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Abstract: Several microorganisms are there in chicken manure (CM) but Salmonella, 

Cryptosporidium and Escheridia coli are the most identified. Objective of this research 

includes, carrying out microbial count in the CM substrate for 40 days retention time in a 

digester, uterlizing kinetic expressions satisfying the process and fitting results obtained with 

26 existing microbial growth kinetic models. Results shows that microbes inside the CM 

slurry, survived for a full period of 37 days divided into 7 days of acclimatization, 23 days of 

growth and another 7 days of equal rate of death and multiplication. Findings shows that 

the maximum specific growth rate, 𝝁𝒎𝒂𝒙, estimated from the basic Monod equation, of the 

organisms is 0.0076hr-1 and the half-saturation constant, 𝑲𝒔, is 3.838×〖10〗^8 mg/l which 

indicates how sufficient the substrate concentration is for the bacteria to feed on. Not all 26 

growth kinetic models found in the literature fit the measured experimental data. However, 

Monod with decay rate, Wayman and Tseng, Han and Levenspiel, Luong and Moser models 

fit the Monod values after regressing with POLYMATH 6.10 Educational Release. 

 

Keywords:  Chicken Manure, Microbial Growth Models, Monod, Kinetic Study, Serial 

Dilution, Kinetic Parameter, Anaerobic Digestion, Biogas. 

 

1. INTRODUCTION 

 

Presently, there are three models that have been used consistently to describe the kinetics of 

the anaerobic decomposition of substrate including CM. They are growth kinetics, kinetics of 
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biogas production, and kinetics of substrate degradation models, among which kinetics of 

biogas production is the most important (Van et al., 2018). In CM, there are mostly three types 

of micro-organisms, namely, Salmonella spp., Escherichia coli (E. coli), and Cryptosporidium. 

Salmonella is a non-spore forming, gram-negative, and rod-shaped bacterium (Hawkins et al., 

2019). It is the most common foodborne diseases (Hawkins et al., 2019; Veys et al., 2016) with 

eggs being the main sources of Salmonella enteritidis infections in humans. They survive and 

grow in low-moisture foods (e.g. egg whites), under a favourable temperature range and is 

often difficult to control (Kang et al., 2021). Colonies of Salmonella cells are often identified 

as having a dark centre and clear circles (Xu et al., 2018) and size ranges from 1.7-

6.16log10 CFU/g in chicken litter of 3.5kg according to research carried out by Pal et al. (2014).  

E. coli is a rod-shaped, gram negative, motile and facultative bacterium, resident in colons or 

intestinal flora of mammalian or warm-blooded animals (Cho et al., 2018; Elbing & Brent, 

2020; Li et al., 2021). Though, most strains are harmless, some strains are reliable indicators 

of faecal pollution, urinary tract infections, severe food-borne disease, bloodstream infection 

(BSI), watery diarrhoea, meningitis, sepsis and, abdominal infections (Cho et al., 2018; 

Hossain et al., 2017; Li et al., 2021). E. coli grow on mediums supplying the cells with vitamins, 

glucose, salts, trace metals, amino acids, carbon, nitrogen, phosphorus, nucleotide precursors 

and, other metabolites (Elbing & Brent, 2020). It is the most common hospital-acquired 

pathogen growing on eosin methylene blue (EMB) agar (Chen & Jiang, 2014; Hossain et al., 

2017; Li et al., 2021). Thomas et al. (2019) in their work counted 7log10 CFU/ml of E. coli in 

CM, though 105-1010CFUg−1 of E. coli in pathogenic straws had been reported by Kyakuwaire 

et al. (2019) in their work. Cryptosporidium spp., where 31 species and > 40 genotypes are 

available, are common causes of food- and water-borne diarrheal illnesses such as 

gastrointestinal disease, found mainly in human and animal faeces including poultry birds 

(Kyakuwaire et al., 2019; Li et al., 2021; Widmer et al., 2020). The totality or types of 

microorganisms that could be present in CM are bacteria (e.g. Campylobacter, E. coli, 

Mycobacterium, Listeria, Staphylococcus, Salmonella, Clostridium, Streptococcus, 

Actinobacillus, Globicatella, Bordetalla, lactic acid bacteria and coliform bacteria of weight 

ranging from 106-108CFUg−1), protozoa such as Giardia spp. and Cryptosporidium, fungi, 

helminthes and viruses (Huang et al., 2020; Thomas et al., 2019; Tuyarum et al., 2019). In 

general, microbial concentration in chicken litter is capable of reaching up to 1010CFU/g (Chen 

& Jiang, 2014). 

 

During anaerobic batch fermentation of CM, these microorganisms grow under a variety of 

physical, chemical, and nutritional conditions. They do this, by extracting nutrients from the 

medium (CM slurry) and converting them into biological compounds. This changes is 

accomplished through a cell’s use of a number of dissimilar enzymes in a strings of reactions 

to produce metabolic products, which either remain in the cell (intracellular), providing the cell 

with energy or be secreted from the cells (extracellular) as bioproducts (Liu, 2017). Growth 

therefore, is believed to mean, both replication of cells and change in cell size. The growth and 

multiplication of bacteria in controlled environments, thus arouse the interest of 

microbiologists, biochemical engineers and, cell-growth experts, as they instigate bioprocess 

simulation and control scheme design (González-figueredo et al., 2018). Objective of this 

research is to carry out live cell count in the CM substrate for 40 days retention period in a 
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bench-scale digester, identify kinetic equations governing the process and fit results obtained 

with existing microbial growth kinetic models. 

