in the 245 

presence of metal ions. Although the rate of the metal ion-catalysed degradation of ascorbic 246 

acid was lowered by the presence of sulfur dioxide, the latter was not sufficient to counteract 247 

the catalysing effect of metal ions (Fig. 3). For example, sulfur dioxide only extended the 248 

presence of ascorbic acid in solution by one day, even at high initial sulfur dioxide to 249 

ascorbic acid mole ratio, as opposed to 47 days in the absence of metal ions at a 1:1 mole 250 

ratio (Fig. 3). 251 

 252 

The data in Fig. 3 allowed estimation of the amount of oxygen consumed in the samples by 253 

assessing the amount of ascorbic acid consumed and utilising the 1:1 stoichiometry between 254 

oxygen and ascorbic acid, as shown in Fig. 1. This was only applicable in the samples 255 

containing sulfur dioxide as it scavenges hydrogen peroxide [13], and therefore should limit 256 

any competing ascorbic acid mechanisms (i.e., peroxide-induced degradation [30-32]). 257 

Consequently, after day 1, the total oxygen consumed was calculated as 16, 11 and 6 mg L
-1

 258 

for the 165, 82 and 41 mg L
-1

 ascorbic acid samples, respectively (i.e., 165AMS, 82AMS, 259 

41AMS, Fig. 3). As expected, the higher the initial concentration of ascorbic acid, the higher 260 

the amount of oxygen consumed. However, of importance is that, at the end of the 261 

experiment, the total oxygen consumed is also likely to increase with initial ascorbic acid 262 

concentrations in a situation where oxygen supply is not limited. This is in contrast to bottled 263 
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wine where the oxygen supply is usually low and limited to the total packaged oxygen at 264 

bottling and low ingress rates through the closure during storage [33-35]. Therefore in the 265 

bottle, a high concentration of ascorbic acid would still consume the set amount of oxygen, 266 

although more quickly, but not increase the total amount of oxygen consumed. 267 

 268 

The mole ratios of consumed sulfur dioxide to oxidised ascorbic acid were determined from 269 

the measurements of sulfur dioxide with FIAstar
TM

 and ascorbic acid with the ion-exclusion 270 

HPLC-DAD method. In the absence of metal ions, the mole ratios obtained for the consumed 271 

total sulfur dioxide to oxidised ascorbic acid were not significantly different (p = 0.05) to the 272 

equivalent mole ratios for free sulfur dioxide (82AS, Table 2). This demonstrated that if any 273 

of the ascorbic acid degradation products were binding sulfur dioxide, then they were doing 274 

so either irreversibly (i.e., so as to cause a decrease in both free and total sulfur dioxide levels 275 

[15, 17]) or sufficiently weak (i.e., to be measured as free sulfur dioxide [12]). However, as 276 

the consumption mole ratios were close to 1:1 after day 2 of the experiment (Table 2), and 277 

that the hydrogen peroxide generated from ascorbic acid results in a 1:1 consumption mole 278 

ratio of both free and total sulfur dioxide, it suggests that the latter explanation is most likely. 279 

That is, ascorbic acid degradation products are only weak binders of sulfur dioxide and 280 

release it in the free sulfur dioxide determination. Indeed, in the FIAstar
TM

 measurements of 281 

sulfur dioxide, as with the other more traditional methods (i.e., aspiration-oxidation, 282 

iodiometric), the sample is acidified, which can liberate sulfur dioxide that is in weakly 283 

bound complexes [12]. 284 

 285 

In the presence of metal ions, the consumed total sulfur dioxide to oxidised ascorbic acid 286 

mole ratios were generally lower (p = 0.05) than the equivalent mole ratios for free sulfur 287 

dioxide, especially at a high sulfur dioxide to ascorbic acid initial mole ratio (41AMS, Table 288 
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2). Therefore, metal ions would appear to induce the formation of at least some bound forms 289 

of sulfur dioxide in the model wine system. This may have been due to the ability of metal 290 

ions to degrade hydrogen peroxide before its reaction with sulfur dioxide and thereby 291 

produce acetaldehyde from ethanol, a known strong binder of sulfur dioxide [36]. Wildenradt 292 

and Singleton [7] demonstrated that acetaldehyde could still be produced during the oxidative 293 

storage of model wine systems despite the presence of 100 mg L
-1

 sulfur dioxide. 294 

 295 

All samples, besides 165AMS (i.e., only one measurement), exhibited a significant decrease 296 

