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Abstract 

BACKGROUND: Clostridium pasteurianum is a well described strain for the conversion of 

glycerol into butanol. In general, cell growth kinetics depends on the type of glycerol used 

and the concentration of butanol in the fermentation broth. However, despite the numerous 

studies existing on the subject, there is limited information in the literature regarding growth 

inhibition kinetics due to the cytotoxic effect of butanol on the cell growth. This can be 

attributed to the difficulty of growing cells at high butanol concentration which renders the 

determination of inhibition kinetics a rather challenging task.  

RESULTS: During this study a new approach for the determination of the butanol inhibition 

kinetics on the growth of C. pasteurianum was tested. Specifically, pulses of crude glycerol 

were applied when steady state was reached during continuous fermentation experiments 

with increasing butanol concentration in the feed. Combining pulse experiments with batch 

fermentation at low substrate concentration allowed for accurate determination of the kinetic 

constants for inhibited growth. This approach also minimised the correlation of the growth 

constants which often leads to poor identifiability.   

CONCLUSION: In overall, the proposed experimental approach showed good identifiability 

of the kinetic parameters for butanol inhibition of the microbial growth and can be proven 

valuable for the determination of inhibitory effects of highly toxic compounds.  

 

Keywords: C. pasteurianum, butanol inhibition, crude glycerol, fermentation, kinetics and 

modeling 
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INTRODUCTION 

The rapid growth of biodiesel industry has generated a large surplus of crude glycerol in 

amounts corresponding approximately to one-tenth of total biodiesel production.1,2 Purified 

glycerol has numerous applications in the chemical industry, ranging from food products to 

soaps.3 Furthermore, microbes of the Lactobacillus, Klebsiella and Clostridium genus have 

been reported to convert glycerol to mainly 1,3-PDO, butanol, ethanol, butyric acid, acetate 

and others.4–9 Whereas substrate inhibition during pure glycerol fermentation is observed 

only in very high concentrations, cell proliferation in moderate or even low crude glycerol 

concentrations was proven challenging.10–12 The latter can be attributed to impurities that are 

found in the crude glycerol solution and can hinder bacterial growth. Namely, methanol, salts 

and unsaturated fatty acids have been reported to delay or even seize bacterial growth.13–16 

Nevertheless, crude glycerol composition and consequently the intensity of microbial growth 

inhibition depend on i) the feedstock used (1st or 2nd generation oils and fats) and ii) the 

processing applied for the biodiesel production and therefore can vary considerably. A typical 

crude glycerol composition derived from biodiesel industry using vegetable oil corresponds 

to: 62.5-76.6% glycerol, 75-83% carbohydrates, 0.06-0.44 protein, 1-13% fat, 0.25-2.8% ash 

and 3.17-3.86% residual methanol 17, while crude glycerol composition derived from animal 

fat based biodiesel is: 75 % glycerol, 10 % fat, 1-2% sulphur, 10 % water, 5 % ash and <1 % 

methanol.18 Microbial adaptation and/or feedstock purification are common practices applied 

for alleviating any bacterial growth inhibition during crude glycerol fermentation.14,18–21 

Additionally, the fermentation products and especially alcohols can hinder bacterial growth, 

thus reducing product yields and production rates. Namely, butanol concentrations 
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corresponding to 17 g L-1 22 and 12.3 g L-1 23 were reported when pure and crude glycerol 

(after mild physical pre-treatment) were used as carbon source during C. pasteurianum 

fermentation, respectively (without product removal). To the best of our knowledge the 

highest butanol concentration recorded for C. pasteurianum was 21 g L-1 during mixed 

carbon source fermentation (1:1 glucose/glycerol).24 Generally, 1-2% of butanol is reported 

to be inhibitory for a wide range of microorganisms, whereas some Lactobacillus strains can 

tolerate butanol concentrations up to 3%.25 Furthermore, later studies demonstrated that 

butanol has an acute cytotoxic effect on the cells, whereas ethanol has a milder reversible 

cytostatic influence.26 Specifically for Clostridium acetobutylicum it has been reported that 

15 g L-1 of butanol reduces 3-fold the cell formation whereas 20-25 g L-1 totally inhibited 

growth.27 Also, Venkataramanan and colleagues (2014) studied the effect of membrane 

conformational changes under butanol inhibition conditions and reported that the optical 

density of fully grown cultures was reduced even after the addition of 2.5 g L-1 of butanol.28  

Despite the numerous studies on butanol production found in the literature and the well- 

known highly inhibitory effect of butanol on cell growth there is a lack of studies addressing 

inhibition kinetics, also revealed by the review of Mayank et al. on modeling of ABE 

fermentation.29 Traditionally, microbial inhibition kinetics are determined through a series of 

batch experiments at elevated concentration of the inhibitory compound by monitoring the 

rate of microbial biomass growth and substrate consumption.15,30,31 However, this 

methodology can be hardly applied in cases of intense inhibition as this might cause irregular 

and very long lag-phases, especially when sporulating microorganisms are used. Moreover, 

determining the microbial growth kinetics on a highly inhibitory feedstock, like crude 
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glycerol can be equally challenging.11,12 In order to increase the sensitivity of the 

simultaneous determination of the maximum specific growth rate and saturation constant, 

batch experiments at increasing initial substrate concentrations is the commonly applied 

method.32 However, this can also lead to substrate inhibition and/or irregular and long lag 

phases, as in the case above, depending on the intensity of substrate inhibition. 

