
1
Am. J. Enol. Vitic. 63:1 (2012)

Reduction Potential of Wine
The reduction potential of wines has been measured based 

on the premise that it indicates levels of oxidation or reduc-
tion, that is, their redox state. However, what that means at a 
molecular level in terms of wine composition has remained 
extremely vague. It might be imagined that a wine with a 
high reduction potential might be in an oxidized state in 
which reductants such as polyphenols, ascorbic acid, and 
sulfite are reacting. Conversely, a wine with a low reduction 
potential might be in a reduced state most likely to contain 
reduced sulfur compounds such as mercaptans. It might also 
be thought of as indicating different proportions of initial 
reduced substances and oxidized reaction products. However, 
both oxidized and reduced forms would need to be present 
and to react reversibly at the electrode before thermodynami-
cally meaningful reduction potentials could be determined. 
Apart from metals, principally Fe, and possibly thiols, no 
such systems have been identified in wine.

When a polished bright platinum electrode is dipped in 
a wine, which has been stored in the absence of air, a low 

potential generally in the region of ~200 to 300 mV relative 
to a standard hydrogen electrode can be observed. When 
oxygen is introduced this potential rises and is then shown 
to depend on oxygen concentration, increasing by 200 to 
300 mV at saturation (Joslyn 1949, Ribéreau-Gayon et al. 
2000). Although electrodes are highly susceptible to poison-
ing by wine constituents, especially sulfur compounds, with 
special design and careful cleaning reproducible results are 
obtainable (Vivas et al. 1992, Ribéreau-Gayon et al. 2000). 
Since it was supposed that this potential indicated the state 
of oxidation or reduction of a wine, studies have examined 
the effect of different winery operations on the potential, 
which was shown to be very sensitive to oxygen concentra-
tion (Joslyn 1949, Ribéreau-Gayon et al. 2000). It has been 
proposed that reduction potential could predict likely reduc-
tive problems (Ribéreau-Gayon et al. 2000) and contribute 
to a wine’s resistance to oxidation (Oliveira et al. 2002). 
Attempts have also been made to relate reduction potential 
and its derivative, rH, to wine quality (Dikanović-Lučan and 
Palić 1992). However, there is now overwhelming evidence 
that this potential does not measure the redox state of a wine-
like system, and it is proposed that it arises largely from the 
oxidation of ethanol coupled to the reduction of protons or 
oxygen on the electrode surface, as these constituents are the 
most electroactive at platinum electrodes of those present in 
wine (Tomlinson and Kilmartin 1997, Kilmartin and Zou 
2001, Kilmartin 2010).

To explain how this reduction potential is generated in 
wine, it is useful to consider in some detail how reduction 
potentials are generated with reference to the classic Fe(III)/
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Abstract: The reduction potential of wines has been thought to indicate their level of oxidation or reduction, but how 
that relates to wine composition has remained vague. Reduction potentials are generated by redox couples, which are 
at equilibrium and both adsorbed on the measuring electrode, the magnitude of the potential for any couple being 
determined by the relative proportion of the oxidized and reduced component. However, redox couples associated 
with polyphenols, which are most likely to determine reduction potentials, are not at equilibrium in wine due to the 
instability of quinones. Reduction potentials are highly dependent on oxygen concentration and it is proposed that 
they are generated by the oxidation of ethanol coupled to the reduction of protons or of oxygen. While the so-called 
reduction potential is therefore of little value for wine, cyclic voltammetry has proved very useful in determining 
the reduction potential of wine constituents and estimating the concentration of the most readily reduced poly-
phenols. The reduction potentials of proposed redox couples involved in the reduction of oxygen and oxidation of 
polyphenols, ethanol, and sulfite are useful in determining the thermodynamic feasibility of possible interactions. 
The reaction of polyphenols with oxygen is mediated by iron, which redox cycles between them assisted by cop-
per. Catechol-quinone and oxygen-hydrogen peroxide couples have similar reduction potentials. Consequently, the 
oxidation of catechols such as (+)-catechin cannot proceed to completion and is accelerated by substances that react 
with quinones, such as sulfite, which reduces them back to polyphenols. Sulfite, therefore, has multiple antioxidant 
activities. It accelerates oxygen consumption, prevents loss of polyphenols by regenerating them, and intercepts 
hydrogen peroxide, thus preventing ethanol oxidation.
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Fe(II) redox couple. The metal would be present as hexa-
coordinated complexes with water or other ligand, such as 
tartaric acid in wine, that would have a major effect on the 
reduction potential, but for simplicity they are represented as 
free ions in this initial discussion.

Fe(III) may gain an electron to be reduced to the ferrous 
state, while in the reverse direction Fe(II) can lose an elec-
tron to be oxidized to the ferric state (Equation 1). If a bright 
polished platinum electrode is introduced into a solution con-
taining these two ions at pH 0, they are adsorbed on the metal 
surface (Figure 1). Electrons move freely in the metal and 
some of highest energy can leave to reduce Fe(III), leading 
to a reduction in electronic energy in the metal and hence to a 
reduction in potential of the electrode relative to the solution. 
Conversely, Fe(II) may donate electrons to the metal, increas-
ing potential. Since no net current flows through the system, 
the potential adjusts so that the rates of the two processes 
equalize, which will depend on the relative concentration of 

the two ions. For instance, if the concentration of Fe(III) is 
increased, more electrons will leave the electrode and the 
potential will become more positive. The potential is therefore 
sensitive to the relative concentration of the oxidized and re-
duced components of the couple (Compton and Sanders 1996, 
Bard and Faulkner 2001).

