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1. Introduction

Ethanol is one of the most potential products used in various
applications. It is used as a solvent, a fuel, a chemical reagent, and a
raw material for many important chemicals [1]. In North and South
America, bioethanol was primarily sourced from starch, sugars and
molasses [2]; on the other hand, USA and Brazil are the largest ethanol
producer [3]. However, the demand for ethanol is steadily increasing
especially as an energy source [4,5]. It is because the annual
worldwide production of oil fuel is projected to reduce from 25 billion
barrels in 2002 to about 5 billion barrels in 2050 [6]. Compared to fuel
of gasoline, ethanol is renewable, non-toxic, easy to handle, safe to
store, and sulfur-free; thus less contribution to global warming and air
pollution [7,8].

Fructose, the sweetest natural sugar, is commercially used for foods,
confectionery and beverages industries [9]. The fructose is 1.73 times
sweeter than sucrose and about twice the sweetness of glucose;
thus lesser amounts (subsequently calories) are needed. Fructose is
idad Católica de Valparaíso.
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recommended to use rather than other sweeteners because it is
difficult to crystallize from an aqueous solution, faster to absorb
moisture and slower to release it to the environment [10,11].

Over 8 million tons of date fruits have been produced in 2010
worldwide [12]. Unfortunately, almost half production of date is still
unutilized [13]. About half of the date content is fructose; thereby
providing a large opportunity for its production. Hydrolysis of starch
followed by enzymatic isomerization process has been widely used in
industry to convert glucose to fructose; unfortunately only about 42%
HFS (high fructose syrup) was obtained due to equilibrium limitations
[14,15]. On the other hand, 90% HFS can be produced via multistage
chromatographic process [16], membrane technology [17], and ionic
liquids [18]; such methods suffer from high production cost [19]. The
development of various methods are still continuously researched
such as the usage of nanofiltration [20], microalgae [21], and beverage
waste [22] and inulin [23,24]. A very promising technique (still in
its infancy) for the production of fructose from sugar mixtures is
selective fermentation of glucose and other sugars (except fructose) to
bioethanol [25].

Compared to other microbes, the utilization of Saccharomyces
cerevisiae has been shown to suppress the high consumption of
fructose and the formation of by-products such as sorbitol [26]. The
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Table 1
Major dimensions of the fermentors.

Fermentor volume (L) 7.5 80.0
Height (H), m 0.32 0.64
Inside diameter (D), m 0.18 0.42
Working volume, L 4 40
Inoculum volume, L 0.6 6
Impeller diameter, m 0.06 0.21
Shaft length, m 0.30 0.60
Rotation speed, rpm 120 120
Temperature, °C 33 33
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Fig. 1. The kinetic profile of sugars, ethanol and biomass for selective fermentation of date
extract in 80-L fermentor.
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performance of S. cerevisiae ATCC 36858 in media composed of sucrose,
beet molasses and date syrup has been utilized [25,27]. Therefore, it is
imperative to study the scale up of selective fermentation before
launching an industrial production [28]. Kinetic models are valuable
tools in understanding the behavior of the fermentation process
that paves the way for further process development or industrial
application. The classical Monod equation [29] has been proposed to
elucidate the yeast performance during fermentation. However, it is
interesting to study a kinetic model that describes the fermentation
process in a medium containing a mixture of glucose, fructose and
sucrose, such as date syrup.

In this study, the effect of scale up on the performance of S. cerevisiae
will be investigated using three fermentors (0.5 L, 7.5 L and 80 L). Kinetic
models, such as themodifiedMonod andGhose–Tyagi, will be employed
to study the effect on ethanol inhibition on the selective fermentation
process. The modified Gompertz model will be expanded to enable the
predictions of simultaneous fructose and ethanol production as well as
fructose fraction in sugar.