In the current study, a different experimental approach was followed. The effect of butanol on 

the growth kinetics of C. pasteurianum was assessed in continuous cultures with increasing 

butanol concentration and pulses of crude glycerol when a steady state was reached. The 

amount of crude glycerol injected in the reactor was regulated in a way that allowed 

monitoring of glycerol consumption while securing that no inhibition due to the feedstock 

occurred. The sensitivity of simultaneous determination of the kinetic constants was 

increased by fitting the data from the continuous experiments together with the data from a 

batch experiment. Thus, accurate determination of kinetic parameters of butanol inhibition 

kinetics on C. pasteurianum growth was possible. Growth kinetics determination through 

continuous experiments and substrate spikes have been reported before 33–35, however and to 

our knowledge, this is the first time that such a methodology has been applied for 

determining inhibition kinetics combining increasing influent concentration of the inhibitor 

and substrate pulses. The methodology applied here can have ample applications in 

determining microbial growth and inhibition kinetics when highly inhibitory 

substances/matrices are involved. 
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MATERIALS AND METHODS 

Bacterial strain and freeze stock preparation  

Clostidium pasteurianum, strain DSM 525 was purchased as freeze dried powder from the 

German Collection of Microorganism and cell cultures (DSMZ, Göttingen, Germany). The 

cells were activated in sterile anaerobically prepared medium 54b (glucose 20.0 g L-1; yeast 

extract 10.0 g L-1, CaCO3 20 g L-1), and incubated overnight at 37°C, under continuous 

agitation (150 rpm). After minor adaptation (two consecutive transfers), 10% (v/v) fully 

grown cultures were transferred with a syringe in a sterile medium described by from Biebl 

(2001), supplemented with FeSO4 (7.5 mg L-1) 36 and 10 g L-1 pure glycerol (Sigma, St. 

Louis, Missouri, USA). Freeze stocks were kept in anaerobic and sterile glass vials at – 80°C 

supplemented with pure glycerol solution (10% w/w final concentration) (Sigma, St. Louis, 

Missouri, USA). Prior each experiment a new freeze stock culture was activated. 

Pre-treatment of crude glycerol 

A modified protocol described elsewhere 21 was used for the treatment of crude glycerol 

(provided by DAKA ecoMotion, Løsning, Denmark). The composition of crude glycerol used 

in the present study is described in Varrone et al.18 In short: i) pH was adjusted to 6.0 with 

KOH (Sigma-Aldrich, St. Louis, Missouri, USA) pellets, ii) solid particles were removed by 

centrifugation at 4400 rpm for 15 min, iii) anhydrous 95% n-hexane (Sigma-Aldrich, St. 

Louis, Missouri, USA) and pH 6.0 crude glycerol were mixed in ratio 1:1 for 3 h at 200 rpm; 

iv) phase separation took place in 2 L separation funnel for 1.5 h, v) the lower phase was 

retained and vi) steps ii-v were repeated. Hexane treatment was applied in order to remove 
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inhibiting amounts of Long Chain Fatty Acids from crude glycerol, which may negatively 

interfere with the membrane of Gram-positive microbial strains. After treatment, 

approximately 137 g COD/L was removed from crude glycerol as reported in Varrone et al.18 

Fermentations 

Batch fermentation without pH control 

Batch fermentations were performed at 37°C, under 150 rpm agitation, in 117 mL serum 

vials with 50 mL working volume (10% v/v inoculum). Also, NaHCO3 (2.6 g L-1) (Sigma-

Aldrich, St. Louis, Missouri, USA) was supplemented for pH maintenance ~6.0. Carbon 

source was either pure glycerol (Sigma-Aldrich, St. Louis, Missouri, USA), or crude 

glycerol/hexane treated glycerol (Daka ecoMotion A/S, Løsning, Denmark).  

Reactor fermentation - Batch and continuous fermentations 

Reactor fermentations were performed in a 3-L glass reactor (Applikon®, Delft, the 

Netherlands) and fermentation volume was set to 1 L. Temperature (37°C), agitation (200 

rpm) and pH 6.0 (4M KOH solution, Sigma-Aldrich, St. Louis, Missouri, USA) were 

controlled with an ez-control unit (Applikon®, Delft, the Netherlands). Modified Biebl (2001) 

medium (as described in “Bacterial strain and freeze stock preparation” section), 

supplemented with approximately 10 g L-1 hexane treated crude glycerol and 30 µL of 

Antifoam 204 (Sigma-Aldrich, St. Louis, Missouri, USA) per litre of medium was used. 