To obtain the reduction potential, the potential of the above 
electrode is measured against a reference electrode, which 
by convention is the standard hydrogen electrode (SHE), the 
two systems connected by a salt bridge. This electrode is 
made of platinized platinum dipped in aqueous HCl of unit 
activity (pH 0) over which hydrogen is bubbled. Hydrogen 
ions and hydrogen at 1 atmosphere, which constitute the ref-
erence redox couple (Equation 2), are adsorbed on the metal 
surface. Hydrogen ions are reduced by accepting electrons 
from the metal while hydrogen is oxidized by donating them 
(Figure 1). The energy of the electrons in the metal, hence the 
potential of the electrode, equilibrates such that the rates of 
the opposing processes equalize as for the Fe system. Since 
the potential of the SHE is taken as zero, the difference in 
potential between the electrodes is then the reduction po-
tential (Eh) of the couple being studied. By using the SHE 
as a common standard, the reduction potential of different 
couples may be compared. However, the SHE is cumbersome 
to use and potentials are more conveniently measured against 
the standard calomel electrode (SCE) or silver/silver chloride 
electrode (Ag/AgCl/3 M NaCl). Since these have potentials 
of 242 mV and 207 mV versus the SHE, respectively, these 
values then need to be added to the observed reading. In this 
review, all potentials are given against the SHE.

As described above, the observed potential will depend 
on the relative concentrations of the redox pair and this rela-
tionship is defined by the Nernst equation (Equation 3). R is 
the gas constant, T the absolute temperature, F is the Fara-
day constant, and n is the number of electrons transferred. 
At 25°C and when n = 1, the equation can be more conve-
niently written as Equation 4. Eh is the observed potential 

Figure 1  Schematic representation in which the reduction potential (Eh) 
of the Fe(III)/Fe(II) couple is measured against a standard hydrogen 
electrode.Equations 1–14.
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with reference to the hydrogen standard. E0 is the formal 
potential, which is the potential when oxidant and reductant 
are at equal concentration, and H+ is at unit activity (pH 0). 
At low concentration E0 approximates to E0, the standard 
reduction potential, when all components of the system are 
at unit activity.

The change in free energy (ΔG) associated with a redox 
process is given by the relationship –ΔG = nFΔE0, which de-
termines the thermodynamic feasibility and direction of the 
reaction, with ΔE the difference in reduction potential be-
tween the reacting couples. The more positive E0, the greater 
the oxidizing power of an oxidant; the lower E0, the greater 
the reducing power of the reductant (Buettner 1993). Reduc-
tion potentials, therefore, allow the ranking of oxidants and 
reductants as to their ability to accept or donate electrons, 
respectively, and hence how they may interact and also pro-
vide a means of determining the relative concentrations of 
oxidant and reductant in a system. Consequently, it might 
be assumed that the observed potential of a wine, which de-
pends on degree of exposure to oxygen, indicates the relative 
concentration of oxidized and reduced species and hence the 
redox state of that wine.

However, in order for a reduction potential to be gener-
ated in a classic sense, both oxidant and reductant of a redox 
couple must be present and be able to undergo electron trans-
fer at the electrode surface. The main oxidizable substances 
in wine are polyphenols, such as (+)-catechin, the catechol 
system of which is oxidized to the quinone (Scheme 1). By 
convention this reaction is drawn as a reduction to specify 
reduction potentials; however, to facilitate discussion in this 
review, redox couples involving polyphenols will be referred 
to by the name of the polyphenol.

A problem with this compound class is the instability of 
the ortho-quinone, which prevents the attainment of equilib-
rium conditions in wine. This difficulty is well illustrated by 
the first determination of the reduction potential of catechol 
(1,2-benzenediol) itself. It proved possible to prepare the qui-
none by oxidizing catechol with silver oxide in dry ether. 
Rapid dissolution in 0.1 N HCl and reduction by titration with 
TiCl3 in a potentiometric cell fitted with a platinum and hy-
drogen reference electrode gave E0 = 782 mV. Electrode equi-
librium was very rapidly attained so that the titration could be 
completed in a few minutes. The standard potential was then 
derived directly from the midpoint of the titration curve when 
the concentration of catechol and quinone would be equal, 
according to the Nernst equation (Conant and Fieser 1924).