(p = 0.05) in sulfur dioxide mole ratios, free and total, over time, starting from about 3:1 297 

without metal ions (82AS, Table 2) and 1.7-1.1:1 with metal ions (41AMS and 82AMS, 298 

Table 2) at the beginning of the reaction, and approaching a 1:1 mole ratio towards the end of 299 

the reaction period (Table 2). It appears that the longer the time of decay for ascorbic acid 300 

and/or sulfur dioxide, the higher the initial consumption mole ratios; the effect was more 301 

pronounced at lower metal ion concentration. These higher consumption mole ratios are most 302 

likely due to competing mechanisms also consuming sulfur dioxide and providing an 303 

apparent high mole ratio. For instance, this may be due to phenolic oxidation that proceeds 304 

significantly at the same time as the ascorbic acid decay, due either to the slow oxygen 305 

uptake by ascorbic acid oxidation in the absence of a catalyser (82AS, Table 2) or to the 306 

lower ascorbic acid concentration (41AMS, Table 2). Therefore, it is clear that in the absence 307 

of a catalyser (e.g. metal ions) to speed up the oxidation of ascorbic acid, the use of the 308 

average consumption mole ratio of sulfur dioxide to oxidised ascorbic acid is not 309 

representative of the overall process and separate values should be considered in line with the 310 

reaction progress.  311 

 312 

3.3. (+)-Catechin consumption 313 
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Fig. 4 shows that the decay of (+)-catechin was most affected by the presence of metal ions. 314 

These observations are consistent with the ability of metal ions to increase oxygen 315 

consumption and oxidation of polyphenols [1, 18, 27, 29]. Although there was a trend of 316 

increased (+)-catechin retention in the presence of sulfur dioxide, the only significant (p = 317 

0.05) impact (i.e., 16% more retention in the 41AMS sample compared to 41AM at day 66, 318 

Fig. 4) was observed at low ascorbic acid concentration, i.e., 41 mg L
-1

, corresponding to an 319 

initial sulfur dioxide to ascorbic acid mole ratio of 2:1. This implied that, in the presence of 320 

metal ions, a high sulfur dioxide to ascorbic acid mole ratio was required to afford significant 321 

protection of (+)-catechin. In the absence of ascorbic acid, Danilewicz and Wallbridge 322 

showed that sulfur dioxide had the ability to reduce the (+)-catechin ortho-quinone back to 323 

(+)-catechin [37]. It is likely that this mechanism was relevant to the model wine systems that 324 

had sulfur dioxide remaining after depletion of ascorbic acid (i.e., 41AMS, Fig. 4). However, 325 

while ascorbic acid was present, the production of ortho-quinones would be inhibited, and the 326 

mode of catechin loss was via an alternate mode that did not involve ortho-quinones (as 327 

discussed in Section 3.4). 328 

 329 

3.4. Pigment precursors 330 

Barril et al. [10] identified two isomers and pigment precursors, namely (+)-1”-methylene-6”-331 

hydroxy-2H-furan-5”-one-6-catechin and (+)-1”-methylene-6”-hydroxy-2H-furan-5”-one-8-332 

catechin, i.e., (+)-MHF-6-catechin and (+)-MHF-8-catechin, respectively, which were formed 333 

from (+)-catechin and xylosone, a degradation product of ascorbic acid (Fig. 1). The impact 334 

of the model wine components on the major (+)-MHF-8-catechin isomer is described below. 335 

