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SO2 Philosophy - Where do you stand?

1. I object to the use of SO2 in wine. I never use it.

2. I really dislike using SO2 in my wine. I use it rarely, only when absolutely necessary.

3. I appreciate the benefits of SO2, and use it sometimes, but also use other strategies.

4. I use SO2 regularly but try to use less if I can.

5. I have no objection or reservation about using SO2. I use it liberally at several stages of 
winemaking.





Wine pH (3.0 - 4.0)

Cellular pH (7.0)
HSO3

-

SO2

SO2





From: Zoecklein 1995



Antimicrobial 
(fungicide, bacteriocide)

0.6 ppm molecular for reds
0.8 ppm molecular for whites

Againt yeast Varies: up to 100 ppm free (Saccharomyces, Hanseniaspora, Candida)
0.8 - 1.5 ppm molecular

Against ML bacteria 10 ppm total slows, 50-80 total ppm prevents ML (0.6 ppm molecular); 50 
g/hL inhibits ML, even if bound

Against Acetic Acid Bacteria 0.9 ppm molecular, >50 ppm free

Against Brett 0.3 ppm molecular to inhibit activity
0.825 ppm molecular to eliminate viability 
(10,000 fold decrease in viable Brett)

Antioxidant Target 20-40 ppm  free during aging

Against enzymes at crush 20-80 ppm depending on fruit (50 ppm to healthy juice reduces PPO by 
90%); 35 ppm will inhibit tyrosinases at crush

Red Wine oxidation Risks below 10 ppm free

White Wine oxidation Risks below 20 ppm free
Wine made from rotten 
grapes

Risks below 30 ppm free due to laccase



Molecular SO2
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SO2 Philosophy - Where do you stand?

1. I object to the use of SO2 in wine. I never use it.

2. I really dislike using SO2 in my wine. I use it rarely, only when absolutely necessary.

3. I appreciate the benefits of SO2, and use it sometimes, but also use other strategies.

4. I use SO2 regularly but try to use less if I can.

5. I have no objection or reservation about using SO2. I use it liberally at several stages of 
winemaking for its potent antimicrobial and antioxidant properties.



Phase Purpose Effective Dose At Blenheim

At the press

End of 
Fermentation

At bottling



Acetaldehyde
Production

By-product of fermentation (intermediate between glucose and ethanol)(10-30 mg/L)
SO2 at crush stimulates yeast to produce more acetaldehyde

Metal – catalyzed oxidation of ethanol during wine storage (slow)(20-75 mg/L)

Consumed by lactic acid bacteria in late stages of malolactic fermentation

Binds to bisulfite more strongly than other carbonyls (pyruvic acid, ⍺-ketoglutaric acid, 
galacturonic acid, glucose), but still reversible

Sensory: Bruised apple, nutty, oxidized sensory impact (75 – 100 mg/L)



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20 - 80 ppm antioxidant
50 - 100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

At bottling







2023 Blenheim Chardonnay
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Post-fermentation acetaldehdye

SO2 Treatment Barrel # Acetic Acid (g/L)
Acetaldehyde (mg/L)

Total Free

30 ppm

1201 0.35 43 0

1504 0.35 42 0

1505 0.3 46 0

70 ppm

1202 0.39 56 0

1503 0.37 53 0

1506 0.33 55 0



2024 Blenheim Viognier
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2024 Blenheim Viognier
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05

Hanseniaspora

Pichia

Acetic acid bacteria

Zygosaccharomyces

Saccharomyces cerevisiae

Oenococcus oeni

Cells/mL

30 ppm
70 ppm



Why the difference?
Chardonnay Viognier

pH 3.36 3.80

SO2 Addition 30ppm 70 ppm 30 ppm 70 ppm

Molecular SO2 0.82 1.92 0.3 0.71

Sensory



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20-80 ppm antioxidant
50-100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

At bottling



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20-80 ppm antioxidant
50-100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

Antioxidant
Antimicrobial

Brett: 0.8 ppm molecular 
Acetobacter: 

>50 ppm free, 0.9 mol
Antioxidant

>10 ppm in reds
>20 ppm in whites

30 vs. 70

At bottling



SO2 addition post ML

30 vs. 70 ppm 
4 days after ML
Neutral barrels

30 vs. 70 ppm 
4 days after ML

New barrels

30 vs. 70 ppm 
19 days after ML
Neutral barrels

Low vs. High, Prompt vs. Delay



30 ppm vs. 70 ppm
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Impact of delayed addition (70 ppm)