2. Experimental

2.1. Yeast and propagation

The yeast of S. cerevisiaewith the typical culture of ATCC 36858 was
obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). The microbe was then revived in accordance with the procedure
of ATCC. It was further incubated in an agar slant. The yeast colony
grown in the agar was then transferred to a sterilized liquid medium in
a 500-mL flask and allowed to propagate for 36 h at 30°C and 120 rpm
in a water bath shaker (Julabo SW23, Allentwon, USA). The agar and
liquid medium contained 10-g dextrose, 3-g malt extract, 3-g yeast
extract, 5-g peptone and de-ionized water (up to 1 L)

For yeast cultivation, 2 L of liquidmedium containing 6-gmalt extract,
6-g yeast extract, and 10-g peptone was prepared and poured into 7.5-L
fermentor. The fermentor was then sterilized in an autoclave (Astell
AMB230N, Sidcup, Kent, UK) at 121°C for 15 min. The cooled yeast
broth in the fermentor was then aerated with air 1 vvm and operated at
30°C and 200 rpm. About 2-L water containing 20-g glucose was then
fed-batch to the fermentor as the glucose concentration in the solution
was kept at less than 0.05 g/L to avoid ethanol production. The final
cultivated yeast concentration obtained through this process was about
1.9 g/L.

2.2. Raw materials

Sugars (fructose and glucose) were initially extracted from the dates
using deionized water at 50°C for 2 h. The weight ratio of water to the
dates was 2.5. To remove the fibers, the syrups were then centrifuged
for 6 min at 6500 rpm. Before used in the fermentation process, the
final syrup was further sterilized at 121°C for 15 min in an autoclave
(Astell AMB230N, Kent, UK)

2.3. Fermentation process

The final syrup sterilized (85%) and the liquid propagation medium
containing high yeast (15%) were aseptically mixed to gain a syrup
concentration about 130 g/L. The fermentation processes were
experimentally conducted out in 500-mL Erlenmeyer flask, 7.5-L
fermentor with 2 impellers, 6 blades each and 80-L fermentor with a
4-blade impeller with effective working volumes of 0.1, 4 and 40 L,
respectively. Table 1 presents the major features and dimensions of
bioreactors for 7.5 and 80 L. The flask was placed in the Julabo water
bath shaker. The experiments were conducted at 33°C and 120 rpm.
Detailed description of experiments and cultivation of cell mass is
given in previous publications [11,25,30]
2.4. Sample analysis

A portion of the sample withdrawn from the fermentor was
centrifuged at 15000 rpm to remove the cell mass from the solution.
The supernatant containing the sugars and ethanol was analyzed by
using high performance liquid chromatography (HPLC-Agilent 1200
Infinitely series, DE, USA) equipped with an Aminex-® column and
RID detector (150 × 7.8 mm, BIO-RAD®, California, USA). The column
was kept at temperature of 40°C, and the mobile phase was 0.1-mM
sulfuric acid. The cell mass concentration was determined from the
other portion of the withdrawn sample by using NucleoCounter®
YC-100TM system (NucleoCounter YC-100, Enfield, CT, USA). The
dry weight method was used to calibrate the NucleoCounter® and to
occasionally double check the amount of cell mass.

2.5. Parameters calculation

The following definitions have been used in this work
Fructose yield:

YF ¼ F0−FT
F0

� 100% ½Equation 1�

YF is the fructose yield (%). F0 is the fructose concentration before
fermentation (g/L), and FT is the fructose concentration at the end of
fermentation (g/L).
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Fig. 2. The profiles of (a) ethanol yield and productivity; (b) fructose fraction in sugar in the 80-L fermentor.

Table 2
Results of selective fermentation in the three fermentors.

Parameter 0.5 L 7.5 L 80 L

Glucose consumption (%) 90 90 98
Fructose yield (%) 99 92 90
Fructose fraction in sugar (%) 91 90 94
Ethanol yield (%) 69 75 83
Ethanol productivity (g/(L·h)) 0.26 0.32 0.37
Ethanol concentration (g/L) 21 27 31
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Fructose fraction:

η ¼ Ft
St

� 100% ½Equation 2�

η is the fructose fraction in the syrup (%); Ft is the fructose
concentration at a fermentation time (g/L), and St is the total
concentration at the same fermentation time.

Ethanol yield:

YP=S ¼ ET−E0
S0−STð Þ � 0:5114

� 100% ½Equation 3�

YP/S is the ethanol yield based on its theoretical value in weight
percent (%). E0 and ET are the ethanol concentration at the beginning of
the fermentation and the end of the fermentation (g/L), respectively;
while S0 and ST are the total concentration at the beginning of the
fermentation and the end of the fermentation (g/L), respectively.

