International Journal of Applied and A International Academy of Science,

Natural Sciences (IJANS) 5

ISSN(P): 2319-4014; ISSN(E): 2319-4022 Engineering and Technology

Vol. 5, Issue 5, Aug — Sep 2016; 87-96 IASET Connecting Rescarchers; Nurturing Innovations
© IASET

KINETICS OF BIOETHANOL PRODUCTION USING SACCHAROMYC ES CEREVISIAE
STRAIN Y-35

ANJALI JAIN ', RAVI DHABHAI 2 AJAY K. DALAI % & SATYENDRA P. CHAURASIA *
'Department of Chemical Engineering, Banasthali Ersity, Rajasthan, India
12%atalysis and Chemical Engineering Laboratoriepabenent of Chemical and Biological Engineering,
University of Saskatchewan, Saskatoon, Canada
“Department of Chemical Engineering, Malaviya Nagidmstitute of Technology Jaipur,

JLN Marg, Jaipur, India

ABSTRACT

In the present work, an attempt was made to expla@otential o5. cerevisia&-35 for fermentation of glucose
to produce ethanol in batch culture. Effects ofapaeters, such as initial inoculum loading in thegeof 5-40 gL dry
cell weight (DCW) and glucose concentration (in thage of 5-26% by weight) were investigated. Maximethanol
yield and volumetric productivity were obtainedimiculum loading of 20 gt DCW and increased marginally at 40gL
DCW. With increased initial sugar concentrationluwoetric productivity was increased and the maxinpnaductivity of
10.46 gl*.h' was obtained with 13% sugar concentration at 4dntesponding to 94% of the maximum theoretical
possible conversion. At high sugar concentratibitgh productivity was obtained up to 10 h, corresping to 6.9 and 5.9
gL*h™ at 20% and 26% initial glucose concentrationg)eetvely. The high productivities obtained witle theast, even at
20-26% sugar concentrations, implies the robustobfise yeast strain and potential for its indastuse. Furthermore, in
order to understand the kinetic behavior, the drpental data was fitted into a kinetic model basedmodified Monod
equation to predict the inhibitory effects of etbhand glucose on fermentation performance. A MAB®program was
employed to estimate the kinetic parameters inmioelel. High B and low RMSE values supported good agreements

between experimental data and model predictions.
KEYWORDS: Bioethanol, Dry Cell Weight, Fermentation, Kinetidé4onod EquationSaccharomyces Cerevisi¥e35
INTRODUCTION

In the last few decades, fossil fuel reserves as¢ depleting due to the increased usage of tratagipm fuel,
which is also raising environmental concerns duthéoincreased particulate and greenhouse gasssiens. This has led
to intensive research for green alternative fualshsas bioethanol and biodiesel. It has been esidndat U.S. could
produce 284 billion liters of cellulosic ethanolrpear by 2030, more than half of today's U.S. tiasademand (RFA,
2015). The most economical and widely used metlmodHe production of ethanol involves fermentat@fnsugars by
yeast,Saccharomyces cerevisiak is the choice organism for sucrose and stérabed ethanol industries. In order to
efficiently produce ethanol, specific growth raseigar consumption rate, volumetric productivityhaetol yield, and
ethanol tolerance must be on higher side for aoniganism (Zabed et al., 2014). However, the seleaif a particular
industrial strain is usually based on historicabugrds, rather than scientific and hence suboptiimatheir purposes

(Steensels et al., 2014). Industrial processes$yrase the best performing strain. Therefore, themill a lot of scope to
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exploit the fermentation performance of the unesgdonatural yeast diversity (Wang et al., 2012Rast8. cerevisiaavas
chosen in present study as it is the best knowmomiganism for ethanol production from glucose rixfig high ethanol
yields (95-99% of the theoretical) and high ethan@drance up to 10% (w/v) in fermentation mediufalébnia et al.,
2010).

To develop a fermentation process at an indusidale, information on kinetics is significantly wable for the
better process control, reduction in process @ugt,improvement of product quality (Olaoye et 2013). Various kinetic
models have been proposed to quantitatively desehib dynamic behavior of fermentation systems (iguet al., 2010;
Sansonetti et al., 2011). Most of the models db#agi microbial growth during ethanol fermentatiore &mpirical and
based on either Monod’s equation or on its variouslifications which take into account the inhihitiof microbial

growth by a high concentration of product and/drsétate.

