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The primary aim of this work was to model the two serially arranged bioreactors process for
wine vinegar production. This required careful development of an experimental design involving the
experiments of Section 3.1 (specifically, those in Tables 2—4). The results provided by the 18 randomly
conducted experiments encompassed by the fractional factorial design with central points are
described below.

Table S2.1. Operating conditions used in each experiment of the proposed design.

Exp. no. Vit E.q E;, T, Ep T,
1 4.25 2.0 4.0 28 2.5 28
2 5.75 2.0 4.0 32 2.5 32
3 4.25 4.0 4.0 32 2.5 32
4 5.75 4.0 4.0 28 2.5 28
5 4.25 2.0 6.0 32 2.5 28
6 5.75 2.0 6.0 28 2.5 32
7 4.25 4.0 6.0 28 2.5 32
8 5.75 4.0 6.0 32 2.5 28
9 4.25 2.0 4.0 28 4.5 32

10 5.75 2.0 4.0 32 4.5 28
11 4.25 4.0 4.0 32 4.5 28
12 5.75 4.0 4.0 28 4.5 32
13 4.25 2.0 6.0 32 4.5 32
14 5.75 2.0 6.0 28 4.5 28
15 4.25 4.0 6.0 28 4.5 28
16 5.75 4.0 6.0 32 4.5 32
17 5.00 3.0 5.0 30 3.5 30
18 5.00 3.0 5.0 30 3.5 30

S2.1. Results of Experiment 1

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 4.25 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
e Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).
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e Temperature in the first bioreactor: 28 °C.
e Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).
e Temperature in the second bioreactor: 28 °C.

Figures S2.1 and S2.2 show the variation of the ethanol concentration, acidity, volume, and total
and viable cells, in the first and second bioreactor, respectively. All values shown are the means of
five replications with their standard deviations.
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Figure S2.1. Time course of the ethanol concentration, acidity and volume of medium in the first
bioreactor in Experiment 1.
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Figure 52.2. Time course of the ethanol concentration, acidity and volume of medium in the
second bioreactor in Experiment 1.

The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.2 shows the values for Experiment 1.
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Table S2.2. Experimental results obtained in Experiment 1.
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Variable Value
Total cycle duration (h) 39.7+0.8
Duration of the fast loading stage in the first

. 09+0.1
bioreactor (h)
D_uratlon of the slow loading stage in the first 283+ 0.6
bioreactor (h)
Duratlon of the depletion stage in the first 105410
bioreactor (h)
Duration of the fast loading stage in the second

. 0.2£0.1
bioreactor (h)
Duratlon of the slow loading stage in the second 394412
bioreactor (h)
T'1me fraction of the fast loadm‘,c.;,y stage in the first 0.023 + 0.003
bioreactor over the cycle duration
"ljlme .fractlon of the slow loading .stage in the 0713 £ 0.021
first bioreactor over the cycle duration
Ti . . . .

ime fraction of the depletlon.stage in the first 0.264 + 0.026
bioreactor over the cycle duration
Time fra.ctlon of the fast loading stage in the 0.006 + 0.001
second bioreactor over the cycle duration
Time fracti f the slow loadi tage in th

ime fraction of the slow loading stage in the ) 5o, ;5
second bioreactor over the cycle duration
I\./Iean.volume in the fast loading stage in the 421 +0.05
first bioreactor (L)
Mean.volume in the slow loading stage in the 6.35 + 0.05
first bioreactor (L)
Mean volume in the depletion stage in the first .02+ 0.05
bioreactor (L)
Mean volume in the first bioreactor (L) 6.74 £0.25
Mean Vo.lume in the fast loading stage in the 438+ 0.05
second bioreactor (L)
Mean Vollume in the slow loading stage in the 5.86 + 0.05
second bioreactor (L)
Mean volume in the second bioreactor (L) 5.85+0.25
M 11 vol duri le in the t

fean overall volume during a cycle in the two ) o5 ) 35
bioreactors as a whole (L)
Volume of fermentation medium unloaded 794 0.05
from the second reactor (L)
Final ethanol concentration at the time the 23402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first

. 3.7+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second

. 39£0.1
bioreactor (% v/v)
Final acetic acid concentration at the time the 94402
first bioreactor was unloaded (% w/v) o
Final acetic acid concentration at the time the 92402
second bioreactor was unloaded (% w/v) o
Mean acetic acid concentration in the first 78401

bioreactor (% w/v)
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Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-')

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h')

76101

0.15+0.01

0.11£0.01

0.13+£0.01

10.1£0.3

6.6+0.5

16.7£0.5

52.2. Results of Experiment 2

The operating conditions used in this experiment were as follows:

¢ Volume unloaded from the first bioreactor: 5.75 L.

o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).

o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).

e Temperature in the first bioreactor: 32 °C.

o Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

o Temperature in the second bioreactor: 32 °C.

Figures S2.3 and 52.4 show the variation of the ethanol concentration, acidity, volume, and total
and viable cells, in the first and second bioreactor, respectively. All values shown are the means of

eight replications with their standard deviations.
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Figure S2.3. Time course of the ethanol concentration, acidity and volume of medium in the first

bioreactor in Experiment 2.
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Figure 52.4. Time course of the ethanol concentration, acidity and volume of medium in the
second bioreactor in Experiment 2.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.3 shows the values for Experiment 2.
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Table §2.3. Experimental results obtained in Experiment 2.
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Variable Value
Total cycle duration (h) 48.0£0.9
Duration of the fast loading stage in the first
- 0.5£0.1
bioreactor (h)
Duratlon of the slow loading stage in the first 434408
bioreactor (h)
Duration of the depletion stage in the first
. 41+12
bioreactor (h)
Duration of the fast loading stage in the second
. 03+0.1
bioreactor (h)
D'ura’aon of the slow loading stage in the second 33.8 404
bioreactor (h)
D.uratlon of the depletion stage in the second 138407
bioreactor (h)
T'1me fraction of the fast loadm‘,c.;,y stage in the first 0.010 + 0.001
bioreactor over the cycle duration
Tlme .fractlon of the slow loading -stage in the 0.905 + 0.024
first bioreactor over the cycle duration
Ti fracti f the depleti t in the first
ime fraction of the depletion stage in the first ) o
bioreactor over the cycle duration
Time fra.ctlon of the fast loading stage in the 0.006 + 0.001
second bioreactor over the cycle duration
Time fra.ctlon of the slow loading sta'ge in the 0.706 £ 0.016
second bioreactor over the cycle duration
Time fra.ctlon of the depletion stage in the 0.288 + 0.016
second bioreactor over the cycle duration
Mean.volume in the fast loading stage in the 255 4 0.05
first bioreactor (L)
Mean.volume in the slow loading stage in the 5434005
first bioreactor (L)
Mean volume in the depletion stage in the first 8.01 + 0.05
bioreactor (L)
Mean volume in the first bioreactor (L) 5.61 £0.24
Mean Vo.lume in the fast loading stage in the 503+ 005
second bioreactor (L)
Mean Vollume in the slow loading stage in the 7,06 + 0.05
second bioreactor (L)
M 1 in the depleti t in th
ean volume in the depletion stage in the oo, 0z
second bioreactor (L)
Mean volume in the second bioreactor (L) 7.32+0.17
Mean overall volume during a cycle in the two 12.94 4 0.29
bioreactors as a whole (L)
Volume of fermentation medium unloaded 8,00+ 0.05
from the second reactor (L)
Final ethanol concentration at the time the 19402
second bioreactor was unloaded (% v/v) T
Mean ethanol concentration in the first
. 3.8+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second
23+0.1

bioreactor (% v/v)
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Final acetic acid concentration at the time the
first bioreactor was unloaded (% w/v)

Final acetic acid concentration at the time the
second bioreactor was unloaded (% w/v)

Mean acetic acid concentration in the first
bioreactor (% w/v)

Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-1)

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h)

Total acetic acid production in the second
bioreactor (g acetic acid-h-1)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h-!)

