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ABSTRACT

A model was elaborated to quantify the gas-liquid partitioning of four of the most important
volatile compounds produced during winemaking fermentations, namely isobutanol, ethyl
acetate, isoamyl acetate and ethyl hexanoate. Analyses of constant rate fermentations
demonstrated that the partitioning was not influenced by the CO, production rate and was a
function of only the must composition and the temperature. The parameters of the model were
identified in fermentations run at different temperatures, including anisothermal conditions.
The prediction of the partition coefficient (k;) by the model was very accurate for isobutanol,
isoamyl acetate and ethyl hexanoate. The technological potential of the model was confirmed
by using it to calculate the losses of volatiles in the gas phase during fermentation and
comparing them with experimental data. Up to 70% of the produced volatile compounds were
lost. The difference between observed losses and losses estimated from predicted k; values

never exceeded 3%.

Keywords: gas-liquid transfer, online GC measurement, wine, aroma, dynamic modelling
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1. Introduction

The synthesis of higher alcohols and esters during fermentation makes an important
contribution to wine quality and the control of the production of these volatile compounds is
one of the major ways to control the organoleptic characteristics of wine. The higher alcohols
are undesirable at high concentrations, but in smaller quantities they are thought to contribute
positively to overall wine quality. Esters have a significant effect on the fruity flavour in
wine. The esters making the largest olfactory impact are ethyl acetate, isoamyl acetate,
isobutyl acetate, ethyl hexanoate and 2- phenylethyl acetate [1]. Varietal aromas —volatile
compounds derived from non-volatile precursors in the grape which are released by the yeast
during fermentation, such as thiols— also play an essential role in wine aroma but they are
usually present at very low concentrations and are therefore more difficult to quantify.

The concentrations of volatiles at the end of fermentation depend primarily on their
synthesis by the yeasts but may also be significantly modified by losses into the exhausted
CO,. Therefore, understanding and modelling the transfer of aroma compounds between the
gas and liquid phases would be extremely useful, and the calculation of balances
differentiating the microbiological process of production and the physicochemical process of
transfer into the exhausted CO, is central to this issue. The online monitoring of volatile
compounds in the tank headspace, as recently proposed by Mouret et al. [2], allows online
estimation of volatile concentrations in fermenting musts, provided that reliable models for
gas-liquid partitioning are available for all phases of the fermentation process. Finally, such
models could subsequently be coupled to predictive models of volatile compound synthesis,
based on knowledge of the biochemical pathways involved. Indeed, some authors have

already proposed such models in beer making conditions [3-5].
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Several models have been developed to quantify the transfer of volatile molecules between
aqueous solutions and gas phases [6-8]. However, none of them is directly applicable to
winemaking conditions. Indeed, unlike the conditions considered in these established models,
the concentrations of volatile molecules, as well as the overall composition of the fermenting
must, are continuously changing during alcoholic fermentations. Another difference is the
production and release of CO,, bubbles of which increase the transfer from the liquid to the
gas, by stripping. Finally, only 3 molecules (isobutyl acetate, acetaldehyde and ethyl acetate)
out of 21 were of interest in wine fermentations.

Several authors have studied flavour release in the context of oenology but mostly focused
on the partitioning properties of volatiles in final wines [9-11] and did not consider their
behaviour during fermentation. Recently, Morakul et al. [12] evaluated the effect of the
matrix changes (mainly corresponding to the consumption of sugar and the production of
ethanol) and of the temperature on gas-liquid partitioning in model conditions simulating
fermenting musts. Ferreira et al. [13] assessed volatile compound losses due to the CO,
production and showed that up to 80% of some molecules could be blown off; however, the
experimental conditions used in [13] were not completely representative of the fermentation
conditions, because changes in the matrix composition were not considered and the stripping
rate was much higher than usually observed in winemaking.

In this paper, the objective was to develop a model of the evolution of the partition
coefficient between the gas and liquid phases of four major volatile molecules, (ethyl acetate,
1soamyl acetate, ethyl hexanoate and isobutanol) in winemaking fermentations. The partition
coefficient k; 1s expressed as the ratio between the mass concentration of the compound in the
gas phase [ C® in mg/L] and that in the liquid phase [ C{" in mg/L] at equilibrium.