The present investigation is aimed at the evalonatib fermentative performance &. cerevisiaeY-35 for
D-glucose at different initial inoculum loading asdgar concentrations. In this study, a kinetic ehddcorporated with
the effects of both substrate and product inhibit®utilized. To the best of author’s knowledge,data has been reported
on the fermentation kinetics d. cerevisiaeY-35. At different initial sugar concentrationsatd obtained from the
experimental observations was processed by a MATLABgram to predict substrate utilization and paidormation

and to determine the kinetic parameters.

MATERIALS AND METHODS

Materials

S. cerevisiadNRRL Y-35 was obtained from ARS culture collecti®dSDA, Peoria, IL, USA. Cell pellets were
grown and maintained on YPD agar media consistfngeoliter: 10 g yeast extract, 20 g peptone, 2lugose, and 20 g

agar. All chemicals were of pure analytical gradiesis otherwise specified.
Inoculums Development

The medium used for the inoculums preparation stediof (per liter): 10 g yeast extract, 20 g pept@and 20 g
glucose. Medium was autoclaved at I2for 15 minutes and glucose was added separattiyawd.22 pm syringe filter.
Inoculums was prepared by transferring a loopfuafisolated colony from an agar plate to a S0Erénmeyer flask

containing 200 ml of inoculums media, cultivatedhie incubator shaker at 30°C, 150 rpm for 24h.
Fermentation Conditions

Fermentation experiments were performed in 100 nereyer flasks with rubber septa closures, caintgi50
ml sterilized fermentation medium. The compositmnmedium was (per liter): 3 g yeast extract, 6 §,RO;, 2 g
(NH,),SO,, and 0.4 g MgS@The inoculum loading was in the range of the 5 @og* DCW. The experiments were
carried out in an incubator shaker at@@nd 120 rpm. Samples were withdrawn with the t#l@ needle syringe
periodically for analyses of residual glucose atitheol. Experiments were performed in duplicated average values

were reported.
Analytical Methods

Dry cell weight was determined by harvesting cbilscentrifugation and washing with 1% (w/v) NaGlilléwed

by drying at 108 for 2-3 h till constant cell mass was observetlcGse concentration was determined by a high
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performance liquid chromatography (Agilent 1200eserAgilent Technologies) equipped with a Rl daie¢Agilent 1200
series) and a 300 mm X 6.5 mm Sugar-PAK | colummt@ns, Division of Millipore) with a suitable guamblumn.
Separation was achieved at 65°C with Millipore wate eluent at 0.25 ml mirflow rate and 5il injection volume. Al
samples were filtered through a 0.22 um syringerfiprior to analysis. Ethanol was analyzed by s gaomatograph
(Agilent 7890A series) equipped with a Stabil Wastuenn (30mx 250 pmx 0.5 pm; Restek Corp., USA)5I°E, FID

detector at 300°C, nitrogen at 23 psi pressurehafidm as a carrier gas.
Kinetics of Fermentation

The kinetic model used in this study is based owifiel Monod expressions and has been used prdyious
(Krishnan et al., 1999; Dhabhai et al., 2012; Dizaleh al., 2013). This model incorporates substratk product inhibition
functions. A MATLAB® programme was used to determine the kinetic pasmealuesy(, pm Ks, Ks, Ki, K/, Vi, B, and
v). Model parameter estimation was carried out usi@gnentation results obtained from different sefssugar
concentrations with low (50.4 gLand 100.8 gl%), moderate (125.5 gtand 151.2 gL!), and high values (198.4 gland
264.2 glI'). The average values obtained from the fermenmtaitodifferent sugar concentration were used foamater
estimation. Predicted values of substrate utilimatind product formation were obtained using tlg@mme. The model

equations are as follows:

1 mms g (P
H= X ™ kersts? /Ki{l (Pm) } (1)
1dpP UmS P\
i —K;+s+§{1 -G} (2)
~ B L L By 3)

dt YP/SE - YX/S dt

where: K, Monod constant for microbial growth (g); K<, Monod constant, for product formation (Bt K;,
Inhibition constant for microbial growth (gf); Ki', Inhibition constant for product formation (g} P, ethanol
concentration (gt); P, ethanol concentration above which cells do notgtgL™), Pm’ ethanol concentration above
which cells do not produce ethanol (HL.S, substrate concentration (g); X, cell dry weight (g[%); Yes product yield (g
product g substrate)Yys cell yield constant from glucose (g celid substrate)p, specific growth rate (B; V, specific

rate of product formation ®; p, Mmaximum specific growth rate 1 V., maximum specific rate of product formation
(h).
RESULTSS AND DISCUSSIONS

Effect of Inoculum Loading

Batch experiments were conducted at four diffefiaitial inoculum loading (5, 10, 20, and 40 Yldry cell
weight) The initial glucose concentration was 5% thand the process conditions were kept constantittiag speed
and temperature of 120 rpm and GQrespectively. Figure 1 presents the trend ofrath production and glucose

consumption (gL®) at different initial inoculum loadings.
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Figure 1: Ethanol Production and Residual Sugar Cocentration with Respect to Fermentation Time at
Initial Inoculum Loading of 5, 10, 20, And 40 GI* DCW Conditions: Initial Substrate
Concentration: 5% Wv™, Agitation Speed: 120 Rpm, and Temperature: 3@

The maximum ethanol productivity of 7.9 gn* was obtained at 20 gLDCW inoculum loading, which
produced 23.7 gt ethanol in just 3 h, corresponding to 92.2% ofrti@ximum theoretical conversion Further, increasing
the inoculum concentration to 40 gLno significant increase in final ethanol concatitm, yield, and productivity was
obtained. Therefore, among four different loadingmculum concentration of 20 gLDCW was chosen to be the
optimum inoculum loading on the basis of ethaneld;i glucose consumption rate, and productivitypethet al. (2014)
have also reported that initial inoculum loadingrsiicantly affects sugar consumption rate and moharoductivity. Dada
et al. (2012) and Powchinda et al. (1997) have atsted that higher inoculum size may negativelgcafethanol

production and lower yield and productivity maydig#tained due to decreased viability of yeast pdmria
Effect of Sugar Loading

Initial sugar concentration is an important inflogng parameter; as it directly affects both biomasd ethanol
production. Generally, the rate of ethanol formatis increased with increased sugar loading up terain level,
afterwards it may exceed the sugar consuming cgpadi yeast due to substrate/product inhibitionglidisugar
concentration works as an inhibitor for yeast amaly cause osmotic shock of the cells and slow dibein mass and heat
transfer (Nikolic et al., 2010). A wide range ofgaum concentration was chosen to see the effechitili sugar

concentration on fermentation. The summary of feraion results is presented in Table 1.

Table 1: Fermentation Results with Different Initial Sugar Concentrations

Initial Sugar Time to Obtain Final Ethanol | Ethano YOGS Consumedsi5o of Mfax
Concentratio Final Ethanol Concentration | |Yield p Ethan_o! S : Theorepcal
n(GIY) | Concentration (H) G GGy | Productivity | Concentrati | _Possible
(GI"h™) on (GI) Conversion

50.4 4 24.1 0.48 6.01 50.4 935
100.8 6 45.9 0.49 7.66 100.8 97.7
125.5 8 56.1 0.45 7.01 125.5 87.7
151.2 8 63.1 0.42 7.89 151.2 81.9
198.4 24 77.0 0.39 3.20 198.4 76.1
264.2 48 107.2 0.40 2.23 46.8 79.6
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With increased sugar concentration, final etharmicentration was increased but the productivityresed
above 151.2 gt sugar concentration. Ethanol productivity of 719" was obtained at 151.2 glin 8 h, while it slightly
decreased to 6.1 ¢gh™ at increased sugar concentration of 198.4gTlhe final productivity was found to be 3.24iin
24 h, at the point of complete consumption of sidgafpour et al. (2004) reported a study of bd&rmentation of sugar
by S. cerevisiadTCC 24860. At an initial sugar concentration ofd0", sugar consumption and ethanol production were
obtained as 99.6% and 12.5%"yvespectively, after 27 h. While in the presentgt at an initial sugar concentration of

50.4gL*, 100% sugar was consumed in only 4 hours.

