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Redox potential measurement was efficiently used for monitoring the two-year mat-
uration process of cultivar Blau Frdnkisch wine in 225-L oak barrels. Redox potential of
maturing wine was measured at six levels from the top to the bottom of the barrel. During
the process of wine maturation, the formation and heterogeneity of redox layers, as well
as the formation of various oxidoreductive zones were indicated. The end of barrel mat-
uration process was represented with homogeneity of all redox zones where no differenc-
es in all measured levels were indicated.
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Introduction

In chemistry, redox potential represents a sum
of the potentials of all oxidoreduction processes, in
particular chemical processes. Its indication is influ-
enced by reversible oxidoreduction couples, irre-
versible reductants, the activity of free oxygen and
hydrogen'. Its measurement is dependent on pH
value, temperature, equilibrium constant, oxidore-
duction potentials, and dissolved oxygen concentra-
tion®.

In living organisms, oxidation-reduction sys-
tems play such a profound and essential role that
life itself might be defined as a continuous oxida-
tion-reduction reaction. In this measurement, the
main indication represents the ratio between the
sum of all oxidant activities and the sum of all re-
ductant activities of the metabolism in microbial
cells. Although wine is a complex redox system, the
activity of cell metabolism is a few magnitudes
higher than all the other redox complexes and fac-
tors. Therefore, in comprehensive bioprocess tech-
nology, it was proved that redox measurements and
their interpretation represent one of the most signif-
icant indications of the fermentation process®*.
Thus, it is not surprising that theoretical specula-
tions and experimental studies on oxidation and re-
duction processes in bioprocesses, animals, and
plants have been actively pursued since the isola-
tion of oxygen over 150 years ago’.

*Corresponding author: Tel: + 386 40 636 943;
E-mail: marin.berovic@fkkt.uni-lj.si

In several aerobic processes with various mi-
croorganisms, such as Pseudomonas®, Actinomyces
levoris’, and Corynebacterium glutamicum®, redox
potential was used as the main bioprocess monitor-
ing parameter. For high-yielding production in A4s-
pergillus niger citric acid fermentation, it was found
that particular redox potential levels and their fer-
mentation profile are of essential importance®'’.
Monitoring of redox potential was referred also in
fermentations with Proteus vulgaris, Clostridium
paraputrificium and Candida utilis"'*, Lactobacil-
lus sanfrancisco®®, Lactoccocus lactis™, etc.

Redox potential monitoring was also used in
several anaerobic processes where the significance
of this measurement has been reported'>"". In xyli-
tol production by a recombinant Saccharomyces
cerevisiae containing xyl-1 gene of Pichia stipatis,
the xylitol yield on substrate increased with in-
creased xylose activity supported by high value of
redox potential'®.

Redox potential was successfully used as a
main process parameter for scale-up in citric acid
fermentation from 10-liter laboratory scale to 100-
and 1000-liter pilot plant, even in geometrically dis-
similar stirred tank reactors®'’.

Redox potential calculation is defined by
Nernst equation (1):

E, =E°+ElnM (D)
nkF Zared

This equation expresses the information on re-
dox potential of oxidoreduction reaction. £° is the
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potential of standard hydrogen electrode, a potential
where all the activities of the products and the reac-
tants would be equal to 1. Following the Nernst
equation, the value E, of the redox potential (mV),
depends on the ratio of the sum of activities of all
oxidized and the sum of activities of all reduced
parts in the system, on the number of electrons 7,
and on the constant of the system E°. Its measure-
ment also depends on pH value, temperature, equi-
librium constant, oxidoreduction potentials, and dis-
solved oxygen concentration?.

Oxidation and reduction reactions in homoge-
neous systems always take place simultaneously,
where free electrons do not exist. In each reaction,
the same number of electrons is released, as they
are consumed"’.

For more complex redox systems in the pres-
ence of a large number of oxidants and reductants
that could interact according to the following
scheme:

viSi++vS +ze =v, S+ +vS, (2)

Redox potential of such a system could be de-
fined as:

o RT H a())‘ix
E, = E°+——In| -— 3)
zF Ia.

l:Ia;"’Ea;I-asvjmaSV’f 4)
where Ila;" is the product of all activities of the
oxidants and reductants present in the system.

According to Eq. (3), media having larger
product of oxidant activity than of reductant activi-
ty, express higher redox potential course (case: cit-
ric acid fermentation), and negative redox potential
course (case: anaerobic alcohol fermentation).