Ethanol productivity:

QP ¼ ET−E0
tT−t0

½Equation 4�

QP is the volumetric ethanol productivity (g/(L·h)). E0 and ET are the
ethanol concentration at the beginning and end of fermentation (g/L),
respectively; while t0 and tT are the fermentation time at the beginning
of the fermentation and the end of the fermentation (g/L), respectively.

3. Results and discussion

3.1. Selective fermentation of date syrup in the 80-L fermentor

Fig. 1 shows the profiles of the selective fermentation in the 80-L
fermentor at 33°C by employing S. cerevisiae ATCC 36858. The profiles
of the yield and productivity of ethanol and fructose fraction are given
in Fig. 2a and Fig. 2b, respectively. The glucose has been selectively
converted by the yeast to grow and to form ethanol. Very small
fructose losses were observed during fermentation. Although fructose
losses were observed in the range 36–76 h, the fructose loss rate was
only less than one-eighth of the glucose loss rate in the range 0–72 h.
As shown in Fig. 2a, the fructose fraction in sugar gradually increased
and reached about 90% at 72 h (Table 2).

At the beginning stages of the fermentation, glucose was essentially
used for growing. As shown in the cell mass profile, the phase of
exponential growth took place within the first 24 h. During the 24 h,
the cell mass weight increased from 0.6 to 2.0 g/L (Fig. 2); this led to
the values of 0.69 h−1 and 0.064 g/g for the specific growth rate and
the yield of cell mass, respectively. This growth inhibition was probably
due to the produced ethanol. While the production of ethanol began
after 12 h of the fermentation; the growth was inhibited at 24 h. It has
been reported that ethanol concentrations N5% inhibit cell growth in
glucose fermentation by yeast [31]. The inhibition by ethanol was
studied in a medium containing 90 g glucose/L by S. cerevisiae ATCC
36859 [32]; the growth was inhibited at ethanol concentration about
3%. In a recent study [30], the growth of S. cerevisiae ATCC 36858
in glucose-fructose media with high concentration (250 g/L) was
inhibited at ethanol concentration about 2%; whereas in this
investigation, growth was inhibited at about 1% concentration. It is
worthy to note that in the two latter investigations the substrate
concentrations were high enough to prompt a possible combination of
substrate and product inhibitions. The maximum ethanol yield (80%)
and productivity (0.38 g/(L⋅h))were obtained at 72 h as shown in Fig. 2b.

3.2. Comparison of fructose and ethanol produced in the three fermentors

Fig. 3a and Fig. 3b show the fructose yield and ethanol concentration,
respectively for 0.5-L, 7.5-L and 80-L fermentors. For all fermentors, the
initial increase in fructose concentration was due to sucrose hydrolysis.
With scale up, the decrease in fructose yield was accompanied by an
increase in ethanol production as shown in Table 2. The higher loss of
fructose observed in the 80-L fermentor resulted in higher ethanol
production. The higher consumption of sugars in the larger fermentor
could be related to the better mixing [28,33]. Furthermore, the baffle
types and mixing devices affect the contact of sugars with the yeast;
thus, affecting their performance. It has been reported that systems
without baffles in a 50-L fermentor resulted in less consumption of
glucose compared to the shaker [28]. Also, the sugar percent was 85%
in the shake flask compared to 99% in a 5-L fermentor with baffle
system [33]. The latter finding [33] agrees with the results obtained in
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Fig. 3. The kinetic profile of (a) fructose yield; (b) ethanol production in the three fermentors.
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this investigation (Table 2). From Table 2, it is obvious that better
mixing decreased the yeast selectivity toward the sugars, as about 10%
fructose losses were observed in the 80-L fermentor. However,
this fructose loss is still in the range of the common performance of
S. cerevisiae [26,34]. Though the H:D ratio for the 7.5-L and 80-L
fermentors are almost equal, the difference in performance was
probably due to the baffle system that affects the distribution of the
substrate to the yeast.