9.5+0.2

10.3+£0.2

77x0.1

92+0.1

0.20+£0.01

0.08 £0.01

0.13£0.01

11.4+0.3

58+04

172+0.5

$2.3. Results of Experiment 3

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 4.25 L.
e Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).

e Temperature in the first bioreactor: 32 °C.

e Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

e Temperature in the second bioreactor: 32 °C.

Figures S2.5 and S2.6 show the variation of the ethanol concentration, acidity, volume, and total

and viable cells, in the first and second bioreactor, respectively. All values shown are the means of

ten replications with their standard deviations.
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Figure S2.5. Time course of the ethanol concentration, acidity and volume of medium in the first
bioreactor in Experiment 3.
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Figure S2.6. Time course of the ethanol concentration, acidity and volume of medium in the
second bioreactor in Experiment 3.

The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table S2.4 shows the values for Experiment 3.
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Table S2.4. Experimental results obtained in Experiment 3.
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Variable Value
Total cycle duration (h) 20.8+0.5
Durati f the slow loadi in the fi
.ura ion of the slow loading stage in the first 208405
bioreactor (h)
Duration of the previous depletion stage in the
. 79+02
second bioreactor (h)
Duratlon of the slow loading stage in the second 129404
bioreactor (h)
"ljlme .fractlon of the slow loading .stage in the 1.0+ 0.034
first bioreactor over the cycle duration
Time fracti f th i depletion stage i
ime frac 101.1 of the previous depletion s r?\ge a7 40012
the second bioreactor over the cycle duration
Time fra.ctlon of the slow loading sta'ge in the 0.621 + 0.025
second bioreactor over the cycle duration
Mean.volume in the slow loading stage in the 589+ 005
first bioreactor (L)
Mean volume in the first bioreactor (L) 5.89 £0.34
Mean Volum.e in the previous depletion stage in 425 4 0.05
the second bioreactor (L)
M | in the slow loadi t in th
ean vo.ume in the slow loading stage in the ., =
second bioreactor (L)
Mean volume in the second bioreactor (L) 4.30£0.12
Mean overall volume during a cycle in the two 10.19 + 0.36
bioreactors as a whole (L)
Vol f f tati di loaded
olume of fermentation medium unloaded , o oo
from the second reactor (L)
Final ethanol concentration at the time the 23402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first
. 40+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second
. 29+0.2
bioreactor (% v/v)
Final acetic acid concentration at the time the 75402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 92402
second bioreactor was unloaded (% w/v) T
Mean acetic acid concentration in the first
. 75%0.1
bioreactor (% w/v)
Mean acetic acid concentration in the second
: 8.6£0.2
bioreactor (% w/v)
Mean rate of acetic acid formation in the first 0.26 + 0.02
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 010+ 0.01
bioreactor (% w/v -h1)
Mean overall rate of acetic acid formation in the
. 0.19+0.01
two bioreactors as a whole (% w/v -h-1)
T . . . . .
F)tal acetic ac1'd Productlon in the first 153+ 0.6
bioreactor (g acetic acid-h1)
Total acetic acid production in the second 42406

bioreactor (g acetic acid-h)
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Total acetic acid production in the two

19.5+£0.6
bioreactors as a whole (g acetic acid-h')

52.4. Results of Experiment 4

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).
o Temperature in the first bioreactor: 28 °C.
e Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).
e Temperature in the second bioreactor: 28 °C.

Figures S2.7 and S2.8 show the variation of the ethanol concentration, acidity, volume, and total
and viable cells, in the first and second bioreactor, respectively. All values shown are the means of
six replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table S2.5 shows the values for Experiment 4.
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Table §2.5. Experimental results obtained in Experiment 4.
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Variable Value
Total cycle duration (h) 46.8+1.2
D.uratlon of the slow loading stage in the first 168412
bioreactor (h)
Duration of the previous depletion stage in the
. 10.2+£0.1
second bioreactor (h)
Duratlon of the slow loading stage in the second 201+ 04
bioreactor (h)
Duratlon of the depletion stage in the second 148408
bioreactor (h)
Duration of the starving stage in the second
. 1.6+1.1
bioreactor (h)
"ljlme .fractlon of the slow loading .stage in the 1,000 + 0.036
first bioreactor over the cycle duration
Time fracti f th ious depletion stage i
ime fraction of the previous depletion stage in 5 () 104
the second bioreactor over the cycle duration
Time fraf:tlon of the slow loading sta.ge in the 0431 + 0.012
second bioreactor over the cycle duration
Ti fracti f the depleti t in th
ime fraction of the depletion stage in the ., - 00
second bioreactor over the cycle duration
T-une fraction of the starving stége in the second 0.034 + 0.023
bioreactor over the cycle duration
Mean.volume in the slow loading stage in the 513 4 0.05
first bioreactor (L)
Mean volume in the first bioreactor (L) 5.13+£0.19
Mean Volum.e in the previous depletion stage in 5.75 + 0.05
the second bioreactor (L)
Mean Vo.lume in the slow loading stage in the 6.88 + 0.05
second bioreactor (L)
1 in the depleti t in th
Mean VO. ume in the depletion stage in the o 0. o
second bioreactor (L)
M 1 in the starving stage in th d
fean volume in the starving stage in the second o ), =
bioreactor (L)
Mean volume in the second bioreactor (L) 7.02+0.25
Mean overall volume during a cycle in the two 1215+ 031
bioreactors as a whole (L)
Vol f f tati di loaded
olume of fermentation medium unloaded ... o5
from the second reactor (L)
Final ethanol concentration at the time the 00402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first
. 40+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second
. 22402
bioreactor (% v/v)
Final acetic acid concentration at the time the 75402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 115402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first
75+0.1

bioreactor (% w/v)
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Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-')

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h')

9.3+0.2

0.18£0.01

0.15+0.01

0.16 £0.01

92+0.3

10.5+£0.5

19.7£0.6

52.5. Results of Experiment 5

The operating conditions used in this experiment were as follows:

Temperature in the first bioreactor: 32 °C.

Temperature in the second bioreactor: 28 °C.

Volume unloaded from the first bioreactor: 4.25 L.
Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).

Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

Figures 52.9 and 52.10 show the variation of the ethanol concentration, acidity, volume, and total
and viable cells, in the first and second bioreactor, respectively. All values shown are the means of

seven replications with their standard deviations
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.6 shows the values for Experiment 5.
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Table §2.6. Experimental results obtained in Experiment 5.

15 of 49

Variable Value
Total cycle duration (h) 285+ 0.7
Duration of the slow loading stage in the first
. 2.6+0.1
bioreactor (h)
Duration of the slow loading stage in the first
. 81+0.3
bioreactor (h)
Duratlon of the depletion stage in the first 178408
bioreactor (h)
Duration of the fast loading stage in the second
. 02£0.1
bioreactor (h)
D'ura’aon of the slow loading stage in the second 282 +07
bioreactor (h)
T.1me fraction of the fast loadmg stage in the first 0.091 + 0.004
bioreactor over the cycle duration
Time fracti f the slow loadi t in th
ime fraction of the slow loading stage in the ) o, (1.4
first bioreactor over the cycle duration
Time fracti f th leti in the fi
-1me raction of the dep etlon.stage in the first 0.625 + 0.031
bioreactor over the cycle duration
Time fra.ctlon of the fast loading stage in the 0.007 + 0.004
second bioreactor over the cycle duration
Time fracti f the slow loadi in th
ime ra.ctlon of the slow loading sta.ge in the 0.993 + 0.035
second bioreactor over the cycle duration
Mean.volume in the fast loading stage in the 5334 0.05
first bioreactor (L)
Mean.volume in the slow loading stage in the 7 45+ 0.05
first bioreactor (L)
Mean volume in the depletion stage in the first 8.00 + 0.05
bioreactor (L)
Mean volume in the first bioreactor (L) 7.6+£0.27
1 in the fast loadi t in th
Mean volume in the fast loading stage in the o oz
second bioreactor (L)
Mean Vo.lume in the slow loading stage in the 615+ 0.10
second bioreactor (L)
Mean volume in the second bioreactor (L) 6.14+0.24
Mean overall volume during a cycle in the two 13.74 + 036
bioreactors as a whole (L)
Volume of fermentation medium unloaded 784 0.05
from the second reactor (L)
Final ethanol concentration at the time the 25400
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first 44404
bioreactor (% v/v)
Mean ethanol concentration in the second
. 25+0.1
bioreactor (% v/v)
Final acetic acid concentration at the time the 95402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 9.0+02
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first
71+£04

bioreactor (% w/v)
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Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-')