 

2. MODEL DESCRIPTION 

 

2.1. Existing Growth Kinetics 

Over the years, several microbial growth kinetic models had been proposed. Table 1 depicts 26 

models developed to analyse growth characteristics in batch bioreactors. 

 

Table 1. Specific Growth Rate Models 

S/No. Model Name Expression Reference 

1. Monod 
μ =

μmaxS

Ks + S
 

(Abubakar et al., 

2017; 

Dlangamandla 

et al., 2019; 

Shariful Islam et 

al., 2021) 

2. Monod with 

Decay rate 
μ =

μmaxS

Ks + S
− b 

(Abubakar et al., 

2017) 

3. Contois 
μ =

μmax S

Ks X + S
 

(Annuar et al., 

2008) 

4. Contois with 

Decay rate 
μ =

μmax S

Ks X + S
− b 

(Abubakar et al., 

2017) 

5. Andrew μ =
μmax

1 +
Ks

S +
S
Ki

 
(González-

figueredo et al., 

2018; Xu et al., 

2018)  

6. Andrew with 

Decay rate 
μ =

μmax

1 +
Ks

S +
S
Ki

− b 
(Abubakar et al., 

2017) 

7. Moser Model 
μ =

μmaxS
n

Ks + Sn
 

(Muloiwa et al., 

2020) 

8. Teissier 
μ = μmax (1 − e

−S
Ks

⁄
) 

(Halmi et al., 

2014) 

9. Halden 
μ =

μmax S

Ks + S +
S2

Ki

 
(Bayen et al., 

2018)  

10. Haldane 
μ =

μmax S

(Ks + S) (1 +
S
Ki

)
 

(Bayen et al., 

2018; Muloiwa 

et al., 2020; Xu 

et al., 2018) 

11. Verhulst 
μ = μmax (1 −

X

Xm
) 

(Shariful Islam 

et al., 2021; 
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 UlukardeŞler & 

Atalay, 2018) 

12. Powell 

μ = μmax  
1 +

S
Ks

+∝

2 ∝

[
 
 
 
 

1

− {1 −
4 ∝

S
Ks

(1 +
S
Ks

+∝)
2}

1
2⁄

]
 
 
 
 

 

(Shariful Islam 

et al., 2021; 

UlukardeŞler & 

Atalay, 2018) 

13. Dabes 

μ = μmax  
1 +

S
Ks

+∝

4 ∝

[
 
 
 
 

1

− {1 −
8 ∝

S
Ks

(1 +
S
Ks

+∝)
2}

1
2⁄

]
 
 
 
 

 

(Annuar et al., 

2008) 

14. Heijnen and 

Romein 
μ = μmax [

S
Ks

S
Ks

− 1 + 2
1

n⁄
]

n

 

(Annuar et al., 

2008) 

15. Aiba-Edwards 
μ = μmax

S

Ks + S
e
−S

Ki
⁄

 
(González-

figueredo et al., 

2018; Halmi et 

al., 2014; Xu et 

al., 2018)  

16. Webb 

μ =
μmax S (1 +

S
Ki

)

S + Ks +
S2

Ki

 

(Annuar et al., 

2008; Tazdait et 

al., 2013) 

17. Luong 
μ =

μmaxS

Ks + S
[1 −

S

Sm
]
n

 
(Abubakar et al., 

2017; Shukor & 

Shukor, 2014; 

Xu et al., 2018)  

18. Yano and Koga 

I 
μ = μmax (

S

Ks + S +
S2

K1
+

S3

K2
2

) 

(Tazdait et al., 

2013) 

http://journal.hmjournals.com/index.php/IJRISE
http://journal.hmjournals.com/index.php/IJRISE
https://doi.org/10.55529/ijrise.12.1.24
http://creativecommons.org/licenses/by/4.0/


International Journal of Research in Science & Engineering  

ISSN: 2394-8299 

Vol: 01, No. 02, Oct-Nov 2021 

http://journal.hmjournals.com/index.php/IJRISE 

DOI: https://doi.org/10.55529/ijrise.12.1.24 

 

 

 

Copyright The Author(s) 2021.This is an Open Access Article distributed under the CC BY 

license. (http://creativecommons.org/licenses/by/4.0/)                                                                  5 

19. Yano and Koga 

II 
μ = μmax (

S

Ks + S +
S3

K2
2

) 

(Gummadi & 

Santhosh, 2010)  

20. Han and 

Levenspiel 
μ = μmaxS [

(1 −
S
Sm

)
n

S + Ks (1 −
S
Sm

)
m] 

(Muloiwa et al., 

2020; Tazdait et 

al., 2013)  

21. Wayman and 

Tseng 
μ =

μmaxS

Ks + S
− i(S − Sθ) 

(Gummadi & 

Santhosh, 2010; 

Hamitouche et 

al., 2012; 

Shukor & 

Shukor, 2014) 

22. Alagappan and 

Cowan 
μ =

μmaxS

Ks + S +
S2

Ki

− i(S − Sθ) 
(Hamitouche et 

al., 2012; 

Shukor & 

Shukor, 2014) 

23. Double 

exponential 
μ = μmax [e

−S
Ki

⁄
− e

−S
Ks

⁄
] 

(Gummadi & 

Santhosh, 2010) 

24. Logarithmic μ = a + bb ln(S) (Muloiwa et al., 

2020) 

25. Hinshelwood 
μ =

μmaxS

Ks + S
(1 − KP) 