High sugar concentration, especially in batch feragons, tends to inhibit fermenting organism, dae (i)
inherent limitation on sugar transport inside maganism, (i) extent of sugar metabolism, and) (high sugar
concentration may lead to non-homogeneous condmrarofiles generated by insufficient mixing dte increased
viscosity of the solution (Koppram et al., 2014)l. these factors may contribute to lower produdtyivand/or lower yield
at high sugar concentrations. In general, initlatgse concentration in the range of 150-175 bhs been reported to be
inhibitory for the growth of most yeast speciesk®lic et al., 2010; Ozmihci and Kargi, 2007; Chareteal., 2009).

Tang et al. (2010) studied ethanol fermentatioa @ontinuous stirred tank reactor (CSTR) by a fld&iing yeast
strain at a dilution rate of 0.083'hachieved an ethanol concentration of 8¢ glith an ethanol productivity of 6.6 gh’
! Zhang et al. (2011) investigated bioethanol petidn by simultaneous saccharification and fermgoma(SFF) from
raw sweet potato witls. cerevisiaestrain CCTCC M206111 and obtained maximum ethaontentration of 128.51 gL
with an ethanol productivity of 4.76 gh™. Ethanol productivity obtained in the present hastudy with the use o8.
CerevisiaeY-35 was high as compared to the productivitigzoreed in the CSTR and SSF studies. This implies th

industrial potential of this yeast strain.
Kinetics of Fermentation

Model parameter estimation may not be accurate aige cof inhibitory initial sugar concentration a% th
microorganism is performing at a sub-optimal le{@habhai et al. 2013). Furthermore, according taehequations, high
values of inhibition constants, Knd K™ and low values of reaction constantsdfd Ks° would give high value of p and V

respectively, which generally result in higher prodyield and volumetric productivity (Dhabhai ¢t2013).

The estimated values of model parameters are pszsém Table 2. The experimental and predicted eslof
product and substrate concentrations with fermimtaime are presented in Figure 2 and Figure 2 Wues of Rwere
found to be 0.99 in all cases for both ethanol fatian and glucose utilization, while low RMSE vaduerere obtained,

which indicates the goodness of model fitting.
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Figure 2: Comparison between Experimental and Predited Data for Ethanol Production at Different Initial
Glucose Concentration Pred: Predicted Trend; Exp: Kperimental Trend. P1, P2, P3, P4, P5, and P6 Areh&
Ethanol Concentrations at Glucose Concentrations: ®4gl*, 100.8gf, 125.5g1", 151.2gt', 198.4gf", and 264.24f,
Respectively
In the case of low initial substrate concentratiom, in the range of 5-10%, the average valugs,adndV,, were
found to be 1.6 hand 1.01 H, respectively. For moderate substrate concentr§li8-16%), the values ofgandV,, were
found to be 0.56 hand 23.1 ,, while at high initial substrate concentrations, 20 and 26%, the values were obtained
8.5 h', and 9.8 H,, respectively. The highest value \&f was obtained with moderate substrate concentratidicating

13-16% concentration range to be the optimum fgh lethanol yield and productivity.
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Figure 3: Comparison between Experimental and Predited Data for Residual Sugar Concentration at Diffeent
Initial Glucose Concentration Pred: Predicted Trend Exp: Experimental Trend. S1, S2, S3, S4, S5, ar#b Are the
Residual Glucose Concentrations At 50.4g L-1, 10@8& -1, 125.5¢g L-1, 151.2g L-1, 198.4g L-1, and 284GI-1,
Respectively

At low (5-10%) initial sugar concentration, the wes$ of K, K¢, K, and K™ were obtained as 57.41 §L0.59gL™,
41.72 gL, and 203.34 gt, respectively, while at moderate (13-16%) ranbe, talues of reaction rate constantsakd
Ks were low (6.97 and 0.76 di_respectively) and inhibition constants &d K were high (168.11 and 9959.10 4L

respectively), indicating high growth rate and legsbition effects on glucose fermentation wih cerevisiaeAt high
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sugar concentration (20-26%), the pronounced itibibieffect is evidenced by the low values of intiim constants K
and K> (0.38 and 12.08 gt) and the high values of reaction rate constantsafc Ks* (252.20 and 43.58 L) as
compared to the values obtained at moderate stdbswacentration.