  336 

In the absence of metal ions, the pigment precursor (+)-MHF-8-catechin, accumulated until 337 

day 46 and then degraded (samples 82A and 82AS, Fig. 5), while all the other samples 338 
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containing metal ions displayed maximum formation until day 28 only (Fig. 5). In the 339 

absence of metal ions, sulfur dioxide exhibited an enhanced protective effect towards (+)-340 

MHF-8-catechin, as the pigment precursor kept accumulating until day 46 (82AS, Fig. 5), 341 

while the equivalent sample without sulfur dioxide (82A, Fig. 5) exhibited a significantly (p 342 

= 0.05) lower concentration from day 28, suggesting the isomer was more prone to 343 

subsequent degradation in the absence of sulfur dioxide (Fig. 5). In fact, sulfur dioxide 344 

reached depletion by day 46 in the 82AS sample, and from this time, the (+)-MHF-8-catechin 345 

isomer degraded very quickly. This is similar to the reported degradation of the isomers when 346 

ascorbic acid was near depletion [10], and supports the occurrence of an oxidation step for 347 

the conversion of the isomers into the xanthylium cations (Fig. 1). In the presence of metal 348 

ions, all samples showed increased maximum concentrations of the isomer in the presence of 349 

sulfur dioxide, although this was only substantial for the sample with an initial 2:1 mole ratio 350 

of sulfur dioxide to ascorbic acid (i.e., 41AM versus 41AMS, Fig. 5). 351 

  352 

Overall, these results demonstrate that the binding of sulfur dioxide to xylosone, a precursor 353 

of the (+)-MHF-catechin isomers, is not sufficiently strong to completely prevent the reaction 354 

of xylosone with (+)-catechin. Burroughs and Sparks [36] reported a dissociation constant of 355 

1.4  10
-4

 M
-1

 at pH 3.0-4.0 and 20 °C for the sulfur dioxide addition product of xylosone. 356 

This indicates that xylosone is about 100 to 10,000 times weaker as a binder of hydrogen 357 

sulfite than acetaldehyde [36] and glyoxylic acid [38], respectively. Consequently sulfur 358 

dioxide is more likely to impact as an antioxidant in protecting the decay of the (+)-MHF-8-359 

catechin isomer, but this effect was only evident in the absence of metal ions (82AS, Fig. 5) 360 

or at high initial sulfur dioxide to ascorbic acid mole ratio, i.e., 2:1 (41AMS, Fig. 5). That is, 361 

conditions that favour the retention of sulfur dioxide in the model wine system for extended 362 

periods are required for its protective effect to occur towards (+)-MHF-8-catechin. 363 



 
 

 

 

 

- 16 - 

 

 364 

Increasing the ascorbic acid concentration increased the production of the (+)-MHF-8-365 

catechin isomer irrespective of whether sulfur dioxide was present in the samples or not (Fig. 366 

5). Alternatively, as the ascorbic acid concentration is increased, so does the production of 367 

hydrogen peroxide, which in turn increases sulfur dioxide consumption to scavenge the 368 

‘excess’ hydrogen peroxide. As a result, sulfur dioxide is less available to protect (+)-369 

catechin and/or the isomers, which is consistent with the reduced sulfur dioxide protective 370 

effect as the concentration of ascorbic acid is raised (Fig. 5).   371 

 372 

3.5. Pigment formation 373 

(+)-MHF-8-catechin and its C6-linked isomer were identified as precursors of the ‘glyoxylic 374 

acid-derived’ xanthylium cations [10] (Fig. 1), which were also the main pigments observed 375 

in the model wine systems used in this paper. These yellow pigments can also be generated 376 

via an alternate pathway involving the oxidative decay of tartaric acid into glyoxylic acid 377 

