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Abstract

In this study, continuous ethanol fermentation colgal with in situ gas
stripping was analysed using a fermentation mod€he growth of cells was
simulated using the Hinshelwood specific growth eatmodel while the
production of ethanol was simulated using the Luddieg-Piret production
model. The model was simulated to investigate tffeat of dilution rate on
the fermentation process and substrate consumptiwas then optimised.
Results obtained showed that the fermentation psg&vas favoured by low
dilution rates as evident in the increase in the ammt of ethanol produced,
growth of microbial cells and substrate utilisationOptimisation of the
continuous fermentation process resulted in a subgt utilisation rate of
97% when a dilution rate of 0.01 1/h and a stripgirgas flow rate of 68.34
L/hwas used
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stripping.
Nomenclature . 3 heonv  Convectional heat transfer coefficient (@)
a interfacial area per unit volume#m®) Kq Endogenous decay constant (1/h)
Ce Etha_nol concentration (g/L) ) Ks Mass transfer coefficient (i)
Cewm Maximum ethanol concentration (g/L) K. Substrate affinity constant (g/L)
Cs Sugar substrate concentration (g/L) me Maintenance factor (g/gh)
C’% Inlet sugar substrate concentration (g/L) t time (h)
Cx M_icrqbial cell concentration (g/L) VA Volume of the liquid phase (L)
D D!Iut|on rate (1/h) O Specific substrate consumption rate (g/gh)
Dy Diameter of fermenter (m) Os Specific ethanol production rate (g/gh)
Fs Stripping gas flow rate (L/h) Yen Ethanol yield (g/g)
F Flow rate of inlet liquid stream (L/h) B Stripping factor (1/h)
He Dimensionless Henry’s law constant u Specific growth rate (1/h)
1.0 Introduction

The use of ethanol fuel has gained worldwide rettmgnas a suitable alternative to conventionahsgortation fuels.
Production of ethanol has traditionally been basadbatch fermentations with yeagaccharomyces cerevisjaasing
sucrose or starch-derived glucose as carbon stdss{rd.However, batch fermentation processesyaieally characterised
by certain deficiencies.

The first has to do with the low productivity ofetlprocess. Achieving a high productivity in bioreas is important in
obtaining better process economics of products sagtbioethanol, amino acids and single-cell prstd]. A high
productivity level with maximal substrate utilisati and product concentration can be achieved biging a high cell
density culture in a continuous process [3]. Ircpica, for this to be achievable, the dilution ratest be kept lower than the
growth rate of the cells in order to avoid cell asit.

Secondly, the production of ethanol by fermentaiioa simple batch reactor is often limited by greeformance of the
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fermenting microorganisms. It is an inhibitory pess because the ethanol produced is toxic to tleeoarganisms.
Typically, yeast cannot tolerate ethanol conceiutnatin excess of 10% w/v [4]. Because of this fation, it is necessary to
use large and often expensive fermenters. The laofgme of water associated with this process leadkigh cost of
downstream separation and purification of ethahbis limitation can be overcome in a number of w&yse approach is to
start the process with a relatively dilute gluceséution, usually not more than 16% by weight idesrto have complete
conversion of the glucose substrate in a reasontinle. Another approach is to combine fermentatwith product
separation in a continuous process [5]. This mehatsthe ethanol is removed from the fermentert &s lbeing produced.
When this is done, it is possible to achieve a digtonversion of a more concentrated glucose fBatte less water is
associated with this process, the separation eostgreatly reduced. Park and Geng [6] have recesniewed methods for
combining fermentation with product separation inthuous mode. These include fermentation undeuwa [7],
fermentation with product recovery via pervaponagid], fermentation with product recovery via ligeiquid extraction [9],
fermentation with product recovery via perstractjéf] and fermentation with product recovery viasagtion [11]ln situ
gas stripping using an inert gas has been estelllisis a viable mean of recovering ethanol from éatation broths
[4,12,13]. By adopting gas stripping as a recovenl, the problem of product inhibition can be sigantly alleviated.
Furthermore, significant increase in ethanol préiditg and substrate utilisation as well as redues in the cost of product
concentration and purification can be achieved.[14]