Redox potential of the measured substance, or
substrate, depending on pH, is expressed in Eq.

(5)20.
E, = E, o+ RT/AF Ina, — -
— RT/AF In 2.303 pH

In comprehensive wine technology, the incor-
rect tH factor is often in use, besides the measure-
ments of redox potential in mV. It was introduced
by Clark and Cohen in 1923 in order to eliminate
pH, dependence of the redox potential by calcula-
tion?'.

rH=0.0343 E +2 pH; pH,=—loga, (6)

The rH value is the negative logarithm of the

partial pressure of gaseous hydrogen (pH,): an rH
of 0 corresponds to a pH, of 1 atm; and rH = 10

corresponds to a pH, of 10'*atm, etc. Later it was
found that the assumptions made were incorrect in
every case. Firstly, the value taken as a basis by
Clark, varied if the reduced phase dissociated to
yield hydrogen ions on alteration of pH. Although
Clark himself recalled this definition as incorrect
and useless, in wine technology, this incorrect term
is unfortunately still in practice.

Wine, as a product of grape fermentation, rep-
resents a complex redox system due to its chemical
composition. Many chemical, enzymatic, and bio-
logical processes in wine are correlated with the ox-
idative state of wine. As the value of redox potential
is in close relation with a number of reactions tak-
ing place in wine, being either spontaneous or in-
duced, it enables one to control the winemaking
process’. In wine technology, redox potential mea-
surement assesses the ability of the microorganism
to grow, as well as its physiological activity in a
defined environment. It reflects the rate and intensi-
ty of all oxidation and reduction processes that took
place in the wine. The addition of sulfur dioxide
into the grape juice reduces yeast metabolic acti-
vity, so in such an environment, redox potential
is lower and the fermentation processes proceed
slower®.

Wine maturation in barrels on yeast sediment
(sur-lies) is a process used mostly for the matura-
tion of premium white wines. During wine matura-
tion, it is significantly effective in total removal of
methanethiol and ethanethiol, and stabilization of
proteins and tartrates in wine®. Sedimented yeast’s
strong reductive potential also decreases the influ-
ence of oxygen activity very effectively; therefore,
it also lowers the need for sulfurization®*%.

Materials and methods

Microorganism

Selected dry yeast (Saccharomyces cerevisiae,
Uvaferm SLO) was used in all the experiments. Re-
activation of the yeast in a water-diluted must (1 :
1) took 15 minutes at 30 °C. The mix of grape must
and mashed grape berries inoculated 45 min after
revitalization. The amount of inoculum was equiva-
lent to 0.3 g of dry yeast per liter of must.

Experimental design

Wine fermentation of grape must and mashed
grape berries of cultivar Blau Frdnkisch (Posavje
Region, microlocation Bela Krajina, Slovenia) was
studied. Fermentation proceeded in 3000-L stainless
steel tanks at 28 °C. The head of floated grape ber-
ries was immersed three times daily into the fer-
mentation broth. After 24 hours of fermentation,
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young wine was separated from the skins, and
poured into three 225-L new Slovenian oak wood
barrels (Kranjc d.o.o., Slovenia). Maturation tem-
perature of 15 °C was used in all three series of
experiments.

In the first part of the maturation experiment,
sulfurized wine with 50 mg L™ of 6 % sulfuric(IV)
acid was studied. In the second part, unsulfurized
wine was studied. For each part of the experiment,
three barrels were used. The results of each run
were summarized, statistically processed, and pre-
sented as the most typical courses.

Redox measurements

For redox on-line measurements, the Ingold re-
dox electrode (Pt-4865) (Switzerland), and control
unit (Mettler Toledo MFG 509, Switzerland) were
applied.

Biomass

Twenty mL of fermentation broth of each sam-
ple was centrifuged for 5 min at 4000 rpm, and bio-
mass was determined gravimetrically after 24 h of
drying at 105 °C.