SO2 (ppm) Additions during aging

Total Free Molecular Number Amount

No delay 103 18 0.47 2 30

Delay 77 27 0.67 1 7



SO2 addition post ML

30 vs. 70 ppm 
4 days after ML
Neutral barrels

30 vs. 70 ppm 
4 days after ML

New barrels

30 vs. 70 ppm 
19 days after ML
Neutral barrels

Year 1

Year 2

75 vs. 100 ppm 
Delayed 14 days
Neutral barrels

75 vs. 100 ppm 
Delayed 14 days

2018 barrels

Claim Vineyard

75 vs. 100 ppm 
Delayed 14 Days
Neutral barrels

Piggot Vineyard
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Post Fermentation SO2 Experiments
Delaying SO2 addition (7-14 days) led to lower overall total SO2 and no 
film formation

Very high (100 ppm) initial SO2 doses were more likely to achieve 
molecular targets

• Lower doses (30, 70) did not achieve targets until final month of aging

• 75 ppm still needed additions; 100 ppm did not

Wine with 100 ppm initial addition had higher sensory scores for 
favorable attributes (fruit intensity, color, overall quality).



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20-80 ppm antioxidant
50-100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

Antioxidant
Antimicrobial

Brett: 0.8 ppm molecular 
Acetobacter: 

>50 ppm free, 0.9 mol
Antioxidant

>10 ppm in reds
>20 ppm in whites

100ppm

At bottling



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20-80 ppm antioxidant
50-100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

Antioxidant
Antimicrobial

Brett: 0.8 ppm molecular 
Acetobacter: 

>50 ppm free, 0.9 mol
Antioxidant

>10 ppm in reds
>20 ppm in whites

100ppm

At bottling Antioxidant

10-30 ppm for reds
20-30 ppm for whites

8-10 ppm for operations
5-6 ppm for TPO



Total Package Oxygen
Total Package Oxygen at Bottling

TPO = OIR + HSO + DO

Oxygen Initial Release  - Air trapped in closure materials

Headspace Oxygen - 60% of TPO from HSO (AWRI audit)
Depends on ullage, bottling line

Dissolved Oxygen – introduced during pre-bottling processes 
and during bottling
• Best < 1.0 mg/L for reds, <0.5 mg/L whites
• Increased with small lots, slow bottling or interruptions



(photo: Jason Collins, Hunter Bottling )

Sparging the bottle Sparging under the screwcap



Oxygen during aging

(Amorim, From: Wong 2020)



What is a good target free SO2 at bottling?



During  Bottling: 
DO early, middle, late in the run

TPO* in triplicate mid run

Aging: 
1, 2, 3 ,4, 6, 12 months*

DO, free and total SO2 in triplicate

In Tank (before bottling)
Dissolved Oxygen, Free and Total SO2
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Grüner Cab Franc Painted Wihte

TPO at bottling 3.3 2.53 4.6

Overall FSO2 Change 8.4 5.6 11.7

FSO2 change/month 0.49 0.47 0.78

FSO2 change/month
After 1st month 0.37 0.38 0.46

DO during aging 0.34 0.28 0.25
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Free, Bound, and Total Sulfur Dioxide (SO2) during  
Oxidation of Wines

Gavin L. Sacks,1* Patricia A. Howe,2,5 Matthew Standing,3,6  
and John C. Danilewicz4

Abstract:  Recent work has evaluated the kinetics of free and total sulfur dioxide (SO2) loss in wine following 
aerial exposure, but little work exists on the relationship between free and total SO2 during the oxidation conditions 
expected during wine storage. We report changes in free and total SO2 in three wines (Chardonnay, Merlot, and 
Cabernet Sauvignon) stored for up to 400 days at 19 or 31°C in different bag-in-box packages. The rate of total SO2 
loss varied up to seven-fold for a given wine across storage conditions, e.g., 0.13 to 0.94 mg/L SO2 loss per day for 
the Chardonnay. Total rates of SO2 loss were linear even after free SO2 was undetectable, and only strongly bound 
SO2 remained. This finding indicated that bound SO2 adduct hydrolysis was fast, as compared to the rate of SO2 
consumption in these packaged wines, likely because the SO2 consumption rate depended on the oxygen ingress 
rate. Total versus free SO2 plots were linear for free SO2 concentrations greater than ~5 mg/L. The slope (Δtotal/
Δfree) of this linear region was wine dependent (Chardonnay = 1.33 to 1.49; Merlot = 1.91 to 2.10; Cabernet Sau-
vignon = 1.83 to 2.00). In contrast to the rate of total SO2 loss, this ratio varied negligibly with storage conditions, 
suggesting that minimal formation of new SO2 binders occurred over the course of oxidation. The apparent adduct 
dissociation equilibrium constant (Kd) of each wine as a function of free SO2 concentration was determined from 
the first derivative of [Bound]/[Free] versus [Free] plots (“Burroughs plots”). As free SO2 decreased to <10 mg/L, 
the apparent Kd values decreased to values between 1 × 10-4 M and 10-5 M, which are comparable to those reported 
for malodorous aldehydes. 

