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Abstract 

The present study investigated the impact of temperature on the degradation of 

ascorbic acid in low oxygen conditions in a model white wine. The concentrations of 

ascorbic acid, furfural, sulfur dioxide and phenolic-type products were monitored in a 

model white wine stored under non-oxidative conditions at 45.0, 36.5 and 24.0 °C for 

up to 693 days. The concentrations of both ascorbic acid and sulfur dioxide decreased 

over the analysis period while furfural and other colorless phenolic products increased 

in concentration, despite the presence of residual sulfur dioxide. The decay of 

ascorbic acid in the low oxygen conditions followed first-order kinetics and the rate 

constants were determined to be (3.5 ± 0.2)x10-8, (1.02 ± 0.07)x10-8, and (0.184 ± 

0.009)x10-8 s-1 for 45.0, 36.5 and 24.0 °C (n=5, standard error), respectively, and the 

activation energy was 110 ± 3 kJ/mol (n=3, standard error). Importantly, these data 

allow more accurate prediction of the temperature-induced loss of ascorbic acid in 

low oxygen conditions during transport or storage of wine.  

 

Keywords: anaerobic, ascorbic acid, wine, non-oxidative, furfural, sulfur dioxide 
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Introduction 

 

Ascorbic acid is naturally present in grapes but is largely lost during the crushing of 

the grapes in the wine production process (Ribéreau-Gayon, Dubourdieu, Donèche & 

Lonvaud, 2000). Consequently, a significant concentration of ascorbic acid present in 

finished white wines (i.e., 30-200 mg/L) is the result of additions made by 

winemakers during the production process. Ascorbic acid is added primarily to afford 

white wine increased protection from oxygen (Ribéreau-Gayon et al., 2000), and has 

shown beneficial contribution to wine flavor and color when added at bottling 

(Ribéreau-Gayon et al., 2000; Skouroumounis et al., 2005).  

 

The chemistry of ascorbic acid in wine conditions has recently been reviewed 

(Bradshaw, Barril, Clark, Prenzler & Scollary, 2011), and its antioxidant role in a 

variety of food systems has been routinely studied. Its ability to protect wine from 

oxygen relies upon the presence of sulfur dioxide, whereby the latter can scavenge the 

products generated from the preferential oxidation of ascorbic acid, which would 

otherwise lead to detrimental changes in wine flavor and color. Most importantly, 

sulfur dioxide can efficiently scavenge the hydrogen peroxide generated from the 

metal-mediated reaction between ascorbic acid and molecular oxygen (Bradshaw et 

al., 2011). The ability of sulfur dioxide to scavenge other oxidation degradation 

products of ascorbic acid is less pronounced than for its action against hydrogen 

peroxide. For example, recent work has shown the accumulation of 3-hydroxy-2-

pyrone, a major degradation product of dehydroascorbic acid, despite the presence of 

sulfur dioxide (Barril, Clark & Scollary, 2012). Also, other dehydroascorbic acid 

degradation products formed addition products with wine flavan-3-ol compounds 
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despite the presence of sulfur dioxide (Barril, Clark, Prenzler, Karuso & Scollary, 

2009). However, both of the latter two reactions occur much faster in the absence of 

sulfur dioxide (Barril et al., 2012).  

 

Ascorbic acid can also degrade by a non-oxidative mechanism. The non-oxidative 

degradation rate of ascorbic acid is expected to be lower than the oxidative rate, under 

normal wine storage conditions. Most research on the kinetics and mechanistic 

aspects of ascorbic acid non-oxidative degradation have been performed in food 

matrices such as fruit juices (Anmo, Washitake, Hayashi & Takahashi, 1971; 

Bauernfeind & Pinkert, 1970; Finholt, Paulssen, Alsos & Higuchi, 1965; Kurata & 

Sakurai, 1967; Pastore et al. 2001; Shinoda, Murata, Homma & Komura, 2004; 

Wedzicha, 1984; Yuan & Chen, 1998) resulting in the general mechanism outlined in 

Fig. 1. The kinetics of the non-oxidative ascorbic acid decay is first order with respect 

to ascorbic acid (Anmo et al., 1971; Finholt et al., 1965), which undergoes initial 

hydration, followed by decarboxylation and further rearrangement/cyclization to 

generate furfural. Other products besides furfural have been detected during the non-

oxidative degradation of ascorbic acid in aqueous conditions (Coggiola, 1963), but 

generally furfural is reported as the highest yielding product, especially at low pH 

(Bauernfeind et al., 1970; Yuan et al., 1998). 