Table 2: Estimated Values of Model Parameters for (Bcose Fermentation at Different
Initial Sugar Concentrations

Parameter Initial Sugar Concentration
Low Moderate High
) 0.99" 0.99"* 0.99™
R™for S 0992 | 099" 0.99"
0.91% 5.56M! 30.99™
RMSEforS | jg'g32 | 2531 | 2250
5 0.99 0.99M* 0.99™
R”for P 0.992 0.99M2 0.992
1.114 5.35M! 43.41M
RMSE for P 4.37“2 6.73"2 17.62%
tm[h™] 1.60 0.56 8.48
Viu[h?] 1.02 23.09 9.85
Ks [gLY] 57.41 6.97 252.20
Ks'[gL™] 0.59 0.76 43.58
K [gL™] 41.72 168.11 0.38
K, [gL] 203.34 9959.10 12.08
B [dimensionless] 4.59 0.99 0.02
y[dimensionless] 0.30 0.01 0.68

*Glucose concentrations L1-50.4 QL L2-100.8 gLf, M1-125.5 gL, M2-151.2 gl*, H1-198.4 gr* and
H2-264.2 g [*.

In a similar study by Tesfaw et al., (2014) wheitiah sugar concentration was increased in the eaaf
85-156gL™", the average specific growth rate and average dsenyield were significantly inhibited whereas ager
specific substrate uptake, average specific ethamaluctivity, and average ethanol yield were iasetl. Results obtained
in the present study are in accordance i findings ofTesfaw et al., 2014. Similarly, Birol et al. (199&ymented
glucose using immobilize8. cerevisiadATCC 9763 and studied a variety of different kinetiodels. At an initial glucose
concentration of 2%, and K were 0.186 i and 0.390 gl respectively, while at a glucose concentratiof@fo, j1,, and
Ks were 0.758 T and 362.65 gt, respectively The values of constants in the presaudy were found to be more
favorable for high yield and productivity. Thus,time present studg. cerevisia&’-35 showed enhanced performance up

to sugar concentration of 16% as compared to thinskTCC 9763.
CONCLUSIONS

The effects of initial inoculum and sugar conceiitra on ethanol concentration, yield, and prodiittiwere
evaluated in this work with a view to determine thbustness and possible industrial applicatio®.oferevisiaey-35.
Inoculum loading of 20 gt DCW gave maximum ethanol yield and concentratioighHproductivity of 7.9 g*h™* was
obtained at 151.2 gtin 8 h In order to see the inhibition effects oftial sugar concentration, kinetic study using a
modified Monod model was carried out. Model fittingemed to be reliable as indicated by the higarid low RMSE
values. The highest value of,\ivas obtained at the moderate sugar concentratibereas on increasing the sugar
concentration to 198.4 gland 264.2 gL, the pronounced inhibition effect was evident. dtable values of constants,(

andK;) and lowKgimplies that this yeast performs much better evesub-inhibitory concentration, which shows great
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potential for its use for large scale fermentatiperation.
NOMENCLATURES

Ks, Monod constant for microbial growth (g); K¢, Monod constant, for product formation (Bt K;, Inhibition
constant for microbial growth (g1); Ki', Inhibition constant for product formation (g); P, ethanol concentration (g
Pm ethanol concentration above which cells do nowg(gL™®), Pm’, ethanol concentration above which cells do not
produce ethanol (gl); S substrate concentration (gL X, cell dry weight (g['); Yes product yield (g product™
substrate)Yys cell yield constant from glucose (g cell8 gubstrate)y, specific growth rate (H; V, specific rate of
product formation (f); pm Maximum specific growth rate T V., maximum specific rate of product formation'{h
DCW, dry cell weight (gL}).
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