(Shariful Islam 

et al., 2021; 

Shukor & 

Shukor, 2014) 

26. Proposed 

Model 
μ =

μmaxS

Ks + S +
S2

K

(1 − KP) 
(Shariful Islam 

et al., 2021) 

 

where, μmax = maximum specific growth rate (hr-1), Ks = saturation constant (mg/L), S = 

substrate concentration (mg/L), Sm = terminal or maximum substrate inhibitory concentration 

at which growth stops or no growth is observed (mg/L), Ki, K1 and K2 = inhibition constant 

(mg/L), n = shape factor – constants which accounts for the relationship between μ and S,  b = 

death constant (hr-1), Xm = maximum biomass concentration (mg/L), μ = specific growth rate 

(hr-1), i = inhibition coefficient, m = curve parameter, ∝, a & bb are constants, and Sθ = 

threshold substrate concentration below which no inhibition is obvious (mg/L). Two other 

models that incorporate product concentration (P) are Hinshelwood and the Proposed model, 

where K = curve parameter as given in Table 1. Normally, before feeding CM to a 

biofermenter, analysis are usually carried out to determine the total solid, volatile solid, 

moisture content, nutrient content, ash content, particle density, carbon-to-nitrogen ratio and 

protein content among others (Abubakar & Yunus, 2021). 
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2.2. Monod Equation 

The simplest among the models is the Monod equation (Beltrán-prieto & Nguyen, 2018) for 

acidogenic bacteria kinetics. The classical equation describes the proportional link between the 

μ and low S, in turn explaining the microbial growth, physiology, and biochemistry (González-

figueredo et al., 2018). The Monod model assumes that the digesting culture media has only 

one limiting substrate (González-figueredo et al., 2018; UlukardeŞler & Atalay, 2018). Two 

special cases for the Monod growth formulae exist: at high substrate concentration (i.e. S ≫ Ks 

with zero order), growth will occur at the maximal growth rate, μmax while at low substrate 

concentration (i.e. S ≪ Ks), growth will have a first order dependence on substrate 

concentration, as μ is highly sensitive to S. To determine the Monod constant parameters, a 

plot of μ againsts S obtained from experiments is done, where the substrate-affinity constant, 

Ks, which is the value of S at 
μmax

2⁄  and μmax which is the tangent to the inflection point is 

determined (Arifan et al., 2021). Alternatively, a straight line Lineweaver-Burke plot can be 

made when the reciprocal of the Monod equation is taken, thereby allowing the Monod 

equation to be transformed into an equation of a straight line with known slope and intercept, 

to help determine μmax and Ks. Apart from this, the Eadie-Hofstee, Hanes-Woolf and the 

Integration equation, derived from the generic Monod equation can be exploited. Globally, it 

is agreed that the Monod model suffers some drawbacks. These limitations are (González-

figueredo et al., 2018; Muloiwa et al., 2020): (a) Monod model not being able to describe 

specific growth rate in the presence of toxic substrate concentration or substrate inhibition 

effect, (b) separate entity, regulatory complex, adaptive sensitivity to environmental changes, 

and ability of cell organelles to produce various products in inherent metabolism cannot be 

considered, (c) at high S, the μmax is independent of the substrate concentration, (d) at low S, 

growth is dependent on substrate concentration, (e) Monod model does not account for the fact 

that cells may require substrate for maintenance during the death phase and, (f) model does not 

account for the lag and death phase during the growth phase. To alleviate these disadvantages, 

without discarding its advantage, other models incorporating several other parameters have 

been developed. 

2.3. Contois and Other Proposed Models 

One important feature of the Contois model (Bayen et al., 2018) is that, cell mass growth rate 

depends on both substrate and cell concentrations with growth being inhibited at high 

concentration of microbes. The assumption here is that X is inversely proportional to μ 

(Muloiwa et al., 2020). It further explains the changes in population density that is of effect to 

the net specific growth rate through insertion of the biomass concentration, X, into the existing 

Monod structure (Annuar et al., 2008). The model had been used to examine the hydrolysis 

rate of extracellular enzymes in the course of production of a biochemical reaction by 

hydrolytic bacteria (Hassan et al., 2017). Just like the Monod model, Blackman model, and 

Tessier model, the Contois model cannot describe the lag and death phase and does not capture 

substrate inhibition (Muloiwa et al., 2020). The Andrews’ equation for substrate inhibition is 

simple and widely accepted for describing growth inhibition kinetics of microorganisms 

(Tazdait et al., 2013). The same author went on to explain the inhibition constant. The 

inhibition constant, Ki in Andrews’ model describes the degree of toxicity of the substrate 

towards the bacterial population. Low Ki, shows the high sensitivity the microorganism had to 
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substrate inhibition. Therefore, Ki is the S at which bacterial growth or substrate degradation 

reduced to 50% of μmax or maximum specific degradation rate of the substrate as a result of 

substrate inhibition. Another extension of the Monod equation is the unstructured and 

inhibitory model called Aiba-Edwards model. Aiba-Edwards model (González-figueredo et al., 

2018) introduces an exponential to the ratio of S and inhibitory constant, Ki, a parameter that 

takes care of the presence of toxic S in the bioreactor. The model is capable of describing the 

lag and death phase but struggles when describing critical values of inhibitory substrate 

(Muloiwa et al., 2020). Halden model (Hamitouche et al., 2012) is an extended form of the 