 

The non-oxidative degradation of ascorbic acid in white wine can potentially shorten 

the wine shelf-life due to depletion of sulfur dioxide, which is the key 

antimicrobial/antioxidative preservative of wine. In studies performed in aqueous 

solutions, sulfur dioxide has been shown to undergo irreversible binding to 3,4-

dideoxy-L-pentosulos-3-ene (Adams, 1997; Wedzicha, 1984), an intermediate product 
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in the non-oxidative degradation of ascorbic acid (Fig. 1). Although inducing sulfur 

dioxide loss, the binding would at least limit the accumulation of the terminal non-

oxidative product of ascorbic acid (i.e., furfural, Fig. 1), which may otherwise 

contribute to the production of pigments in juice and wines (Erdman & Klein, 1982; 

Es-Safi, Cheynier & Moutounet, 2000; Shinoda, Komura, Homma & Morata, 2005).   

 

Storage temperature is a major factor influencing the non-oxidative degradation of 

ascorbic acid, as the rate at which it degrades is considerably faster with increasing 

temperatures (Anmo et al., 1971; Finholt et al., 1965; Huelin, 1953; Niemelä, 1987; 

Rodriguez, Sadler, Sims & Braddock, 1991). Of these studies, several have been 

conducted at a pH close to wine conditions (Anmo et al., 1971; Finholt et al., 1965; 

Huelin, 1953), but none of the studies have the combined ethanol/pH/temperature/ 

sulfur dioxide conditions relevant to wine storage. This is despite the fact that a 

variety of matrix effects have been shown to impact on the rate of ascorbic acid non-

oxidative decay, including metal ion concentration, sugar concentration, pH and the 

identity of the supporting buffer (Anmo et al., 1971; Finholt et al., 1965; Huelin, 

1953). Finally, most published non-oxidative studies on ascorbic acid have sparse 

detail on the bottling or packaging procedure employed and few include 

measurements of total packaged oxygen to indicate the extent of oxygen exclusion 

from samples.  

 

This study provides kinetic data for ascorbic acid decay in low oxygen conditions and 

in a solution matrix relevant to wine, as well as encompassing temperature ranges 

more typical of wine storage (i.e., 25 to 45 °C) compared to previous studies (Finholt 

et al., 1965; Huelin, 1953). It also determines the accumulation of furfural in these 
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conditions, despite in the presence of sulfur dioxide, and the production of other major 

products. To aid the monitoring of ascorbic acid and its main non-oxidative 

degradation product, the study was performed in a model white wine system, and low 

oxygen conditions confirmed via the use of luminescence measurements of oxygen 

concentrations. 

 

2. Materials and methods 

 

2.1 Chemicals 

L-ascorbic acid (99%), L-(+)-tartaric acid (> 99.5%), (+)-catechin hydrate (98%), 

potassium hydrogentartrate (99%), caffeic acid (99%), and copper(II) pentasulfate 

(98%) were purchased from Sigma-Aldrich. Iron(II) sulfate heptahydrate (> 98%) was 

purchased from Ajax Fine Chemicals. Ethanol (AR grade, > 99.5%, Ajax Fine 

Chemicals), methanol (AR grade, > 99.9%, Mallinckrodt Chemicals), glacial acetic 

acid (AR grade, > 99.7%, APS Ajax Fine Chemicals) were used without further 

purification. 

 

2.2 Instrumentation 

UHPLC analysis for ascorbic acid was conducted as per Barril et al. (2009), and 

ascorbic acid was quantified at 270 nm, and furfural and other products at 280 nm. LC-

MS studies were conducted on an Agilent 1200 series Triple Quadrupole (6410) 

HPLCMS. The column and LC conditions were as described for the UHPLC (Barril et 

al., 2009), except for an injection volume of 20 µL. The MS was operated at 350 C, 

gas flow of 9 L/min, nebulizer at 276 kPa, and capillary at 4 kV. MS analyses were 
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carried out in the negative ion mode with the fragmentor at 80 V and scanning from m/z 

100 to 1000. 

