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A model for pH determination during alcoholic fermentation
of a grape must by Saccharomyces cerevisiae
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Abstract

A model to predict accurately pH evolution during alcoholic fermentation of must by Saccharomyces cerevisiae is proposed for the first time.
The objective at least is to determine if the pH measurement could be used for predictive control. The inputs of the model are: the temperature, the
concentrations in sugars, ethanol, nitrogen compounds, mineral elements (magnesium, calcium, potassium and sodium) and main organic acids
(malic acid, citric acid, acetic acid, lactic acid, succinic acid). In order to avoid uncertainties coming from the possible precipitation, we studied
this opportunity on a grape must without any tartaric acid, known as forming complexes with potassium and calcium during the fermentation. The
model is based on thermodynamic equilibrium of electrolytic compounds in solution. The dissociation constants depend on the temperature and
the alcoholic degree of the solution. The average activity coefficients are estimated by the Debbye—Hiickel relation. A fictive diacid is introduced
in the model to represent the unmeasured residual species. The molality of hydrogen ions and thus the pH are determined by solving a non-linear
algebraic equations system consisted of mass balances, chemical equilibrium equations and electroneutrality principle. Simulation results showed
a good capacity of the model to represent the pH evolution during fermentation.
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1. Introduction

pH is currently used in oenology as an indicator of different
aspects: contamination risks, efficiency of sulphating, sensorial
properties. Contaminations of grape musts or wines by bacteria
or yeasts like Brettanomyces sp. are easier at high pH values
and the prevention of contaminations by SO, addition is ineffi-
cient when the pH value is too high [1,2]. Acidity also plays an
important role in sensorial analysis for wines and even if pH and
acidity taste are not totally correlated, pH can give information
on this organoleptic property. As it is quite easy to measure, pH
could be used not only at the end of the process to qualify the
end product but also as an indicator throughout the fermenta-
tion. In fact, during the alcoholic fermentation of grape musts,
the conversion of substrates (sugars, organic acids, nitrogen)
into metabolites such as ethanol and organic acids by the yeasts
Saccharomyces cerevisiae modifies the thermodynamic equilib-
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rium in the medium and consequently the pH. Moreover, pH has
a great impact on the activity of cell enzymes and can modify the
chemical pathways of the biological reactions as well as their
kinetics.

To predict pH evolution during wine fermentation two kinds
of models are necessary: one to calculate pH knowing the
composition of the broth and one representing the dynamic
of the fermentation to determine the evolution of the com-
position of the broth. Many papers deal with kinetic models
for the production of biomass [3,4], or metabolites [5,6], but
studies on pH modelling are more limited. The works of Rat-
simba [7], Gerbaud [8] and Devatine [9] on the prediction of the
crystallization of tartaric salts in hydro-alcoholic solutions are
interesting but they were developed for wine like composition
media. Nevertheless, the concept of vinic acid introduced by
these authors to overcome the incapacity to identify all the com-
pounds involved in a wine caught our attention and was extended
in our study to predict pH of grape musts and fermentation
broth.

This work aimed to better understand the influence of com-
pounds produced or consumed during fermentation process and
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to capitalize this knowledge in a mathematical model which cal-
culates pH value from the composition of musts. The objective
at least is to determine if the pH measurement could be used
as an indirect evaluation of the kinetic reactions of the fermen-
tation and if this measurement could be used as a controlled
parameter for predictive control. In order to avoid introducing
uncertainties coming from the possible precipitation, we studied
this opportunity on a grape must without any tartaric acid, known
as forming complexes with potassium and calcium during the
fermentation.

2. Materials and methods
2.1. Microorganism
The microorganism is S. cerevisiae QA-23 commercialised

by Lallemand Company.
It is a classical strain for white winemaking.

2.2. Fermentation

This section describes the different steps and culture media
to carry out the fermentation.

2.2.1. First step pre-culture
The composition of the medium was:

Yeast extract 10gL~!
Glucose 20gL~!
Papainic peptone of soya 20gL~!

100 ml of this YPD medium were inoculated and incubated
at 30 °C under agitation (150 rpm) during 24 h.