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h')

9.0+0.1

0.19£0.01

0.17£0.01

0.18£0.01

142+0.5

10.5+£0.7

24.6+0.8

52.6. Results of Experiment 6

The operating conditions used in this experiment were as follows:

e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).

e Temperature in the first bioreactor: 28 °C.

o Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

o Temperature in the second bioreactor: 32 °C.

Figures S2.11 and 52.12 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of seven replications with their standard deviations.
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Figure S2.11. Time course of the ethanol concentration, acidity and volume of medium in the
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second bioreactor in Experiment 6.

The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table S2.7 shows the values for Experiment 6.

Table S2.7. Experimental results obtained in Experiment 6.

Variable Value
Total cycle duration (h) 44.3+0.6
Duration of the fast loading stage in the first

. 1.5+0.1
bioreactor (h)
Durat1on of the slow loading stage in the first 182 404
bioreactor (h)
Quratlon of the depletion stage in the first 246407
bioreactor (h)
Duration of the fast loading stage in the second

. 0.2+0.1
bioreactor (h)
puratlon of the slow loading stage in the second 198404
bioreactor (h)
]?ura’aon of the depletion stage in the second 129407
bioreactor (h)
puratlon of the starving stage in the second 113408
bioreactor (h)
T.1me fraction of the fast loadmg stage in the first 0.034 + 0,002
bioreactor over the cycle duration
Tlme .fractlon of the slow loading 'stage in the 0411 + 0.011
first bioreactor over the cycle duration
T.lme fraction of the depletlon‘stage in the first 0.555 + 0.018
bioreactor over the cycle duration
Time fra.ctlon of the fast loading stage in the 0.005 + 0.002
second bioreactor over the cycle duration
Time fra'ct1on of the slow loading sta.ge in the 0.448 + 0.011
second bioreactor over the cycle duration
Time fraction of the depletion stage in the 0292 + 0.017

second bioreactor over the cycle duration
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Time fraction of the starving stage in the second
bioreactor over the cycle duration

Mean volume in the fast loading stage in the
first bioreactor (L)

Mean volume in the slow loading stage in the
first bioreactor (L)

Mean volume in the depletion stage in the first
bioreactor (L)

Mean volume in the first bioreactor (L)

Mean volume in the fast loading stage in the
second bioreactor (L)

Mean volume in the slow loading stage in the
second bioreactor (L)

Mean volume in the depletion stage in the
second bioreactor (L)

Mean volume in the starving stage in the second
bioreactor (L)

Mean volume in the second bioreactor (L)
Mean overall volume during a cycle in the two
bioreactors as a whole (L)

Volume of fermentation medium unloaded
from the second reactor (L)

Final ethanol concentration at the time the
second bioreactor was unloaded (% v/v)

Mean ethanol concentration in the first
bioreactor (% v/v)

Mean ethanol concentration in the second
bioreactor (% v/v)

Final acetic acid concentration at the time the
first bioreactor was unloaded (% w/v)

Final acetic acid concentration at the time the
second bioreactor was unloaded (% w/v)

Mean acetic acid concentration in the first
bioreactor (% w/v)

Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-1)

Mean rate of acetic acid formation in the second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h-1)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h-1)

0.256 £ 0.020

3.18 £0.05

6.05£0.05

8.00 £0.05
7.04+£0.16
5.87 £0.05

7.00£0.05

8.00 £ 0.05

8.00 £0.05
7.54 £0.22
14.58 +0.27

8.00 £0.05

0.0£0.2

47+0.3

1.9+0.2

9.5+0.2

11.5+£0.2

6.8+0.3

9.6+0.2

0.18 +£0.01

0.11+£0.01

0.14 £0.01

12.3+0.3

85+0.5

20.8+0.5

52.7. Results of Experiment 7

The operating conditions used in this experiment were as follows:
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e Volume unloaded from the first bioreactor: 4.25 L.

o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).

o Temperature in the first bioreactor: 28 °C.

o Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

o Temperature in the second bioreactor: 32 °C.

Figures S2.13 and 52.14 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of nine replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table S2.8 shows the values for Experiment 7.
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Variable Value
Total cycle duration (h) 22.8+0.7
Duration of the fast loading stage in the first
. 1.3+£0.1
bioreactor (h)
Durati f the sl loadi t in the first
uration of the slow loading stage in the first .,
bioreactor (h)
Durati f th leti in the fi
-ura’uon of the depletion stage in the first 82408
bioreactor (h)
Duration of the previous depletion stage in the
. 6.0+04
second bioreactor (h)
D'ura’aon of the slow loading stage in the second 16.7 + 0.7
bioreactor (h)
T.1me fraction of the fast loadmg stage in the first 0.057 + 0.005
bioreactor over the cycle duration
Ti . . .
ime .fractlon of the slow loading 'stage in the 0.583 + 0.023
first bioreactor over the cycle duration
T-1me fraction of the depletlon.stage in the first 0.360 + 0.035
bioreactor over the cycle duration
Ti fracti f the depleti t in th
ime fraction of the depletion stage in the ), g
second bioreactor over the cycle duration
Time fraf:tlon of the slow loading sta.ge in the 0.736 + 0.037
second bioreactor over the cycle duration
Mean.volume in the fast loading stage in the 453 4 0.05
first bioreactor (L)
Mean.volume in the slow loading stage in the 6.65+ 0.05
first bioreactor (L)
Mean volume in the depletion stage in the first 8.00 + 0.05
bioreactor (L)
Mean volume in the first bioreactor (L) 7.01+£0.32
Mean Volum.e in the previous depletion stage in 45+ 005
the second bioreactor (L)
Mean Vo.lume in the slow loading stage in the 4784 0.05
second bioreactor (L)
Mean volume in the second bioreactor (L) 4.64 £0.20
Mean overall volume during a cycle in the two 11.65 + 0.37
bioreactors as a whole (L)
Volume of fermentation medium unloaded 534005
from the second reactor (L)
Final ethanol concentration at the time the 25400
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first
. 55+0.2
bioreactor (% v/v)
Mean ethanol concentration in the second
. 27+0.1
bioreactor (% v/v)
Final acetic acid concentration at the time the 75402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 9.0+02
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first
6.0+0.2

bioreactor (% w/v)
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Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h-')

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h-1)

Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h')

8.8+0.1

0.20£0.01

0.15£0.01

0.18£0.01

14.0£0.6

7.0+0.6

209 £0.8

52.8. Results of Experiment 8

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).

e Temperature in the first bioreactor: 32 °C.

o Ethanol concentration during loading of the second bioreactor: 2.5 % (v/v).

o Temperature in the second bioreactor: 28 °C.

Figures S2.15 and 52.16 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of five replications with their standard deviations.
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Figure S$2.16. Time course of the ethanol concentration, acidity and volume of medium in the
second bioreactor in Experiment 8.