Subsequently, a more elaborate approach was adopted to 
compensate for any possible quinone decomposition (Ball and 
Chen 1933). Solutions of catechol and the oxidant Ce(SO4)2 of 
varying concentration in 0.1 M acetate buffer pH 4.388 and 

varying flow rates were mixed just before passage through 
an elongated cell. The cell was fitted with four platinum elec-
trodes spaced along its length so that any change in potential 
(versus a SCE) as the mixture passed successive electrodes 
along the cell indicated loss of quinone. From the known flow 
rate, it was then possible to determine the rate of decomposi-
tion and hence the potential at the instant of mixing. E0, when 
the concentration of catechol and quinone was equal at pH 
0, was then found to be 793 mV. The stability of the quinone 
decreased sharply with increasing pH, with 30 min, 8 min, 
and 9 sec estimates of its half-life at pH 2.7, 4.6, and 7.6, 
respectively. The presence of reactive nucleophiles in wine 
would no doubt further reduce stability.

The quinone of caffeic acid was obtained by oxidation 
with chloranil in tetrahydrofuran-ether at -60°C to -70°C, and 
although the crystalline compound could be stored at -80°C, it 
was unstable at -20°C (Davies 1976). Quinones have been ob-
served by HPLC when (+)-catechin and (-)-epicatechin were 
rapidly oxidized with polyphenoloxidase, but these products 
were rapidly lost, that of (-)-epicatechin most rapidly (Rich-
ard-Forget et al. 1992). The quinone is undoubtedly formed 
when (+)-catechin is oxidized in winelike conditions, as it 
can be trapped with benzenesulfinic acid to form the sulfone 
adduct. The half-life for the reaction of oxygen can vary from 
4 to 45 days in wine depending on whether it is red or white 
and the Fe and Cu content (Danilewicz and Wallbridge 2010). 
Quinone decomposition is so much faster than the rate of 
polyphenol oxidation that accumulation of quinones, let alone 
the attainment of redox equilibrium, is not possible. In order 
for reduction potential to reflect the redox state of wine, oxi-
dized derivatives of polyphenols, presumably quinones, have 
to be present in varying amounts depending on the extent of 
oxygen exposure. One difficulty, therefore, in understanding 
wine reduction potentials is that redox couples, which are 
most likely to contribute to such potentials, are absent. An 
indication that all is not well in the interpretation of wine 
reduction potentials is that if the (+)-catechin redox couple 
were to adopt a potential of 560 mV at a platinum electrode, 
~25% would have to be oxidized to the quinone within min-
utes on saturation of a wine with air, which is clearly not so.

It became apparent that polyphenols do not contribute 
to reduction potential when it was considered that red and 
white wines behaved similarly with respect to this potential in 
their response to oxygen exposure, despite the much greater 
polyphenol concentration in the former (Vivas et al. 1993, 
Kilmartin and Zou 2001). Removal of polyphenols from red 
and white wine with charcoal also has only a minor effect 
on reduction potential (Vivas et al. 1992). It is also evident 
that quinones are not present, as sulfite, which quickly re-
duces them back to catechols (Makhotkina and Kilmartin 
2009, Danilewicz and Wallbridge 2010), has little effect on 
the observed potential of red wine (Vivas et al. 1993). In ad-
dition, the reduction potential of model wine that does not 
contain polyphenols behaves somewhat similarly to wine on 
exposure to oxygen and the addition of (+)-catechin or gal-
lic acid produces little effect (Kilmartin and Zou 2001). The 
evidence is, therefore, overwhelming that polyphenols, the Scheme 1  (+)-Catechin redox couple.



4 – Danilewicz

Am. J. Enol. Vitic. 63:1 (2012)

most oxidizable constituents of wine, do not contribute to the 
so-called reduction potential.

Wine reacts very slowly with oxygen, taking weeks and 
even months for it to be removed, depending on Fe and Cu 
concentration and the presence of substances, including sul-
fite, that react with quinones (Danilewicz and Wallbridge 
2010). Saturation of wine with oxygen results in a prompt 
increase in the observed potential, which slowly recovers over 
time as the oxygen reacts (Ribéreau-Gayon et al. 2000). Evi-
dently oxygen is reacting slowly with polyphenols, but when 
the wine is flushed with an inert gas, the reduction potential 
drops immediately. Clearly, as far as this reduction potential 
is concerned, oxygen is interacting with a very responsive 
system, which cannot involve polyphenol oxidation.

It transpires that this so-called reduction potential is not 
a reduction potential at all but a mixed potential, which is 
caused by the oxidation of ethanol on the platinum electrode 
(Tomlinson and Kilmartin 1997, Kilmartin and Zou 2001). It 
is proposed that in the absence of oxygen, when potential is 
at a minimum value, the oxidation is coupled with the reduc-
tion of hydrogen ions (Figure 2A). When oxygen, which is a 
much stronger oxidant, is introduced the rate of oxidation and 
observed potential rises (Figure 2B). The generated potential 
is that at which oxidation and reduction occur at the same 
rate, since there is no net current flow and it will depend on 
O2 concentration.

In conclusion, the measurement of reduction potential is a 
complicated way of obtaining a general indication as to how 
much oxygen is present in a wine. It is far simpler to obtain 
accurate values using a Clark electrode (Danilewicz and Wall-
bridge 2010). The measured reduction potential must depend 
on how a wine is handled immediately before measurement 
with respect to oxygen ingress, and it cannot indicate how 
much oxygen a wine has reacted with previously or its capacity 
or readiness to do so in the future. Thiols and Fe may oxidize 
relatively quickly on exposure to oxygen, but the overall redox 
status of wine might only be surmised by knowing how much 
oxygen a wine has been exposed to over what time, how much 
has reacted, and how much remains. At present there seems 
to be no simple indicator of the so-called redox status, which 
in any case requires a much clearer definition.