 

A multi-channel flow injection analyzer (FIA) was utilized for the automatic and 

simultaneous determination of free and total sulfur dioxide, composed of a FIAstarTM 

5000 (FOSS) wine analyser and a 5027 sampler both run by the SoFIA software 

(service pack 3). The operating conditions of this sulfur dioxide analyzer are outlined 

in Barril et al. (2012). 

 

2.3 Monitoring of oxygen and preparation of samples 

Oxygen was monitored in samples and storage vessels using the Presens Oxygen 

meter. Large (PSt6) and small (PSt3) oxygen sensors were utilized that were supplied 

pre-calibrated from the manufacturer (PreSens). The PSt3 (small) sensors were used 

for dissolved oxygen concentrations and had a quoted limit of detection (LOD) of 15 

g/L, and a calculated limit of quantification (LOQ) of 50 g/L (where 

LOQ=LOD×10/3). The PSt6 (large) sensors were used for gaseous oxygen 

concentrations and had a quoted LOD of 0.01% air saturation, and a calculated LOQ 

of 0.04% air saturation. 

 

A model wine system (7.0 L) was prepared, containing 12% (v/v) ethanol, pH 3.2 

(0.011 mol/L tartaric acid / 0.008 mol/L potassium hydrogen tartrate), 200 mg/L 

caffeic acid, and 50 mg/L (+)-catechin in purified water. The caffeic acid 

concentration was chosen to model the typical non-flavonoid content of white wine, 

and (+)-catechin to model the typical flavan-3-ol component of a heavily pressed 
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white wine (Ough & Amerine, 1988). The model wine system was filtered (0.45 µm, 

cellulose acetate) prior to use. 

 

A 2.0 L aliquot of the model wine system was transferred to a 2.5 L square glass 

vessel and sparged with argon for 10 minutes whereby the dissolved oxygen 

concentration was below the limit of detection of the PSt3 oxygen sensors utilized 

(i.e.,  < 15 g/L) (see Supplementary Fig. 1). At this point, the following reagents 

were added: 80 mg/L sulfur dioxide (i.e., 160 mg), 200 mg/L ascorbic acid (i.e., 400 

mg), 5 mg/L iron(II) from a 100 mg/L stock solution, and 0.2 mg/L copper(II) from a 

100 mg/L stock solution. The concentrations of metal ions were typical of wine 

conditions as reported previously (Danilewicz, 2007). The ascorbic acid and sulfur 

dioxide concentrations were at the high end of the range utilized in wine (Ribéreau-

Gayon et al., 2000), but would ensure that sufficient levels remained throughout the 

experiment to allow thorough kinetic analysis of the results. 

 

The solution was then sparged with argon for 2 minutes, during which time all 

reagents added as solids dissolved. Individually, twenty 22 mL glass vials (5183-

4523, Agilent Technologies), including three with PSt3 oxygen sensors, and their lids 

(polypropylene screw caps with polytetrafluoroethylene/silicone septa) were sparged 

with argon and submerged in the model wine system within the 2.5 L square glass 

vessel. During this time, an argon gas cover was maintained above the surface of the 

model wine solution. The 2.5 L square glass vessel was then sealed and the model 

wine system was allowed to equilibrate to 25 °C (~20 minutes). After this time, the 

vials were capped while they were submerged in the model wine system, and an argon 

blanket was maintained over the solution while capping.  
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Once capped, the vials were placed in a 2.0 L cylinder glass vessel with 30 iron-based 

oxygen scavenger sachets each with an absorption capacity of 100 mL oxygen 

(Ageless, www.preservers.com.au), and were sparged with argon until the oxygen air 

saturation was less than 0.5% according to a PSt6 oxygen sensor. The samples for 

storage temperatures 35 and 45 °C were prepared as described above for the 25 °C 

samples, except the respective temperatures were maintained during capping. The 

external storage vessels were placed in their respective temperature-set incubators and 

the average temperatures were found to be 45.0, 36.5 and 24.0 °C, with temperature 

fluctuations within 0.5 C. Oxygen was measured in storage vessels and sample vials 

at each analysis date, and in addition, storage vessels were monitored routinely 

between analyses. 

