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Renewable sources of fuels are important for environmental sustainability. Biofuels are produced from 
renewable feedstocks through biological processes and can be found in the form of liquid, gas and solid. 
Isobutanol, a branched chain butanol isomer, is a type of biofuel that can be produced through the 
fermentation of biomass using microorganisms. In an aerobic fermentation, Saccharomyces cerevisiae (yeast) 
produced certain amount of isobutanol as by-product during the degradation of valine through the Ehrlich 
pathway. In the fermentation process, the determination of growth kinetics gives a better explanation 
regarding the relationship between specific growth rate and the concentration of a substrate. Kinetic 
coefficients are useful in providing information regarding the progression of either the chemical or biological 
reaction occurring in a system. In this study, the microbial growth kinetics, glucose utilisation and isobutanol 
productivity were investigated. The growth kinetics coefficients were determined by the Monod’s model while

the Ledeuking-Piret’s model were used in investigating the parameters involved in substrate’s consumption 
and product’s formation. The maximum specific growth rate, µmax and the substrate saturation constant, Ks 
were determined from the slope and interception point (a plot between 1/µ and 1/S) during 48 h of 
fermentation period. The value of µmax and Ks obtained were 0.74 h-1 and 57 g/L. The isobutanol yield (YP/S), 
biomass yield (YX/S) and the correlation between isobutanol production and yeast growth (YP/X) were found to 
be 4.79 mg/g, 0.1 g/g and 49.4 mg/g. The Monod’s and Leudeking–Piret’s models were found to be suitable to

represent the experimental data of growth kinetics and product’s formation kinetics in this study.  

1. Introduction
Production of fuels from renewable sources is growing nowadays. The urge towards this idea is due to several 
factors related to environmental concerns (greenhouse effect, climate change and global warming) (Sanchez-
Ramirez et al., 2015), fossil fuel price and energy security (Raganati et al., 2012). In 2008, approximately 88 
% of the total energy used is derived from non-renewable fuel (Zhao et al., 2014). This situation has resulted 
in the deployment of greenhouse gasses as fossil fuel produces methane, nitrous oxide and carbon dioxide 
when burning in turn led to an increase in environmental temperature (Kumar and Gayen, 2011). The increase 
in fuel consumption and the political upheaval in the oil producing areas have led to the declining fossil fuel 
reserves (Hazrat et al., 2015). Nowadays, the source for the fossil fuel is decreasing since this fuel is 
produced from limited resources; therefore, there are steps to initiate the production of fuel from renewable 
sources. The number of vehicles and the industry are growing rapidly due to increasing population; this 
situation has caused the price of crude oil to increase thus directly affecting the global economic development 
and growth (Hazrat et al., 2015). There are several countries that have established their own policies and 
regulations in biofuel production (Melamu and von Blottnitz, 2011). Brazil is one of the countries involved 
where half of the energy supplied is derived from renewable sources (Pereira et al., 2015). According to Nagy 
and Hegedus (2015), the US countries have been mandated that the energy supply from renewable sources 
in 2020 to be up to 20 % with 10 % of renewable energy involved in transport sector. The energy production 
from renewable sources in the US countries is expected to increase in the future (Accardi et al., 2015).  
Biofuels from renewable sources can be categorised in three types; which are liquid, solid and gas (Dahman, 
2012). There are several types of fuels that can be classified as biofuels, namely bioalcohol (Hacisaligoglu, 
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2009), biodiesel, Fischer-Tropsch diesel, methane and hydrogen (Demirbas, 2008). At present, biofuels have 
become one of the most important sources of sustainable fuels, which have gradually received increasing 
attention from both the public as well as the scientific communities. According to Gonela and Zhang (2014), 
biofuel is encouraged as one of the source of transportation fuel due to its benefits as a renewable and 
environmentally friendly source of energy. The studies on environmental impacts found that biofuels are non-
polluting. These fuels can be easily accessed and are available in the local area. Added benefits of biofuels 
are sustainability and reliability, thus suitable to be widely used in many areas (Demirbas, 2009).  
Isobutanol, one of the butanol isomers, has been recognised for its potentiality as a fuel additive or substitute 
due to its attractive physical properties. Having favourable fuel characteristics such as a higher energy 
density, lower solubility in water and less volatility, isobutanol has become a superior fuel extender compared 
to bioethanol (Lee et al., 2012). As higher energy density gives a huge benefit in which the fuel consumption 
can be reduced while better mileage is obtained (Jin et al., 2011). Isobutanol produces less corrosion due to 
being less miscible in water and is suitable to be distributed using the existing pipelines. On the other hand, 
ethanol need to be transported via rail, barge or truck as it is completely soluble in water. The less volatility 
characteristic has made isobutanol a safer fuel to be used during high temperature and lower level of volatile 
organic compound is generated during handling (Durre, 2007).  
S. cerevisiae (yeast) is able to naturally produce a small amount of isobutanol during fermentation process 
(Brat et al., 2012). Isobutanol is produced as the by-product during degradation of amino acid through the 
Ehrlich pathway (Kondo et al., 2012). The use of natural producer in isobutanol production gives the 
opportunity to avoid the heterologous pathway which is the expressions of alcohol synthesis genes in the 
production host. This process is complicated and requires substantial effort while the yield produced is quite 
low (Chen et al., 2011). The use of yeast as a production host gives several benefits as it is known to be 
tolerant towards alcohol. S. cerevisiae is able to grow in butanol concentration higher than 20 g/L (Knoshaug 
and Zhang, 2009). This microorganism is relatively robust, thus highly resistant to harsh conditions (Chen et 
al., 2011). Compared to bacteria, yeast is generally much safer as it is suitable to be used in food and feed 
applications. Currently, the isobutanol production by S. cerevisiae has been extensively studied. The low 
isobutanol production has led the researchers to find the alternatives including the expression of the 
isobutanol synthesis genes (Park et al., 2014) and by eliminating the competing pathways (Ida et al., 2015) for 
improving the isobutanol yield.   
Microbial growth kinetics, such as the relationship between the specific growth rate of a microbial population 