As will be discussed in more detail below, the reduction 
potential of redox systems in which the reduced component 
can protonate is pH dependent. Consequently, in order to refer 

to reduction potential without specifying pH, and to compare 
systems with different pHs, Clark introduced the concept of 
rH, which he later regretted and called an “unmitigated nui-
sance,” as it adds a further level of complication to an already 
complicated situation (Clark 1960). It is derived by imagining 
that the reduction potential of a wine is produced at a hydro-
gen electrode at the pH of the wine. The reduction potential 
of such a system is given by the Nernst equation (Equation 
5), as E0 for the SHE is set at zero. [H2] is the hydrogen con-
centration, which is taken as its partial pressure (p), giving 
Equation 6. Rearrangement then gives Equation 7, in which 
rH is defined as the negative logarithm of the hydrogen partial 
pressure at an imaginary hydrogen electrode at the pH of the 
wine, Eh being the measured wine reduction potential (Equa-
tion 8) (Kilmartin and Zou 2001). rH values have been used 
to compare wines, but since they are derived directly from 
the measured reduction potential they are of no greater value 
in defining redox state.

Cyclic Voltammetry
While the direct measurement of the reduction potential 

of wine using platinum electrodes has resulted in misunder-
standing and confusion, cyclic voltammetry using glassy car-
bon electrodes is proving very useful (Kilmartin et al. 2001). 
When a platinum electrode is placed in aqueous ethanol and 
the potential is progressively made more positive, an anodic 
current is produced by the oxidation of ethanol to acetal-
dehyde and then water to oxygen. These processes are not 
observed on a glassy carbon electrode, which on the other 
hand readily allows the oxidation of polyphenols to occur and 
the reduction of certain oxidation products (Kilmartin 2001, 
Kilmartin and Zou 2001). Therefore, when the potential of 
such electrodes is swept to more positive values, generally 
at a rate of 100 mV s-1, a point is reached when electrons are 
withdrawn from the polyphenol, generating an anodic cur-
rent, which increases to a peak (Epa) (Figure 3), when most of 
the polyphenol in the vicinity of the electrode is oxidized to 
the quinone. Reversing the potential sweep, a reverse current 

Figure 2  Oxidation of ethanol coupled to reduction of hydrogen ions (A) 
or oxygen (B), which produces the so-called reduction potential in wine.

Figure 3  Idealized voltammogram representing the forward oxidation of 
a catechol (H2Q) and reverse reduction of the resulting quinone (Q) in 
model wine at pH 3.6.
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is produced as the quinone is reduced back to the catechol, 
producing a cathodic peak potential, Epc, when most of the 
quinone is reduced. The polyphenol and quinone are sup-
plied and removed from the electrode under diffusion control, 
which determines the current peaks obtained and the shape 
of the voltammograms. The potential midway between Epa 
and Epc is taken as the formal potential, EpH, at the pH of the 
system. At that point the concentration of the polyphenol and 
quinone are assumed to be equal at the electrode.

The voltammogram shown in Figure 3 represents the ideal, 
when the quinone is sufficiently stable and symmetrical curves 
are obtained. (+)-Catechin and caffeic acid approach this ideal 
pattern, but when the quinone is much less stable, such as 
with gallic acid, the reverse cathodic wave may be greatly 
suppressed. In this situation it is possible to estimate EpH by 
taking the value midway between the half-peak potential 
(Ep/2) and Epa (Kilmartin 2001). By this method the reduction 
potentials, E3.6, of a number of polyphenols have been deter-
mined under winelike conditions (Kilmartin 2001) (Table 
1). The corresponding formal potentials, E0, are calculated 
from these results and compared with values calculated from 
E6.2 values obtained from polarographic half-wave potentials 
(Horner and Geyer 1965). Also included are formal potentials 
determined earlier by potentiometric titration as well as es-
timates of half-lives of some quinones obtained as described 
above (Ball and Chen 1933). The quinones of pyrogallol and 
gallic acid are extremely unstable, as also indicated by their 
voltammograms.

As will be discussed below, nucleophiles which react 
with quinones accelerate polyphenol oxidation. In the case 
of (+)-catechin, sulfite regenerates it by reducing the quinone 
while benzenesulfinic acid adds to the quinone in a Michael 
fashion to produce the sulfone adduct (Danilewicz and Wall-
bridge 2010). The reaction of sulfite is indeed very rapid as it 
markedly potentiates the anodic current in the cyclic voltam-

mogram of (+)-catechin and markedly decreases or abolishes 
the cathodic current, indicating that the quinone has been 
removed (Makhotkina and Kilmartin 2009). With catechol, 
benzenesulfinic acid displaces the anodic peak to higher po-
tential and also abolishes the cathodic peak (Nematollahi and 
Rahchamani 2002). It is noted that E0 for the sulfone adduct 
should be some 80 mV higher than that of catechol because 
of the electron-withdrawing effect of the substituent (Horner 
and Geyer 1965).