[39]. Therefore, it must be noted that direct links between the concentrations of the precursor 378 

isomers and xanthylium cation production are complicated by the parallel mechanisms for 379 

production of these pigments. 380 

 381 

Fig. 6 shows that only the samples containing metal ions exhibited formation of the 382 

xanthylium cation pigments. This is in agreement with the known catalytic effect of metal 383 

ions on the formation of glyoxylic acid-derived xanthylium cation from (+)-catechin and 384 

glyoxylic acid, via tartaric acid degradation [39-42], as well as the inability of the (+)-MHF-385 

catechin precursors to accumulate in the presence of metal ions (Fig. 5). 386 

 387 
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In the presence of metal ions, most pigment production occurred at 41 mg L
-1

 ascorbic acid 388 

without sulfur dioxide (sample 41AM, Fig. 6), which is also consistent with the lowest 389 

accumulation of the (+)-MHF-8-catechin precursor in this sample (Fig. 5), and suggests a 390 

rapid conversion of the isomer into the xanthylium cations. Pigment production then 391 

decreased with increasing ascorbic acid concentration, apart from the 41 mg L
-1

 ascorbic acid 392 

sample with added sulfur dioxide (sample 41AMS, Fig. 6), which is discussed below. As 393 

ascorbic acid was depleted by day 3 in all samples containing metal ions (Fig. 3) and that 394 

pigment production did not start before day 12 in these samples (Fig. 6), it seems that at 395 

20 °C, a certain period of time is required for conversion of pigment precursors into the 396 

xanthylium cation.  397 

 398 

The presence of sulfur dioxide did not significantly (p = 0.05) affect the samples with high 399 

(165 mg L
-1

) and medium (82 mg L
-1

) ascorbic acid but had a large impact on the samples 400 

with 41 mg L
-1

 ascorbic acid (i.e., initial sulfur dioxide to ascorbic acid mole ratio of 2:1). 401 

The sample with low ascorbic acid and sulfur dioxide exhibited half the xanthylium cation 402 

concentration as the equivalent sample without sulfur dioxide by the end of the experiments 403 

(day 66, Fig. 6). This was most likely a consequence of sulfur dioxide (present until day 46) 404 

both preventing the decay in (+)-catechin in this sample (Fig. 4) and slowing the conversion 405 

of (+)-MHF-8-catechin to xanthylium cations (Fig. 5). The mechanism behind this latter 406 

conversion is not certain, but there is evidence to suggest that it requires an oxidation step 407 

[10] that sulfur dioxide could potentially impede at a 2:1 initial mole ratio. Sulfur dioxide is 408 

also known to limit the alternate mechanism for production of the xanthylium cations, by 409 

protecting tartaric acid from degradation by hydrogen peroxide [16]. 410 

 411 
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In addition, the 41AMS sample, which had the latest onset of production and the lowest 412 

concentration of xanthylium cations generated up to day 46 (depletion of sulfur dioxide), 413 

exceeded the final xanthylium concentration (i.e., day 66) of the high ascorbic acid samples 414 

(165AM and 165AMS, Fig. 6). The high (+)-MHF-8-catechin concentration (41AMS, Fig. 415 

5), primed for conversion to xanthylium cations, is a likely contributor to this rapid change in 416 

xanthylium cation concentration in the 41AMS sample (Fig. 6). In other words, the delay in 417 

conversion and subsequent accumulation of the isomer due to a protective effect from sulfur 418 

dioxide seemed to trigger ‘bulk’ conversion of the isomer into the xanthylium pigments. This 419 

tends to agree with previous reports that showed a delay in colouration in the presence of 420 

sulfur dioxide followed by enhanced rates of colouration once sulfur dioxide was depleted 421 

[16, 43]. Consequently, given sufficient time, and oxygen, it appears that an initial sulfur 422 

dioxide to ascorbic acid mole ratio of 2:1 leads to more pigments than a lower sulfur dioxide 423 

proportion, i.e., 1:2 (165AMS, Fig. 6), when metal ions are present. 424 

 425 

3.6. Ascorbic acid degradation products 426 

The ascorbic acid degradation products most commonly reported under conditions similar to 427 

white wine, i.e., aqueous ethanol medium at a pH 3.2, include 3-hydroxy-2-pyrone and 2-428 

furoic acid as the main aerobic ‘terminal’ compounds [9] (Fig. 1). The results in Figs. 7 and 8 429 

showed formation of 2-furoic acid and 3-hydroxy-2-pyrone, respectively, in all samples.  430 