The work was focused on these four molecules because they are representative of higher

alcohol and ester families. Isobutanol is one of the major fusel alcohols whose concentrations
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in wines are several tens of mg/L. It is synthesized by the yeasts from amino acids, in
particular valine, and from keto-acids. As most higher alcohols are weakly volatile, its
partition coefficient (kj), expressed as a mass concentration ratio, at 25°C in grape musts is
around 6.8x10™'[12]. Despite its high concentration in the liquid phase, it is often below its
perception threshold in gas [1]. Ethyl acetate, isoamyl acetate, and ethyl hexanoate are well
known for their contribution to the fruity aroma of wines [14]. Their concentrations in wines
are usually low (20 - 60 mg/L for ethyl acetate and less than 10 mg/L for isoamyl acetate and
ethyl hexanoate) but nevertheless always above their perception thresholds [1]. The k; values
at 25°C in grape musts are around 1.0x107 for ethyl acetate, 2.9x107 for isoamyl acetate and
4.5%107 for ethyl hexanoate[12].

After assessing the effects of the main factors involved, and in particular the impact of
stripping by CO,, the model for the prediction of the partition coefficient (k;) was developed
and then validated in different winemaking situations. The model was then used to estimate

the losses of volatile compounds in several winemaking situations.

2. Material and methods

2.1. Fermentations

2.1.1. Yeast strains
The Saccharomyces cerevisiae strains EC1118 and K1 were used. These commercial wine
yeasts are produced as active dry yeast by Lallemand SA. Each fermentation tank was

inoculated with 0.2 g/L of active dry yeast previously rehydrated for 30 minutes at 35 °C.

2.1.2. Musts
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Various grape musts from the South of France were used. They were flash-pasteurised and
stored under sterile conditions. Their sugar concentrations were between 180-200 g/L and

their assimilable nitrogen concentrations were 40, 120, 140 and 240 mg/L.

2.1.3. Tanks
Fermentations were run at pilot scale in stainless steel tanks. The tanks contained 90 L of

must and the headspace represented 30% of the total volume.

2.1.4. Control of fermentation

The CO, released was automatically and continually measured with a gas mass flow meter
and the rate of CO, production (dCO,/dt) was calculated with a high level of precision. The
fermentations were controlled in different ways:

(1) Constant rate fermentations (CRF): to control the stripping effect, constant rate
fermentations were run at 20°C. In these experiments, the rate of CO; production was kept
constant by a feedback control system involving the addition of ammoniacal nitrogen via a
peristaltic pump (Ismatec Reglo) [15].

(i1) Isothermal fermentations (IF): the temperature was maintained at a constant value (20
and 30°C), with a precision of 0.1°C.

(111) Anisothermal fermentations (AF): the temperature was regulated according to the CO,
production, which is proportional to the sugar degradation, with a slope of 0.2°C/(g/L) of
evolved CO,. This evolution of temperature simulated anisothermal conditions observed in
industrial-size tanks when the temperature rises freely until the final setpoint is reached [16].
Two anisothermal fermentations were run between 15 and 30°C, thus covering the maximum

range of temperatures used in winemaking. Another fermentation was conducted between 20
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and 30°C, simulating a common temperature profile for red winemaking. All parameters and

control conditions for the fermentation experiments in this study are summarized in Table 1.

2.2 Analysis of volatile compounds

2.2.1. Online measurements in the gas

The gas was pumped at a flow rate of 14 mL/min from the tank headspace through a
heated transfer line and concentrated in a cold trap (Tenax TM) for 6 min (desorption at
160°C for 1 min), and injected into a ZBWax (60 m x 0.32 mm x 0.5 pm, Phenomenex Inc.).
The injector was kept at 200°C. Helium was used as the carrier gas at a constant pressure of
120 kPa. The oven temperature program was 38°C for 3 min, 3°C/min up to 65°C, then
6°C/min to 160°C, held for 5 min, then 8°C/min up to 230°C and held for 5 min. A flame
ionisation detector (FID) was used at 260°C.