Diluted wines also display cyclic voltammograms. The 
anodic peak of white wines generally occurs between 645 
and 703 mV, with caffeic acid derivatives as the main con-
tributors. The anodic peaks of red wines occur at slightly 
lower potential (~640 mV), in line with their greater flavanol 
content with an additional peak at ~840 mV, thought partly 
due to pigments and greater concentration of weakly reduc-
ing phenols (Makhotkina and Kilmartin 2009, Kilmartin 
et al. 2002). Each wine constituent would contribute to the 
anodic current according to their concentration, and it has 
been proposed that the current observed to 500 mV against an 
Ag/AgCl electrode (707 mV versus SHE) is a more selective 
indication of the concentration of the more reducible poly-
phenols, such as catechols and pyrogallol derivatives, than 
the Folin-Ciocalteu test (Kilmartin et al. 2002). The method 
has been modified to remove sulfite interference by adding 
a small amount of acetaldehyde (Makhotkina and Kilmartin 
2010). Cyclic voltammetry has also been used to study wines 
of different origin and ages and to determine the effect of ac-
celerated aging on adding O2 and SO2 as well as increasing 
pH (Rodrigues et al. 2007, Martins et al. 2008).

Redox Systems in Wine
Although it is argued that the measurement of wine re-

duction potentials is of very limited value, if any at all, con-
sideration of the reduction potential of individual wine con-
stituents can provide useful insights into the mechanism of 
oxidative processes. A well-known example is the ability of 
ascorbic acid to be oxidized in preference to catechols, such 
as (+)-catechin, as it has a much lower reduction potential. 
However, it is an oversimplification to view the compound as 
a simple antioxidant, as hydrogen peroxide is produced and 
the product, dehydroascorbic acid, is unstable, decomposing 
to many reactive substances including l-xylosone (Scheme 2). 
This aldehyde has been shown to react with (+)-catechin to 
give adducts, which yield yellow xanthylium cation pigments 
under winelike conditions. The presence of sulfite is therefore 

Table 1  Two-electron reduction potentials of quinone/catechol 
redox couples.

E3.6 mVa 
0.05 mM E0 mVb E0 mVc E0 mVd

Quinone 
t1/2e

(+)-Catechin 577 789
(-)-Epicatechin 568 780
Caffeic acid 604 816 793
Gallic acid 582 794 799 0.24 sec
Quercetin 567 779 744
4-Methylcatechol 541f 753
1,2-Benzenediol 582f 795 793 13.6 min
Protocatechuic acid 883 2.1 min
Pyrogallol 468f 680 713 0.24 sec
aObtained by voltammetry in model wine pH 3.6, adding 207 mV to 
give values vs. SHE (Kilmartin et al. 2001).

bObtained by adding 212 mV to the value obtained at pH 3.6 to give 
values at pH 0 according to equation EpH = E0 – 0.059 pH.

cStandard reduction potential calculated from values obtained in 
phosphate buffer pH 6.72 by polarography (Horner and Geyer 1965).

dObtained by potentiometric titration with Ce(SO4)2 (Ball and Chen 1933).
eEstimated half-life of quinone at pH 1.3, 30°C (Ball and Chen 1933).
fCalculated by the author from E0.

Scheme 2  Oxidation of ascorbic acid and degradation of dehydroascor-
bic acid.
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also required to prevent the oxidative changes induced by 
ascorbic acid by removing the hydrogen peroxide and the 
various carbonyl derivatives that are produced (Barril et al. 
2009, Bradshaw et al. 2011).

As discussed above, in redox systems in which the re-
duced component can protonate, as in the quinone/catechol 
couple (Scheme 3A), the free energy of protonation needs 
to be taken into account. The observed reduction potential 
(EpH) will therefore depend on pH, K1, and K2 or omitting 
activity coefficients K1

’ and K2
’ (Equations 9 and 10), as these 

parameters determine the extent of protonation of the various 
anions that are produced. The relationship between EpH and 
E0 is shown in Equation 11, which simplifies to Equation 12 
when pH is much lower than pK1 and pK2 (Ball and Chen 
1933, Clark 1960). The two-electron reduction potential (E3.6) 
for the (+)-catechin couple is 577 mV. Therefore, the formal 
reduction potential E0 will be 789 mV, since EpH falls by 59 
mV per pH unit increase at 25°C. Using the flow technique de-
scribed earlier, the pH dependence of EpH for catechol agreed 
exactly with the theoretical value of 60.1 mV/pH unit at 30°C 
(Ball and Chen 1933).

The redox reaction for the O2/ H2O2 couple may be rep-
resented in a similar manner (Scheme 3B). E7 for the two-
electron reduction is 365 mV (Meisel and Czapski 1975, Wood 
1988), and since EpH will have the same pH dependence as 
(+)-catechin, E3.6 and E0 will be 565 mV and 778 mV, respec-
tively. Therefore, the O2/H2O2 and (+)-catechin couples have 
essentially identical reduction potentials in the pH range 0 to 
~9 (see also later discussion).