The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.9 shows the values for Experiment 8.
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Table §2.9. Experimental results obtained in Experiment 8.
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Variable Value
Total cycle duration (h) 385%05
Duration of the fast loading stage in the first

- 0.7+0.1
bioreactor (h)
Duratlon of the slow loading stage in the first 204403
bioreactor (h)
Duration of the depletion stage in the first 84406
bioreactor (h)
Duration of the previous depletion stage in the

. 55+0.2

second bioreactor (h)
D'ura’aon of the slow loading stage in the second 113404
bioreactor (h)
D.uratlon of the depletion stage in the second 152408
bioreactor (h)
Duration of the starving stage in the second

. 64+1.0
bioreactor (h)
T-1me fraction of the fast loadmg?y stage in the first 0.018 + 0.003
bioreactor over the cycle duration
"ljlme .fractlon of the slow loading .stage in the 0.764 + 0,013
first bioreactor over the cycle duration
T-1me fraction of the depletlon.stage in the first 0218 £ 0.015
bioreactor over the cycle duration
Time fractlor} of the previous depletion ste.ige N 014310006
the second bioreactor over the cycle duration
Time fra.ctlon of the slow loading sta.ge in the 0.294 + 0.013
second bioreactor over the cycle duration
Time fra.ctlon of the depletion stage in the 0.396 + 0.022
second bioreactor over the cycle duration
T‘1me fraction of the starving stége in the second 0167 + 0.026
bioreactor over the cycle duration
Mean.volume in the fast loading stage in the 268 4 0.05
first bioreactor (L)
Mean.volume in the slow loading stage in the 5,55+ 0.05
first bioreactor (L)
Mean volume in the depletion stage in the first 8.00 + 0.05
bioreactor (L)
Mean volume in the first bioreactor (L) 6.03+£0.14
Mean Volum.e in the previous depletion stage in 575+ 0.05
the second bioreactor (L)
Mean Vollume in the slow loading stage in the 6.88 + 0.05
second bioreactor (L)
Mean Vc.)lume in the depletion stage in the 8.00+ 0.05
second bioreactor (L)
Mean volume in the starving stage in the second 8.00+ 0.05
bioreactor (L)
Mean volume in the second bioreactor (L) 7.35+£0.29
Mean overall volume during a cycle in the two 13.38 + 0.32
bioreactors as a whole (L)
Volume of fermentation medium unloaded 8.00 + 0.05

from the second reactor (L)
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Final ethanol concentration at the time the

. 0.0+£0.2
second bioreactor was unloaded (% v/v)
Mean ethanol concentration in the first
. 5.6+0.2
bioreactor (% v/v)
Mean ethanol concentration in the second
. 21402
bioreactor (% v/v)
Final acetic acid concentration at the time the
. . 75+0.2
first bioreactor was unloaded (% w/v)
Final acetic acid concentration at the time the 115402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first
. 59+0.2
bioreactor (% w/v)
Mean acetic acid concentration in the second
. 9.4+0.2
bioreactor (% w/v)
Mean rate of acetic acid formation in the first 0.19 £ 0.01
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 017+ 0.01
bioreactor (% w/v -h-1)
Mean overall rate of acetic acid formation in the
. 0.18 +0.01
two bioreactors as a whole (% w/v -h-1)
TF)taI acetic ac1.d Productlon in the first 112403
bioreactor (g acetic acid-h)
Total ) . . n th
F)ta acetic ac1c.1 pr.oductlon in the second 127406
bioreactor (g acetic acid-h")
Total acetic acid production in the two 23.94 05

bioreactors as a whole (g acetic acid-h')

52.9. Results of Experiment 9

The operating conditions used in this experiment were as follows:
¢ Volume unloaded from the first bioreactor: 4.25 L.
e Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
¢ Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).
o Temperature in the first bioreactor: 28 °C.
o Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
¢ Temperature in the second bioreactor: 32 °C.

Figures 52.17 and S2.18 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of thirteen replications with their standard deviations.
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Figure 52.17. Time course of the ethanol concentration, acidity and volume of medium in the

first bioreactor in Experiment 9.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.10 shows the values for Experiment 9.

Table S2.10. Experimental results obtained in Experiment 9.

Variable Value
Total cycle duration (h) 39.7+0.9
Duration of the fast loading stage in the first

. 1.0+£0.1
bioreactor (h)
D.uratlon of the slow loading stage in the first 8.5+ 0.7
bioreactor (h)
Duration of the depletion stage in the first 102411

bioreactor (h)
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Duration of the fast loading stage in the second
bioreactor (h)

Duration of the slow loading stage in the second
bioreactor (h)

Duration of the depletion stage in the second
bioreactor (h)

Time fraction of the fast loading stage in the first
bioreactor over the cycle duration

Time fraction of the slow loading stage in the
first bioreactor over the cycle duration

Time fraction of the depletion stage in the first
bioreactor over the cycle duration

Time fraction of the fast loading stage in the
second bioreactor over the cycle duration

Time fraction of the slow loading stage in the
second bioreactor over the cycle duration

Time fraction of the depletion stage in the
second bioreactor over the cycle duration

Mean volume in the fast loading stage in the
first bioreactor (L)

Mean volume in the slow loading stage in the
first bioreactor (L)

Mean volume in the depletion stage in the first
bioreactor (L)

Mean volume in the first bioreactor (L)

Mean volume in the fast loading stage in the
second bioreactor (L)

Mean volume in the slow loading stage in the
second bioreactor (L)

Mean volume in the depletion stage in the
second bioreactor (L)

Mean volume in the second bioreactor (L)
Mean overall volume during a cycle in the two
bioreactors as a whole (L)

Volume of fermentation medium unloaded
from the second reactor (L)

Final ethanol concentration at the time the
second bioreactor was unloaded (% v/v)

Mean ethanol concentration in the first
bioreactor (% v/v)

Mean ethanol concentration in the second
bioreactor (% v/v)

Final acetic acid concentration at the time the
first bioreactor was unloaded (% w/v)

Final acetic acid concentration at the time the
second bioreactor was unloaded (% w/v)

Mean acetic acid concentration in the first
bioreactor (% w/v)

Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h1)

1.4+0.1

249+0.3

13.3+0.7

0.025 £+ 0.003

0.718 £ 0.024

0.257 £ 0.029

0.034 = 0.003

0.630 £ 0.013

0.336 £ 0.018

4.33 £0.05

6.46 £ 0.05

8.02+0.05
6.81 £ 0.28
5.06 £ 0.05

6.93 +0.05

798 £0.05
722+0.17
14.02 £ 0.33

798 £0.05

1.5+£0.2

3.6+0.1

23+0.1

9.6+0.2

10.0+£0.2

79101

92+0.1

0.15+0.01
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Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in the
two bioreactors as a whole (% w/v -h1)

Total acetic acid production in the first
bioreactor (g acetic acid-h)

Total acetic acid production in the second
bioreactor (g acetic acid-h-1)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h')

0.14 £ 0.01

0.14 £0.01

10.3+£0.3

99105

20.1£0.6

$2.10. Results of Experiment 10

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).

¢ Temperature in the first bioreactor: 32 °C.

e  Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).

o Temperature in the second bioreactor: 28 °C.

Figures S2.19 and 52.20 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of five replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.11 shows the values for Experiment 10.