The on-line GC system was calibrated by using a Sonimix 6000C1 (LNI Schmidlin
SA). This equipment generates standard gases by dilution from standard gas bottles or
permeation tubes. Standard gas bottles (Air Product) containing 4004, 85.1 and 100
mmol/Kmol of ethyl acetate (CAS number 141-78-6), isoamyl acetate (CAS number 123-
92-2) and isobutanol (CAS number 78-83-1), respectively, were used. A permeation tube
with a permeation rate of 4831 ng/min at 45°C (LNI Schmidlin SA) was used to calibrate
ethyl hexanoate (CAS number 123-66-0) concentration. The permeation tube was placed

in an oven at 45°C, and diluted with air at 51 mL/min.

2.2.2. Measurements in the liquid
NaCl (1 g) was added to 3 mL of the fermentation sample in a 20 mL vial. To standardise

the equilibrium conditions between the liquid and the headspace, the ethanol concentration in
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the vial was adjusted to 11% by adding 2 mL of a mixture of 12 g/L tartaric acid solution
diluted either in water or a ethanol/ water mix (30% v/v). Fifty pL of 4-Methylpentan-2-ol at
a concentration 3 g/LL was added to the vial as an internal standard. The sample vial was
heated and agitated for 5 min at 50°C in a headspace autosampler HT200 equipped with a
gastight syringe, preheated to 60°C. One mL of headspace gas was analysed by using a
HP6890 GC coupled with a FID detector. The injector temperature was 240°C. The GC oven
was equipped with a BP20 column (30 m x 0.53 mm x 1.0 um, SGE). H, was used as the
carrier gas at a constant flow rate of 4.8 mL/min. The oven temperature programme was 40°C
for 3 min, 3°C/min to 80°C, 15°C/min to 160°C held for 1 min, then 30°C/min to 220°C and
then held at 220°C for 2 min. The detector was set at 250°C. Peak areas were acquired with

Agilent Chemstation software.

2.3. Determinations of gas-liquid partition coefficients (k;)

The gas-liquid partition coefficients (kj) during fermentation were followed by dividing the
volatile concentrations in the tank headspace by the concentrations in the liquid at various
times. Several k; were also determined in samples taken at different stages of fermentation by
using the Phase Ratio Variation (PRV) method in static conditions as previously described

[12,17].

2.4. Modelling

The equations of the mathematical model (listed in the section Results) were implemented

in a program written under Matlab 7 (The Matworks Inc., Natick, MA). The parameters were

identified by nonlinear regression under Matlab, using the Statistic Toolbox.
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3. Results and discussion

3.1. Model development

3.1.1. Effects of CO, stripping and of must composition

Morakul et al. [12] used synthetic solutions with increasing ethanol concentrations and
decreasing sugar concentrations to simulate the evolution of the composition of must during
fermentation. They showed that the gas-liquid partition coefficients (k;) of higher alcohols and
esters continuously decreased as the composition of a model wine fermentation medium
changed because the sugar induces ‘salting out’ of volatile compounds (at the beginning of a
fermentation) whereas the ethanol increases their solubility, and thereby decreases their
volatility. The authors also observed a decrease of the relative gas-liquid ratio of these
molecules during fermentation. However, the ratios were expressed in arbitrary units and
could not be directly compared to the values of k; obtained in synthetic solutions, without any
release of CO,.

To complete this previous preliminary study, the first aim of the present work was to
clarify the effect of stripping on gas-liquid partitioning of aroma compounds. The stripping
effect is complex because, in usual fermentations, both the rate of CO, production and other
factors vary throughout the fermentation process. The problems associated with this
complexity were overcome by controlling the rate of CO, release. The effect of stripping was
indeed isolated by running defined fermentations, in which the rate of CO, production was
kept constant by perfusion of ammoniacal nitrogen controlled. By modifying the amount of
assimilable nitrogen initially present in the must i.e. 40 mg/L or 120 mg/L (no addition or

addition of 80 mg/L of ammoniacal nitrogen), it was possible to set up two fermentations
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(CRF-0.3 and CRF-0.6) in which the rates of CO, production were kept constant at 0.3 g /L.h
and 0.6 g /L.h respectively. The rate of CO, production was regulated between 10 and 85% of
the fermentation progress. Fig. 1 compares the evolution of the CO, production rate (i) in
these two fermentations and in (ii) an isothermal fermentation at 20°C, without any control of
the CO, production rate (IF-20-B).