When (+)-catechin reacts with oxygen, the difference in 
reduction potential (ΔE) between the two redox couples will 
therefore be close to zero (Scheme 4). ΔE is the sum of the 
two potentials with the sign for the potential of the couple 
which is oxidized reversed. A positive ΔE value indicates that 
the reaction would proceed to the right and a negative value 
to the left. Since ΔE = 0.029logK and the change in free en-
ergy, -ΔG = nFΔE, there is no driving force for the reaction 

to occur (ΔG = 0) and at best it should not proceed beyond 
half-way, as the equilibrium constant K = 1, even up to pH ~9. 
Although the reduction potential of the reductant couple may 
fall with increasing pH, its reducing power may not change, 
as the reduction potential of the oxidant couple may also fall 
to a similar extent. The thermodynamics of the reaction is 
determined by the difference in reduction potential (ΔE). The 
reaction of (+)-catechin with oxygen is indeed extremely slow 
in wine conditions. However, the observation that its oxidation 
is markedly accelerated by sulfite and by increasing pH, al-
though thermodynamically no more favored, reveals an impor-
tant aspect of the mechanism of autoxidation of polyphenols.

When a solution of (+)-catechin in model wine containing 
catalytic amounts of Fe and Cu is saturated with oxygen, a 
small amount of oxygen is taken up initially to oxidize Fe(II), 
but after that very little further reaction is evident over three 
weeks (Danilewicz 2011). In contrast, when sulfite is added 
a relatively rapid oxygen uptake is observed. As discussed 
below, sulfite autoxidation is a metal-catalyzed radical chain 
reaction, which is prevented by radical scavengers such as 
polyphenols (Danilewicz 2007). Consequently, despite the 
long-held belief to the contrary, sulfite does not react with 
oxygen directly but with the hydrogen peroxide and quinone 
that are produced (Scheme 4). The quinone is reduced back 
to the catechol, such that in the case of (+)-catechin its con-
centration does not appear to decrease as it is oxidized. It 
was therefore proposed that oxidation involves an equilib-
rium, which is driven forward by removal of the quinone. 
Support for this proposal came from the finding that other 
nucleophiles such as benzenesufinic acid and azide, which are 
known to react with quinones, similarly promote (+)-catechin 
oxidation. Furthermore, it was concluded that the increase in 
rate of polyphenol oxidation with increasing pH is due to the 
increased rate of removal of the quinone because of its in-
creasing instability, as discussed above. Overall, therefore, it 
is proposed that the oxidation of polyphenols, such as (+)-cat-
echin, caffeic acid, and gallic acid and its esters, with redox 
couples of similar reduction potential to that of the O2/H2O2 
system, will be determined, not only by the catalytic action 
of Fe and Cu, but also by substances that can react with their 
quinones (Danilewicz 2011).

There is now good evidence that the oxidation of polyphe-
nols is mediated by the catalytic action of Fe, which is further 
enhanced by Cu (Scheme 5). The omission of these metals 
from model wines prevents polyphenol oxidation and their 
removal from wine can slow and even stop oxygen consump-
tion. It is proposed that the oxidative process is initiated by 
the reaction of Fe(II) with oxygen, which in a stepwise man-
ner would produce hydroperoxyl radicals and then hydrogen 
peroxide. Catechols are then proposed to coordinate with the 

Scheme 3  Quinone/polyphenol and O2/H2O2 redox couples and pro-
tonation equilibria.

Scheme 4  Reaction of (+)-catechin with oxygen.
Scheme 5  A proposed mechanism for polyphenol oxidation: initiation 
by the oxidation of Fe(II).
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Fe(III) that is produced, electron transfer within the complex 
returning Fe to the ferrous state to continue the redox cycle, 
while the catechol is oxidized stepwise to the semiquinone 
radical and quinone (Danilewicz 2011).

Fe(III) and Fe(II) are coordinated to tartaric acid in wine 
conditions. Fe(II) forms a monomeric complex but Fe(III) 
binds much more strongly, forming dimeric and trimeric com-
plexes in the pH range of wine (Timberlake 1964, Yokoi et al. 
1994). In the presence of just three equivalents of tartaric acid, 
the reduction potential of the couple is reduced to ~350 mV 
at pH 3.6 (Green and Parkins 1961). The potential is probably 
close to that value in wine conditions, bringing it below that 
of the O2/H2O2 couple (565 mV), thus making the oxidation 
of Fe(II) thermodynamically favorable. With the assistance of 
Cu, the reaction proceeds rapidly in wine conditions. Although 
tartaric acid makes Fe(II) a stronger reductant, conversely 
it makes Fe(III) a weaker oxidant. The reduction potential 
of Fe(III)/Fe(II) couple would be below that of the catechol 
couple, so making its oxidation by Fe(III) thermodynamically 
disfavored, which presumably contributes to the slowness of 
the reaction, unless sulfite or other nucleophile such as gluta-
thione is present to displace the unfavorable equilibrium and 
draw the reaction forward (Danilewicz 2011).

