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Optimization of Semi-Batch Process for Ethanol Production
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As flocculent strains are likely to have considerable potential for internal cell recycle, kinetic studies on glucose
medium with flocculent Saccharomyces uvarum were carried out in batch and continuous culture. Using a
mathematical model, the kinetic parameters at each temperature and pH were estimated in order to establish optimal
conditions. It was found that an overall optimum temperature for growth and ethanol production in the range 33-35°C
was desirable. With regard to the effect of pH, ethanol production by S. vuarum was found to be relatively insensitive to

pH value between 4 and 6, with an optimum pH of around 5. At these optimal conditions a maximum ethanol produc-

tivity of 12 g/lth was determined using semi-batch process together with S. uvarum.

With the increasing cost and scarcity of fossil fuels in re-
cent years considerable research has been devoted to
developing alternative energy sources. One area of par-
ticular interest has been the production of ethanol from
biomass .Ethanol can be used as a motor fuel or combined
with gasoline to make the fuel known as “gasohol”. The
mixture’ of 10% absolute ethanol and 90% gasoline has
become standard gasohol in parts of the United States,
although ethanol can be added to gasoline up to a propor-
tion of 20% without major engine modifications being re-
quired 2)

Some countries have developed extensive projects for
the massive production of ethanol from biomass as a partial
substitute for gasoline. The classical example is Brazil,
where vast extension of sugar cane plantations represents
an invaluable source of renewable energy (1) Other coun-
tries such as Australia, Thailand, South Africa, Papua New
Guinea and the Philippines have embarked on feasibility
studies and R&D programmes.(3)

Since ethanol is relatively costly to produce and raw
material costs account for 70-80% of production costs, (4
obtaining a high ethanol yield is important. Also important,
however, is achieving a high ethanol concentration

because the steam costs for distillation continue to fall as

the ethanol content in the distillation stream rises up to
about 10% (v/v).®) Furthermore process improvements and
high productivities have a substantial effect on the required
fixed capital investment and will thus appreciably change
the profitability of ethanol production via fermentation.
These goals are to some extent incompatible and the attain-
ment of an optimal process is dependent on the choice of a
suitable microbial strain, on the establishment of an ap-
propriate fermentation environment and on the selection of
cost-effective technology of ethanol fermentation.

In the present study, a strain of the yeast Sac-
charomyces uvarum(™ isolated by Rose19 was chosen for
its registance to relatively high ethanol levels (100-120 g/1),
its high sugar tolerance (up to 300 g/l) and flocculent
characteristics. The present research is concerned with the
kinetic properties o the flocculent strain and the develop-
ment of a relatively high productivity process which ex-

ploits this characteristic.
Materials and Methods

Organism and materials
The strain of S. uvarum used in this study was ATCC

26602. The media composition and inoculum preparation
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have been reported in an earlier publication® unless other-
wise stated. All chemicals used were Reagent Grade.

A 1 [ fermentor was used for kinetic studies such as
batch and continuous culture.® For semi-batch fermenta-
tion, however, a fermentor with 2 / working volume incor-
porating pH and temperature control was used and agita-
tion was provided with a flat-bladed turbine impeller (100
rpm)

Semi-batch fermentation

Semi-batch fermentation was carried out as described
by Humphrey 'V In this mode of operation the flocculent
strain S uwarum was grown as a batch culture and allowed
to settle. A fraction of fermented broth (empting ratio of 0.7)
was drawn off from an overflow device and the fermentor
refilled with fresh medium and the operation repeated.
After repeated fermentation in this manner for several
cycles, it was found that a biomass concentration of 21 g/l
was maintained for the given empting ratio.