Analytical methods

Alcohols as well as reducing sugars were deter-
mined off-line by gas chromatography according to
Dittrich et al.*® AGC 3700 Varian Model, Austria,
was used, with n-butanol as internal standard. Etha-
nol and total alcohols (1-propanol, 2-butanol, iso-
amyl alcohol), as well as the organic acids were
analyzed by HPLC in accordance with validated
methods proposed by Bio-Rad”. Samples were fil-
tered through 0.45-um membranes, and analyzed
using a 300 mm x 7.8 mm Aminex HPX-87H or-
ganic acid analysis cation exchange column (Bio-
Rad Laboratories). Elution was performed at 65 °C.
The mobile phase was 0.005 M H,SO, in milli Q
water. The pump was operated at a flow rate of
0.5 mL min! (0.008-103 L s!). The injection vol-
ume was 20 uL. The eluting compounds were mon-
itored by a fixed wavelength ultraviolet (UV-VIS)
detector at 210 nm. This detector was connected in
series with a refractive index (RI) detector. The
peaks were quantified using external standard cali-
bration. The components were identified by com-
paring their retention times with those of the stan-
dards. Quantification was performed using external
standards prepared from pure compounds.

Sensorial analysis

Sensorial analysis proceeded in accordance
with the Rules on the Procedure and Method of As-
sessing Must and Wine (Official Gazette of the Re-

public of Slovenia). The 20 point Buxbaum method
was applied.?®® The results of seven sensorial-analy-
sis wine experts were statistically processed and
taken in the final result. The control sample of wine,
a standard B, was three-year-old bottled wine from
the same cultivar and producer (KZ Metlika, Slove-
nia).

Statistics

All the cultivation experiments were performed
at least in three runs. The results were analyzed for
statistical significance by one-way analysis of vari-
ance (ANOVA) test using the Statistical Package of
the Social Science (SPSS) version 11.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance of the
test effects was evaluated at p< 0.05. Data were ex-
pressed as mean + SD.

Typical measurements of on-line redox poten-
tial in fermentation, as well as the biomass accumu-
lation are presented in Figs. 1 and 2.

Results and discussion

In the unsulfurized run, the fermentation start-
ed at 200 mV. The initial aerobic phase proceeded
for 4 hours, followed by the yeast adoption phase,
which lasted 15 hours. In sulfurized substrate, fer-
mentation started at 130 mV and yeast adoption
phase proceeded from 166 to 130 mV for 90 hours.
Alcohol fermentation of the unsulfurized grape
must started after 17 hours at 172 mV and ended
after 216 hours at —118 mV. Alcohol fermentation
of the sulfurized grape must started after 90 hours at
108 mV and ended after 244 hours at a lower redox
potential of —150 mV (Fig. 1).

Sulfurization of grape must also affected the
growth of biomass that had to adapt to the more
reductive environment. Therefore, the lag phase in
this case was prolonged, and the exponential growth
phase started after 96 hours. Maximal amount of
biomass at 144 hours was 6.08 g L', while at the
end of fermentation it was 4.88 g L'. In contrast,
with the unsulfurized must, the growth of biomass
started much faster, from the very beginning of the
fermentation phase. In this process, exponential
growth phase started 12 hours after the lag phase.
Maximum of 7.45 g L™! biomass was detected after
144 hours, and it was 5.38 g L' at the end of fer-
mentation (240 hours) (Figs. 1 and 2).

At the beginning of the next step in the pro-
cess, i.e., barrel maturation, the yeast biomass in the
unsulfurized wine was higher by 1.50 g L' (i.e., by
30.73 %) than in the sulfurized wine.

During the maturation of unsulfurized and sul-
furized wines in the barrique oak barrels, the meta-
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Fig. 1 — Growth of biomass of unsulfurized and sulfurized
fermentation
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Fig. 2 — On-line redox potential measurements of unsul-
Sfurized and sulfurized fermentation

bolic activity of yeast biomass was measured by
immersing redox potential electrode throughout the
depth profile of the barrels positioned horizontally
as usual. Over the first and second years, the mea-
surements detected the formation of various redox
layers in the barrels. As indicated in the barrel depth
line, the highest redox potential levels were mea-
sured at the hole at the top of the barrel. The poten-
tial decreased with the depth of the barrel, while at
both barrel sides, the potential was similar to that
close to the entrance hole on the top of the barrel.
This data variation indicated the formation of vari-
ous oxidation/reduction zones as a clear conse-
quence of the maturation process (Fig. 3).