and the substrate concentration, is an indispensable tool in all fields of microbiology, be it physiology, 

genetics, ecology, or biotechnology, and therefore it is an important part of the basic teaching of microbiology.. 
The kinetics model is important in providing the information related to biomass growth and product generation 
(Ariyanti and Hadiyanto, 2013). The relation between the specific growth rate ( µ ) of a population of 
microorganisms and the substrate concentration (S) can be expressed by theoretical models. The Monod 
model (Eq(1)) illustrates the influence of substrate concentration on cell growth rate: 

µ =  µmax  
S

Ks +  S
   (1) 

Where µ can be defined as the specific growth rate (h-1), µmax is the maximum specific growth rate (h-1), S as 
the substrate concentration (g/L) and Ks is the substrate saturation constant (g/L). In order to predict the value 
of μmax and Ks, the Monod’s equation can be linearised by reciprocating both sides of the equation. Based on 
Eq(2), a graph for 1/μ and 1/S was plotted:  
1

μ
 =  

Ks

μmax

1

S
 +  

1

μmax
  (2) 

The value of µmax and Ks can be obtained by plotting the graph of 1/μ versus 1/S forming a straight line where 

the slope of tangent is equal to Ks

μmax
 and the y-axis intercept is 

1

μmax
. The growth yield, Yx/s in fermentation is 

defined as follows: 

Yx/s  =  
∆X

∆S
 =  

X − X0

S0 − S
  (3) 

X0 and S0 are the initial inoculum concentration and the substrate concentration while X and S are the 
inoculum concentration and the substrate concentration at a certain time. Other coefficients can be 
determined using the following Eqs(4) and (5): 

Yp/s  =  
∆P

∆S 
 =  

P − P0

S0 − S
  (4) 

Yp/x  =  
∆P

∆X
 =  

P − P0

X − X0
  (5) 
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where Yp/s is the ratio of the products to the substrate, ΔP is the change in product formation, ΔS is the change 
in substrate concentration, Yp/x is the ratio of the products to the biomass and ΔX is the change of value in 
biomass concentration. 
The kinetics of microbial growth occurred during isobutanol production by S. cerevisiae using glucose as 
carbon source through fermentation has not been studied yet. The objective of this study is to investigate the 
kinetics of microbial growth and product formation involved in the production of isobutanol by utilising the 
available kinetics model. 