The distinctive feature of the semi-batch process lies in
internal cell recycle and theretore a flocculent strain is
necessary for successful operationn The empting ratio men-
tioned above 1s defined as follows:

R— YU (1
where V; is the total volumie and V; is the volume after
removal of the fermented broth for each cycle. In this mode
of operation it is necessary to calculate an ethanol produc-
tivity over the entire processing time, which includes not
only the fermentation time t; but also the time required to
settle the flocculent strain t,, to empty the fermentor t,, and
to charge fresh medium t.. Therefore, the overall ethanol

productivity (objective function) is described by:

t./
R . S QP . dt
_ o dt (2)
tettrttstte

On the experimental results it was found that 15 minutes
were required for servicing (each of 5 minutes for charging,

settling and empting)
Analytical procedure

Dry weight of biomass were determined for 10 ml
samples, washed with 10 ml of 0.85% NaCl solution and
once with distilled water, and dried at 105°C for 20 h. The
total residual glucose was estimated on the supernatant
after centrifugation (4000 rpm, 10 min) using the
dinitrosalicylic acid method.(!® For ethanol estimation,

samples were analyzed using a Technicon Autoanalyzer
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and a procedure developed by Sawyer and Dixon.(13)

Results and Discussion

Development of mathematical model

It is well known that the accumulation of ethanol in a
fermentation can inhibit the growth rate and ethanol pro-
duction rate of yeast. 1418 [n batch culture therefore there
is a progressive decrease in the specific growth rate and
eventually the ethanol causes cessation of growth and
subsequently ethanol production. In order to quantity
some of the ethanol inhibition effects with S. uvarum, a
mathematical model was developed for the ethanol

fermentation:®

dX_, (S _\({_ P} ydX

qr— Hnl s+Ks><1 Pm> X3t = 0 for P2 Pp(3)
ds_ 1 4P 4
dt Yr, s dt @
db _ (S Py ydP_ .
v s+1<;)<1 = ) x4 —lo for PP}

(5)

On the basis of experimental results over a range of in-
itial glucose concentrations from 150-300 g/l it was found
that the substrate inhibition effects of glucose on growth
rate and ethanol production for S. wwvarum could be
neglected For the simultaneous integration of the differen-
tial equations describing the model, a Nonlinear Simula-
tion Package™ which incorporates a fourth order Runge-
Kutta method was used with a CYBER 72 digital computer
logether with a fixed step size of 0.125 h.

As illustrated by Fig. 1, which shows the cemputer
curve and the experimental data at 33°C and pH 5.0 for ex-
ample, good agreement was found between the model and
the experimental results. For the kinetic analysis a value of
K, = 0.5 was assumed.>!820) The accurate determination
of this constant was not attempted in the present study. On
the other hand, sensitivity analysis on K’ gave a relatively
high value of K’ = 15. One possible reason of the relative-
ly high value lies in the flocculent nature of S. uvarum an d
the increased diffusional resistance associated with flocs of
yeast. It was observed that flocculation was heaviest during
the latter stages of fermentation when growth had nearly
ceased. As implied in equation® this increased diffusional
resistance towards the end of batch growth is likely to have
a more pronounced effect on ethanol production than on
growth rate. As suggested by Powe, 2! the K is really an

apparent K, viz.;

KMP=K54K, (6)



Vol. 11, No. 1,

125+ 250F
100[' 200
P PN
S |-
S S
e._|e
- 751, 150
] @
< |8
z |3
= |3
w |
50 100|
25 50|
oL o

Q 10 20 30 40
CULTURE TIME (N)

Fig. 1. Comparison of experimental data with ma-
thematical model at 33°C and pH 5.0.Kine-
tic parameters are: #n=10.26,v,=1.33, Pn=60,
Pn'=113, Ks=05, Ks'=15, Yp. s=0.38.

where K, is a function of size of tloc and diffusivity.
Although the exact mechanism of late fermentation floc-
culation is still not clear, it has been postulated thai
divalent ions, such as Ca®* Mg** and Mn* " act as
bridges between negatively charged carboxyl groups on
wall surfaces.(2224 Fig. 2 shows a scanunng electron (Came-
bridge 5S4 STEREOSCAN) micrograpt of a S wearunt toc
taken from a fermentor.
Effect of temperature