Right side
area

Left side
area

Redox layersin wine barrel maturation

Fig. 3 — Redox layers in wine barrel maturation

Off-line measurements during the maturation
process actually revealed the residual yeast meta-
bolic activity in both processes. Since in the sulfur-
ized wine the maturation took place in a more re-
ductive environment, the maturation time was
shorter. After three years, the total amount of SO, at
the end of maturation in the sulfurized wine was
46.87 mg L' and the residual biomass level was
0.87 g L', In relation to our measurements, in the
first year of maturation, the biomass was found still
in the active state. Redox potential measurements in
the barrels revealed that, during the maturation pro-
cess, in spite of the microoxidation areas on both
sides of the barrel, the presence of added sulfur in-
duced faster final deactivation of yeast biomass
than in was the case with the unsulfurized wine
(Table 1 a, b).

Much higher redox potential values were ob-
tained in the maturation process of unsulfurized
wine, indicating much more expressed metabolic
activity of residual wine yeast in the barrel.

In the case of unsulfurized wine, the total sul-
fur amount after three years of maturation was
33.57 mg L' and the amount of free SO, was 19.13
mg L, i.e., the value was higher by 1.52 mg L' or
8.6 % in comparison to the 17.61 mg L™ of the final
free SO, amount in the sulfurized wine (Table 2). In
the unsulfurized wine, the presence of various re-
dox layers, still after 30 months of maturation, indi-
cated wine yeast metabolic activity, but after 36
months, all the layers in the barrel exhibited identi-
cal redox potential throughout the barrel profile,
suggesting the end of yeast activity and thus readi-
ness for the bottling process.

In the unsulfurized wine maturation process,
the concentration of the wine yeast biomass was
higher by 8.6 %, and its metabolic activity lasted
much longer due to the less reductive maturation
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Table 1 — Redox potential layers in the barrels: a) unsulfur-
ized, and b) sulfurized wine

Table 2 — Results of chemical analysis of sulfurized and un-
sulfurized wines after three years at the end of maturation

a) Unsulturized must rst year ird year
(2) Unsulfurized First y izzf‘;d Third y
layers E, (mV) (mV)h E, (mV)
Top of barrel, entrance 480 356 192
10 cm below 432 311 186
20 cm below 385 252 185
30 cm below 320 205 185
40 cm below 220 200 184
Bottom of barrel 165 175 184
Left and right side 476 342 190
(b) Sulfurized must First year Szz;)réd Third year
layers E mvV) | Y5 | E mV)
h (mV) h
Top of barrel, entrance 262 202 172
10 cm below 233 182 169
20 cm below 222 188 168
30 cm below 210 183 168
40 cm below 202 176 167
Bottom of barrel 186 172 167
Left and right side 255 198 170

Parameter Sulfgrized Unsulfurized

wine wine
Biomass (g L) 1.04 3.46
Total alcohol (vol%) 11.7 12.1
Total extract (g L) 234 26.5
Sugar free extract (g L") 25.5 222
Total reduced sugars (g L") 2.20 1.55
Total acids (g L") 5.40 5.80
Volatile acids (g L) 0.66 0.98
Free SO, (mg L™) 17.61 19.13
Total SO, (mg L) 46.87 33.57
Ash (gL 1.73 3.23
pH (/) 3.43 3.93
Relative density (/) 0.993 0.994
Tartaric acid (g L) 3.00 3.00
Malic acid (g L) 3.60 0.00
Lactic acid (g L") 0.60 1.30

environment. Spontaneous yeast cells autolysis was
pronounced and the concentration of amino acid
sulfur released from the dead cells was high enough
to protect the wine. Thus, during the maturation no
additional sulfurization was needed. The results of
chemical analysis of both maturated wines are pre-
sented in Table 2.

Comparing the results of chemical analysis
(Table 2), the lower amount of total alcohol in sul-
furized wine is related to the greater residual amount
of insoluble sugar. The higher amount of total alco-
hol (by 0.4 vol%) in unsulfurized wine can be at-
tributed to a more environmentally friendly fermen-
tation without sulfur inhibitor and earlier initiation
of alcoholic fermentation. This results also in a
higher residual biomass. The difference of 0.4 g L!
of total acids is attributed to the successful malolac-
tic fermentation in the unsulfurized wine. The high-
er level of volatile acids (by 0.32 g L") in the un-
sulfurized wine is a consequence of the spontaneity
of the process, but is still below the maximum level
allowed by the legal norm, although it affects or-
ganoleptic properties of the mature wine. The high-
er free SO,, by 1.52 mg L', in unsulfurized wine at
lower total SO, of 13.3 mg L', points to the effec-
tivity of sur-lies maturation. This also indicates the

positive effect of autolysis. The higher ash content
by 1.5 g L' in sulfurized wine gives it more consis-
tency and minerality. The difference in relative den-
sity of only 0.001 g L'is evidence of the accept-
ability and credibility of both processes. The higher
lactic acid content of 0.7 g L ! in unsulfurized wine
also indicates a softer taste of wine and more
smooth tannins that give the wine more softness
and velvetiness.