It does appear that Fe redox cycles between oxygen and 
the polyphenol, producing quinone and hydrogen peroxide 
(Scheme 5). The quinone may be trapped with benzenesulfin-
ic acid (Danilewicz and Wallbridge 2010) and the Fenton reac-
tion involving hydrogen peroxide occurs in wine conditions 
(Elias and Waterhouse 2010). Furthermore, two equivalents of 
SO2 react for each of oxygen that is consumed, one reacting 
with the quinone and the other with the hydrogen peroxide.

Further mechanistic insights can be obtained by consider-
ing each step of the redox process. Considering the (+)-cat-
echin couple first, the two-electron reduction potential at pH 
3.6 (E3.6 = 577 mV) is the mean of the first (E3.6

1) and second 
(E3.6

2) reduction potentials (Scheme 6). Both potentials are pH 
dependent, as shown by Equations 13 and 14, where pKr = 
4.6, the dissociation constant of the semiquinone radical and 
K1

’, K2
’ are as previously defined.

The second reduction potential (E3
2) has been determined 

by pulse radiolysis at pH 3 and found to be 1.04 V (Jovanovic 
et al. 1996), from which E3.6

2 = 1.00 V is obtained. Given the 
two-electron reduction potential, E3.6

1
 is then calculated as 

154 mV and using Equations 13 and 14, the pH dependence of 
first, second, and two-electron reduction potentials are plotted 
(Figure 4). The reduction potentials are lowered by 59 mV per 
pH unit up to pH ~4, but the slopes of the first and second 
reduction potentials change at pH ~4.5, as the pH approaches 
the value for the dissociation constant of the semiquinone. 
EpH

1 remains constant beyond pH ~5.5, as the semiquinone 
is then almost fully deprotonated. As discussed earlier, the 
two-electron reduction potential is reduced linearly by 59 mV 
per pH unit up to pH 9.

The relationship between pH and first, second, and two-
electron reduction potentials for the O2/H2O2 redox couple are 
similarly plotted (Figure 4), using reported pKr, E7

1, E7
2 values 

of 4.8, -160 mV and 890 mV. The E7
1 value of -160 mV is taken 

for oxygen at 1M concentration, rather than at 1 atmosphere 
(-330 mV), which would be more usually taken as the stan-
dard state. This is to allow direct comparison with other redox 
couples (Meisel and Czapski 1975, Wood 1988). The curves 
show the same pattern as those for the (+)-catechin couple, and 
values for the two-electron reduction potentials superimpose 
almost exactly those for (+)-catechin, as previously discussed.

From the single-electron reduction potentials, it can be 
seen that the disproportionation of the hydroperoxyl radical 
would be thermodynamically highly favored (ΔE = 1.31 V) 
(Scheme 7). However, catechols are present in much higher 
concentrations, and although less favored, they may intercept 
hydroperoxyl radicals (ΔE3.6 = 0.22 V). These radicals are also 
capable of both oxidizing Fe(II) (ΔE3.6 ~0.87 V) and reducing 
Fe(III) (ΔE3.6 ~0.44 V), assuming that the reduction potential 
of the Fe(III)/Fe(II) couple is ~350mV (Scheme 7).

The reaction of polyphenols with oxygen in winelike con-
ditions results in the oxidation of ethanol to produce acetal-
dehyde (Wildenradt and Singleton 1974). This transformation 
occurs by way of the Fenton reaction, which is initiated by 
the reduction of hydrogen peroxide by Fe(II) to produce the 
hydroxyl radical (Scheme 8) (Danilewicz 2003, Elias and 
Waterhouse 2010). The HO●/H2O couple has a large posi-
tive reduction potential (Scheme 6), and consequently it is a  
powerful oxidant. It reacts at diffusion-controlled rates, 

Figure 4  pH dependence of first (EpH
1), second (EpH

2), and two-electron 
(EpH(2e)) reduction potentials of the (+)-catechin (Cat) and O2/H2O2 (O2) 
redox systems. Values for the two-electron reduction potentials are es-
sentially the same and the resulting curves are superimposed.

Scheme 6  Reduction potentials for the (+)-catechin and O2/H2O redox 
systems at pH 3.6.
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meaning it attacks the first potential reductant it encoun-
ters, which in wine is likely to be ethanol. It abstracts an 
α-hydrogen atom to produce the hydroxyethyl radical. The 
radical is highly reducing, with E3.6

1 = -1.18 V for the acetal-
dehyde/hydroxyethyl radical couple. However, mechanistic 
studies suggest that it reacts rapidly with oxygen to produce a 
hydroxyethylperoxide radical, which is proposed to eliminate 
a hydroperoxyl radical to form acetaldehyde (Scheme 8). The 
hydroperoxyl radical may then react as shown in Scheme 7, 
while polyphenols return Fe(III) to the ferrous state to con-
tinue the reaction (Elias and Waterhouse 2010).