Changes in gas-liquid concentration ratios of ethyl acetate, isoamyl acetate, ethyl
hexanoate and isobutanol were compared in these three different fermentation conditions.
They were also compared to the values of k; calculated by the static headspace PRV method
in samples taken during fermentation. In these samples, k; was measured at equilibrium, in the
absence of CO, release. Fig. 2 shows the results obtained for isobutanol and isoamyl acetate,
the following observations being also valid for the other volatile molecules (data not shown).
A very remarkable result was that (i) almost identical decreases in k; with increasing ethanol
concentration were observed whatever the CO, production rate and (ii) values of the partition
coefficients were close to those obtained at equilibrium without any CO, release. It can
therefore be concluded that stripping did not significantly change the gas-liquid partitioning
of aroma compounds during fermentation and that the two phases always remained at
equilibrium throughout the process in spite of the CO, flux.

Therefore, at constant temperature, the values of k; which reflect changes in the gas-liquid
partitioning of aroma compounds in fermenting musts only result from changes in the
composition of the liquid phase, that is the decreasing sugar concentration and increasing
ethanol concentration.

Consequently, at constant temperature, the evolution of k; can be written as follows:

k,=AxE+B (Equation 1)
where A and B are constants depending on the considered compound i, and E is the ethanol

concentration (g/L) in the liquid phase, which is proportional to the sugar consumption and

10
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CO; production. E is therefore representative of the whole matrix effect corresponding to the

modification of the ethanol and sugar concentrations.

3.1.2 Effect of temperature

Gas-liquid partitioning not only depends on the composition of the liquid phase; it is also
strongly affected by the temperature. For a constant medium composition, the Clausius-
Clapeyron law is usually applied to the changes in partition coefficient (k;) with temperature
[19]:

) AH AH
_d(nk,) =— orlnk,=C-———=
d1/T) R ’ RxT

(Equation 2)

Where AH,,, 1s the phase change enthalpy of the volatile compound expressed in J/mol, T
is the absolute temperature (K), R is the perfect gas constant (8.413 J/mol.K) and C is a

constant.

Nevertheless, Morakul et al. [12] showed that, in synthetic media, the value of the
parameter AHy,, 1s not constant. For example, the AH,,, of isobutanol was 71.4 kJ/mol in a
synthetic medium simulating a grape juice and 37.8 kJ/mol in a synthetic medium simulating
a wine. As a consequence, the effect of the temperature on the gas-liquid partitioning not only
depends on the temperature but is also a function of the composition of the liquid phase. So,
the classical Clausius-Clapeyron expression was modified to introduce the dependence of the

values C and AH,,, on the medium composition:

D3+DAXE
Ink =Dl+D2x E — R—TX (Equation 3)
X

Where T is the absolute temperature and D1, D2, D3 and D4 are constants. To give a
clearer physical meaning to the parameters of the model, we modified the previous equation

by including a reference temperature (T..f), so the model expression became:

11
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Ink,=F1+F2xE — (Equation 4)

k11,

F3+F4x E[IOOO_ IOOOJ

Where T is the current absolute temperature, T.s corresponds to the absolute reference
temperature, i.e 293 K (20°C) in this study and F1, F2, F3 and F4 are constants. F1 is the
logarithm of the partition coefficient (Ink;) at the reference temperature in the initial must (E =
0). F2 represents the sensitivity of the partition coefficient to medium composition at the
reference temperature. F3 corresponds to the value of AH,,, in the initial must (E = 0), AHy,p
giving the sensitivity of k; to changes in temperature. F4 represents the sensitivity of AHy,, to
changes in medium composition, described here as the ethanol concentration. The arbitrary
factor 1000 was introduced for numerical convenience, to have numeric parameter values
(F1-F4) of order of one. This generally favours reliable identification with nonlinear
regression software. This factor can be of course absorbed into the values of F3 and F4.

The mathematical expression detailed in Equation 4 was then used in the subsequent steps
to model the evolution of the k; values for ethyl acetate, isoamyl acetate, ethyl hexanoate and

isobutanol throughout the wine fermentation as a function both of the ethanol production and

of the temperature.
3.2 Model identification

Model parameters in Equation 4 were determined simultaneously by nonlinear regression
based on the values of the k; (in concentration ratio) obtained from three experiments (i)
isothermal fermentation at 20°C (IF-20-A) (ii) isothermal fermentation at 30°C (IF-30) and
(ii1) anisothermal fermentations between 15 and 30°C (AF-15-30). All k; measurements (41
values, including 14 from IF-20-A, 11 from IF-30 and 16 from AF-15-30) were used to

determine the parameters F1-F4 together with their standard errors (Table 2).