2.2.2. Second step pre-culture
The medium was composed of:

Glucose 50gL~!
KH,PO,4 5gL7!
(NH4)2804 2gL7!
MgS04-7H,0 0.4gL™!
Yeast extract 1gL™!

150 ml of the medium were inoculated with 30 ml of the
first step pre-culture and incubated 20 h at 30 °C under agitation
(150 rpm).

2.2.3. Fermentation medium and operating conditions

The fermentation medium is a white grape must provided by
SOPAGLY Company. It was concentrated up to a sugar concen-
tration of 767 gL~! for preservation and did not contain any
tartaric, acetic, succinic acid, nor ethanol. It was diluted with
distilled water four times before fermentation.

This grape juice was analysed and the concentrations of the
main components are given in Table 1.

Table 1
Main compounds of the white grape considered in this study

Compounds Concentration (gL =1)
Sugar 181.7 £ 4.7
Glycerol 1.62 + 0.14
Malic acid 6.37 £ 0.09
Citric acid 1.42 £ 0.53
Potassium 0.768 £ 0.04
Calcium 0.20 £+ 0.01
Magnesium 0.09 £ 0.004
Sodium 0.028 £ 0.001
Assimilable nitrogen ammonium ion (mg N/L) 749 £ 3.0
Alpha amino acids (mg N/L) 136 £ 54

The nitrogen sources necessary for the yeast metabolism were
ammonia and amino acids. The must contains about 210 mg L~
of total assimilable nitrogen. No exogene nitrogen sources were
added to the must.

The main mineral elements of the must are potassium, cal-
cium, sodium and magnesium. Their contents in the grape must
and during the fermentation are listed in Tables 1 and 6.

The initial cellular concentration was fixed to
8 x 10%cellsmL~!. Fermentation was carried out in a
New Brunswick Scientific (NBS) fermentor type of 2L at
20°C under a 150rpm agitation. Temperature was regulated
at 20°C. The pH was not controlled during this anaerobic
fermentation.

2.3. pH and compounds measurements

Biomass concentration was estimated by two analytical meth-
ods: optical density measurement and cell numeration on a
Thoma hemacytometer. A correlation between the optical den-
sity of yeast suspension at 620 nm and cell dry weight has been
established. The percentage of viable cells was obtained using
the methylene blue staining method during numeration, with an
error of 8%.

The pH was measured using an external pH-meter (PHM210
Radiometer analytical) with a precision of 0.05 pH unit.

Concentrations of ammonium cations, alpha amino acids,
malic acid and lactic acid were determined by enzymatic method
(MicroDOM). The determination of the total sugar concentra-
tion was performed with the DNS method [10]. Citric acid,
acetic acid, succinic acid, ethanol and glycerol were measured
by HPLC method. The apparatus (TSP Spectra System) has a
column (BioRad Aminex HXP-87H) specific for separation of
alcohols, organic acids and sugars. The liquid phase consists of
a5 mM sulphuric acid solution circulating at 0.4 mL min~!. The
temperature of the column was set to 40 °C and the volume of the
loop of injection was 20 wL. The detection of each component
is done using a differential refractometer (TSP RefractoMonitor
V).

Mineral elements (calcium ion, sodium ion, magnesium ion,
potassium ion) were measured with the emission spectrometer
of Horiba Jobin Yvon.



3. pH calculation model
3.1. Expression of the pH

pH expresses the activity of the hydrogen ions in a solution,
using a logarithmic scale:

pH = —log g(ay+) = —logo(Yu+my+) )]
3.2. Calculation of the ion activity coefficient

The activity coefficient of H"(yg+) was calculated with a
Debbye—Hiickel model with the MacInnes convention [11,21]:

2
. Yc- _ Y+ HC
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YH* Maclnnes — VH 2)
In wine, not to take into account this correction can lead to
an error of 0.15 unit of pH [8].

3.3. Calculation of the molality of the ionic species coming
from acid dissociation in solution

The usual formulation of a reactor model consists in writ-
ing a mass balance on each species in solution [12]. Then, the
model includes as many variables (reaction extent) than there
are reactions in the medium. The initialization of these variables
is difficult and can lead to a simulation failure.