In view of the interest in high productivity ethanol
fermentations at increased temperatures, the effect of
temperature on the kinetics of ethanol production by S.
uvarum was investigated in the range 30-43°C. Using the
mathematical model described above, the kinetic
parametes at each temperature were estimated In Table 1,
the values of the kinetic parameters determined at each
temperature are given. From the Table it is clear that the

optimum temperature for growth is close to 33°C, while

Table 1. Estimation of kinetic parameters at pH

5.0.
Kinetic Temperature, °C
parameters 30 33 37 40 43
um 023 026 023 021 0.16
ym 115 133 144 144 143
Py 60 60 60 48 23

P’ 113 113 113 90 68
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Fig. 2. Scanning electron micrograph of a S. uvar-

um floc.

the ethanol production rate reached a maximum in the
range 37-43°C [t has been observed with yeast that the op-
tinum temperature for fermentation is difterent to that for
growth. The growth rate for a strain of S. cerevisiue was
maximal at 30°C but fermentation proceeded most rapidly
at 40°C.%5) The optimum temperature for specific rate of
ethanol fermentation by Saccharomyces strains has been
shown to be from 5 to 10°C higher than the optimum for
growth.(3.26)

The values of of P, and P " were constant up to 37°C
and then decreased significantly, indicating a greater
susceptibility to ethanol inhibition in S. uvarum at higher
temperatures. From the relative decrease of P, compared

to P, it is evident that increasing concentrations of
ethanol exert a greater degree of inhibition on growth rate

than on the rate of ethanol production. As shown in Table
1, the maximum ethanol concentration at the end of batch
culture was significantly affected by temperature. A similar
effect of temperature on final ethanol concentration was
also repurted with yeast, "% and it was found that ethanol
inhibition increased at higher temperatures.
Effect of pH

The effect of pH on the kinetics of ethanol production
by S. uvarum was determined by the same method as that

used in the previous analysis of the temperature effect. The
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experimental data on 250 g/t glucose medium at different
pH values was analyzed with the mathematical modet and
the results are summarized in Table 2.

Table 2. Estimation of kinetic parameters at 35°C,

Kinetic pH

parameters 3.0 4.0 5.0 6.0
m 0.12 0.20 0.26 0.20
m 1.15 1.33 1.33 1.33
P 45 52 60 60
P’ 90 113 113 113

As shown in Table 2, ethano! production by S. uwarum
was found to be relatively insensitive to pH values between
4 and 6. only the growth rate was slightly affected.
However, both growth rate and ethanol production rate
were significantly affected at pH 3.0, compared with the
kinetics at an optimum pH of around 5.0. Similar results
have been reported by a number of workers. The rate of
fermentation by yeast showed a rather broad optimum
from pH 4.0 to 6.6. However, the yields of glycerol and
acetic acid have been found to increase with increase of
pH.®9 Aiyar and Luedeking®®® reported that where yeast

growth was concerned an optimum value was obtained at

pH 6.0, while for ethanol production the optimum
rate was attained at pH 5.0 with S cerevisice. It is

interesting to note that the absolute limits of pH for growth

of most strains of S. cerevisiae have been reported to be 2.4

and 8.6 with an optimum growth at 4.5. The internal pH of

S. cerevisiae has been found to be independent of external

pH values ranging from pH 3 to 7, being controlled at a

value between pH 5.8 to 638
Continuous culture kinetics

From the model developed from the batch culture

kinetic data, predictions can be made for the continuous
culture of S. uvarum growing under product limitation. The
theoretical curves were derived from equations (315}, and
at steady-state were as follows:

#m(Sst)(l 2.) - X-D-X=0 7)
D- (S0=8)— g {5 ) (1-77) - X

=0 (8)
um(SfK;)(1—§n) X~D:P=0 (9
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Fig. 3. Continuous culture with 8. woarum using
20% glucose feed at 33°C and pH 5.0.

The curves shown in Fig. 3 were calculated from the above
equations, and it can be seen that the modet is in good
agreement with experimental results.