Mathematical models have been used to predictrifieence of operating variables on the performaofcéermentation
processes [15].These models could be used to gebeltter strategies for the optimisation of themientation process to
ensure its economic viability. Hence, the objectofethis study is to model the performance of aticmmus ethanol
fermentation process coupled with gas strippingtaneimulate the process to determine the effedilafion rate as well as
optimising substrate consumption during fermentatio

2.0 Materials and Methods

21 Microorganism and Fermentation

Geobacillusthermoglucosidasiwgbtained from the biotechnology division of thedEeral Institute of Industrial Research
Oshodi (FIIRO), Lagos, Nigeria was used as the ésimg microorganism. The procedure adopted forféhmentation
process is the same as that reported by Crippt 6. The fermentation process was carried autZ1 hours in 2 L
bioreactor with a working volume of 1.5 L. Gashing was carried out using oxygen-free nitrogen ga

2.2 Analytical Methods
The concentration of ethanol and fermentable sugass determined using a gas chromatography systempped with a
flame ionisation detector (GCD-Gas chromatograpye, Pnicam UK).

2.3 Model Formulation
The governing equations for a continuous ethanmohdéatation process coupled with gas stripping @@m@tinuous bioreactor
are [17]:

Microbial cell balance d(j:tx =(u-k,—D)C, (1)
dcg _ L

Product balance e 9:C, - (D+pB)C: (2
dés _

Substrate balance Tl gsCy — D(Ci— Cy (3)

The stripping factor is defined as:

B= FoH:K a @)

Fs +V Ksa

D (= Fu/V)) is the dilution ratepis the specific growth ratej is the specific production rate, aggis the specific substrate
consumption rate. These equations are based dallitving assumptions.

e The stripping gas is oxygen free

e The equilibrium distribution coefficienHg, and other quantitie§,s, F, V etc., are constant during fermentation.
The specific productivity rate of ethanglgh) is given by a modified form of the Luedeking-Rineodel [18].
e = YE/x,u (5)
Yeix (9/9) is the ethanol yield. The specific subst@asumption rate is given by the maintenance gnaigdel of Pirt [19].
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- H
g =g —+m (6)
Yx/s
where Yys (9/g) andmg (g/gh) are the yield of microbial cells and theimt@nance factor respectively. The growth of cells

was simulated using the growth kinetic model pregasy Hinshelwood [20] as shown in Equation (7).
Cs Ce
U= U 1- (7)
e Ks + CS ( CEm

Cenmis the ethanol concentration above which the gnavftmicrobial cells is completely inhibited.

2.4  Optimisation of Substrate Consumption

The consumption of substrate during continuous éeriation was optimised by minimising the differeroetween the

residual sugar concentration and the initial sugarcentration in the fermenter. The objective & tptimisation exercise
was to ensure that the residual sugar concentratitie fermenter was maintained at a minimum valsienuch as possible
within the bounds of the constraints presentedhieyférmentation conditions. These conditions ineltite flow rate of the

stripping gas and the dilution rate. Hence themoigttion problem was posed as a minimisation prolae follows.

Minimize (objective function):  z=(C;— CQ)°
Subject to (constraints): 30< F; <10C

0.01<D< 0.t

C.<5

D=0

F; =0
The objective functionZzj represents the difference between the residugdrsand the initial sugar concentration in the
fermenter and this was minimised subject to thestamts presented. The first two constraints aferred to as interior
point constraints because they are valid at thelimidf the time horizon. The third constraint ifereed to as an end point
constraint because it must be satisfied at theoétite operation. The first constraint specifiestttne stripping gas flow rate
must be bounded between 30 and 100 with both boimetissive. The second constraint specifies thatditution rate must
be bounded between 0.01 and 0.5 with both bourdligsive. The third constraint specifies that thmfisugar concentration
in the fermenter must not be greater than 5 g/le IEst two constraints are referred to as non-nggyatonstraints which
mean that the two variables (gas flow rate andiditurate) must possess non negative values. Ttimisption problem was
implemented in as a nonlinear programming probldiinR) which was solved numerically using the metloéd.agrange
multipliers [21].
In order to investigate the dynamic behaviour @& trmentation process, the system of equationssatwed numerically
and the data presented in Table 1 was used follagiiom
Table 1: Parameter values for dynamic simulation

Parameter Value Source

Affinity constantKg 5.423 g/L Cripps et al. [16]
Fermenter volum¥/| 15L Hild [22]

Gas phase mass transfer coefficiépt 0.73120 m/n| Hild [22]