It has also been noticed that higher ethanol yieldwas observed in the
larger fermentor. This could also be attributed to better mixing that
reduced localized ethanol inhibitions; a fact that was reaffirmed by
the increase of ethanol productivity. This finding agrees with the
reported results that ethanol inhibition suppresses microorganism
growth, glucose consumption and ethanol productivity rates [35,36].

3.3. Kinetic models

Monodmodel could elucidate the behavior of cell growth, substrates
and products concentration aswell as their relationships. In this section,
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Fig. 4. Profiles of proposed kinetic model based on (
the profiles predicted by Monod kinetic model will be compared to
experimental data of the 80-L fermentor. Inhibition by substrate is
negligible here, since this type of inhibition will take place when
the concentration of the substrate is higher than 150 g/L [37]. The
equations below are proposed based on the Monod equation [29] and
Ghose–Tyagi modification for inhibition by ethanol [38]:

μ1 ¼ μ2 ¼ μmax
SG

KS þ SG

� �
: Monod ½Equation 5�

μ1 ¼ μmax
SG

KS þ SG

� �
1−

P
Pm

� �
: Gh−Ty ½Equation 6�

μ2 ¼ μmax
SG

KS þ SG

� �
1−

P
Pm0

� �
: Gh−Ty ½Equation 7�

dX
dt

¼ μ1:X ½Equation 8�
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Table 3
Predicted parameter for proposed models based on Monod and Ghose–Tyagi equation.

Parameter Predicted value

Monod Ghose–Tyagi

KS (g/L) 0.0080 0.0051
αS 0.0683 0.0240
KSC 0.0017 0.0028
YX/S (g/g) 0.0001 0.0703
YP/S (g/g) 0.4645 0.4341
YG/SC (g/g) 0.0278 2.2403
μmax (h−1) 0.0001 0.0503
R 0.0904 0.1652
Pm (g/L) – 18.002
Pm′ (g/L) – 53.621
R2 0.981 0.991
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dSSC
dt

¼ −αS
SSC

KSC þ SSC

� �
X ½Equation 9�

dSG
dt

¼ αS
SSC

KSC þ SSC

� �
X YG=SC−μ2 X

1
YX=S

½Equation 10�

dSF

dt
¼ αS

SSC
KSC þ SSC

� �
X YF=SC−μ2 X

R
YX=S

½Equation 11�

dP
dt

¼ μ2 X
YP=S

YX=S
½Equation 12�

where SG, SF and SSC are concentration of glucose, fructose and sucrose
(g/L), respectively. KS and KSC are saturation constant for growth (g/L)
and sucrose uptake (g/L), respectively. μmax and αS are specific cell
mass growth rate (h−1) and specific sucrose uptake rate (h−1),
respectively. YG/SC and YF/SC are the yield coefficients of glucose (g/g)
and fructose (g/g) respectively which are equal, while YX/S is the yield
coefficient of cell mass (g/g). R is the ratio of glucose to fructose
consumption rate. P is ethanol concentration during fermentation
(g/L). YP/S and YX/S are the yield coefficient of ethanol (g/g) and cell
mass (g/g), respectively. Pm (g/L) and Pm′ (g/L) are the potential
lowest ethanol concentrations at which cell growth is inhibited, and
the yeast will no longer produces ethanol respectively.

The specific growth based on Monod equation is described by
[Equation 5]. To account for ethanol inhibitions, Ghose and Tyagi [38]
proposed [Equation 6 and Equation 7]. [Equation 8] presents the rate of
cell mass production. [Equation 9] relates the sucrose uptake rate to
the sucrose and cell mass concentration. The first term in [Equation 10]
relates to the rate of sucrose uptake, while the second corresponds to
cell mass production. In [Equation 11], the fructose rate is similar to
that for glucose with an additional parameter (R). This proportionality
constant (R) relates the rate of the fructose consumption to the rate
of the glucose consumption. The ethanol production rate is given by
[Equation 12].