 431 

The presence of metal ions significantly (p = 0.05) increased the production of 2-furoic acid 432 

and 3-hydroxy-2-pyrone (Fig. 7 and 8) as expected by the increased ascorbic acid oxidation 433 

rate in the presence of metal ions (Fig. 3). The effect of metal ions on the formation of 3-434 

hydroxy-2-pyrone and 2-furoic acid has been studied in orange juice model systems, via the 435 

addition of metal chelators, i.e., citric acid or diethylenetriamine-N,N,N,N,N-pentaacetic acid 436 
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(DTPA) [44]. The authors found that the production of 3-hydroxy-2-pyrone and 2-furoic acid 437 

was repressed in the presence of citric acid and DTPA [44], suggesting that metal ions 438 

catalyse the oxidative degradation of ascorbic acid and subsequent production of 3-hydroxy-439 

2-pyrone and 2-furoic acid. These observations are consistent with the results shown in Figs. 440 

7 and 8. 441 

 442 

Increasing the ascorbic acid concentration enhanced the formation of both compounds, i.e., 443 

doubling the initial concentration of ascorbic acid doubled the amount of both 2-furoic acid 444 

and 3-hydroxy-pyrone, regardless of sulfur dioxide (Figs. 7 and 8). However, although 445 

ascorbic acid was degraded in all samples by day 3 in the presence of metal ions, 2-furoic 446 

acid and 3-hydroxy-2-pyrone kept increasing in concentration well after ascorbic acid was 447 

depleted, i.e., until day 66 (Figs. 7 and 8). These results suggest that the progression of 448 

dehydroascorbic acid to 2-furoic acid and 3-hydroxy-2-pyrone is quite slow, regardless of the 449 

presence of metal ions and sulfur dioxide.  450 

 451 

In the absence of metal ions, both 2-furoic acid and 3-hydroxy-2-pyrone were formed in 452 

significantly (p = 0.05) lower amounts when sulfur dioxide was present, suggesting sulfur 453 

dioxide slowed their formation. This is most likely due to the protective effect of sulfur 454 

dioxide on ascorbic acid, by considerably slowing its degradation rate (sample 82AS, Fig. 3). 455 

Another contributor is the ability of sulfur dioxide to offer xylosone further stability [45], 456 

which could thereby slow the production of its degradation products (i.e., 2-furoic acid and 3-457 

hydroxy-2-pyrone). The 82AS samples also exhibited enhanced production of the xylosone-458 

derived (+)-catechin isomers (Fig. 5), compared to the 82A sample, possibly due to sulfur 459 

dioxide promoting increased residual xylosone for reaction with (+)-catechin. As both 2-460 

furoic acid and 3-hydroxy-2-pyrone emanate from xylosone, such increased consumption of 461 
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xylosone to form the (+)-catechin isomers (sample 82AS, Fig. 5) could potentially lower the 462 

production of 2-furoic acid and 3-hydroxy-2-pyrone (sample 82AS, Figs. 7 and 8).  463 

 464 

In the presence of metal ions, sulfur dioxide did not show a significant (p = 0.05) impact on 465 

the production of either compound (Figs. 7 and 8). This supports the earlier observations that 466 

the carbon-based degradation products of ascorbic acid are not significant binders of sulfur 467 

dioxide. Of interest is that no significant (p = 0.05) differences were observed for the 468 

concentrations of 2-furoic acid and 3-hydroxy-2-pyrone in the 41AMS and 41AM samples 469 