12
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The estimated values of F1 were consistent with the values of Ink; measured by the PRV
method [12] in static conditions in the must at the beginning of fermentation (-5.11, -3.94, -
3.68 and -7.72 for ethyl acetate, isoamyl acetate, ethyl hexanoate and isobutanol,
respectively). Among the volatile compounds studied, ethyl hexanoate had the highest Ink;
consistent with the higher volatility of this compound whereas isobutanol, which had a lower
value of Ink;, is always less volatile than esters.

F2 values were negative, indicating that k; decreased as the ethanol concentration
increased. The most negative value indicates the greatest sensitivity of k; to the changes in
liquid composition. Ethyl hexanoate was the molecule most affected by the liquid
composition (F2=-1.39x10) and ethyl acetate and isobutanol were less sensitive with F2
values of -2.90x10 and -4.10x107, respectively. This sensitivity is seemingly related to the
hydrophobicity of the molecule. Indeed, the hydrophobicity constant values (LogK,, at
25°C), i.e. 0.76, 0.73, 2.25 and 2.83, for isobutanol, ethyl acetate, isoamyl acetate and ethyl
hexanoate, respectively (SRC Interactive PhysProp database, Syracuse), are in the same order
as F2.

The values of F3 representing the sensitivity of k; to the temperature, were compared to
previously reported AHy,, values [12]. The AHyqa, was 39, 39.4, 67.5 and 71.4 kJ/mol for ethyl
acetate, isoamyl acetate, ethyl hexanoate and isobutanol, respectively. Although the values
are in the same order of magnitude as our F3 values, there are differences of about 20% for
1soamyl acetate, ethyl hexanoate and isobutanol. These differences between F3 and AH,,,
may be a consequence of the differences in the matrix used, as the F3 values were identified
using the natural must whereas AH,,, were calculated using a synthetic medium which
contained only sugar and weak acids to simulate the must at the start of the fermentation. The
difference between F3 and AH,,, for ethyl acetate is higher than 40%, and this might be due

to an atypical behaviour of this compound. Indeed, temperature had little influence on the

13
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value of k; of ethyl acetate and therefore, it is difficult to determine precisely the values of F3
and F4.

A sensitivity analysis of the model was conducted to assess the effect and the relative
importance of the model parameters. Average conditions (T=25°C and ethanol concentration
E=45g/L) were selected and each parameter (F1-F4) was arbitrarily increased by 30%. As
expected, parameter F1 (directly related to the partition value) had the higher sensitivity,
comprised between 64% for ethyl hexanoate and 92% for isobutanol. Its knowledge is thus
the most important for accurately predicting ki. The second most important parameter
(between 10 and 16% sensitivity) was F3, confirming the usually reported fact that
temperature has a significant effect on volatility. The effect of the medium composition
expressed via F2 was similar (between 4% for ethyl acetate and 17% for ethyl hexanoate).
Finally, parameter F4 was found to have some effect only for ethyl acetate (4%), and less than
1% for the other compounds studied; this is consistent with the model identification results
indicating that a significantly different from zero value of F4 could only be determined for

ethyl acetate.

3.3. Model validation

After parameter identification, the variation of k; as a function of ethanol concentration and
temperature, according to equation 4, was plotted. Fig. 3 shows the plot for fermentations
used for parameter identification and Fig. 4 that for independent fermentations: (1) isothermal
fermentation at 20°C (IF-20-B) and (i1) anisothermal fermentation between 20 and 30°C (AF-
20-30).

The mean relative error between model prediction values and the measured values was

calculated as follows:

14
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kmeasured __ [-predicted
gLyl P 1 100% (Equation 5)
- n kmeasured 0 q
i

Where n is the number of k; measurements used for model validation. Table 3 indicates
that (i) the average differences between the experimental and the calculated values were less
than 10% for isoamyl acetate, ethyl hexanoate and isobutanol and (i1) the precision of the k;
estimations was comparable for data from experiments not used for parameter identification.
These results demonstrate the value of the model to predict k; with a good accuracy for these
3 compounds. The prediction was much less satisfactory for ethyl acetate with differences up
to 33%, due to an atypical behaviour of this compound.