Key words: SO2 binders, sulfites, wine oxidation, wine storage

Winemakers routinely add sulfur dioxide (SO2) as an an-
tioxidant and antimicrobial throughout the winemaking pro-
cess. At wine pH, the major SO2 species is bisulfite (HSO3

-), 
which exists in rapid equilibrium with its conjugate acid and 
immediately dissociates to produce the neutral, so-called 
molecular SO2 (H2SO3 → H2O + SO2) (Waterhouse et al. 
2016b). The sum of HSO3

- and molecular SO2 is referred to as 
free SO2. In wine, HSO3

- reversibly forms covalently bound 
hydrolysable adducts with aldehydes and ketones, as well as 
with anthocyanins in red wine. This bound fraction together 
with the free fraction is referred to as total SO2. The fractions 

are in equilibrium and as free SO2 reacts (such as through 
oxidation), bound SO2 dissociates to maintain the equilibrium 
(Waterhouse et al. 2016b).

Free, bound, and/or total SO2 are commonly measured by 
iodine titration, aeration-oxidation, or analogous methods 
(Iland 2004). These standard approaches rely on an initial 
acidification step, which can release rapidly dissociating 
bound SO2 forms (particularly anthocyanin-bisulfite adducts) 
during analysis, resulting in minor overestimation of free SO2 
in white wine (average = 13%) and considerable overestima-
tion in red wine (range 24 to 76%) (Coelho et al. 2015). Some 
authors have proposed distinguishing “nominally free SO2” 
measured by standard methods (e.g., aeration-oxidation) from 
the “truly free SO2” measured by analytical methods (such as 
headspace measurements) that do not perturb free and bound 
equilibria during analysis; alternatively, “nominally free SO2” 
is referred to as “Free SO2” (in quotes) or “apparent Free 
SO2” depending on the reference (Waterhouse et al. 2016a, 
Carrascon et al. 2017, Howe et al. 2018). “Truly molecular 
SO2,” analogous to “truly free SO2,” has been reported to be a 
better predictor of antimicrobial activity than “nominally free 
SO2” (Howe et al. 2018). “Truly free SO2” is also proposed 
to have greater antioxidant activity (Carrascon et al. 2017), 
although data to evaluate this hypothesis is lacking. 

The mechanistic role of free SO2, specifically HSO3
-, 

in wine oxidation reactions has been recently summarized 
(Danilewicz 2011, 2012, 2013, Danilewicz and Standing 
2018). Oxygen (O2) oxidizes Fe(II) to generate Fe(III) and 
hydrogen peroxide (H2O2), and Fe(III) then oxidizes the o-
diphenol ring of polyphenols (e.g., the B-ring of catechin) 
to yield a quinone. HSO3

- in wine rapidly consumes H2O2, 
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Sulfur Dioxide–Oxygen Consumption Ratio Reveals 
Differences in Bottled Wine Oxidation

Andrew L. Waterhouse,1* Scott Frost,1 Maurizio Ugliano,2 Annegret R. Cantu,1  

Bruce L. Currie,1 Mauri Anderson,1 Alexander W. Chassy,1 Stéphane Vidal,3  
Jean-Baptiste Diéval,3 Olav Aagaard,3 and Hildegarde Heymann1

Abstract:  The availability of oxygen to a wine after bottling can have both beneficial and detrimental effects over 
time, which may be altered by the wine’s storage history. A Chardonnay wine underwent four different aging treat-
ments: aged in stainless steel with and without lees and aged in oak barrels with and without lees. After six mos of 
aging, the wines were bottled and subjected to four levels of oxygen exposure by differences in bottle closure. The 
wines were then monitored for dissolved, headspace, and total consumed oxygen (TCO) concentrations, SO2, alde-
hydes, esters, and many other standard endpoints. After bottling with substantial oxygen uptake, oxygen consumption 
was slow, with 0.5 mg/L dissolved oxygen persisting in some bottles after six mos. SO2 concentration decreased 
and absorbance at 420 nm increased in response to higher accumulated oxygen exposure, expressed as TCO. A 
comparison of oxygen versus SO2 consumed by the wine provided new insights into the development of oxidation 
products. Wines aged on yeast lees consumed more SO2 for each equivalent of oxygen consumed. As these wines 
also had lower levels of weak SO2-binding agents, we hypothesized that these agents interfered in SO2-mediated 
protection against wine oxidation. At 12 mos after bottling and using descriptive analysis, the 16 wines were rated 
for 13 attributes determined by 14 judges in triplicate. The aging container, consisting of either stainless steel or 
oak barrels, had the largest impact on the descriptive analysis followed by oxygen availability through the bottle 
closure. Wines with the highest TCO had noticeably oxidized characters. The ratio of SO2 versus O2 consumed may 
help identify wines that will become oxidized. SO2-binding agents and their role in affecting wine oxidation and 
SO2 analysis needs clarification.