 

2.4 Analysis of samples 

Quadruplicate samples were analyzed, with duplicate instrumental measurements for 

each quadruplicate sample, at five dates. The first analysis date was seven days after 

the preparation of the samples. This was performed to ensure that any amount of 

dissolved oxygen that may have been present after the capping of the vials would 

have been consumed by ascorbic acid prior to the first analysis date. On the dates for 

analysis, four replicate samples (without oxygen sensors) were analyzed for ascorbic 

acid, sulfur dioxide (free and total), furfural, 3-hydroxy-2-pyrone and phenolic 

products. For furfural, the free concentration ([furf]free) was quantified by UHPLC and 

the total concentration determined as [furf]free plus the concentration of furfural bound 

to hydrogen sulfite ([furf-HSO3]bound). The [furf-HSO3]bound was calculated similar to 

other aldehyde-hydrogen sulfite addition compounds in model wine systems (Grant-
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Preece, Fang, Schmidtke & Clark, 2013), whereby [furf-HSO3]bound = ([SO2]free x 

[furf]free)/Kapp, where [SO2]free is the free sulfur dioxide concentration, and Kapp is the 

apparent dissociation constant for the furfural-hydrogen sulfite addition compound. 

The Kapp values utilized were extrapolated from the kinetic and thermodynamic data 

presented in Makarov, Sarur & Budanov (1997), which examined the Kapp for this 

reaction over the temperature range 14-35 °C, and were 2.68 x 10-4, 5.1 x 10-4, and 7.6 

x 10-4 M for 24.0, 36.5, and 45.0 °C, respectively. 

 

On analysis dates, oxygen was measured on the vials with oxygen sensors for the first 

440 days of the experiment, and they were then returned to their respective storage 

vessels with other samples. After 440 days, the accuracy of the sensors immersed in 

model wine could not be guaranteed (as per sensor manufacturer’s recommendations). 

Oxygen measurements were also performed on the storage vessels, replacing oxygen-

scavenging sachets half-way through the experiment and sparging vessels with argon 

whenever they were opened. Ascorbic acid and degradation products were measured 

by UHPLC immediately after opening the vials, followed by the measurement of 

sulfur dioxide (i.e., within 5 minutes of opening the vial) by FIAStar. 

 

3 Results and discussion 

 

3.1 Oxygen concentration throughout the experimental period. 

Kinetic data for a meaningful description of the non-oxidative decay of ascorbic acid 

relied upon the maintenance of low oxygen concentrations throughout the bottling and 

storage of the samples. Although complete exclusion of oxygen could not be 

guaranteed, the aim was to maintain dissolved oxygen concentrations below the limit 
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of quantification for the sample oxygen sensors (i.e., < 50 µg/L). This is well below 

typical quality control measurements of oxygen reported during the bottling of 

commercial wine (i.e., < 300-1000 µg/L dissolved oxygen) (O'Brien, Colby & 

Nygaard, 2009). Fig. 2a shows that the oxygen concentration in the external storage 

vessels was below 1.0% air saturation for all samples throughout of the experiment 

(i.e., compared to 100% air saturation for oxygen in air). Furthermore, Fig. 2b shows 

that low oxygen conditions were maintained in the actual sample vials, with all but 

one of the sample vials being below 50 µg/L. The exception (i.e., the 35 ºC sample at 

day 7) had a mean dissolved oxygen concentration of 250 µg/L, but this had 

decreased to below the limit of detection of the sensor (i.e., < 15 µg/L) on the 

subsequent measurement date. These measurements enabled confidence that the data 

generated were indeed appropriate for the kinetic study of ascorbic acid decay under 

conditions of low oxygen concentration (i.e., mostly < 50 µg/L dissolved oxygen at 

any given time). 