One of the main reasons why predicting k; is valuable is that it allows calculation of the
concentrations of volatiles in the gas phase from measurements in the liquid, and the reverse.
It is therefore possible to calculate the global production by adding the volatile concentration
in the liquid to the amount lost in the gas phase (Equation 6):

t,
'ng“S(t) x O(t) x dt
Losses = ! x 100% (Equation 6)

CH (1) + | € (1) x O(1) x di

Where t is the current time (h), tenq is the final time (h), C%°(t) is the concentration of

volatile compound in the gas phase at time ¢ expressed in mg/L of CO,, Q(t) is the CO,

specific flow rate at time t expressed in (L of COy/L of must)h and C™ is the total
concentration of the volatile compound in the must at the end of the fermentation (mg/L of
must).

The relative amount of volatiles lost, i.e the ratio of losses to total production, is of
particular technological interest. Table 4 compares measured (using concentrations in the gas)
and predicted (using k; values and concentrations in the liquid) loss values. The predicted

losses were very close to the values measured, illustrating the accuracy of the model. The
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amounts of lost volatile in the gas phase varied with the volatility of the compounds: it was

negligible in the case of isobutanol but was 70% for ethyl hexanoate at 30°C.

4. Conclusion

The gas-liquid partitioning of the main aroma compounds produced during winemaking
fermentations, namely isobutanol, isoamyl acetate, ethyl hexanoate and to a lesser extent ethyl
acetate, was accurately predicted by the model. The model, based on the effects of changes to
the matrix and temperature during fermentation, allowed estimation of the partition
coefficient (k;) with less than 10% error, except for ethyl acetate. The benefits of predicting k;
include allowing the calculation of the total production of the volatile compounds from a
single measure (concentration in the gas or in the liquid phase). This is particularly
advantageous in the case of on-line monitoring of the main aroma compounds in the gas, as
described by Mouret et al. [2]. The ability to calculate the total production and to differentiate
between the amounts remaining in the liquid and those lost in the CO, are major issues for
improving our understanding of yeast metabolism and optimising fermentation control. From
a microbiological point of view, the total amount produced needs to be considered whereas,
from a technological point of view, the concentration remaining in the wine is more
important. For some molecules, such as isobutanol, the losses in the gas are negligible but for
more volatile compounds, in particular esters, such losses can represent a very significant
proportion of the total production. Minimising these losses, by optimizing the fermentation
control, particularly the temperature profile, is a significant challenge. The objective is to find
the best compromise between fermentation kinetics and aroma production. The development

of metabolic models predicting the synthesis of aroma compounds [20], in combination with
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the model of gas-liquid partitioning and with a kinetic model [21] represents a complex but

very promising prospect.
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Figure captions

Fig 1-1. Evolution of the CO, production rate as a function of ethanol concentration, for a
standard fermentation IF-20-B (...), and for constant rate fermentations at CO, production
rates of 0.3 g/L.h CRF-0.3 (+) and 0.6 g/L.h CRF-0.6 (— —) and assimilable nitrogen
concentration added to control the CO, production rate (—). Initial assimilable nitrogen
concentrations in the musts: 240, 40 and 120 mg/L. Temperature: 20°C.

Fig 2. Changes in gas-liquid ratio (kj) as a function of ethanol concentration for isoamyl
acetate (A) and isobutanol (B); standard fermentation IF-20-A (x), constant rate fermentation
at 0.3 g/L.Lh CRF-0.3 (O) and constant rate fermentation at 0.6 g/L.h CRF-0.6 (A).
Comparison with k; measured in static conditions by the PRV method (0). Temperature:
20°C.

Fig 3. Comparison of predicted and measured k; for isoamyl acetate (B) and isobutanol (C) in
fermentations run at different fermentation temperatures (A) for model identification. (B) and
(C) show predicted (...) and measured ([7]) k; during an isothermal fermentation at 20°C (IF-
20-A); predicted (——), measured (o) k; during an anisothermal fermentation run between 15-
30°C (AF-15-30); predicted (——), measured (x) k; during an isothermal fermentation at
30°C (IF-30).