Monod model by introducing the inhibition constant, Ki at low and high substrate 

concentration, making the model being able to handle both toxic and non-toxic substrate 

(Delgadillo-Mirquez et al., 2018). It is also called the methanogenic microorganism kinetics 

used to emphasize the volatile fatty acid (VFA) accumulation causing inhibition in AD process 

(Delgadillo-Mirquez et al., 2018). Webb model is a modified version of the Haldane model, 

describing μ as a function of S only. Though, Webb’s model intended to improve upon the 

Haldane model, an endeavour that wasn’t successful (Muloiwa et al., 2020). Heijnen and 

Romein in 1995 both came up with a universal microbial growth and substrate uptake model 

by simplifying cellular procedures to a coupled scheme of anabolic and catabolic reactions 

(Annuar et al., 2008). Luong model can also be used to describe the kinetics of substrate 

inhibition. It allows the description of substrate limitation observed at a low concentration and 

also allow substrate inhibition observe at high concentration to be accounted for, through the 

parameter Sm – the maximum substrate concentration above which growth ceases (Hamitouche 

et al., 2012; Xu et al., 2018). Moser model integrated a tunable parameter ‘n’ into the Monod 

framework, so as to account for potential interactions between binding sites on the enzyme 

molecule (Annuar et al., 2008; Muloiwa et al., 2020). Tessier model simply labels μ as an 

exponential function of the S, μmax, and KS (Annuar et al., 2008; Muloiwa et al., 2020). 

Blackman model had similar assumptions as the Monod model. At low S, growth is dependent 

on substrate and at high S, when nutrients is limiting, growth is independent of substrate 

concentration (Muloiwa et al., 2020). There is a first order relationship between μ and S at low 

S and a zero order relationship at higher S (Annuar et al., 2008). Yano and Koga suggested a 

model after a theoretical study on the dynamic performance of single-vessel continuous 

digestion subject to growth inhibition at high concentrations of rate-limiting substrates (Tazdait 

et al., 2013). Powell looks at the influence of passive diffusion of a particular substrate as the 

key limiting step affecting bacterial growth, without considering substrate inhibition, hence 

struggles to describe the lag and death phase (Annuar et al., 2008; Muloiwa et al., 2020). 

The worst model due to its weakness in describing the lag, stationary, and death phase is agreed 

to be the Logarithmic model. Logarithmic model is well known for overestimating cell growth, 

and if the S is low, it can produce negative growth rate (Muloiwa et al., 2020). As clearly seen 

in Table 1, the model describes μ as a function of logarithm of S. Dabes derived a “3-parameter” 

model describing bacterial growth on a single limiting substrate by considering that only 2 of 

the long series of catalysed, reversible enzyme-substrate reactions involved in substrate 

metabolism had slow reaction rates (Annuar et al., 2008). Apart from those models mentioned 

in Table 1, other models exist as well. Schnute model is another growth model described by 

free parameters, each contributing to the characteristics of the curve: an initial lag phase, 

exponential growth phase, and reduced growth rate (Beltrán-prieto & Nguyen, 2018; Gummadi 
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& Santhosh, 2010; Kyurkchiev et al., 2016). Applications are in population dynamics, 

population ecology, plant biology, bacterial growth, chemistry and statistics (Kyurkchiev et al., 

2016). The Weibull model (Lobacz et al., 2020) and the Baranyi model  (Hawkins et al., 2019; 

Kang et al., 2021) differs in terms of the chosen parameters. Baranyi model assumes that the 

course of the growth is influenced by the initial microbial cell concentration and the 

physiological state of the inoculum (Lobacz et al., 2020). 

 

3.         METHODOLOGY 

 

3.1. Feedstock Preparation 

CM sourced from the Faculty of Agriculture poultry farm of the University of Maiduguri was 

collected. The CM contains chicken dung, blood, urine, feather, and poultry feeds. Semi-solid 

CM sample weighing 7.2kg was collected and mixed with equal weight of water (H2O) before 

it was fed into the digester shown in Fig. 1. 

 

3.2. Determination of Cell Concentration 
For 40 days, 5ml of CM slurry was drawn from the digester in Fig. 2, put in a 10ml white 

transparent bottle and taken to a Microbiological laboratory for microbial count. Each day, nine 

test tubes were washed clean and dried and 9ml of distilled H2O was poured inside all the tubes 

arranged in a rack, forming a single line. Using a 5ml syringe, 1ml of sample was drawn from 

the inoculum bottle and injected into the first tube in the row and shaked to mix properly. A 

procedure known as serial dilution that involves the continues transfer of 1ml from successive 

tubes up to the last tube was carried. It is recommended to mix the tube thoroughly after each 

transfer. Swe Biotech nutrient agar (NA) was prepared according to the instruction manual and 

allowed to cool to about 43℃. Three colony plates labelled 1, 2, and 3 were lined up and 1ml 

of diluted culture from tube 7, 8 and 9 was drawn and injected on plate 1, 2 and 3 respectively. 

The prepared NA was poured on the plates to cover its entire base and closed. The three plates 

are then incubated at 37℃ for 24 hours and withdrawn to be counted using a colony counter. 

This step was repeated on daily basis. Also note that before sample collection from the digester, 

the CM slurry is mixed for 3 minutes to ensure uniform composition. The whole procedure is 

illustrated in Fig. 3 and was carried out based on explanations given by Reynolds (2016), 

Sieuwerts et al. (2008) and Sanders (2012). 

At the end of the experiment, the average of the counted colonies for the 3 tubes was recorded. 