 

3.2 Kinetics of ascorbic acid decay in wine conditions 

The loss of ascorbic acid in the samples, presented in Fig. 3, shows that the increase in 

storage temperature has a significant effect on the loss of ascorbic acid, as reported in 

other beverage matrices besides wine (Anmo et al., 1971; Finholt et al., 1965; Huelin, 

1953). The kinetic data were best fitted to first-order kinetics, which was consistent 

with previous studies on the non-oxidative degradation of ascorbic acid (Anmo et al., 

1971; Finholt et al., 1965; Huelin, 1953). As a consequence, the rate constants and 

half-lives for the degradation of ascorbic acid under these conditions were calculated 

(Table 1). The rates compare reasonably well to other published results (Table 1) 

based on studies in aqueous systems without metal ions present. As expected, the rates 
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of ascorbic acid degradation were much lower than reported in 10% (v/v) aqueous 

ethanol systems with excess oxygen (Hsu, Tsai, Fu & Wu, 2012) (i.e., 1300x10-8 s-1 

compared to 3.5x10-8 s-1 at 45 C), even though the oxygenated system had no added 

metal ions that can further accelerate the oxidation rate. Huelin et al. (1953) reported 

rates of 20000x10-8 s-1 and 4.5x10-8 s-1 for the degradation of ascorbic acid in 

oxidative and non-oxidative conditions, respectively, in the presence of 1 mg/L 

copper(II) in the oxidative conditions (pH 3.0 and 40 °C). 

 

In the bottle aging of wine, the non-oxidative degradation of ascorbic acid occurs 

simultaneously with its oxidative depletion. However, based on the rate data available 

(Table 1), the non-oxidative decay generally only becomes an important contributor to 

ascorbic acid depletion once the oxygen has been exhausted, and this is more likely 

after the total packaged oxygen (i.e., dissolved oxygen and head-space oxygen) has 

been consumed by the wine. Consequently, the non-oxidative decay would be more 

significant under a wine bottle closure that allows little permeation of oxygen (i.e., 

with a low oxygen transmission rate), such as a screw cap with a tin liner (Lopes et 

al., 2009). Importantly, the results presented here indicate that once wines are bottled 

and reach low oxygen conditions during storage, they should not exhibit a significant 

loss of ascorbic acid unless stored at temperatures above 45 °C for months on end. 

Such conditions may be encountered during the storage of wine in domestic situations 

(i.e., non-cooled and non-insulated storage area during summer) but are less likely 

during transport and unlikely in retail outlets. If cooling systems malfunction during 

transport (i.e., trucking, shipping etc.), the temperatures reached by wine may be 

higher than 45 °C but it would generally be for periods of less than one month. 
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An Arrhenius curve was plotted (Supplementary Fig. 2) to allow calculation of the 

activation energy for the non-oxidative decay of ascorbic acid in wine conditions. The 

activation energy was 110 ± 3 kJ/mol (n=3, stdev., Table 1), which agreed well with 

literature values calculated in non-wine conditions and at higher temperatures. For 

example, Finholt et al. (1965) found an activation energy of 105 kJ/mol (quoted as 25 

kcal/mol with uncertainty not reported) at pH 4.00 using storage temperatures from 75 

to 96 ºC and in the absence of both ethanol and metal ions. Therefore, the results 

suggest that the mechanism for the non-oxidative degradation of ascorbic acid would 

appear to have little sensitivity to metal ions and ethanol concentrations.  

 

The comparison between the activation energy for the ascorbic acid non-oxidative 

decay (or ascorbic acid decay in low oxygen conditions) with that reported for the 

oxidative decay is difficult due to the large impact of matrix conditions on the latter. 

The rates of ascorbic acid oxidative degradation, and the order of kinetics for the 

corresponding rates, can be impacted significantly by the concentrations of ascorbic 

acid, dissolved oxygen, metal ions, sulfur dioxide, metal ion chelators, and other 

external factors such as light exposure (Bradshaw et al., 2011). As a consequence, 

other studies have found activation energies ranging from 21-170 kJ/mol for ascorbic 

acid in high oxygen conditions (Pénicaud, Bohoun, Peyron, Gontard & Guillard, 

2012; Villota & Hawkes, 2007), reflecting the significant impact of matrix parameters 

on the oxidative degradation of ascorbic acid. 