Table S2.11. Experimental results obtained in Experiment 10
Variable Value
Total cycle duration (h) 473 +£0.6
Duration of the fast loading stage in the first

5+0.1
bioreactor (h) 05£0
puratlon of the slow loading stage in the first 35.0 404
bioreactor (h)
puratlon of the depletion stage in the first 118407
bioreactor (h)
Duration of the fast loading stage in the
. 1.9£0.1
second bioreactor (h)
Duration of the slow loading stage in the
. 7004
second bioreactor (h)
Duration of the depletion stage in the second 8.4+ 0.8
bioreactor (h)
"ljlme fractlon of the fast loading ste.ige in the 0.011 £ 0.002
first bioreactor over the cycle duration
Time fraction of the slow loading stage in th
ime fraction of the slow loading stage inthe /) 13
tirst bioreactor over the cycle duration
"Ijnne .fractlon of the depletion stage in the 0.250 £ 0.016
first bioreactor over the cycle duration
Time fra§t10n of the fast loading stage. in the 0.039 + 0,001
second bioreactor over the cycle duration
Time frac.t1on of the slow loading staget in the 0.148 + 0.009
second bioreactor over the cycle duration
i . . .
ime fra.ctlon of the depletion stage in the 0.813 + 0.021
second bioreactor over the cycle duration
Mean volume in the fast loading stage in the 255+ 0.05

first bioreactor (L)
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Mean volume in the slow loading stage in the
first bioreactor (L)
Mean volume in the depletion stage in the
first bioreactor (L)
Mean volume in the first bioreactor (L) 6.04+0.14
Mean volume in the fast loading stage in the

5.43 £0.05

8.00 £0.05

6.68 + 0.05
second bioreactor (L)
Mean Vol'ume in the slow loading stage in the 780 +0.05
second bioreactor (L)
Mean volume in the depletion stage in the 8.00 + 0.05

second bioreactor (L)
Mean volume in the second bioreactor (L) 7.92+£0.18
Mean overall volume during a cycle in the

13.96 £ 0.23

two bioreactors as a whole (L)
Volume of fermentation medium unloaded 8.00 + 0.05
from the second reactor (L)
Final ethanol concentration at the time the 00402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first

. 3.7+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second

] 26+0.3
bioreactor (% v/v)
Final acetic acid concentration at the time the 95402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 116402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first

. 7.8+0.1
bioreactor (% w/v)
Mean acetic acid concentration in the second

. 89103
bioreactor (% w/v)
M te of acetic acid f tion in the first

.eanra e of acetic acid formation in the first .o
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 0.10 + 0.01
bioreactor (% w/v -h-1)
Mean overall rate of acetic acid formation in 014 + 0.01
the two bioreactors as a whole (% w/v -h-1) T
Total . . . N the fi

.ota acetic aC1c.1 pr.oductlon in the first 115403
bioreactor (g acetic acid-h)
Total acetic acid production in the second

. L 81+04
bioreactor (g acetic acid-h)
Total acetic acid production in the two 196+ 04

bioreactors as a whole (g acetic acid-h-')

$2.11. Results of Experiment 11

The operating conditions used in this experiment were as follows:
¢ Volume unloaded from the first bioreactor: 4.25 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).
e Temperature in the first bioreactor: 32 °C.
o Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
o Temperature in the second bioreactor: 28 °C.
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Figures S2.21 and S2.22 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of thirteen replications with their standard deviations.
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Figure $2.21. Time course of the ethanol concentration, acidity and volume of medium in the
first bioreactor in Experiment 11.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.12 shows the values for Experiment 11.

Table S2.12. Experimental results obtained in Experiment 11
Variable Value
Total cycle duration (h) 20.1£0.6
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Duration of the slow loading stage in the first
bioreactor (h)

Duration of the fast loading stage in the
second bioreactor (h)

Duration of the slow loading stage in the
second bioreactor (h)

Time fraction of the slow loading stage in the
tirst bioreactor over the cycle duration

Time fraction of the fast loading stage in the
second bioreactor over the cycle duration
Time fraction of the slow loading stage in the
second bioreactor over the cycle duration
Mean volume in the slow loading stage in the
first bioreactor (L)

Mean volume in the first bioreactor (L)
Mean volume in the fast loading stage in the
second bioreactor (L)

Mean volume in the slow loading stage in the
second bioreactor (L)

Mean volume in the second bioreactor (L)
Mean overall volume during a cycle in the
two bioreactors as a whole (L)

Volume of fermentation medium unloaded
from the second reactor (L)

Final ethanol concentration at the time the
second bioreactor was unloaded (% v/v)
Mean ethanol concentration in the first
bioreactor (% v/v)

Mean ethanol concentration in the second
bioreactor (% v/v)

Final acetic acid concentration at the time the
first bioreactor was unloaded (% w/v)

Final acetic acid concentration at the time the
second bioreactor was unloaded (% w/v)
Mean acetic acid concentration in the first
bioreactor (% w/v)

Mean acetic acid concentration in the second
bioreactor (% w/v)

Mean rate of acetic acid formation in the first
bioreactor (% w/v -h1)

Mean rate of acetic acid formation in second
bioreactor (% w/v -h1)

Mean overall rate of acetic acid formation in
the two bioreactors as a whole (% w/v -h-)
Total acetic acid production in the first
bioreactor (g acetic acid-h")

Total acetic acid production in the second
bioreactor (g acetic acid-h)

Total acetic acid production in the two
bioreactors as a whole (g acetic acid-h")

20.1+£0.6

03+0.1

19.8+£0.6

1.0 £ 0.042

0.013 £ 0.005

0.998 + 0.042

5.89 £ 0.05
5.89 +0.42
4.4 +0.05

5.78 £ 0.05
5.76 £0.25
11.65+£0.49

7.00£0.05

45+0.2

40x0.1

45+0.1

75102

70x0.2

75+0.1

70x0.1

0.27 £0.02

0.15£0.02

0.21£0.01

159+0.6

8.6+0.9

244+1.0
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$2.12. Results of Experiment 12

The operating conditions used in this experiment were as follows:

e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 4.0 % (v/v).

o Temperature in the first bioreactor: 28 °C.

e Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).

e Temperature in the second bioreactor: 32 °C.

Figures 52.23 and S2.24 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of ten replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table S2.13 shows the values for Experiment 12.
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Table §2.13. Experimental results obtained in Experiment 12
Variable Value
Total cycle duration (h) 45.7+1.2
Duration of the slow loading stage in the first

457+1.2
bioreactor (h) >
Duration of the fast loading stage in the

. 04+0.1
second bioreactor (h)
Duration of the slow loading stage in the
. 6.9+0.6

second bioreactor (h)
puratlon of the depletion stage in the second 25410
bioreactor (h)
Duratlon of starving in stage the second 158413
bioreactor (h)
"ljlme fractlon of the slow loading st.age in the 1,000 + 0.037
first bioreactor over the cycle duration
Time fra?aon of the fast loading stage' in the 0.009 + 0.002
second bioreactor over the cycle duration
Time frac-tlon of the slow loading stage. in the 0151 + 0.014
second bioreactor over the cycle duration
Time fra.ctlon of the depletion stage in the 0.493 + 0.024
second bioreactor over the cycle duration
Time fra-ctlon of the starving stage in the 0.346 + 0.029
second bioreactor over the cycle duration
Mean volume in the slow loading stage in the 513 4 0.05

first bioreactor (L)
Mean volume in the first bioreactor (L) 5.13+£0.19
Mean volume in the fast loading stage in the

+
second bioreactor (L) 6.00£0.05
Mean Vol.ume in the slow loading stage in the 713 4 0.05
second bioreactor (L)

ean Vo'lume in the depletion stage in the 8.00 + 0.05
second bioreactor (L)
M 1 in the starvi t in th

ean volume in the starving stage in the ., .o

second bioreactor (L)
Mean volume in the second bioreactor (L) 7.85+£0.32
Mean overall volume during a cycle in the

12.98 +£ 0.37
two bioreactors as a whole (L)
Vol f f tati di loaded
olume of fermentation medium unloade 8.00 +0.05
from the second reactor (L)
Final ethanol concentration at the time the 00402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first
. 40+0.1
bioreactor (% v/v)
Mean ethanol concentration in the second
. 29+04
bioreactor (% v/v)
Final acetic acid concentration at the time the 75402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 115402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first
75+0.1

bioreactor (% w/v)




Appl. Sci. 2020, 10, 9064; doi: 10.3390/app10249064 35 of 49

Mean acetic acid concentration in the second

8.6+04

bioreactor (% w/v)

.ean rate of acetic acid formation in the first 0.18 + 0.01
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 014 + 0.01
bioreactor (% w/v -h-1)
Mean overall rate of acetic acid formation in 016+ 0.01
the two bioreactors as a whole (% w/v -h1) R
Total acetic acid production in the first

. L 94+04
bioreactor (g acetic acid-h")
Tf)tal acetic ac1d‘ pro.ductlon in the second 107405
bioreactor (g acetic acid-h)
Total acetic acid production in the two 201+ 06

bioreactors as a whole (g acetic acid-h-')

52.13. Results of Experiment 13

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 4.25 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).
e Temperature in the first bioreactor: 32 °C.
o Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
o Temperature in the second bioreactor: 32 °C.