2. Materials and Methods 
2.1 Preparation of inoculum 

A full loop of the yeast S. cerevisiae (baker’s yeast, Mauri-pan) from agar slant was inoculated into a 50 mL 
flask with YPD medium consisting of glucose 20 g/L, peptone 10 g/L and yeast extract 20 g/L The medium 
was incubated in an incubator shaker at 30 °C, 170 rpm for 20 h before being used as an inoculum for 
isobutanol fermentation. 

2.2 Microbial fermentation  

Fermentation was performed in a 500 mL Erlenmayer flask containing 250 mL of synthethic medium consist of 
140 g/L glucose, 8 g/L yeast extract, 8 g/L peptone, 3 g/L (NH4)2SO4, 1 g/L KH2PO4, 0.5 g/L MgSO4.7H2O, 
0.05 g/L FeSO4.7H2O, 0.5 g/L 2-ketoisovalerate and 0.5 g/L valine. Before starting the fermentation, the 
medium and glucose (autoclaved separately) were sterilised at 121 °C for 15 min. The samples were 
incubated in an incubator shaker (Sastec) at 30 °C, 177 rpm agitation speed with 5 vol% microorganisms for 
48 h. During the fermentation process, the samples were collected every 12 h and centrifuged at 10,000 rpm 
for 10 min. The supernatant was stored at 4 °C for biomass, glucose and isobutanol estimation. All the 
experiments were conducted in triplicates. 

2.3 Analytical methods 

A UV/visible spectrophotometer (Genesys 10S UV-Vis Spectrophotometer) was used to estimate the biomass 
concentration by optical density at an absorbance of 600 nm. The measured values were correlated and 
presented as dry weight cell concentration. The amount of glucose in the samples was also estimated by a 
UV/visible spectrophotometer at an absorbance of 540 nm using the dinitrosalicyclic acid method (Miller, 
1959). The concentration of isobutanol was determined by a gas chromatography equipped with a flame 
ionisation detector (GC-FID) and DB-WAX capillary column (50 m length, 0.32 mm inside diameter and 0.5 
µm film thickness). The oven temperature ranging from 40 °C to 120 °C was raised at a rate of 15 °C/min and 
held at that particular temperature for 4 min. Then the temperature was raised up again with a gradient of 45 
°C/min until 230 °C and held for 4 min. The injector temperature was 235 °C and detector temperature was 
230 °C. Nitrogen was used as the carrier gas with 4.5 psi inlet pressure. 

2.4 Growth and Product Kinetics 

The kinetics of S. cerevisiae growth and glucose consumption was conducted using the optimum conditions 
for isobutanol production. The Monod’s model was used to determine the growth kinetics while the product 
formation and glucose consumption were determined by the Leudeking-Piret’s model. The constant and 
coefficient of kinetic parameters determined in this study were μmax, Ks, Yx/s, YP/S and YP/X. The equations used 
to obtain the values of constants and coefficients are listed above. 

3. Results and Discussion 
The batch microbial growth kinetics in isobutanol production from glucose was studied in detail in order to 
determine the interaction between biomass growth and glucose consumption. The glucose concentration 
profiles along with biomass generation are shown in Figure 1. As can be seen, the exponential growth phase 
of yeast occurs after 6 h of fermentation in which the cells have already adjusted to the new environment 
(Ariyanti and Hadiyanto, 2013). Noticeably, the substrate component which was expressed in terms of glucose 
concentration was initially larger in the beginning of the fermentation which then started to reduce over time. 
The glucose concentration decreased drastically after 20 h of fermentation and produced 11.43 g/L biomass 
and 622 mg/L isobutanol titers (Figure 2). From the result, it was identified that S. cerevisiae was able to 
consume glucose rapidly. This ability has encouraged the use of S. cerevisiae in most industrial ethanol 
fermentation (Becker and Boles, 2003). According to Nor Azah et al. (2014), in the energy production process, 
the glucose consumption is crucial for the yeast’s survival and the energy produced leads to the production of 
alcohol.  
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Figure 1: Interaction between biomass growth and glucose consumption during 48 h of fermentation for 

isobutanol production by S. cerevisiae 

 