Taking the two-electron reduction potential (E7) for etha-
nol as -0.19 V (Clark 1960) and E7

1 as -1.38 V (Koppenol and 
Butler 1985), E7

2 will be 1.0 V, giving the values shown in 
Scheme 9 at pH 3.6. The abstraction of the ethanol α-hydrogen 
atom by the hydroxyl radical is thermodynamically highly fa-
vored with ΔE3.6 = 1.33 V (Scheme 9). This reaction is rapid, 
but it should be appreciated that thermodynamically favored 
reactions need not necessarily occur, as is the case with the 
reaction of ethanol with oxygen. The reaction does not pro-

ceed spontaneously until a mechanistic path, such as provided 
by polyphenols, becomes available.

The formation of the hydroxyethyl radical has been con-
firmed in wine by oxidizing it in the presence of the spin trap 
α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN). Electron 
spin resonance spectroscopy produced a six-line spectrum 
ascribed to the spin adduct, which was identical to that ob-
served when hydrogen peroxide and Fe(II) were added to the 
wine and a model wine system. Using a high concentration 
of POBN to compete with the ethanol, a spectrum ascribed to 
the POBN-HO● spin adduct was obtained (Elias et al. 2009).

The oxidation of sulfite by oxygen is also metal-catalyzed 
and involves a radical-chain reaction. The process is initi-
ated by the oxidation of sulfite by Fe(III) to produce sulfite 
radicals (SO3

●-) (Scheme 10). This initial radical reacts rap-
idly with oxygen to produce the peroxomonosulfate radical 
(SO5

●-), which is a stronger oxidant (E3.6 = 1.17 V versus 0.95 
V) capable of oxidizing polyphenols (Scheme 11) (Das et al. 
1999). It is proposed that by intercepting this radical, poly-
phenols prevent radical-chain propagation and so prevent sul-
fite autoxidation in wine (Danilewicz 2007, Danilewicz and 
Wallbridge 2010). In the absence of polyphenols the sulfate 
radical is produced, which as a comparable oxidant to the hy-
droxy radical is also capable of oxidizing ethanol (Danilewicz 
2007, Elias et al. 2009).

It is interesting to consider that sulfite and polyphenols, 
which are described as antioxidants, both activate oxygen 
to oxidize ethanol. Consequently, although polyphenols and 
sulfite alone can promote oxidation, when combined, perhaps 
by great good fortune, they act as antioxidants in wine. Poly-
phenols scavenge harmful SO2-derived radicals and sulfite re-
acts with hydrogen peroxide, allowing oxygen to be removed 
harmlessly. This may be the origin of the unnecessary confu-
sion that is caused by referring to these substances as prooxi-
dant or antioxidant under different conditions. Polyphenols 
are antioxidant in the sense that they will intercept damaging 
free radicals in vivo, for example, to produce less reactive 
semiquinones. However, quinones are eventually produced, 

Scheme 7  Possible reactions of the hydroperoxyl radical at pH 3.6 by 
disproportionation and reaction with (+)- catechin, Fe(II), and Fe(III).

Scheme 8  Oxidation of ethanol by the Fenton reaction.

Scheme 9  Reduction potentials for the acetaldehyde/ethanol redox 
couple and first step in the oxidation of ethanol.

Scheme 10  Radical-chain reaction involved in sulfite autoxidation.

Scheme 11  Interception of the peroxomonosulfate radical by (+)-catechin.
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which are potentially harmful as they can react with amines 
and thiols in proteins at physiological pH and so disrupt vital 
biological processes (Bolton et al. 2000). By reacting rapidly 
with quinones in wine, sulfite has the additional greatly ben-
eficial property of preventing damaging condensation reac-
tions leading to browning and loss of aroma constituents.

Conclusions
The reduction potential of wines has been assumed to 

indicate their redox state, although without a satisfactory 
explanation as to how they might be generated. For a reduc-
tion potential to indicate the state of oxidation of a wine, it 
should reflect the extent of oxidation of polyphenols, which 
are its most readily oxidized constituents. Polyphenols and 
their respective quinones should, therefore, be at equilibrium 
and should contribute to the overall potential according to 
their relative concentrations, which would depend on level of 
oxidation. However, there is clear evidence that polyphenols 
do not contribute to reduction potential and, in any case, qui-
nones are too unstable to be present in significant amounts. It 
is proposed that these potentials are generated by the oxida-
tion of ethanol at platinum electrodes and dependent largely 
on oxygen concentration at the time of measurement. They 
are, therefore, of little value for determining the so-called 
redox state of wines, a state which also needs to be more 
clearly defined. In contrast, cyclic voltammetry is proving 
very useful to determine the reduction potential of wine con-
stituents in winelike conditions and to estimate the concentra-
tion of the most readily oxidized polyphenols. Consideration 
of reduction potentials of redox couples of likely reactants 
offers useful insights into possible mechanisms involved in 
wine oxidation. The reaction of polyphenols with oxygen 
is mediated by iron and copper and accelerated by sulfite, 
which then reduces the quinones that are produced back to 
the polyphenol, so preventing their depletion. Sulfite does not 
react with oxygen directly. It accelerates the rate of oxygen 
uptake, and hence its removal, but then exerts its antioxidant 
action by regenerating polyphenols as well as intercepting 
hydrogen peroxide, so preventing ethanol oxidation. The rate 
of polyphenol oxidation is determined not only by iron and 
copper concentrations but also by substances that react with 
quinones, which is influenced by pH.
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