Henry’s law constant for ethanbl 0.0039L/Lg, | Hild [22]

Endogenous decay constépt 0.1061/h Amenaghawon et al. [23]
Cell maintenance factaon, 0.376g/gh Amenaghawon et al. [23]
Ethanol yieldYgy 3.741g/g Amenaghawon et al. [23]
Microbial cell yieldYy,< 0.202g/g Amenaghawon et al. [23]
Maximum specific growth ratgms, 0.3601/h Amenaghawon et al. [23]
Maximum ethanol concentratid@,, 30.130g/L Amenaghawon et al. [23]

3.0  Results and Discussion

Figure 1 shows the effect of fermentation time dihgtion rate on the amount of ethanol producece ésults show that low
ethanol concentrations were obtained at high ditutiates. This observation could be attributedhi fact that at high
dilution rates, the fermentation medium had a &magsidence time and since the microbial cell patjpn would then have
very little contact time with the medium, the bisaaoncentration will be reduced by wash out as/slin Figure 2[24].
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Another consequence of high dilution rates is thigh the little residence time available to the rolmal cells, less of the

sugar substrate will be consumed and less produititbe produced during the fermentation proceds].[Similar results
have been reported by other researchers [26].
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Figure 1: Effect of fermentation time and dilution ratd=igure 2: Effect of fermentation time and dilution rate
on ethanol concentration on cell concentration
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Figure 3: Effect of fermentation time and dilution rate substrate concentration

Increasing the dilution rate resulted in a decreassugar substrate utilisation as shown in Fighir@his is evident in the
increase in residual substrate concentration adifhon rate was increased. At a very low dilaticate, the substrate
utilisation was estimated to be about 93%. Thisi@dlowever decreased to about 24% when the dilusitnwas increased
to 0.1 K. A similar trend was observed by Chen et al. [25] the production of bioethanol using immobilized
Saccharomyces cereviside a fibrous bed bioreactor. They also reported the steady state ethanol concentration
decreased with increase in the dilution rate. Tihgidn rate is a variable that must be given intaot consideration during
continuous fermentation. Zanette et al. [27] repabrthat at low dilution rates, the fermentation medis presented with
sufficient time for the bioconversion of the sugar® ethanol. Nevertheless, the hydraulic retentime is very high and
there is the possibility of the production of sfggant amounts of by-products. Hence there haset@ lrade-off between
ethanol productivity and sugar substrate utiligatmensure continuous process operation [28].

Table 2 shows the lower and upper bounds of thestcained variables as well as the final optimainestes of these
variables. The results showed that the constraiate satisfied within the bounds specified.

Table 2: Optimal estimates of constrained variables

Constrained variables Values

Optimal estimatg Lower bound Upper bound
G (L/h) 68.34 30 100
D (1/h) 0.01 0.01 0.5
Cs (g/L) 3.52 0 5
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Figure 4: Response of the substrate concentration to tRigure 5: Response of the substrate concentration to the
optimisation process optimisation process

Figure 4 shows the response of the objective fancin the course of the optimisation process. Thgative function

displayed a stable value towards the end of themggation run indicating the optimum point had beeached. Figure 5
shows the response of the sugar substrate contientria the course of the optimisation process.the course of
determining the optimum values of the constrainedables (gas flow rate and dilution rate), theasugpncentration in the
vessel displayed an initial increase with timedaah a maximum value of about 13 g/L after whictkeitreased and finally
attained at steady value of about 3.52 g/L. Comsidethe initial sugar concentration of about 122, ghe final sugar

concentration of 3.52 g/L represents about 97%tgatlesutilisation.

4.0 Conclusion

A continuous ethanol fermentation process coupligld iw situ gasstripping was analysed in this study using a nmatteal
model. The model was simulated to investigate §rachic behaviour of the process and the substtiisation was then
optimised. To obtain high ethanol concentratiogn#icantly viablemicrobial cell population and appiable substrate
utilisation, low dilution rates should be used.@psiation of the continuous fermentation processiltes in a substrate
utilisation rate of 97% when a dilution rate of DJ8* and a stripping gas flow rate of 68.34 L/h wasduEke high substrate
utilisation recorded as well as the optimal strigpconditions determined could serve as usefulrin&ion in developing
better strategies for fermentation processes torerits economic viability.
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