Care was taken while carrying out this experiment as Ben-David & Davidson (2014) 

emphasized that sampling error and counting error could affect the count.  Concentration of 

bacteria or cell (X) was presented in colony forming units (CFU) per millilitre based on Eq. 1 

according to Arana et al. (2013) and Um-e-Habiba et al. (2021) using a total dilution factor 

(TDF) of 109 for the average number of colonies computed. 

 

CFU/mL =
(No. of colonies)(TDF)

Volume of culture plated in ml
  (1) 

Assuming a single cell weighing around 1ng grows to form a single colony or 1 CFU/mL, X 

data earlier recorded in CFU/mL units was converted to mg/L.  
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Fig. 1. CM Slurry Fed to an Anaerobic Digester 

 

(a) – Collected CM Sample; (b) – CM plus water; (c) – Injected CM Feedstock; (d) – 

Complete Digester Setup 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Bioreactor with Gas Collector 
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Fig. 3. Experimental Steps of Cell Count: 

 

1 – NA measurement; 2 – Prepared liquid NA; 3 – CM slurry as inoculum; 4 – Tubes after 

serial dilution; 5 – Labelled plates; 6 – Plates with 1mL of dilution; 7 – Pour plating; 8 – Plates 

after incubation; 9 – Electronic colony counter; 10 – Visible colonies on plates. 

 

3.3. Estimation of Substrate Concentration 

Firstly, initial substrate concentration (S0) was determined by dividing the total amount of CM 

fed in the digester by the amount of H2O added at the beginning of the work, kept in mg/L 

units. Subsequent substrate concentration (S) or S empirical (SEmp.) that is depleting with time 

in the digester was estimated using Eq. 2 after assuming a biomass-to-substrate yield 

coefficient, Y of 400 using their initial ratio. 

 SEmp. = So −
XEmp.−Xo

Y
  (2) 

Where, XEmp. is the X (mg/L) computed from experimental steps. 

 

3.4. Monod Parameter Estimation 

From Monod model given by Eq. 3 (Dlangamandla et al., 2019), 
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  μ =
μmax S

Ks+S
   (3) 

parameters such as the maximum specific growth rate, μmax (mg of new cells/mg of cells/day), 

and half-saturation constant, Ks was estimated by finding appropriate substrate concentration 

data as well as the specific growth rate, μ. The Malthus equation of growth of the 

microorganisms present or Eq. 4 (Abubakar et al., 2017) was combined with Eq. 5, and 

integrated by making X subject. 

  
dX

dt
= μX   (4) 

μ = k (1 −
X

X∞
)   (5) 

Where, t = retention time (day), X∞ = maximal biomass concentration = X0 + YS0 (mg/L) and 

k = maximum specific substrate utilization rate (g substrate/g of microorganism/day). This X 

is referred to as X correlated, (or XCorr.) and is given by Eq. 6. 

  Xcorr. =
X0ekt

1−
X0
X∞

[1−ekt]
  (6) 

It was estimated using empirical S and X (or XEmp. and SEmp.) over the 40 days retention time 

using POLYMATH 6.1 regression tool, so as to estimate the value of k at better fit. 

Corresponding, Scorr. data was generated using Eq. 7, which is similar to Eq. 2 using the Xcorr. 

values. 

  Scorr. = So −
Xcorr−Xo

Y
  (7) 

The parameter, Ks, was estimated by combining the Monod model with Eq. 5, making S the 

subject. Using Xcorr. values, regression was performed guessing different values of the 

unknown parameters in Eq. 8, where the estimated S from regression or Sreg is approximately 

equal to Scorr. results.  

  Sreg =
Ks (

X∞−Xcorr
X∞

)

Y−(
X∞−Xcorr

X∞
)
   (8) 

In Equation 3.8, the term, 
μmax

k
, was obtained originally, but substituted with Y (Talaiekhozani 

et al., 2015). Rate of cell growth data was generated by combining Eq. 4 and Eq. 5, resulting 

in Eq. 9. 

  
dX

dt
= k(1 −

Xcorr

X∞
) Xcorr  (9) 

Using 
dX

dt
 data, μ values were computed using Eq. 10 gotten after re-arranging Eq. 4. 

  μ =
1

Xcorr

dX

dt
    (10) 

Eq. 11 was developed from the Monod kinetic model to calculate new set of S values called 

SMonod. 

  SMonod =
μ Ks

μmax−μ
   (11) 
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A plot of μ against SMonod was carried out to give the Monod plot where values of Ks and μmax 

that will be determined are deemed identical with ones obtained through regression with 

POLYMATH. 

 

3.5. Growth Model Fitting to Measured Data 

Unknown kinetic model parameters in growth models earlier listed in Table 1 was estimated 

applying the Levenberg-Marquardt nonlinear method of regression using POLYMATH by first 

estimating regression parameters such as the coefficient of determination (R2), Root-Mean 

Square Error (RMSE), and adjusted R2. 

 

4. RESULTS 

 

4.1. Cell and Substrate Concentration 

Number of dilutions resulting in a certain dilution factor (DF) affects the resulting number of 

colonies visible to count. The higher the number of dilutions, the lower the number of 

microorganisms that will form visible colonies; while the lower the number of dilutions, the 

higher the microorganisms that would form colonies and hence form too numerous colonies. 

Datta (2021) reported TDF of 1014 for tap water microbial count, giving 36 × 1016 CFU/ml 

while Luka et al. (2014) reported up to 0.7 × 1012 CFU/l for Bacillus subtilis in wastewater. 