Figure 2: The production of isobutanol titers during 48 h of fermentation 

Figure 2 shows the isobutanol concentration produced in 48 h of fermentation. S. cerevisiae starts producing 
isobutanol after 8 h of incubation. The isobutanol’s yield increased proportionally with biomass growth and 
achieved the maximum isobutanol yield (914 mg/L) after 48 h of fermentation. The experimental data for 
biomass and glucose concentration during fermentation of isobutanol were used for the determination of 
kinetic parameters. Based on the Eq(2), the value of µmax and Ks were obtained by plotting the graph of 1/µ 
versus 1/S (Figure 3). The linear equation obtained was y = 77.025x + 1.3443 with the regression, R2 = 
0.9369. The estimation of µmax and Ks were based on the y-intercept and slope of the regression line. The 
maximum specific growth rate (µmax) and substrate saturation constant (Ks) were determined as 0.74 h-1 and  
57 g/L.  
The Leudeking-Piret model was used to predict several kinetic parameters. The biomass yield coefficient, Yx/s 
expressing the correlation of the amount of biomass produced and substrate consumed. The Yx/s obtained 
indicates that 0.1 g of S. cerevisiae produced per gram of glucose consumed. The YP/S coefficient defines the 
relation between isobutanol production and glucose concentration consumed. The YP/S was calculated based 
on Eq(4) and the result obtained shows that 4.79 mg isobutanol has been produced for one g of glucose 
consumed. In this study, the correlation between isobutanol production and biomass S. cerevisiae, YP/X gave 
the value of 49.4 mg/g. This result indicates that one gram of biomass produced 49.4 mg isobutanol titers. The 
values for all kinetic parameters are shown in Table 1. 
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Figure 3: Determination of µmax and Ks for microbial growth during isobutanol fermentation 

Table1: Kinetic parameters during isobutanol production by S. cerevisiae 

Parameter Value 
µmax 0.74 h-1 
Ks 57 g/L 
YX/S 0.1 g/g 
YP/S 4.79 mg/g 
YP/X 49.4 mg/g 

4. Conclusion 
Batch fermentation of S. cerevisiae in 500 mL Erlenmeyer flask produced 914 mg/L isobutanol and 16.9 g/L 
biomass after 48 h of fermentation. The kinetic parameters were successfully studied by fitting the 
experimental data with two models, Monod and Leudeking-Piret. It can be concluded that the relationship 
between biomass growth rate, glucose consumption and isobutanol production can be explained by the kinetic 
parameters obtained.  

Acknowledgments  

The authors are grateful and sincerely expressed their gratitude to the Department of Bioprocess and Polymer 
Engineering, Faculty of Chemical and Energy Engineering, Universiti Teknologi Malaysia (UTM) and the 
Ministry of Higher Education (MOHE) for the kind and financial supports for this research through FRGS 
grants R.J130000.7844.4F511. 

Reference  

Accardi D.S., Russo P., Lauri R., Pietrangeli B., Palma L.D., 2015, From soil remediation to biofuel: process 
simulation of bioethanol production from Arundo donax, Chem. Eng. Trans. 43, 2167-2172. 

Ariyanti D., Hadiyanto H., 2013, Ethanol production from whey by Kluyveromyces marxianus in batch 
fermentation system: kinetics parameters estimation, B. Chem. React. Eng. Catal. 7 (3), 179-184. 

Becker J., Boles E.A., 2003, Modified Saccharomyces cerevisiae strain that consumes l-arabinose and 
produces ethanol, Appl. Environ. Microb. 69 (7), 4144-4150. 

Brat D., Weber C., Lorenzen W., Bode H.B., Boles E., 2012, Cytosolic re-localization and optimization of 
valine synthesis and catabolism enables increased isobutanol production with the yeast Saccharomyces 
cerevisiae, Biotechnol. Biofuel 5, 65, DOI: 10.1186/1754-6834-5-65. 

Chen X., Nielsen K.F., Borodina I., Kielland-Brandt M.C., Karhumaa K., 2011, Increased isobutanol production 
in Saccharomyces cerevisiae by overexpression of genes in valine metabolism, Biotechnol. Biofuel. 4, 21, 
DOI: 10.1186/1754-6834-4-21. 

Dahman Y., 2012, Sustainable biobutanol and working towards the green gasoline of the future, Fermentation 
Technol. 1, 3, DOI: 10.4172/2167-7972.1000e111. 

Demirbas A., 2008, Comparison of trasesterification methods for production biodiesel from vegetable oils and 
fats, Energ. Convers. Manage. 49, 125-130. 