Key words: aging, oxidation, sensometrics, sensory, sulfite, wine closure

All wines undergo oxidation to varying degrees during 
processing, but except for a few distinct styles, such as sher-
ry or port, a distinctive oxidized aroma is not desirable for 
wines. Oxidative changes in wine are mediated by quinone 
reactions and the Fenton reaction (Fenton 1894, Waterhouse 
and Laurie 2006, Danilewicz 2007). Both reactions require 
catalytic amounts of Fe+2 ions in the wine to activate oxygen 
or hydrogen peroxide. The resulting radicals may then attack 
phenolics or ethanol and other molecules, producing chemical 
changes in the wine. One observable product from ethanol 
is acetaldehyde, but this product is itself reactive, so most 
observed products arise from secondary reactions, and the 

same is true for quinones that arise from phenolics. Although 
oxidation is often associated with detrimental effects, such as 
browning and sensory changes, moderate wine oxidation sta-
bilizes color and reduces astringency, processes that provide 
benefits to a broad range of wines (Singleton et al. 1979, Cas-
tellari et al. 1998, Atanasova et al. 2002, Ferreira et al. 2002, 
Culleré et al. 2007). Aging wine on yeast lees is reported to 
improve the quality of wine under storage by removing un-
desirable components, such as 4-ethylphenol and astringent 
tannins (Pérez-Serradilla and Luque de Castro 2008).

Oxygen availability to wine after bottling is determined 
by the amount of dissolved oxygen (DO) captured in the 
wine and headspace (HS) at bottling, by the oxygen that is 
present in the bottle closure, and by the amount of oxygen 
that diffuses into the bottle through the closure. In large ex-
periments, closures with a reproducible oxygen transfer rate 
(OTR), such as synthetic stoppers, allow the estimation of 
oxygen consumption in bottles (Dimkou et al. 2011). This 
provides a novel opportunity to compare the amount of oxy-
gen consumed by the wine versus other chemical changes, 
such as consumption of SO2. The current study evaluated 
the chemical and sensory changes resulting from postbottling 
exposure to various oxygen amounts and from the ensuing 
opportunity for oxidation.

Several recent studies have investigated the combined in-
fluence of winemaking operations and postbottling oxygen 
exposure on the sensory and chemical changes during aging 
in wine bottles (Caille et al. 2010, Wirth et al. 2010, Ugliano 





Rapid White Wine Shelf-Life Prediction by 
Forecasting Free SO2 Loss Post-Bottling
Miao & Waterhouse, AJEV vol 76, 2025

Developed a predictive equation for the rate of free SO2 depletion during aging
Answers question ”How long will wine age before oxidation?”

Factors:
Total Package Oxygen
Initial Free SO2
Oxygen transmission through the closure

The presence of compounds that bind SO2 and their ability to return it to the free SO2 
pool
The presence of other antioxidants in the wine (ascorbic acid, thiols, phenolics)



Phase Purpose Effective Dose At Blenheim

At the press Antioxidant
Antimicrobial

20-80 ppm antioxidant
50-100 ppm antimicrobial

Yeast more resistant than bacteria
30 vs. 70

End of 
Fermentation

Antioxidant
Antimicrobial

Brett: 0.8 ppm molecular 
Acetobacter: 

>50 ppm free, 0.9 mol
Antioxidant

>10 ppm in reds
>20 ppm in whites

100ppm

At bottling Antioxidant

10-30 ppm for reds
20-30 ppm for whites
30-50 ppm for sweet wine
8-10 ppm for operations
5-6 ppm for headspace



Acetaldehyde
Production

By-product of fermentation (intermediate between glucose and ethanol)(10-30 mg/L)
SO2 at crush stimulates yeast to produce more acetaldehyde

Metal – catalyzed oxidation of ethanol during wine storage (slow)(20-75 mg/L)

Degraded by lactic acid bacteria in late stages of malolactic fermentation

Binds to acetaldehyde (1.5:1) more strongly than other carbonyls (pyruvic acid, ⍺-ketoglutaric acid, 
galacturonic acid, glucose), but still reversible

Bruised apple, nutty, oxidized sensory impact (75 – 100 mg/L)



For full reports and background: 
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