Here, it is clear that cells concentration increases after maintaining a constant density of 3.67 ×
106 mg/l for 7 days called the lag phase, from 5.33 × 106 mg/l to 3.40 × 108 mg/l during a 

period referred to as the exponential growth phase. The lag phase is known as the 

acclimatization phase, where all the bacteria present starts to adopt to the CM environment they 

are kept in. Also, changes in microorganism population is very insignificant to effect any 

changes in the substrate level. After acclimatization, the increase witness at day 8, over a 23 

days duration, signifies a healthy microbial growth due to sufficient nutrient available. Table 2 

shows the CFU/ml of the hypothetical microorganism present in the CM. 

 

Table 2. Substrate Concentration Calculated Based on Experimental Values of Cell 

Concentration 

Time 

(days) 

X 

(CFU/m

L) 

X (Expt.) 

(mg/L) 

S (Expt.) 

(mg/L) 

Tim

e 

(day

s) 

X 

(CFU/

mL) 

X 

(Expt.) 

(mg/L) 

S (Expt.) 

(mg/L) 

0 

36666666

67 

3666666.66

7 952380.95 21 

1.11E+

11 

111333

000 

683215.1

167 

1 

36666666

67 

3666666.66

7 952380.95 22 

1.20E+

11 

120000

000 

661547.6

167 

2 

36666666

67 

3666666.66

7 952380.95 23 

1.41E+

11 

141000

000 

609047.6

167 

3 

36666666

67 

3666666.66

7 952380.95 24 

1.61E+

11 

160667

000 

559880.1

167 
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4 

36666666

67 

3666666.66

7 952380.95 25 

1.77E+

11 

176667

000 

519880.1

167 

5 

36666666

67 

3666666.66

7 952380.95 26 

1.92E+

11 

192000

000 

481547.6

167 

6 

36666666

67 

3666666.66

7 952380.95 27 

2.36E+

11 

236000

000 

371547.6

167 

7 

36666666

67 

3666666.66

7 952380.95 28 

2.55E+

11 

255333

000 

323215.1

167 

8 

53333333

33 

5333333.33

3 

948214.283

3 29 

2.81E+

11 

280667

000 

259880.1

167 

9 

90000000

00 9000000 

939047.616

7 30 

3.40E+

11 

339667

000 

112380.1

167 

10 

12333333

333 

12333333.3

3 

930714.283

3 31 

3.41E+

11 

341000

000 

109047.6

167 

11 

18333333

333 

18333333.3

3 

915714.283

3 32 

3.39E+

11 

339000

000 

114047.6

167 

12 

23000000

000 23000000 

904047.616

7 33 

3.33E+

11 

333333

000 

128215.1

167 

13 

30666666

667 

30666666.6

7 884880.95 34 

3.39E+

11 

339000

000 

114047.6

167 

14 

40000000

000 40000000 

861547.616

7 35 

3.40E+

11 

339667

000 

112380.1

167 

15 

52000000

000 52000000 

831547.616

7 36 

3.43E+

11 

343000

000 

104047.6

167 

16 

57666666

667 

57666666.6

7 817380.95 37 

3.34E+

11 

334000

000 

126547.6

167 

17 

69333333

333 

69333333.3

3 

788214.283

3 38 

2.56E+

11 

256000

000 

321547.6

167 

18 

72666666

667 

72666666.6

7 779880.95 39 

1.79E+

11 

179000

000 

514047.6

167 

19 

88666666

667 

88666666.6

7 739880.95 40 

1.40E+

11 

140000

000 

611547.6

167 

20 1.03E+11 102667000 

704880.116

7     

 

At day 31-37, the population is almost constant. This is because the rate at which new cells are 

formed equals the rate at which cells die, and is known as the stationary phase. The death phase 

is witnessed after this period due to cell destruction or the accumulation of toxic substances. It 

is therefore clear that as substrate concentration decreases, the population of microorganism 

increase and vice versa. 

 

4.2 Monod Parameters 

When S is low or S ≪ Ks, growth is said to have a first order dependence on S whereas when 

it is high or S ≫ Ks, growth is at μmax and growth will have a zero-order dependence on S. 
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Fig. 4 illustrate this by dividing the Monod plot into three regions. The middle section satisfies 

the Monod expression, while the extreme regions modifies Equation 3 based on the behaviour 

of S 

 

 
Fig. 4. Specific Growth Rate versus Substrate Concentration. 

 

4.3. Microbial Growth Kinetic Model Fitting 

In this work, 24 growth kinetic models identified in the literature was fitted to empirical data 

so as to estimate their respective kinetic parameters. The fitted plots are shown in Fig. 6-12, 

where 5 models including Monod with decay rate, Wayman & Tseng, Han & Levenspiel, 

Luong and Moser models had R2 = 1, which imply that all the points lie on the regression line 

(with no errors).  RMSE’s of these models are closer to 0, also indicating a good fit with same 

estimates (μmax = 0.0076201h−1 & Ks = 3.838 × 108 mg/l) compared to Monod 

parameters. Coefficient of determination, R2 = 0.999777 in Webb model is 99.98% fitted to the 

Monod line, though type of parameters estimated are not the same in all the 6 models so far 

mentioned. 