By writing the mass balance on an invariant of the reactive
system, the size of the numerical problem can be reduced and the
initialisation difficulty can be overcome. In the case of the disso-
ciation of the acids, whatever their type, mono (AjH), di (AitHz)
or tri (AmH3) acid, radicals Aj, Ayr and Apy are preserved.
Assuming that the radicals are only involved in dissociation
reactions, the following mass balances can be written:

e Mono acid (AjH):

m£1 =maH+m- 3)

e diacid (AfHp):
T
Mpy = MAgH, + Myga,— + My - @
o tri acid (AHy):
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The molality of the species AjH, A;~, AnHa, ApH™, A2,
AmHs, A[I[Hgf’ AHIHzi, AH[37 in solution can then be explic-
itly written as a function of mpg+, of the activity coefficients
from the previous mass balances and the chemical equilibrium
constants expression.

e Mono acid (AjH):
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e tri acid (AjH3):
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3.4. Calculation of the average coefficient of activity

The calculation of the average coefficient of activity was car-
ried out with the law of Debye—Hiickel [11] (Denbigh, 1981).
In the scale of the molalities, it was written as

VI
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Bpy =

o is the shortest distance of approach of the hydrated cation: 4 A
for the potassium cation and 5 A for hydrogen cation.
The ionic force of the solution is defined by the relation
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i=1
This equation can be written as

1
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The electroneutrality must be ensured in the solution, so that
n_electrolytes

> milmyr. Dz =0 (23)

i=1
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and
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OH M+ (30) ethanol was the same as for succinic acid [9]:
The formulation of the model with explicit calculations of pKiav = 3.50 + 1.24 x 10*2(0311(;) +1.76 x 1074(°alc)2

all the species in solutions coming from the dissociation of acid
in solution enables to solve a non-linear equation systems con- GD
sisting of only two equations: the ionic force equation (22), the Y VPR
electro-neutrality equation (23), and two unknowns: the molality ~ PK2av = 5.00 + 1.35 x 107" ("alc) + 2.84 x 10" ("alc)
in H* and the ionic force I. (32)

This formulation facilitates the initialisation of the
Newton—Raphson iterative procedure [13] carried out to solve
the problem.

3.5. Determination of the influence of unmeasured
compounds

Itis impossible to know the whole composition of a real grape
must and some unmeasured components may have an influence
on the pH calculation. Oxalic acid, galacturonic acid, gluconic
acid, glyceric acid, citramalic acid, dimethylglyceric acid are
known to be present in grape must but are not measured. Anions
such as SO42~ or PO43~ are neither measured. To overcome
this problem the molality of a fictitious diacid, called the “vinic”
acid, was introduced in the model, as suggested by the works of
Devatine [9] and Gerbaud [8]. The vinic acid was considered as
a weak acid as suggested by former authors. We assumed that
the sensitivity of the dissociation constants of this compound to

Table 2

A preliminary calculation based on an acid-base titration
enables to determine the total molality of this fictitious diacid
and its dissociation equilibrium constants. Its total molality was
assumed to be constant during the fermentation (i.e. the unmea-
sured compounds are inert regarding fermentation reactions).

4. Physical properties
4.1. Dissociation constants

The equilibrium dissociation constants are calculated as a
polynomial function of the alcoholic degree of the solution [14]:

pK = po 4 p1(°alc) + pa(°alc)? (33)

The values of pg, p1 and p, are given for each acid in Table 2.
The pK, of NH4*/NH3 was taken to 9.2. At the considered
pH values, the ammoniac is under the NH4* form.

Parameters for dissociation constant calculation of organic acids involved in the study

Acids K, K, K3
Po P1 P2 Po P1 P2 Po P1 P2
Lactic 3.89 1.21 x 1072 1.5x 1074
Acetic 476 7.96 x 1073 2.88 x 10~*
Pyruvic 2.72 7.0%x 1073 1.61 x 10~
Malic 3.47 1.19 x 1072 1.53 x 1074 5.10 1.70 x 1072 1.09 x 104
Succinic 421 1.24 x 1072 1.76 x 104 5.63 1.35x 1072 2.83x 10~*
Citric 3.15 1.17 x 1072 1.76 x 104 4.72 1.68 x 1072 4.0x 1076 6.41% 0 0

T=20°C in water—ethanol solution.
4 T=25°C in water [14].