Figures S2.25 and 52.26 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of twelve replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.14 shows the values for Experiment 13.

Table S2.14. Experimental results obtained in Experiment 13

Variable Value
Total cycle duration (h) 29.6£0.8
Duration of the fast loading stage in the first

. 25+0.1
bioreactor (h)
Duration of the slow loading stage in the first

. 9.0+0.6
bioreactor (h)
puratlon of the depletion stage in the first 181410
bioreactor (h)
Duration of the fast loading stage in the

_ 14£03

second bioreactor (h)
Duratlon. of the slow loading stage in the 185+ 0.6
second bioreactor (h)
Duration of the depletion stage in the second

. 9.6+0.9
bioreactor (h)
"ljlme fractlon of the fast loading st.'.age in the 0.084 + 0.004
first bioreactor over the cycle duration
Tlme f'ractlon of the slow loading st.age in the 0.304 + 0.022
first bioreactor over the cycle duration
"Ijnne .fractlon of the depletion stage in the 0.611 + 0.038
first bioreactor over the cycle duration
Time fra§t10n of the fast loading stage. in the 0.047 + 0.010
second bioreactor over the cycle duration
Time frac-t1on of the slow loading stage: in the 0.627 + 0.025
second bioreactor over the cycle duration
Time fra.ctlon of the depletion stage in the 0.325 + 0.030
second bioreactor over the cycle duration
Mean volume in the fast loading stage in the 595 4 0.05

first bioreactor (L)
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Mean volume in the slow loading stage in the
first bioreactor (L)
Mean volume in the depletion stage in the
first bioreactor (L)
Mean volume in the first bioreactor (L) 7.58 £0.34
Mean volume in the fast loading stage in the

7.38 £0.05

8.00 £0.05

5.08 +£0.05
second bioreactor (L)
1 in the slow loadi in th
Mean vo 'ume in the slow loading stage in the 6.95 + 0.05
second bioreactor (L)
Mean volume in the depletion stage in the 8.00 + 0.05

second bioreactor (L)
Mean volume in the second bioreactor (L) 7.20+£0.30
Mean overall volume during a cycle in the

14.78 £ 0.46

two bioreactors as a whole (L)
Volume of fermentation medium unloaded 8.00 + 0.05
from the second reactor (L)
Final ethanol concentration at the time the 09402
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first

. 45+04
bioreactor (% v/v)
Mean ethanol concentration in the second

. 37103
bioreactor (% v/v)
Final acetic acid concentration at the time the 95402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 106402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first

. 7.0+04
bioreactor (% w/v)
Mean acetic acid concentration in the second

. 7.8+0.3
bioreactor (% w/v)
M te of acetic acid f tion in the first

.eanra e of acetic acid formation in the first .o
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 021 + 0.01
bioreactor (% w/v -h-1)
Mean overall rate of acetic acid formation in 019+ 0.01
the two bioreactors as a whole (% w/v -h-1) A
Total . . . N the fi

.ota acetic aC1c.1 pr.oductlon in the first 136405
bioreactor (g acetic acid-h)
T?tal acetic ac1d' pro.ductlon in the second 151+ 0.7
bioreactor (g acetic acid-h)
Total ) . . i th

otal acetic acid production in the two 8.6+ 0.9

bioreactors as a whole (g acetic acid-h-')

$2.14. Results of Experiment 14

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 2.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).
e Temperature in the first bioreactor: 28 °C.
e Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
o Temperature in the second bioreactor: 28 °C.
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Figures 52.27 and S2.28 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of eight replications with their standard deviations.
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Figure 52.27. Time course of the ethanol concentration, acidity and volume of medium in the

first bioreactor in Experiment 14.
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The procedure used to obtain the different variables is described in detail in Supplementary

Material 1. By way of summary, Table 52.15 shows the values for Experiment 14.

Table S2.15. Experimental results obtained in Experiment 14

Variable Value
Total cycle duration (h) 46.8+1.1
Duration of the fast loading stage in the first bioreactor (h) 1.6 +0.1
Duration of the slow loading stage in the first bioreactor (h) 22.2+09
Duration of the depletion stage in the first bioreactor (h) 23.0+1.4
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Duration of the fast loading stage in the second bioreactor (h) 1.8+0.2
Duration of the slow loading stage in the second bioreactor (h) 122+04
Duration of the depletion stage in the second bioreactor (h) 20.8 £0.8
Duration of starving in stage the second bioreactor (h) 11.9+1.1
Time .fractlon of the fast loading stage in the first bioreactor over the cycle 0.034 + 0.002
duration
Time .frac’aon of the slow loading stage in the first bioreactor over the cycle 0.474 + 0.022
duration
Time fraction of the depletion stage in the first bioreactor over the cycle duration 0.491 £ 0.032
Time .fractlon of the fast loading stage in the second bioreactor over the cycle 0.039 + 0.004
duration
Time .frachon of the slow loading stage in the second bioreactor over the cycle 0.261 + 0.009
duration
Time .fractlon of the depletion stage in the second bioreactor over the cycle 0.445 + 0.018
duration
Time .fractlon of the starving stage in the second bioreactor over the cycle 0.955 + 0,023
duration
Mean volume in the fast loading stage in the first bioreactor (L) 3.23 £0.05
Mean volume in the slow loading stage in the first bioreactor (L) 6.10 £0.05
Mean volume in the depletion stage in the first bioreactor (L) 8.00 £ 0.05
Mean volume in the first bioreactor (L) 6.94 +0.29
Mean volume in the fast loading stage in the second bioreactor (L) 6.83 £0.05
Mean volume in the slow loading stage in the second bioreactor (L) 7.95£0.05
Mean volume in the depletion stage in the second bioreactor (L) 8.00 £0.05
Mean volume in the starving stage in the second bioreactor (L) 8.00 £ 0.05
Mean volume in the second bioreactor (L) 7.94 +£0.26
Mean overall volume during a cycle in the two bioreactors as a whole (L) 14.88 £ 0.39
Volume of fermentation medium unloaded from the second reactor (L) 8.00 £ 0.05
Final ethanol concentration at the time the second bioreactor was unloaded (% 0.0+02
v/v) R
Mean ethanol concentration in the first bioreactor (% v/v) 48+0.3
Mean ethanol concentration in the second bioreactor (% v/v) 3.0£04
Final acetic acid concentration at the time the first bioreactor was unloaded (% 9.5+ 0.2
w/v) T
Final acetic acid concentration at the time the second bioreactor was unloaded 115402
(% w/v) o
Mean acetic acid concentration in the first bioreactor (% w/v) 6.7+0.3
Mean acetic acid concentration in the second bioreactor (% w/v) 85104
Mean rate of acetic acid formation in the first bioreactor (% w/v -h-') 0.17 £0.01
Mean rate of acetic acid formation in second bioreactor (% w/v -h-) 0.10 £ 0.01
Mean overall rate of acetic acid formation in the two bioreactors as a whole (%

0.13+0.01
w/v -h1)
Total acetic acid production in the first bioreactor (g acetic acid-h-") 11.7+£0.4
Total acetic acid production in the second bioreactor (g acetic acid-h) 8.0+04
Total acetic acid production in the two bioreactors as a whole (g acetic acid-h’) 19.7+£0.6

52.15. Results of Experiment 15

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 4.25 L.

e Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).

e Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).
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e Temperature in the first bioreactor: 28 °C.
e Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
e Temperature in the second bioreactor: 28 °C.