If models are to be compared based on unique parameters estimated, then Monod with decay 

rate (with estimated parameters:  μmax, Ks, Ki & b), Wayman and Tseng (with estimated 

parameters:  μmax, Ks, i, Ki & Sθ), Webb (with estimated parameters:  μmax, Ks & Ki) and 

Luong (with estimated parameters:  μmax, Ks, n, m & Sm) are models that fits perfectly to 

Monod plot or experimental data obtained in this work. Models such as Double exponential, 

Haldane, Aiba-Edwards, Andrew, Halden, Andrew with decay rate and Webb model estimated 

the same inhibition constant,  Ki = 1.01 × 1012 except for Alagappan and Cowan where Ki =
−2.643 × 108. Alagappan and Cowan model, otherwise called the modified Wayman and 

Tseng model, can be said to be the worst model as none of the estimated parameters is positive 
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and shows a deviating curve in Fig. 6. Han and Levenspiel and Luong models are the only two 

models with maximum substrate concentration, Sm, presenting a 100% fit (see Fig. 11 and 

Table 3). 

 

 

  

 
 

Fig. 5. Fitting Powel and Dabes Model to 

Monod Plot 

 
Fig. 6. Fitting (i) Wayman & Tseng and 

(ii) Alagappan & Cowan Model to Monod 

Equation 

 

 
Fig. 7. Estimating μmax, Ks & Ki by Fitting 

Six Growth Models to Monod Data 

 

Fig. 8. Contois and Tessier Model 

Parameter Estimation by Regression 
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Table 3. Growth Kinetics and Statistical Parameter Estimates from POLYMATH 

Model Parameter R2 Adj. 

R2 

RMS

E 

Model Parameter R2 Adj. 

R2 

RMS

E 

Monod μmax

= 0.0076201 

Ks

= 3.838
× 108 

1.00

00 

1.00

00 

1.05

E-06 

Andre

w with 

Decay 

rate 

μmax

= 0.0012249 

Ks

= 8.621
× 108 

Ki

= 1.01
× 1012 

0.4

74 

0.3956

8 

0.006

745 

 
 

Fig. 9. Estimating Growth Parameters by 

Data Fit using Monod 

 

Fig. 10. Monod Fitted to Models Based on 

Substrate Decay Rate 

 

 
Fig. 11. Luong and Han & Levenspiel 

Microbial Growth Parameter Estimate by 

Regression with Monod Equation 

 

 
 

Fig. 12. Verhulst, Logarithmic and Yano 

& Koga I and II Estimates of Growth 

Parameters from Monod Data μ 
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b
= −0.0042405 

Monod 

with 

Decay 

rate 

μmax

= 0.0076201 

Ks

= 3.838
× 108 

b
= −8.207
× 10−8 

1.00

00 

1.00

00 

1.05

E-06 

Moser μmax

= 0.0076201 

Ks

= 3.838
× 108 

n
= 0.999999 

1.0

00 

1.0000 1.18E

-05 

 

Contois μmax

= 0.0069123 

Ks

= 1.649958 

0.98

033 

0.97

944 

0.00

12 

Tessier μmax

= 0.0068388 

Ks

= 5.061
× 108 

0.9

76 

0.9745

8 

0.001

287 

Contois 

with 

Decay 

rate 

μmax

= 0.0053514 

Ks

= 3.684928 

b
= −0.001763 

0.99

502 

0.99

456 

0.00

06 

Halden μmax

= 0.0074275 

Ks

= 3.063
× 108 

Ki

= 1.01
× 1012 

0.9

88 

0.9867

7 

0.000

868 

Andrew μmax

= 0.0060722 

Ks

= 2.142
× 108 

Ki

= 1.01
× 1012 

0.39

251 

0.33

465 

0.00

33 

Haldan

e 
μmax

= 0.0074154 

Ks

= 3.035
× 108 

Ki

= 1.01
× 1012 

0.9

87 

0.9858

9 

0.000

899 

Verhuls

t 
μmax

= 0.0067649 

Xm

= 4.566
× 108 

0.41

148 

0.38

474 

0.00

35 

Dabes μmax

= 0.0031107 

Ks

= 3.187
× 108 

α
= 1.402752 

0.8

48 

0.8337

0 

0.002

885 

Powell μmax

= 0.0054542 

Ks

= 2.301
× 108 

0.99

557 

0.99

515 

0.00

05 

Heijne

n and 

Romei

n 

μmax

= 0.0065558 

Ks

= 8.411
× 104 

0.5

53 

0.5105

374 

0.005

043 
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α
= 1.158878 

n
= 0.0587962 

Aiba-

Edward

s 

μmax

= 0.007104 

Ks

= 2.013
× 108 

Ki

= 1.01
× 1012 

0.91

568 

0.90

766 

0.00

22 

Yano 

and 

Koga I 

μmax

= 0.0153219 

Ks

= 1.521
× 109 

K1

= 1.01
× 1010 

K2

= 4.157
× 109 

0.1

35 

0.0053

872 

0.005

634 

Webb μmax

= 0.0076046 

Ks

= 3.764
× 108 

Ki

= 1.01
× 1012 

0.99

977 

0.99

976 

0.00

01 

Han 

and 

Levens

piel 

μmax

= 0.0076103 

Ks

= 3.833
× 108 

Sm

= 4.57
× 1011 

n
= −0.0003408 

m
= 1.532309 

1.0

00 

1.0000 8.53E

-08 

Luong μmax

= 0.0076201 

Ks

= 3.838
× 108 

Sm

= 1.01
× 1012 

n
= −0.0003264 

1.00

00 

1.00

0 

2.44

E-08 

Alagap

pan and 

Cowan 

μmax

= −0.04822 

Ks

= −9.9
× 109 

Ki

= −2.643
× 108 

i
= −5.61
× 10−13 

Sθ

= −2.452
× 109 

0.9

52 

0.9421

286 

0.001

577 

Wayma

n and 

Tseng 

μmax

= 0.0076201 

1.00

00 

1.00

0 

1.35

6E-

09 

Double 

expone

ntial 

μmax

= 0.004602 

0.0

33 

-

0.0589

88 

0.008

705 

http://journal.hmjournals.com/index.php/IJRISE
http://journal.hmjournals.com/index.php/IJRISE
https://doi.org/10.55529/ijrise.12.1.24
http://creativecommons.org/licenses/by/4.0/