4.2. Density (p) and dielectric constant (¢)

Correlations for the density and dielectric constant were
determined by Gerbaud [8]. In these correlations, sugar was not
taking into account. [23] and [22] proposed a method to calculate
the dielectric constant of mixed solvents. New correlations for
the density and the dielectric constant were then established tak-
ing into account the influence of the sugar (0-200 g L~!) and the
ethanol (0-12 °alc) at 20 °C from experimental data of Malm-
berg and Maryott [15] and from the Handbook of Chemistry and
Physics (1999-2000).

p = 0.99842.799 x 10™*Cyugar+1.405 x 1073 (°alc)  (34)

& = g0[71.48 + 0.032Cgygar + 0.0127 (°alc)] (35)

5. Results and discussion

The model was first validated by comparing the measured
pH and the calculated pH of synthetic media at different ethanol
contents. Its sensitivity was evaluated on media based on the
grape must at different concentrations of sugar, ethanol and
acids. Finally, it was compared to pH data obtained during the
fermentation of the grape must.

5.1. Model validation on synthetic media

The model was first validated on synthetic media whose com-
position is perfectly known and close to grape must (Table 3). For
each concentration, composition of the must in sugars, alcohol,
each organic acids and cations constituted the input of model.

The calculated pH match well the measured pH for three
synthetic media at different ethanol content. The relative error
on pH is below 1% and the relative error on hydrogen proton
below 5%.

5.2. pH simulations for added compounds in the grape must

5.2.1. Validation of pH model including vinic acid
calculation

As the overall composition of the grape must is not known,
a preliminary calculation determined the fictitious vinic acid

Table 3

Comparison of measured and calculated pH of synthetic media
Components MS1 MS2 MS3
Glucose (gL71) 200.0 200.0 200.0
Citric acid, H,O (gL 1) 1.518 1.553 1.540
Malic acid (gL =) 6.067 6.085 6.024
MgSO,-7H,0 (gL 1) 0.269 0.26 0.268
CaCl, (gL71) 0.252 0.235 0.233
NaCl (gL~ 1) 0.214 0.228 0.212
Ethanol (°alc) 0 6.0 12.0
pH experimental value 2.35+0.05 2.40+0.05 2.43+£0.05
Calculated pH 2.371 2.405 2.447
Relative error on pH (%) 0.89 0.2 0.7
Relative error on my+ (%) 4.72 1.14 3.84

Table 4

Comparison of the calculated pH and the measured pH according to ethanol
content assuming the same influence of ethanol on the vinic acid dissociation
constant as for succinic acid

°Alc  pHexperimental  pH calculated  Relative error  Relative error

value value on pH (%) on my+ (%)
0 3.290 3.290 0.0 0.0
2 3.315 3.316 0.03 0.23
6 3.375 3.373 0.06 0.46
12 3.470 3.461 0.26 2.09

molality. It was evaluated to 4.75 x 1072 mol kg~'. The proto-
nated form is then about 1.5 x 1072 molkg~!.

Experiments with addition of compounds in the grape must
solution were carried out (in vitro tests). Simulated values were
confronted to experimental values for each added compound.

For sugar concentrations ranging from 0 to 200gL~!, pH
values kept nearly constant (3.23-3.22). Sugars addition modi-
fies the density and the permittivity of the solution without any
significant effect on the pH.

For ammonia concentrations ranging fromOto 112.5mgL~",
no significant pH deviation was observed.

Organic acids took part in the decrease of the pH since they
released H* ions by dissociation reaction. Among the organic
acids of the grape must, only succinic acid showed a slight
influence on the pH with a decrease of 0.01 point for an added
concentration of 1 gL~!. The concentration variation of other
acids during fermentation is too weak to influence the pH.

Cation concentrations brought positive charges in the solution
but do not influence pH value.

Alcohol contributed to a significant rise of the pH. In the
must, pH increased of 0.18 point for an ethanol concentration
from O to 12 °alc (Table 4).

Alcohol influences the density and the permittivity of the
medium but its main impact is on the dissociation of the acids.
Its influence has been well represented by the model. At high
values of ethanol a slight discrepancy between both values can
be observed. This is probably caused by the assumption made on
the influence of ethanol on the vinic acid dissociation constants.