Figures S2.29 and 52.30 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of eight replications with their standard deviations.
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Figure S$2.29. Time course of the ethanol concentration, acidity and volume of medium in the
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second bioreactor in Experiment 15.

The procedure used to obtain the different variables is described in detail in Supplementary
Material 1. By way of summary, Table 52.16 shows the values for Experiment 15.

Table §2.16. Experimental results obtained in Experiment 15
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Variable Value
Total cycle duration (h) 20.3+£0.6
Duration of the fast loading stage in the first

. 1.2+0.1
bioreactor (h)
Puration of the slow loading stage in the first 123404
bioreactor (h)
Durati . . .

.uratlon of the depletion stage in the first 68+07
bioreactor (h)
Duration of the fast loading stage in the

. 03+0.1

second bioreactor (h)
Duratlon‘ of the slow loading stage in the 199405
second bioreactor (h)
Tlme frac‘aon of the fast loading stége in the 0.059 + 0.005
first bioreactor over the cycle duration
"ljlme fractlon of the slow loading stfage in the 0.606 £ 0.027
tirst bioreactor over the cycle duration
Tlme 'fractlon of the depletion stage in the 0.335 + 0.037
tirst bioreactor over the cycle duration
Time fra§t10r1 of the fast loading stage. in the 0.015 £ 0.005
second bioreactor over the cycle duration
Time fra<':t10n of the slow loading stage. in the 0.985 + 0.035
second bioreactor over the cycle duration
1\'/Iear1.volume in the fast loading stage in the 448+ 0.05
first bioreactor (L)
Mean yolume in the slow loading stage in the 6.60 4 0.05
first bioreactor (L)
Mean volume in the depletion stage in the 8.00 + 0.05

first bioreactor (L)
Mean volume in the first bioreactor (L) 6.94 +0.35
Mean volume in the fast loading stage in the
second bioreactor (L)

Mean volume in the slow loading stage in the
second bioreactor (L)

Mean volume in the second bioreactor (L) 5.48 £0.22
Mean overall volume during a cycle in the

4.43 +0.05

55%0.05

12.43 +0.41

two bioreactors as a whole (L)
Vol f f tati di loaded

olume of fermentation medium unloade 6.40 + 0.05
from the second reactor (L)
Final ethanol concentration at the time the 45400
second bioreactor was unloaded (% v/v) R
Mean ethanol concentration in the first

. 55+0.2
bioreactor (% v/v)
Mean ethanol concentration in the second

. 45+0.2
bioreactor (% v/v)
Final acetic acid concentration at the time the

. . 75+0.2
first bioreactor was unloaded (% w/v)
Final acetic acid concentration at the time the 70402
second bioreactor was unloaded (% w/v) R
Mean acetic acid concentration in the first

. 6.0+0.2
bioreactor (% w/v)
Mean acetic acid concentration in the second

7.0+£0.2

bioreactor (% w/v)
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Mean rate of acetic acid formation in the first

0.23+0.01

bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 012+ 0.01
bioreactor (% w/v -h1)
Mean overall rate of acetic acid formation in 0.18 + 0.01
the two bioreactors as a whole (% w/v -h-) R
T.otal acetic acufl pr.oductlon in the first 15.7 4 0.6
bioreactor (g acetic acid-h)
Total acetic acid production in the second

. o 6.4+0.8
bioreactor (g acetic acid-h")
Total acetic acid production in the two 221409

bioreactors as a whole (g acetic acid-h")
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$2.16. Results of Experiment 16

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.75 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 4.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 6.0 % (v/v).
o Temperature in the first bioreactor: 32 °C.
o Ethanol concentration during loading of the second bioreactor: 4.5 % (v/v).
e Temperature in the second bioreactor: 32 °C.
Figures S2.31 and 52.32 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of eight replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary

Material 1. By way of summary, Table 52.17 shows the values for Experiment 16.

Table S2.17. Experimental results obtained in Experiment 16

Variable Value
Total cycle duration (h) 38.3£0.6
Duration of the fast loading stage in the first bioreactor (h) 0.8x0.1
Duration of the slow loading stage in the first bioreactor (h) 29.5+0.4
Duration of the depletion stage in the first bioreactor (h) 81£0.7
Duration of the fast loading stage in the second bioreactor (h) 0.5£0.1
Duration of the slow loading stage in the second bioreactor (h) 129+0.3
Duration of the depletion stage in the second bioreactor (h) 15.6 £0.6
Duration of starving in stage the second bioreactor (h) 92+0.8
Time .fractlon of the fast loading stage in the first bioreactor over the cycle 0.020 + 0.003
duration
Time .fractlon of the slow loading stage in the first bioreactor over the cycle 0.769 + 0.016
duration
Time fraction of the depletion stage in the first bioreactor over the cycle duration 0.211 £ 0.019
Time .fractlon of the fast loading stage in the second bioreactor over the cycle 0.013 £ 0.003
duration
Time .frac’aon of the slow loading stage in the second bioreactor over the cycle 0.338 + 0.010
duration
Time .fractlon of the depletion stage in the second bioreactor over the cycle 0.408 + 0.017
duration
Time .fractlon of the starving stage in the second bioreactor over the cycle 0941 + 0.021
duration
Mean volume in the fast loading stage in the first bioreactor (L) 2.70£0.05
Mean volume in the slow loading stage in the first bioreactor (L) 5.58 £0.05
Mean volume in the depletion stage in the first bioreactor (L) 8.00 +0.05
Mean volume in the first bioreactor (L) 6.03+0.18
Mean volume in the fast loading stage in the second bioreactor (L) 6.08 £0.05
Mean volume in the slow loading stage in the second bioreactor (L) 7.20£0.05
Mean volume in the depletion stage in the second bioreactor (L) 8.00 £0.05
Mean volume in the starving stage in the second bioreactor (L) 8.00 +0.05
Mean volume in the second bioreactor (L) 7.70+0.24
Mean overall volume during a cycle in the two bioreactors as a whole (L) 13.74 £ 0.30
Volume of fermentation medium unloaded from the second reactor (L) 8.00 £ 0.05
Final ethanol concentration at the time the second bioreactor was unloaded (% 0.0+02
v/v) R
Mean ethanol concentration in the first bioreactor (% v/v) 5.7%0.1
Mean ethanol concentration in the second bioreactor (% v/v) 32+£04
Final acetic acid concentration at the time the first bioreactor was unloaded (% 75402
w/v) T
Final acetic acid concentration at the time the second bioreactor was unloaded 115402
(% w/v) o
Mean acetic acid concentration in the first bioreactor (% w/v) 58+0.1
Mean acetic acid concentration in the second bioreactor (% w/v) 82104
Mean rate of acetic acid formation in the first bioreactor (% w/v -h-') 0.19 £ 0.01
Mean rate of acetic acid formation in second bioreactor (% w/v -h-1) 0.17 £0.01
Mean overall rate of acetic acid formation in the two bioreactors as a whole (%

0.17+0.01
w/v -h)
Total acetic acid production in the first bioreactor (g acetic acid-h-) 11.3+£0.3
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Total acetic acid production in the second bioreactor (g acetic acid-h") 12.8+£0.6
Total acetic acid production in the two bioreactors as a whole (g acetic acid-h-) 24.0+£0.6

$2.17. Results of Experiment 17

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.00 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 3.0 % (v/v).
e Ethanol concentration during loading of the first bioreactor: 5.0 % (v/v).
o Temperature in the first bioreactor: 30 °C.
o Ethanol concentration during loading of the second bioreactor: 3.5 % (v/v).
e Temperature in the second bioreactor: 30 °C.