 

3.3 Products formed during storage of model wine containing ascorbic acid in low 

oxygen conditions 
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The production of furfural, the main non-oxidative degradation product of ascorbic 

acid (Bauernfeind et al., 1970; Wedzicha, 1984; Yuan et al., 1998), is displayed in 

Fig. 4a. Importantly, the results show the production of furfural in all samples, 

regardless of the storage temperature, and despite the presence of residual free sulfur 

dioxide in the samples (discussed later, Section 3.4). As shown in Fig. 4a, the 

measured furfural increased over time, and the magnitude of increase was larger at the 

higher storage temperatures, as expected by the increased non-oxidative decay of 

ascorbic acid at high temperatures. 

 

The non-oxidative degradation mechanism for ascorbic acid presented in Fig. 1 

implies that the mole ratio of furfural produced to ascorbic acid consumed is 1:1. 

However, the mole ratios for the measured furfural (or free furfural) to ascorbic acid 

consumed were found to be much lower than this for all samples (Table 1), especially 

the sample at 24.0 C, suggesting that it was produced in lower yields and/or was 

converted to other products. Huelin (1953) reported higher mole ratios of furfural to 

ascorbic acid, increasing from 0.17 to 0.43 as the temperature of degradation was 

increased from 30 to 100 °C, consistent with the increased ratios at the higher 

temperatures of 36.5 and 45 °C (Table 1) compared to the lower ratio at 24 C (Table 

1). Additionally, Huelin (1953) showed that the ratio increased further as the pH was 

lowered (4.0 to 3.0). .  

 

The relatively low ratios in Table 1 compared to the implied 1:1 mole ratio of Fig. 1 

may have also been due to the impact of sulfur dioxide, via the reversible binding of 

its equilibrium form (i.e., hydrogen sulfite) to furfural (Fig. 1) and/or the irreversible 

binding of hydrogen sulfite to intermediates in the production of furfural (i.e., such as 
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3,4-dideoxy-L-pentosulos-3-ene (Fig.1) (Adams, 1997; Wedzicha, 1984)). Makarov et 

al. (1997) determined the reversible equilibrium constants for hydrogen sulfite 

binding to furfural over the temperature range of 14-35 °C and showed lower binding 

at higher temperatures. Using the equilibrium data of Makarov et al. (1997) (and 

extrapolating the binding data to 45 °C), and the measured free sulfur dioxide and free 

furfural concentrations in the samples, the amount of total furfural in the samples was 

calculated at the end of the experiment (Fig. 4a). The mole ratio of total furfural 

produced to ascorbic acid consumed was then recalculated and higher ratios were 

obtained (Table 1). However, the ratios were still far below the implied 1:1 mole ratio 

of Fig. 1, demonstrating that the reversible binding of hydrogen sulfite to furfural was 

not the major contributor to losses in furfural yield from ascorbic acid consumed.  

 

Furfural, being an aldehyde compound, can react to form bridges between flavan-3-ol 

phenolic compounds (i.e., such as (+)-catechin) and eventually lead to yellow colored 

xanthylium cations (Es-Safi et al., 2000). However, based on LC-MS data, no such 

(+)-catechin dimers or xanthylium cations were detected in the samples under study 

here, and the samples remained colorless throughout the experiment.  

 

However, several peaks in the 280 nm UHPLC chromatograms (peaks f-i, Fig. 5), 

which were absent at the start of the experiment, increased significantly during the 

storage period. By the end of the experiment, their production as a function of 

ascorbic acid consumed was larger at 45.0 and 36.5 °C than at 24.0 °C (Table 1), 

which was similar to the result observed for furfural production (Table 1). All the 

peaks f-i in Fig.6 had UV-Vis spectra with maxima at 277-281 nm and no absorbance 

in the visible region of the spectrum. LC-MS data for peak f corresponded to a signal 
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at m/z 425 (negative ion mode), m/z 427 (positive ion mode), and also a major 