For succinic acid, results are presented in Table 5 for solutions
atOand 12 °alc. They show a good agreement between measured
and calculated values.

The experimental values are well represented by the model.
The organic acids (succinic acid, acetic acid, lactic acid, etc.) are
produced in small quantity during alcoholic fermentation. Their
influence on the pH is weak at this concentration range but the
variation of their dissociation with the ethanol concentration
makes it necessary to take them into account in the model.

5.3. pH simulation during a fermentation

5.3.1. Composition of the white grape must and evolution
during alcoholic fermentation

The concentration of the main components of the grape must
before and after fermentation are given in Table 6. Glucose and
fructose, the two sugars in the must, are converted by yeasts into
ethanol, CO», glycerol and biomass. The nitrogen sources neces-



Table 5

Comparison of the calculated pH and the measured pH in grape must with additional succinic acid concentration and ethanol (0 and 12 °alc)

Csuccinic acid (g L h °Alc pH experimental value pH calculated value Relative error on pH (%) Relative error on my+ (%)
0 3.29 3.291 0 0

0.233 3.29 3.288 0 0

0.411 0 3.29 3.286 0 0

0.833 3.28 3.28 0 0

0 3.47 3.462 0.29 2.33

0.232 347 3.459 0.29 2.33

0.411 12 3.47 3.457 0.29 2.33

0.83 3.46 3452 0.29 2.33

Table 6 The mineral elements of must (potassium, calcium, sodium

Fermentation medium composition at the beginning and after 173h of
fermentation

Compound t=0h t=173h

Sugar (gL™") 181.744.7 38+1.4
Ethanol (gL~") 0.000 98.5+£0.65
Glycerol (L") 1.6140.14 7.6140.64
Dry biomass (gL~") 0.47240.02 3.939

CO, (gL™h 0.000 12.120

Malic acid (gL.=") 6.37+0.09 6.37+0.08
Citric acid (gL~") 1.4240.53 1.4240.38
Succinic acid (gL~1) 0.000 0.71+0.13
Acetic acid (gL~ 0.000 0.5540.19
Assimilable nitrogen (mgL~1) 210.9+£0.85 35.91+045
Sodium (gL~") 0.028040.001  0.028040.001
Calcium (gL~1) 0.200£0.01 0.200 £ 0.01
Potassium (g L") 0.768 £ 0.04 0.768 +0.04
Magnesium (gL~1) 0.090 £ 0.004 0.090 £ 0.004

sary for the yeast growth consist in ammonia and amino acids.
The must contains about 210mgL~! of assimilable nitrogen
(74mgL~! coming from the ammonium ions and 136 mgL ™!
coming from the alpha amino acids). At the end of the fermen-
tation, 88% of this nitrogen was consumed (i.e. 175 mgL~!).

The grape must contains organic acids. Initially, the most sig-
nificant are malic and citric acids but they are slightly consumed
by yeasts. Organic acids are produced during fermentation. Suc-
cinic acid, acetic acid and lactic acid are the most important
(Table 6).

Table 7
On line and calculated pH values during fermentation of grape must by Saccha-
romyces cerevisiae

Time (h)  On-line Calculated Relative error Relative error
measured pH pH on pH (%) on my+ (%)

0 3.32 3.324 0.12 0.92
5 3.31 3.314 0.12 0.92
9 33 3.307 0.21 1.60
19 3.25 3.251 0.03 0.23
22 3.22 3.247 0.84 6.03
52 3.14 3.178 1.21 8.38
69 3.18 3.208 0.88 6.24
121 3.24 3.274 1.05 7.53
149 3.26 3.295 1.07 7.74
173 3.29 3.31 0.61 4.50

and magnesium) are not consumed nor produced during fermen-
tation.

The initial and the fermented grape must contain other com-
pounds which were not taken into account in this study because
of their very low concentration. Their contribution to the pH
is taken into account through the vinic acid and it is assumed
that they were not consumed nor produced during fermenta-
tion. Experimental data were validated by checking the carbon
element balance. Error did not exceed 10%.