Figures S2.33 and 52.34 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means
of nine replications with their standard deviations.
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Figure $2.34. Time course of the ethanol concentration, acidity and volume of medium in the

second bioreactor in Experiment 17.

The procedure used to obtain the different variables is described in detail in Supplementary

Material 1. By way of summary, Table 52.18 shows the values for Experiment 17.

Table S2.18. Experimental results obtained in Experiment 17

Variable Value
Total cycle duration (h) 283 +0.7
Duration of the fast loading stage in the first

. 0.8+0.1
bioreactor (h)
Durati . . .

.uratlon of the slow loading stage in the first 152403
bioreactor (h)
puratlon of the depletion stage in the first 193408
bioreactor (h)
Duration of the fast loading stage in the

. 0.3+0.1
second bioreactor (h)
Duratlon. of the slow loading stage in the 176403
second bioreactor (h)
Duratlon of the depletion stage in the second 103+ 0.7
bioreactor (h)
"ljlme fractlon of the fast loading ste.ige in the 0.028 + 0.004
first bioreactor over the cycle duration
Tlme fractlon of the slow loading st'age in the 0.537 + 0.017
tirst bioreactor over the cycle duration
"Ijnne .fractlon of the depletion stage in the 0.435 + 0.029
first bioreactor over the cycle duration
Time fra§t10n of the fast loading stage. in the 0.011 + 0.004
second bioreactor over the cycle duration
Time frac.t1on of the slow loading stage. in the 0.624 + 0.017
second bioreactor over the cycle duration
Time fra.ctlon of the depletion stage in the 0.365 + 0,025
second bioreactor over the cycle duration
1 in the fast loadi in th

Mean volume in the fast loading stage in the 3.45+0.05

first bioreactor (L)
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Mean volume in the slow loading stage in the
first bioreactor (L)
Mean volume in the depletion stage in the
first bioreactor (L)
Mean volume in the first bioreactor (L) 6.77 £0.25
Mean volume in the fast loading stage in the

5.95+0.05

8.00 £0.05

5.20 £ 0.05
second bioreactor (L)
Mean Vol'ume in the slow loading stage in the 6.70 + 0.05
second bioreactor (L)
Mean volume in the depletion stage in the 8.00 + 0.05

second bioreactor (L)
Mean volume in the second bioreactor (L) 7.16 £0.25
Mean overall volume during a cycle in the

13.93 £ 0.35

two bioreactors as a whole (L)
Volume of fermentation medium unloaded 8.00 + 0.05
from the second reactor (L)
Final ethanol concentration at the time the 04402
second bioreactor was unloaded (% v/v) T
Mean ethanol concentration in the first 47402
bioreactor (% v/v)
Mean ethanol concentration in the second

] 29+0.3
bioreactor (% v/v)
Final acetic acid concentration at the time the 85402
first bioreactor was unloaded (% w/v) R
Final acetic acid concentration at the time the 111402
second bioreactor was unloaded (% w/v) T
Mean acetic acid concentration in the first

. 6.8+0.2
bioreactor (% w/v)
Mean acetic acid concentration in the second

. 8.6+0.3
bioreactor (% w/v)
Mean rate of acetic acid formation in the first 022+ 0.01
bioreactor (% w/v -h1)
Mean rate of acetic acid formation in second 0.23 + 0.01
bioreactor (% w/v -h-1)
M 11 rate of acetic acid f tion i

ean ove.ra rate of acetic acid formationin . o

the two bioreactors as a whole (% w/v -h)
Total . . . N the fi

.ota acetic aC1c.1 pr.oductlon in the first 150405
bioreactor (g acetic acid-h)
T?tal acetic ac1d'pro.duct10n in the second 164408
bioreactor (g acetic acid-h)
Total acetic acid production in the two 314410

bioreactors as a whole (g acetic acid-h-')

$2.18. Results of Experiment 18

The operating conditions used in this experiment were as follows:
e Volume unloaded from the first bioreactor: 5.00 L.
o Total ethanol concentration at the time the first bioreactor was unloaded: 3.0 % (v/v).
o Ethanol concentration during loading of the first bioreactor: 5.0 % (v/v).
e Temperature in the first bioreactor: 30 °C.
o Ethanol concentration during loading of the second bioreactor: 3.5 % (v/v).
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¢ Temperature in the second bioreactor: 30 °C.
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Figures S2.35 and 52.36 show the variation of the ethanol concentration, acidity, volume, and
total and viable cells, in the first and second bioreactor, respectively. All values shown are the means

of nineteen replications with their standard deviations.
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The procedure used to obtain the different variables is described in detail in Supplementary

Material 1. By way of summary, Table 52.19 shows the values for Experiment 18.

Table S$2.19. Experimental results obtained in Experiment 18

Variable

Value

Total cycle duration (h)

28.6 £ 0.8
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Duration of the fast loading stage in the first bioreactor (h) 09£0.1
Duration of the slow loading stage in the first bioreactor (h) 15.0+£0.2
Duration of the depletion stage in the first bioreactor (h) 12.7+0.8
Duration of the fast loading stage in the second bioreactor (h) 0.3+0.1
Duration of the slow loading stage in the second bioreactor (h) 185+£0.4
Duration of the depletion stage in the second bioreactor (h) 9.7+£0.9
Time .fract1on of the fast loading stage in the first bioreactor over the cycle 0.031 + 0.004
duration
Time .fractlon of the slow loading stage in the first bioreactor over the cycle 0.504 + 0.017
duration
Time fraction of the depletion stage in the first bioreactor over the cycle duration 0.444 £ 0.031
Time .fractlon of the fast loading stage in the second bioreactor over the cycle 0.011 + 0.004
duration
Time .fractlon of the slow loading stage in the second bioreactor over the cycle 0.649 + 0.023
duration
Time .fractlon of the depletion stage in the second bioreactor over the cycle 0.340 + 0,033
duration
Mean volume in the fast loading stage in the first bioreactor (L) 3.55£0.05
Mean volume in the slow loading stage in the first bioreactor (L) 6.05£0.05
Mean volume in the depletion stage in the first bioreactor (L) 8.00 £ 0.05
Mean volume in the first bioreactor (L) 6.84 +0.27
Mean volume in the fast loading stage in the second bioreactor (L) 5.20£0.05
Mean volume in the slow loading stage in the second bioreactor (L) 6.70 £0.05
Mean volume in the depletion stage in the second bioreactor (L) 8.00 £0.05
Mean volume in the second bioreactor (L) 7.13+£0.32
Mean overall volume during a cycle in the two bioreactors as a whole (L) 13.96 £ 0.42
Volume of fermentation medium unloaded from the second reactor (L) 8.00 £ 0.05
Final ethanol concentration at the time the second bioreactor was unloaded (% 05402
v/v) R
Mean ethanol concentration in the first bioreactor (% v/v) 47+0.2
Mean ethanol concentration in the second bioreactor (% v/v) 29+£0.2
Final acetic acid concentration at the time the first bioreactor was unloaded (% 85402
w/v) R
Final acetic acid concentration at the time the second bioreactor was unloaded 110402
(% w/v) R
Mean acetic acid concentration in the first bioreactor (% w/v) 6.8+0.2
Mean acetic acid concentration in the second bioreactor (% w/v) 8.6+0.2
Mean rate of acetic acid formation in the first bioreactor (% w/v -h-1) 0.22 £0.01
Mean rate of acetic acid formation in second bioreactor (% w/v -h-') 0.22 £0.01
Mean overall rate of acetic acid formation in the two bioreactors as a whole (%

0.22+0.01
w/v -h1)
Total acetic acid production in the first bioreactor (g acetic acid-h-) 149 +£0.5
Total acetic acid production in the second bioreactor (g acetic acid-h-") 16.0£0.8
Total acetic acid production in the two bioreactors as a whole (g acetic acid-h-!) 30.8 £ 1.0
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