(Figs. 7 and 8). This is in contrast to the differences discussed above between these same 470 

samples for the production of the xylosone-derived (+)-catechin isomer (i.e., increasing 471 

concentration with sulfur dioxide, Fig. 5) and xanthylium cation pigments (i.e., decreasing 472 

concentration with sulfur dioxide, Fig. 6). However, without standards or published molar 473 

absorptivities being available for these products, comparison of molar yields for the different 474 

products is not possible. 475 

476 
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4. Conclusion 477 

 478 

Although it had previously been assumed that sulfur dioxide was significantly bound to 479 

ascorbic acid degradation products, this experiment demonstrated that dehydroascorbic acid, 480 

and its subsequent degradation products, are not significant binders of sulfur dioxide. This 481 

was observed from the consumption mole ratios of ‘free’ and ‘total’ sulfur dioxide to ascorbic 482 

acid. Following on from the oxygen to ascorbic acid stoichiometry shown in Fig. 1, and the 483 

sulfur dioxide to ascorbic acid consumption mole ratios shown in Table 2, the mole ratio of 484 

consumed ‘free’ sulfur dioxide to oxygen in the presence of ascorbic acid and metal ions was 485 

found between 1:1 and 1.7:1, while in the absence of ascorbic acid it has been shown to be 486 

2:1 [17]. This lower consumption mole ratio in the presence of ascorbic acid has potential 487 

critical implications for increasing the shelf life of white wine and is the subject of an on-488 

going long term study. 489 

 490 

Sulfur dioxide did appear to enhance the reaction products between (+)-catechin and 491 

xylosone, a degradation product of dehydroascorbic acid, but this was only extensive without 492 

added metal ions or alternatively, in samples with added metal ions and a high mole ratio of 493 

sulfur dioxide to ascorbic acid. In this case, sulfur dioxide appeared to be protecting the 494 

isomers from further reactions. In this model wine system with excessive oxygen present, the 495 

longer ascorbic acid or free sulfur dioxide remained in the model, the longer it took for the 496 

flavan-3-ol/ascorbic acid pigment precursor to convert to the yellow coloured product. 497 

However, further work is required to establish whether sulfur dioxide could also prevent 498 

conversion of this pigment precursor in bottled wine over a time-frame measured in years. 499 

 500 
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It must be noted that studies conducted here have been performed in a much larger excess of 501 

oxygen than would normally be encountered by a wine bottled under either cork or ROTE 502 

screw cap. However, the conditions used here have allowed the determination of the 503 

consumption mole ratios of sulfur dioxide to ascorbic acid, the impact of metal ions and 504 

ascorbic acid concentration on these mole ratios, and also the impact of sulfur dioxide on the 505 

degradation chemistry of ascorbic acid and pigment production. That is, the basic mechanistic 506 

processes have been evaluated for the first time and further work is now required to assess 507 

how these various mechanisms operate at lower and varying oxygen concentrations in 508 

commercial situations. 509 
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Captions to Table and Figures 585 

 586 

Table 1 Composition of the different model wine systems. The abbreviations designating 587 

each sample (e.g. 82AMS) are used throughout this paper. 588 

 589 

Table 2 Mole ratios of consumed sulfur dioxide to ascorbic acid at 20 °C. Sample names as 590 

per Table 1. Uncertainties are indicated as the 95% (p = 0.05) confidence limits (n = 591 

3). 592 

 593 

Fig. 1  Ascorbic acid oxidation and further reactions in wine conditions. 594 

 595 

Fig. 2 Decay of free and total sulfur dioxide at 20 °C as influenced by (A) ascorbic acid 596 

and metal ions and (B) the initial sulfur dioxide to ascorbic acid mole ratios. Sample 597 

names as per Table 1. Dashed line indicates initial sulfur dioxide concentration. 598 

Error bars indicate the 95% (p = 0.05) confidence limits (n = 3). 599 

 600 

Fig. 3 Ascorbic acid decay at 20 °C and impact of metal ions, sulfur dioxide and initial 601 

ascorbic acid concentration. Measurements performed by HPLC-DAD. Sample’s 602 

names as per Table 1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 603 

3). 604 

 605 

Fig. 4 (+)-Catechin decay at 20 °C and impact of metal ions, sulfur dioxide and ascorbic 606 

acid concentration. Measurements performed by HPLC-DAD. Sample names as per 607 

Table 1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 3). 608 

 609 
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Fig. 5 Production of the pigment precursor (+)-MHF-8-catechin at 20 °C and impact of 610 

metal ions, sulfur dioxide and ascorbic acid concentration. Measurements performed 611 

by UHPLC-DAD. Sample’s names as per Table 1. Error bars indicate the 95% (p = 612 