International Journal of Research in Science & Engineering  

ISSN: 2394-8299 

Vol: 01, No. 02, Oct-Nov 2021 

http://journal.hmjournals.com/index.php/IJRISE 

DOI: https://doi.org/10.55529/ijrise.12.1.24 

 

 

 

Copyright The Author(s) 2021.This is an Open Access Article distributed under the CC BY 

license. (http://creativecommons.org/licenses/by/4.0/)                                                                  19 

Ks

= 3.838
× 108 

Sθ

= 8.276
× 108 

i
= −1.67
× 10−20 

Ki

= 1.01
× 1012 

Ks

= 5.407
× 108 

Logarit

hmic 
a
= −0.0015569 

bb

= 0.0003353 

0.58

252 

0.56

355 

0.00

53 

Yano 

and 

Koga II 

μmax

= 0.0096091 

Ks

= 6.698
× 108 

K2

= 1.01
× 1010 

0.8

74 

0.8623 0.000

677 

In the literature, Haldane model was found to be the best model to fit the growth kinetic data 

of Bacillus sp. grown in a medium containing chromium, as reported by Halmi et al. (2014). 

Luong is the most suitable kinetic model while modelling Tributyltin (TBT) in cadmium media 

as stated by Abubakar et al. (2017). While Shukor & Shukor (2014) stated that Han and 

Levenspiel is better compared to Luong in fitting the reduction of kinetic data. In the analysis 

carried out by UlukardeŞler and Atalay (2018b), application of Contois equation with decay 

rate for CM gave μmax = 0.3 and b = 0.5 for CM having dry solid (%) of 26.975. Growth of 

microorganisms in CM is rarely studied, hence there is few available data on parameters 

estimated to compare values obtained here. However, where a near 100% fit is witnessed, it 

would mean that the assumptions made leading to the development of such models works 

perfectly well for the CM substrate digested. 

 

Recap 

Biogas discovery has solved challenges faced in recent times where they are maximally 

utilized, such as pollution problems caused by indiscriminate dumping of animal residues, 

agricultural byproducts, and wastewaters from homes and industries. The chief facilitators of 

biogas production of these organic waste in order to arrest the environmental concerns they 

pose are microorganism, which are in turn harmful to humans exploiting them. In an oxygen-

free environment some of these organisms digest these waste products to biogas at their 

survival temperature. CM is known to have naturally, some microorganisms including Bacillus 

cereus, Staphylococcus epidermis, Escherichia coli and Staphylococcus aureus (Adegunloye, 

2006; Nodar et al., 1990). Scientist had studied the stages and factors influencing their survival 

during such processes up to the extent of developing model equations to explain their 

responses/rate of substrate conversion to biogas. Twenty of these models are identified and was 

used to fit observed results. 
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Among them, Monod equation is the simplest and explains the bacterial affinity for nutrients 

in the CM waste feedstock. After a successful combination of the exponential growth equations 

(or Equation 4) and Equation 3, which is the Monod equation, a plot of μ against S better 

explains this affinity in three different cases/amount of substrate present, and helps determine 

both Ks and μmax. Alternatively, instead of the usual Monod plots to estimate this parameters, 

other scientist/researchers had used the Lineweaver-Burke plot, Eadie-Hofstee plot and the 

Hanes-Woolf plot (Johnson, 2013). Apart from the Contois and Andrew’s models of microbial 

analysis, the remaining models are least studied. In the literature, such models are hardly used 

to analyse growth in a particular organic material, but are rather used to study growth of certain 

isolated microbial species. Hence, this work is novel, in that, it analysed the growth of microbes 

in CM in respective of the kind or type of microorganism present. The graphical fittings of 

Figure 5-12 shows positive relationship between μ and S in almost all of the models used. Some 

of the models fit empirical results while some deviates due to modifications in the equation’s 

structure and kinetic parameters in their model, thereby giving lower or higher values of R2, 

RMSE and adjusted R2 as shown in Table 3. 

 

6. CONCLUSION 

 

For the first time, more than 20 existing growth models have been fitted to experimental results 

of a particular material (specifically CM). For the microorganism present in the CM feedstock 

used, best models are those with highest R2 and adjusted R2 and lowest RMSE values when 

fitted to the simple Monod equation. Comparison of these growth models to determine the most 

suitable/correct for such analysis is hereby recommended using softwares such as the Origin 

2018 version 95E using regression parameters such as Akaike’s Information Criteria (AIC), 

Bayesian Information Criterion (BIC), Accuracy Factor (AF), Bias Factor (BF), Mean 

Absolute Percentage Error (MAPE) and F-test. Models involving product concentration has 

not been analysed for CM in this work, as one of the drawbacks. Also, identification of the type 

of microorganism responsible for the degradation of the substrate is recommended. 
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