The results of the sensorial analysis are sum-
marized and presented in Figs. 4-6. Fig. 4 presents
the visual aspect of control samples of sulfurized
wine in the first year of maturation (PL/S), unsul-
furized wine in the first year of maturation (PL),
sulfurized wine in the second year of maturation
(DL/S), and unsulfurized wine in the second year of
maturation (DL).

Except for the mark good for PL, in all other
samples the limpidity was very good. Color intensi-
ty was highest for DL. This was influenced by the
more expressed affinity of anthocyanins towards
oxygen. The intensity of violet notes in Control, PL,
and DLS are lower than in DL. Orange and brown-
ish notes in DL are the consequence of the absence
of sulfur.
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Fig. 4 — Visual aspect of control sample: sulfurized wine in the first year of maturation (PL/S),
unsulfurized wine in the first year of maturation (PL), sulfurized wine in the second year of maturation
(DL/S), and unsulfurized wine in the first year of maturation (DL)

Intensity

=4= Control
== PL/S
=t PL
== DL/S
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Fig. 5 — Aroma aspect of control sample: sulfurized wine in the first year of maturation (PL/S),
unsulfurized wine in the first year of maturation (PL), sulfurized wine in the second year of maturation
(DL/S), and unsulfurized wine in the first year of maturation (DL)
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—==DL/S
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Tannins

Fig. 6 — Taste aspect of control sample: sulfurized wine in the first year of maturation (PL/S),
unsulfurized wine in the first year of maturation (PL), sulfurized wine in the second year of maturation
(DL/S), and unsulfurized wine in the first year of maturation (DL)
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The most intensive wine aromas in DL origi-
nated from the faster development of aromatic com-
pounds in sulfur-free environment. Quality of matu-
ration aromas in sulfurized and unsulfurized wines
is very comparable. The most intense fruitiness was
expressed in PL, while in the next year of matura-
tion, those compounds were covered over with
spicy and animal notes. The most intensive spici-
ness, animal, and roasted notes were detected in
sulfur-free wines. They resulted from the micro-ox-
ygen maturation of sulfur-free wines. The highest
persistence was detected for DL, where maturation
process in the presence of micro-oxygen was more
intensive.

The taste intensity was also the highest in DL,
while the taste limpidity was the most expressed in
sulfurized wines PL/S and DL/S. Overall quality of
all the samples was good and not related to the sul-
furization. The bitterness of the unsulfurized wines
was at the lower level, and the smoothness and tan-
nins were at a higher level in comparison to the sul-
furized wines, which points to its longer durability
in bottles.

Conclusions

In barrel wine maturation, the measurement of
redox potential was found to be an excellent tool for
monitoring of the maturation process and yeast ac-
tivity. Redox potential layers were discovered
during the maturation process in the oak barrels and
interpreted for the first time. The heterogeneity or
redox potential indicated that the process of matura-
tion was still active. At constant cellar temperature,
the variation of the redox potential between the lay-
ers was found to depend on the yeast activity, as
well as on the porosity of the barrels. The end of
yeast activity was indicated with the homogeneity
of redox potential. This may be interpreted in terms
of readiness for bottling.

In the sulfurized wine, yeast was deactivated
faster, and the bottling point was indicated already
after 24 months. In the unsulfurized wine, however,
yeast activity was prolonged and cell autolysis was
more spontaneous. The autolyzed yeast cells re-
leased sulfur compounds that spontaneously pro-
tected the wine against oxidation. The process was
much longer in comparison to the sulfurized wine,
so maturation ended after 36 months and the wine
was found ready for bottling. Sensorial analysis
also supported the interpretation of redox potential
data. In conclusion, the new sur-lies process of mat-
uration in the barrels with no additional sulfur is a
recommendable process of maturation until the fi-
nal wine bottling®-°.
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