From the experimental results it is clear that a max-
imum ethanol productivity of 3.8 g/l/h was achieved at a
dilution rate of D = 0.13 i, The productivity using S,
uvarum compares well the maximum productivity of 4.1
g/tth reported by Ghose and Tyagi('® using S, cerevisiae.
Optimization of semi-batch process

In order to determine a maximum ethanol productivity,
the objective function J was calculated as a function of feed
glucose concentrations by solving equations (35) together
with equation {2) on the CYBER 72 computer with the
nonlinear Simulation Package referred to previously. Fig. 4
shows the relationship between the objective funiction and
the feed glucose concentration. As can be seen from Fig. 4,
the maximum value of the objective function was deter-
mined to be 12 gfi/h for 15% glucose feed. As feed glucose
concentration was increased from 15% the objective func-
tion decreased because more ethanol was produced at high

glucose concentrations angd ethanol inhibition increased.
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At low glucose concentrations ethanol inhibition was
decreased. However the servicing time controlied the ob-
jective function. Also shown in Fig. 4 is the final ethanol
concentration as a function of feed glucose.

Although a maximum ethanol productivity could be
achieved with 15% feed glucose, a semi-batch fermenta-
tion using 21% feed glucose was investigated as shown in
Fig. 5 with the view to obtaining a high ethanol productivi-
ty together with a high ethanol concentration. As can be

seen from Fig. 5, a final ethanol concentration of 80 g/l was
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Fig. 5. Results of semi-batch fermentation with

S. uvarum using 21% glucose feed at 33°C

and pH 5.0.
maintained at the end of each cycle giving an overall
ethanol productivity of 10 g/l/h. As the number of cycles
was increased, the discrepancy between experimental data
and the model was observed presumably due to deactiva-
tion of S. uvarum. Similar results have been reported for
theMelle-Boinot process at high sugar concentrations due
to prolonged exposure to high concentrations of ethanol.®)
However the semi-batch process together with yeast or
Zymomonas using lower feed sugar concentrations
resulted in more stable and reliable fermentations.3!-32) As
reproducible cycles are essential for the semi-batch pro-
cess, there is a limit in terms of feed glucose concentration.
It appears that the semi-batch process using 15% feed
glucose results in a higher ethanol productivity together
with a high ethanol concentration. To gain some perspec-
tive on the improvement achieved with the semi-batch pro-

cess, a comparison is provided in Table 3.
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During semi-batch operation new cells form and a frac-
tion of these cells are removed intermittently during the
empting cycles. Some cell regeneration gives stability to the
system and thus a strategy of computer sequence control
could be readily adopted. Bearing in mind that the semi-
batch process is similar to a conventional
continuous fermentation system except that the semi-batch
process is always operated under unsteady-state conditions
then it is clear from Table 3 that the semi-batch process
provides a means of achieving a high ethanol productivity

together with a high ethanol concentration.

Table 3. Comparison of continuous culture and
semi-batch process.

Ethanol Productivity References

Systems Strains
g (gVh)

S. uvarum 29 38 This work
Continuous S. cerevisiae 41 7.0 33

S. cerevisiaze 32 4.1 18

. S. uvarum 57 12* This work

Semi-batch

Z. mobilis 73 50 32

Note: * Determinea by computer simulation.
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Nomenclature
D; dilution rate .........ccoocoiiiiieiiinni e, I/h
J; objecive function .............cccoeoveiiiiiiieee e, g/l/h
Kq; function of cell flocs .......coccoooiieiiiie g/l

K, ; substrate limitation constant for growth ................... g/l
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K,'; substrate limitation constant for

ethanol production ... g/l
P ; ethanol concentration ..............ccccoovveviveiiesiensieeereennn. g/l
P, ; maximum ethanol concentration above which

cells do NOt Grow ..o g/l

P’ maximum ethanol concentration above which

cells do not produce ethanol ...........ccoccoecniinn g/l
R; empting ratio ........cccccooiiiiiinciecce e I
S ; substrate concentration ..., g/l
So ; feed substrate concentration ...........cccceeeeee L g/l
teicharging time ... h
te; empting time ... h
ty ; fermentation time ... h

t; settling time

V¢; semi-batch culture working volume .......................... |

V; ; semi-batch residual volume after supernatant

TEMIOVAl .ottt |
X ; biomass concentration ... g/l
Yys s ethanol yield oo g/o
U3 IO Lo h
um’ maximum specific growth rate ... I/h
ym » maximum specific rate of ethanol production ..... g/gih
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