The comparison between the Monod and Ghose–Tyagi kinetic
model predictions with the experimental data are shown in Fig. 4a
and Fig. 4b, respectively. A good overall fit was obtained with Monod
model (R2 = 0.981). The poor fit of the cell mass profile (Fig. 4a)
could be related to the absence of growth inhibition by ethanol
term in Monod equation. On the other hand, a better fit (R2 = 0.991
(Table 3)) was obtained with Ghose–Tyagi model, especially the
cell mass profile (Fig. 4b). This result reaffirms the importance of
including growth inhibition caused by ethanol in model equations as
discussed previously. The coefficient of ethanol yield, YP/S, (0.434)
obtained here is quite close to 0.476, 0.47 and 0.466 that were
reported by Bialas et al. [39], Ghose and Tyagi [38] and Koren and
Duvnjak [32], respectively, although the coefficient of cell mass yield
(YX/S) found here was lower. The lower value of Pm (18.0) compared
to Pm′ (53.6) indicates that the growth is powerfully inhibited by the
ethanol; this phenomena has been observed in many microbial cases
[35]. It has been reported that the decrease in ethanol tolerance of
some Saccharomyces yeasts is enhanced by the slower rates of
consumption of fructose compared to that of glucose [40]. Ethanol
could damage the DNA of yeast cell mitochondria and subsequently
inhibit its growth [41].

3.4. Product predictive models

This section presents models that concentrate on the kinetics and
product formation. Such models are very valuable for further process
developments and industrial application [42] of this group, the
modified Gompertz model [Equation 13] will be used. This model was
first developed for predicting the growth of microbes and was further
used for the prediction of the ethanol production. It is initially used
here to predict the production of the fructose. The Gompertz model is
advantageous in predicting the lag time phase, the rate of the specific
production and also the obtained maximum product [43,44]. The
modified Gompertz equation here is further modified to fit fructose
profile as follows:

γi ¼ γi;0 þ γi;m exp − exp
ri;m: exp 1ð Þ

γi;m
tL−tð Þ þ 1

" #" #
½Equation 13�

where i indicates either fructose (Frcts) or ethanol (Eth). In the term of
ethanol, the symbol of γEth is used for the ethanol concentration (g/L);
the symbol of γEth,0 is the initial concentration of the ethanol (g/L)
which is zero, γEth,m represents the potential maximum concentration
of the ethanol (g/L); the symbol of rEth,m is intended for the maximum
rate of the ethanol production (g/(L·h)), and symbol of tL represents
the time at the exponential condition of the ethanol production
(hour). In the term of fructose, the symbol of γFrcts is intended for
the concentration of fructose (g/L); the symbol of γFrcts,0 represents
the initial concentration of the fructose (g/L); the symbol γFrcts,m is the
potential drop of fructose (g/L); the symbol of rFrcts,m is intended for
the maximum rate of the fructose loss (g/(L·h)), and tL represents the
time at the exponential drop of fructose (h).



Table 4
Predicted parameters for individual kinetic models of fructose fraction, productions of ethanol and fructose in the 80-L fermentor.

Working volume, L Parameters

Ethanol Fructose Fraction of fructose

γEth,m (g/L) rEth,m (g/(L·h)) tL R2 -γFrcts,m (g/L) -rFrcts,m (g/(L·h)) tL R2 ηFfrac,m (g/L) rFfrac,m tL R2

0.1 28.7 0.40 26.5 0.994 1.496 0.045 21.3 0.852 99.0 0.83 18.6 0.982
4.0 31.0 0.55 21.2 0.992 13.34 0.081 17.4 0.944 99.0 0.66 20.9 0.981
40.0 33.2 0.60 18.9 0.995 18.45 0.121 15.5 0.989 99.0 0.80 18.4 0.990

Table 5
Predicted parameters for generalizedmodel for the fructose fraction in syrup, productions
of ethanol and fructose.

Parameter Ethanol Fructose Fraction of fructose

γi1 (g/L) 0.739 −2.865 99.0
γi2 (g/L) 30.28 −8.448 –
ri1 (g·L/h) 0.034 −0.010 0.00119
ri2 (g/h) 0.485 −0.070 0.0485
ri3 (g/(L·h)) – – 0.835
θL,i1 (h/(L)2) −1.284 −0.972 −0.0165
θL,i2 (h/L) 23.39 18.98 0.658
θL,i3 (h) – – 18.53
R2 0.989 0.919 0.983

Fig. 6. Profiles of kineticmodels predictions against experimental data for the fructose fraction, the
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The same model was expanded by our group [Equation 14] to
facilitate the predictions of the fructose fraction.