fragment at m/z 289 (negative ion mode), suggesting it may contain an intact (+)-

catechin moiety ([M-H]− for (+)-catechin is 289 amu) and an m/z 135 moiety attached 

to (+)-catechin. Given the propensity of (+)-catechin to form addition products with 

aldehyde compounds at positions 6- or 8- of (+)-catechin (i.e., on the phloroglucinol-

type ring system) (Barril et al., 2009), it is possible that attachment of the m/z 135 unit 

is at either of these two positions. Peak i exhibited a m/z of 231 and 233 in the 

negative and positive ion modes, respectively, while assigning peaks g and h to MS 

data provided inconclusive. Although further work is required for the identification of 

the compounds, the data presented above does not correspond to reported oxidative or 

non-oxidation products of ascorbic acid, (+)-catechin or caffeic acid, implying that 

there is a unique set of reactions occurring in this low oxygen model wine system. 

 

The oxidative product 3-hydroxy-2-pyrone was generated at lower concentrations 

than furfural (Fig. 4b), and its production confirms the consumption of at least some 

oxygen by ascorbic acid during the experiment. A portion of the 3-hydroxy-2-pyrone 

detected by the end of the experiment would have emanated from the approximately 

20 mg/L (or 0.1 mM) ascorbic acid consumed in the initial bottling process, but only 

formed after the first experimental measurement (i.e., 7 days after bottling). The lag 

period between consumption of ascorbic acid and maximum production of 3-hydroxy-

2-pyrone was also evident in previous work (Barril et al., 2012; Hsu et al., 2012) as it 

forms gradually over several months or more, depending on the temperature of 

storage. Given that the yield of 3-hydroxy-2-pyrone from ascorbic acid is matrix 

dependent (Barril et al., 2012), it is not possible to relate the pyrone concentration, at 

the end of the experiment, to overall oxygen consumption. 
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3.4 Changes in free and total sulfur dioxide 

The change in concentration of free and total sulfur dioxide in wine can occur via 

irreversible or reversible mechanisms. The former includes the irreversible binding of 

sulfur dioxide to wine components, the oxidation of sulfur dioxide, and the physical 

loss of sulfur dioxide (i.e., escape of the gaseous form from containers), all resulting 

in a decrease in both free and total sulfur dioxide. Alternatively, the reversible binding 

of sulfur dioxide leads to only a decrease in free sulfur dioxide. The method of 

analysis impacts on the partitioning between reversible and irreversible sulfur dioxide 

binding, and the method utilized here was an automated colorimetric flow injection 

analysis method (see Materials and Methods section). This method provides free and 

total sulfur dioxide concentrations in wine that is recognized as being equivalent to 

those obtained by the more routine methods utilized in the wine industry (Patz, 

Menold, Giehl & Dietrich, 2007), including the aspiration/oxidation method (Iland, 

Bruer, Edwards, Weeks & Wilkes, 2004).  

 

In terms of the results presented in this study thus far, it can be noted that all samples 

contained residual total sulfur dioxide throughout the experiment (Fig. 4c), while only 

the samples at 45 °C had free sulfur dioxide concentrations below 10 mg/L on the 

final two analysis dates. The free and total sulfur dioxide concentrations decreased 

throughout the storage of all the samples (Fig. 4c), but the rates of loss increased with 

higher storage temperatures. For the free sulfur dioxide loss, approximately 18, 14 and 

2.5 mg/L of free sulfur dioxide were consumed at 45, 36.5 and 24 °C, respectively, 

after storage for the first 70 days (Fig. 4c). Given that wine is often bottled with a free 

sulfur dioxide concentration of around 30-35 mg/L (Ough & Amerine, 1988), the 
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amounts lost at 45 and 36.5 °C would contribute a significant diminishment of this 

initial free sulfur dioxide.   