Fig 4. Comparison of predicted and measured values for k; for isoamyl acetate (B) and
isobutanol (C) in fermentations run at different fermentation temperatures (A) for model
validation. (B) and (C) show predicted (...) and measured ((J) k; during an isothermal
fermentation at 20°C (IF-20-B); predicted (———), measured (e) k; during an anisothermal
fermentation run between 20-30°C (AF-20-30). The (A) graph shows temperature profiles for

the two fermentation runs [F-20-B and AF-20-30.
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Tablel

1 Table 1. Experimental conditions of the fermentation trials, used for model identification and

2  for model validation.

Fermentations Initial assimilable Regulated Identification / validation

nitrogen (mg/L) temperature (°C)

Constant rate fermentations (CRF)*
1) CRF-0.3 40 20
2) CRF-0.6 120 20

Isothermal fermentations (IF)"

3) IF-20-A 140 20 Model identification
4) IF-20-B 240 20 Model validation
5) IF-30 240 30 Model identification

Anisothermal fermentations (AF)°
6) AF-15-30 140 15 to 30 Model identification

7) AF-20-30 140 20 to 30 Model validation

3 “The rate of CO, production was kept constant at 0.3 and 0.6 g/L.h by addition of ammoniacal
4 nitrogen
5  "The temperature during fermentation was regulated at the indicated constant values

6  “The fermentation temperature was increased by 0.2°C per g/L of CO, produced



Table2

Table 2. Numerical values for the

with their standard error.

model parameters identified from Equation 4 and given

Parameter Ethyl acetate Isoamyl acetate Ethyl hexanoate Isobutanol
F1(-) -6.11+0.07 -3.98 +0.03 -3.09 £ 0.31 -8.45+0.03

F2 (g/L) 2.9x107° + 1.2x10° 29.6x107+0.5x10°  -1.39x107% + 0.06x107 -4.1x107 +0.5x107
F3 (kJ/mol’ 71£9 49+ 4 55+4 53+4

F4 (kI mol/g.L)  -4.4x10" +1.5x10™

-1.7x107 + 59x107* 8.6x107 + 6.1x107%* 6.4x107 + 60x107*

* A standard error leading to the value zero being included in the 95% confidence interval

means that the parameter is not significantly different from zero.



Table3

1 Table 3. Mean relative errors (%) between predicted and measured k; calculated according to

2 equation 5, with n: number of k; measurements per fermentation.

Fermentations Ethylacetate Isoamylacetate Ethyl hexanoate Isobutanol

% n % n % n % n

Fermentations used for model identification

Anisothermal 15-30°C 12.8 16 4.13 16 4.1 16 3.28 16
Isothermal at 20°C 13.5 14 5.15 14 6.5 14 6.23 14
Isothermal at 30°C 14.5 11 3.47 10 7.0 12 4.63 12
Mean 13.5 4.25 5.7 4.65

Independent fermentations used for model validation only

Anisothermal 20-30°C 17.2 11 9.07 11 6.6 11 7.94 11
Isothermal at 20°C 32.8 10 5.77 10 4.2 10 4.92 10
Mean 24.7 7.42 54 6.50




Table4d

1  Table 4. Volatile compound losses (%). Comparison of predicted* (pred.) and measured**

2  (meas.) values for losses, in %.

Experiments Ethyl acetate Isoamyl acetate Ethyl hexanoate Isobutanol
pred. meas. pred. meas. pred. meas. pred. meas.
Anisothermal 15-30°C 7.48 6.87 333 33.7 54.2 54.3 0.66 0.65
Isothermal at 20°C 5.86 6.02 25.2 25.6 44.6 44.4 0.55 0.54
Isothermal at 30°C 13.6 13.0 44.1 42.2 70.9 71.0 1.33 1.33
Anisothermal 20-30°C 10.5 12.5 45.0 46.7 66.3 64.7 0.93 1.01
Isothermal at 20°C 5.59 8.73 27.1 26.2 46.2 453 0.63 0.63

3  *Predicted losses were calculated from k; values and concentrations of the volatiles in the
4 liquid.

5 **Measured losses were calculated from concentrations of the volatiles in the gas.
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Fig 2.
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Figure3

Fig 3
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Figure4d

Fig 4.
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