ηFfrac ¼ ηFfrac;0 þ ηFfrac;m−ηFfrac;0

� �
exp − exp

rFfrac;m: exp 1ð Þ
ηFfrac;m−ηFfrac;0

� � tL−tð Þ þ 1

2
4

3
5

2
4

3
5

½Equation 14�

where ηFfrac represents the fructose fraction in syrup (%); the symbol of
ηFfrac,0 is intended for the initial fructose fraction in syrup (%); in this
case the value is 47.45%, the symbol of ηFfrac,m represents the potential
maximum concentration of the fructose fraction in syrup (%), the
ethanol and fructose productions for fermentation conducted in: (a) 0.5 L; (b) 7.5 L; (c) 80 L.
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symbol of rFfrac,m is intended for the maximum concentration of the
fructose fraction in syrup (%), and the symbol of tL represents the time
at the exponential concentration of the fructose fraction (h).

Fig. 5 shows the excellent fitting between kinetic model predictions
and the experimental data conducted in 80 L. The fitting is much better
than that obtained using Monod or Ghose–Tyagi models; especially for
ethanol production. As shown in Table 4, increasing the fermentor
volume led to a higher maximum ethanol production rate (rEth,m),
thereby giving the higher possible maximum concentration of the
ethanol (γEth,m). Higher maximum rate of fructose loss (rFrcts,m) was
also observed at higher volume; the negative sign in rFrcts,m designates
the consumption of the fructose during the fermentation. In addition,
our proposed expansion of the modified Gompertz equation for
predicting fructose fraction in sugar well-fitted with the experimental
data (Fig. 5). This expanded equation is helpful to predict the
fermentation time desired to expect a fructose fraction in syrup.

In order to expand the predictability range of the model so that
it could be used for further process development and industrial
implementation, the data obtained in the three fermentors (0.5 L, 7.5 L
and 80 L) was combined to produce a more generalized equation.
The parameters of the model were expressed in terms of fermentors
volume as given by [Equation 15, Equation 16, Equation 17, Equation 18,
Equation 19, Equation 20] below

γi;m ¼ γi1 ln Vð Þ þ γi2 ½Equation 15�

ri;m ¼ ri1 ln Vð Þ þ ri2 ½Equation 16�

tL;i ¼ θL;i1 ln Vð Þ þ θL;i2 ½Equation 17�

ηFfrac;m ¼ γi1 ½Equation 18�

rFfrac;m ¼ ri1V
2 þ ri2Vþ ri3 ½Equation 19�

tL;Ffrac ¼ θL;i1V
2 þ θL;i2Vþ θL;i3 ½Equation 20�

where i denotes ethanol, fructose or fructose fraction; γi1, γi2, ri1, ri2, ri3,
θL,i1, θL,i2 and θL,i3 are constants, and V is the working volume of the
fermentors used, i.e., 0.1, 4 and 40 L. The values of the constants are
presented in Table 5.

Fig. 6a, Fig. 6b and Fig. 6c present the model predictions against the
experimental data for fructose fraction, ethanol and fructose production
in the 0.5-L, 7.5-L and 40-L fermentors, respectively. Excellent fit for the
three fermentors was obtained as evidenced by the values of R2 given in
Table 5.

4. Conclusions

Date fruits provide renewable and sustainable sources for the
simultaneous production of fructose and ethanol by selective
fermentation. S. cerevisiae ATCC 36858 was used in three fermentors
(0.5 L, 7.5 L and 80 L). These scales were used to explore the
commercial potential of this process. Higher consumptions of the
glucose and fructose as well as the ethanol production were obtained
in the larger fermentor. The ethanol concentrations were 21, 27 and
31 g/L, and the achieved fructose yields were 99, 92 and 90% in
fermentors of 0.5 L, 7.5 L and 80 L, respectively. The proposed kinetic
model combined with Monod and Ghose–Tyagi equation fitted the
experimental data quite well. The fittings revealed the importance of
including ethanol inhibition in the yeast growth data. The modified
Gompertz model was expanded to include the effect of fermentor size
on performance; better fits were obtained with such a model. This
will be useful for utilization of the models in industrial application for
commercial purpose.
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