 

As all samples in Fig. 4c contained ascorbic acid, it is not possible to attribute whether 

the losses of sulfur dioxide are solely due to the non-oxidative degradation of ascorbic 

acid (for example, as depicted in Fig. 1) or due to some other ascorbic acid-

independent mechanism. For example, the latter may include some losses of volatile 

sulfur dioxide via permeation through the sealed containers (particularly at higher 

storage temperatures), or reaction of sulfur dioxide with other components in the wine 

matrix (particularly those generated during storage). However, the ascorbic acid-

independent consumption of sulfur dioxide, especially with limited components in the 

model wine solution, generally requires the presence of molecular oxygen 

(Danilewicz, Seccombe & Whelan, 2008), which was only available at low 

concentrations in this experiment (Fig. 2).  

 

The mole ratio of total sulfur dioxide consumed to ascorbic acid consumed was higher 

at all temperatures (Table 1) than the 1:1 ratio expected by the mechanisms shown in 

Fig.1. The ratio of free sulfur dioxide consumption to ascorbic acid consumed was 

relatively constant over the different temperatures (i.e., ~2.2:1), however there was a 

downward trend in the equivalent total sulfur dioxide ratio as the temperature of 

storage increased. This meant that at the higher storage temperatures, for a given 

amount of consumed ascorbic acid, less irreversible binding/losses and more 

reversible binding of sulfur dioxide occurred than at the lower temperatures. The 

decrease in the irreversible binding/losses at the higher temperatures suggests that 

sulfur dioxide has a lowered efficiency to irreversibly bind components at higher 



 19

temperatures, and such an outcome is consistent with the increased yields of furfural, 

and other products (Fig. 5, peaks f-i), observed at the higher temperatures (Table 1).  

 

The kinetic data for the conversion of ascorbic acid to furfural, and other products 

(i.e., peaks f-i, Fig. 5), is consistent with the formation of a metastable intermediate, 

possibly 3,4-dideoxy-L-pentosulos-3-ene (Fig.1), which can be irreversibly bound by 

sulfur dioxide. At lower temperatures, this intermediate is more likely to accumulate, 

as there would insufficient energy for efficient conversion towards other products, and 

it would be more likely to undergo irreversible reaction with sulfur dioxide. At higher 

temperatures, sufficient energy would allow efficient conversion to products before 

irreversible reaction with sulfur dioxide. 

 

In comparison to studies performed in a similar model wine system but with 

conditions of high oxygen concentration at 20 °C (Barril et al., 2012), the mole ratios 

at 24 °C in Table 1 are significantly higher with values of 2.3 versus 1.6 for free 

sulfur dioxide : ascorbic acid consumed, and 2.3 versus 1.2 for total sulfur dioxide : 

ascorbic acid consumed. This demonstrates a higher irreversible consumption of 

sulfur dioxide per molar amount of ascorbic acid consumed in low oxygen conditions 

compared to saturated oxygen conditions. 

 

Conclusion 

 

The results of this long-term study provide kinetic data for the degradation of ascorbic 

acid in low oxygen conditions in a wine-like matrix. This allows more accurate 

prediction of the temperature-induced loss of ascorbic acid, which may be important 
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during the transport or storage of white wine. The results also show the accumulation 

of furfural, despite the presence of sulfur dioxide in the model wine systems. 

However, sulfur dioxide becomes more efficient in inhibiting furfural formation, and 

several products, when samples were stored at lower temperatures. The results also 

show that the main preservative in wine, sulfur dioxide, is consumed during the 

degradation of ascorbic acid in these low oxygen conditions, and the rate of sulfur 

dioxide consumed is increased at the higher storage temperatures. Based on the rate 

data, it would appear that the non-oxidative decay of ascorbic acid is relatively small 

and even negligible, even on the time-scale of wine storage (i.e., years), unless wine is 

stored and temperatures exceeding 40 C for a period of months. For a wine bottled 

with a high concentration of oxygen, such that the sulfur dioxide concentration 

becomes low, the non-oxidative degradation of ascorbic acid, and subsequent sulfur 

dioxide consumption, may consume the remaining sulfur dioxide if the wine is stored 

at elevated temperatures once the initial oxygen is consumed. 

 

ABBREVIATIONS USED 

LC-MS: high performance liquid chromatography with mass spectrometry detection; 

UHPLC: ultrahigh performance liquid chromatography; UV-Vis: ultraviolet-visible. 
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