Demirbas A., 2009, Biofuels securing the planet’s future energy needs, Energ. Convers.Manage. 50, 2239-
2249. 

y = 77.025x + 1.3443 
R² = 0.9369 

0

2

4

6

8

10

-0.12 -0.07 -0.02 0.03 0.08 0.13

1/µ 

1/S 

797



Durre P., 2007, Biobutanol: an attractive biofuel, J. Biotechnol. 2, 1525-1534. 
Gonela V., Zhang J., 2014, Design of the optimal industrial symbiosis system to improve bioethanol 

production, J. Clean. Prod. 64, 513-534. 
Hacisaligoglu S., 2009, Ethanol-gasoline and ethanol-diesel fuel blends, Energ. Educ. Sci. Technol. 22, 133-

146. 
Hazrat M.A., Rasul M.G., Khan M.M.K., 2015, Biofuel: an Australian perspective in abating the fossil fuel 

vulnerability, Procedia Eng. 105, 628-637. 
Ida K., Ishii J., Matsuda F., Kondo T., Kondo A., 2015, Eliminating the isoleucine biosynthetic pathway to 

reduce the competitive carbon outflow during isobutanol by Saccharomyces cerevisiae, Micrb. Cell Fact. 
14, 62. 

Jin C., Yao M., Liu H., Lee C. F., Ji J., 2011, Progress in the production and application of n- butanol as a 
biofuel, Renew. Sust. Energ. Rev. 15, 4080- 4106. 

Knoshaug E.P., Zhang M., 2009, Butanol tolerance in a selection of microorganisms, Appl. Biochem. Biotech. 
153, 13-20. 

Kondo T., Tezuka H., Ishii J., Matsuda F., Ogino C., Kondo A., 2012, Genetic engineering to enhance the 
ehrlich pathway and alter carbon flux for increased isobutanol production from glucose by Saccharomyces 
cerevisiae, J. Biotechnol. 159, 32-37. 

Kumar M., Gayen K., 2011, Development in biobutanol production: new insights, Appl. Energ. 88, 1999-2012. 
Lee W.H., Seo S.O., Bae Y.H., Nan H., Jin Y.S., Seo J.H, 2012, Isobutanol production in engineered 

Saccharomyces cerevisiae by overexpression of 2-ketoisovalerate decarboxylase and valine biosynthetic 
enzymes, Bioprocess Biosystem Eng. 35 (9), 1467-1475. 

Melamu R., von Blottnitz H., 2011, 2nd Generation biofuels a sure bet? A life cycle assessment of how things 
could go wrong, J. Clean. Prod. 19, 138-144. 

Miller G.L., 1959, Use of dinitrosalicyclic acid reagent for determination of reducing sugar, Anal. Chem. 31, 
426-428.  

Monod J., 1949, The growth of bacterial cultures, Annu. Rev. Microbiol. 3, 371-394. 
Nagy E., Hegedus I., 2015, Second generation biofuels and biorefinery concepts focusing on central Europe, 

Chem. Eng. T. 45, 1765-1770. 
Nor Azah R., Roshanida A.R., Norzita N., 2014, Production of 3-methyl-1-butanol by yeast wild type, Int. J. 

Biol. Vet. Agr. Food Eng. 8 (4), 400-403. 
Park S.H., Kim S., Hahn J.S., 2014, Metabolic engineering of Saccharomyces cerevisiae for the production of 

isobutanol and 3-methyl-1-butanol, Appl. Microbiol. Biotechnol. 98, 9139-9147. 
Pereira L.G., Changas M.F., Dias M.O.S., Cavalett O., Bonomi A., 2015, Life cycle assessment of butanol 

production in sugarcane biorefineries in Brazil, J. Clean. Prod. 96, 557-568. 
Raganati F., Curth S., Gotz P., Olivieri G., Marzocchella A., 2012, Butanol production from lignocellulosic-

based hexoses and pentoses by fermentation of Clostrididum acetobutylicum, Chem. Eng. Trans. 27, 91-
96. 

Sanchez-Ramirez E., Quiroz-Ramirez J.J., Segovia-Hernandez J.G., Hernandez S., Bonilla-Petriciolet A., 
2015, Process alternatives for biobutanol purification: design and optimization, Ind. Eng. Chem. Res. 54, 
351-358. 

Zhao Y., Xu J., Xie X., Yu H., 2014, An integrated environmental impact assessment of corn-based polyols 
compared with petroleum-based polyols production, J. Clean. Prod. 68, 272-278. 

798