0.05) confidence limits (n = 3). 613 

 614 

Fig. 6 Production of xanthylium cation pigments at 20 °C and impact of metal ions, sulfur 615 

dioxide and ascorbic acid concentration. Measurements performed by UHPLC-616 

DAD. Sample names as per Table 1. Error bars indicate the 95% (p = 0.05) 617 

confidence limits (n = 3). 618 

 619 

Fig. 7  Production of 2-furoic acid at 20 °C and impact of metal ions, sulfur dioxide and 620 

ascorbic acid concentration. Measurements performed by HPLC-DAD. Sample 621 

names as per Table 1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 622 

3). 623 

 624 

Fig. 8  Production of 3-hydroxy-2-pyrone at 20 °C and impact of metal ions, sulfur dioxide 625 

and ascorbic acid concentration. Measurements performed by HPLC-DAD. Sample 626 

names as per Table 1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 627 

3). 628 

629 
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 630 

 631 

Sample 
code 

A: ascorbic acid (mg L-1) M: metal ions (mg L-1) S: sulfur dioxide (mg L-1) 

41 82 165 
Iron(II) = 5  

Copper(II) = 0.2 
27 

82A      

82AS      

82AM      

82AMS      

41AM      

41AMS      

165AM      

165AMS      

 632 

Table 1 633 

Barril et al. 2011 634 

635 
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 636 

Sample 
Initial ratio 
SO2 : AA 

Time  
(days, unless 

specified) 

Consumed ratio 
Free SO2 : AA1  

Consumed ratio 
Total SO2 : AA1 

82AS 1:1 

1 
2 
3 
4 
6 

12 
19 
28 

*,a(3  1) : 1 

*,b(1.6  0.1) : 1 

*,c(1.2  0.2) : 1 

*,c,d(1.2  0.1) : 1 

*,c,d,e(1.0  0.1) : 1 

*,c,e,f(0.99  0.08) : 1 

*,c,d,g(1.21  0.09) : 1 

*,c,d,e,f,g(1.1  0.1) : 1 

*,a(2.8  0.6) : 1  

*,b(1.7  0.1) : 1 

*,c(1.2  0.2) : 1 

*,c,d(1.3  0.2) : 1 

*,c,d,e(1.09  0.07) : 1 

*,f(0.93  0.04) : 1 
#,c,d,e,f(0.97  0.08) : 1 

*,c,d,e(1.23  0.09) : 1 

41AMS 2:1 
3.5 hrs 

1 
2 

  *,a(1.69  0.02) : 1 

*,b(1.29  0.02) : 1 

*,c(1.24  0.02) : 1 

#,a(1.3  0.1) : 1 
#,b(1.05  0.03) : 1 
#,b(1.03  0.02) : 1 

82AMS 1:1 
3.5 hrs 

1 
2 

*,a(1.12  0.06) : 1 

*,b(0.97  0.02) : 1 
 

*,a(1.07  0.09) : 1 
#,b(0.90  0.03) : 1 

b(0.89  0.04) : 1 

165AMS 1:2 3.5 hrs *(1.6  0.2) : 1  *(1.2  0.2) : 1 

            1 AA measured by HPLC-DAD, SO2 measured by FIAstarTM. 637 

         *, # The same symbol indicates no significant (p = 0.05) difference between free and total ratios for a same day. 638 
            a, b, c, d, e, f, g The same letter indicates no significant (p = 0.05) difference between values within a sample. 639 

 640 

Table 2 641 

Barril et al, 2011 642 

643 
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Fig. 3 656 
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Fig. 4 679 
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Fig. 5 685 
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Fig. 6 690 
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Fig. 7 695 
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Fig. 8 702 
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