5.3.2. pH simulation

The medium composition was determined at different fer-
mentation times. Biomass, Ethanol, assimilable nitrogen and
pH evolution was represented in Fig. 1.

Regarding pH evolution, fermentation can be divided into
two phases: during the first 50 h, the pH decreases from 3.32
to 3.14, then it increases up to 3.29 during the 100 following
hours. The pH decrease is assumed to be correlated to the nitro-
gen consumption. The nitrogen concentration did not influence
the pH itself when it was added in the must. However, it is
known that during the fermentation, the consumption of nitro-
gen by yeasts produces H* ions. Indeed, Castrillo et al. [16]
showed that the assimilation of one ammonium mole by yeasts
leads to the release of one H* mole in solution. Won et al. [17],
Kotyk [18] and Sigler et al. [19] also mentioned the same phe-
nomenon. Studies of Hernandez-Orte et al. [20] showed that the
main part of the nitrogen source was consumed between 0 and
50h of alcoholic fermentation. In their work, assimilable nitro-
gen decreases from 231 to 25.6 mgL~! during this period. We

= =& = Assimilable nitrogen —#— biomass"25 — — % ethanol "10 —e&— Measured pH

250 1335
200 T33

T3.25
150
100

50

Assimilable nitrogen (mgN/L),
biomass *25 (g/L), % ethanol *10

Times (H)

Fig. 1. Assimilable nitrogen, biomass, % ethanol and pH evolution during fer-
mentation.
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Fig. 2. Comparison of the evolution of the pH calculated and measured during
the alcoholic fermentation of the white grape by Saccharomyces cerevisiae QA-
23.

find similar results with an assimilable nitrogen content decrease
from 210 to 35.6mgL~!. Between 40 and 160 h of fermenta-
tion, the ethanol concentration increases in the medium which
can explain the increase of pH during this period.
Experimental and calculated pH values are plotted in Fig. 2.
During the first 50 h, it was assumed that, for each mole of assim-
ilable nitrogen consumed (ammonium and amino acids), one
mole of H* was released in solution. Under this assumption, the
model is in good agreement with the experimental values of the
pH. The highest discrepancy between experimental and calcu-
lated values, observed after 52 h, represents only 0.038 pH unit
i.e., a relative error of 1.2% This error could be considered as
non-significant, but it is about 10 times higher than the values
previously found (Table 7). The assumption made on the H*
release associated to nitrogen consumption should be studied
in more detail to improve the representation of pH during this
phase. If the literature is clear for ammonium consumption, a
few number of studies were realised for the effect on pH evolu-
tion of amino acids consumption. The assumptions made on the
vinic acid may also lead to underestimate the dissociation of the
medium components (buffer effect) and so the H* release.

6. Conclusion

A model to predict pH from the measurement of the main
compounds of the fermentation medium has been developed.
An original formulation of the model by writing mass balance
on invariant elements enables a simplified resolution procedure.
No dissociation reaction extend has to be initialized. The model
was validated on synthetic media and grape must without tar-
taric acid. Its reliability regarding the influence of different
compounds (sugar, alcohol) and phenomena (assimilation of
ammonium ions) was proved through a fermentation carried out
on a grape must. The model must be now extended to take into
account the complexation phenomena. To study the opportunity
of controlling fermentation with pH further, this model will be
coupled to a stoichio-kinetic model representing the reaction
occurring during the fermentation.

Appendix A. Nomenclature

°alc alcoholic degree

au+ activity of ion H* (molkg~! of solution)

AfH monoacid

AHH2 diacid

AmHs triacid

C; mass concentration of compound i (gL~1)

e electron charge (1.6021177E — 19 C)

1 ionic force of the solution (mol kg~ of solution)
K; constant of the jth acid dissociation

Ky water dissociation constant

Kg Boltzmann constant (1.380658E —23J K1)
m; molality of compound i (molkg™! of solution)
m'; total molality of the specie i

Na Avogadro number (6.022136 x 108 mol~ 1)

T temperature (K)

Z; charge of the electrolyte

Greek symbols

Y+ average activity coefficient

Ya+ H* ion activity coefficient

e Dielectric constant of the solution

€0 permittivity of vacuum (8.854187E-12Fm™!)
p density of solution (kg L™!)
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