Batch fermentations initiated with the inoculation of 50 mL (5% v/v) pre-culture in mid-late 

exponential phase (OD600=1.2-1.4). For the continuous fermentation the hydraulic retention 

time was 14.25 h. Steady state was considered after a minimum of 5-6 hydraulic retention 
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times in combination to stable cell concentration and gas production. For the fermentation 

influent, 10 L growth medium batches (same composition to the batch) were prepared, 

autoclaved at 121°C for 40 min and consecutively gassed through a sterile gas PTFE filters 

(0.20 µm pore size, Midistart®, Sartorius, Ireland) with nitrogen 99.9% for 1.5 h. Finally, 1-

butanol (puritye  99%, Sigma-Aldrich, St. Louis, Missouri, USA) was supplemented after 

sparging and mixed with a magnetic stirrer until a homogenous mixture was acquired. . The 

feed solution kept at 4°C to minimize possible contamination and substrate consumption. The 

concentration of butanol and glycerol for each growth media used for the continuous 

fermentation were determined both at the beginning and the end of the feeding process. 

Substrate, cells and products concentration including H2 was monitored throughout the 

duration of the experiments. 

During the continuous experimentation, in total there were 5 steady states reached at 0 (0-140 

h), 1 (140-330 h), 2 (330-470 h), 3 (470-640 h) and 4 g/L (640-780 h) butanol concentration 

in the influent (with ~ 10 g/L glycerol influent concentration) and three glycerol pulses were 

imposed during the 1st, 3rd and 4th steady state as described in the sequel. The variability of all 

main metabolites at steady state was less than 10%. 

 

Pulse experiments 

A concentrated solution (100 g L-1) of hexane treated crude glycerol was pulse-fed during 

different steady states and consecutively the substrate concentration was monitored for 5 h. 

The pulse-fed solution was prepared anaerobically in Biebl (2001) medium reaching a final 

This article is protected by copyright. All rights reserved.



 

 
 

volume of 20 mL and the glycerol concentration into the reactor after the perturbation 

reached 2 g L-1. The final concentration of the pulse-fed glycerol was kept low in order to 

minimize substrate inhibition effects. 

Analytical methods 

Glycerol and fermentation products quantification was performed via High Performance 

Liquid Chromatography (HPLC) equipped with an Aminex HPX-87H column (Bio-Rad, 

Hercules, California, USA) and a refractive index detector. Separation was performed at 0.6 

mL min-1 flowrate with a H2SO4 solution (12 mM, Sigma-Aldrich, St. Louis, Missouri, USA). 

Hydrogen was quantified by 0.2 mL injections to a Mikrolab gas chromatography (Mikrolab 

Aarhus, Højbjerg, Denmark) equipped with a thermal conductivity detector and a Porapack Q 

column (Agilent Technologies, Santa Clara, USA): Oven, injection and detector temperatures 

were set at 70°C and pure nitrogen was used as carrier gas at a 50 mL min-1 flowrate. Finally, 

microbial biomass was quantified via a Total Suspended Solids/OD600 calibration curve 

(linearly correlated, see “Calibration curve” section). Total Suspended Solids were measured 

according to the method described at “Standard methods for examination of water and 

wastewater” 37 with WhatmanTM glass microfiber filters, 0.7 µm particle retention (GE 

Healthcare Europe GmbH, Denmark).  

Modeling microbial growth and inhibition kinetics 

Microbial growth and substrate consumption were modeled according to equations 1 and 2, 

respectively. Monod kinetics with first order decay was applied for non-inhibited growth, 
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while the inhibition function, Ibut, referring to uncompetitive inhibition 38 by butanol, was 

assumed and modeled according to equation 3. 
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Where µmax is the maximum specific growth rate (h-1), KS is the saturation constant (g L-1), Kd  

is the decay constant (h-1), YX/S is the microbial cells yield (g cells / g glycerol), S and X is the 

substrate (glycerol) and microbial cells concentration (g L-1), respectively, and Ibut is the 

butanol inhibition function. 
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Where KI is the inhibition constant (h-1) and I is the concentration of the inhibitor (g L-1), 

which is butanol in this study. 

Butanol production from glycerol during fermentation by C. pasteurianum was simulated 

according to equation 4: 
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but

SSX

SP IX
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+
⋅
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     (4) 

Where P is the product, butanol, concentration (g L-1) and YP/S is the yield of butanol per 

substrate (g butanol / g glycerol). 
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In order to estimate the kinetic constants (µmax, KS, KI, and kd), equations 1-4 were used for 

simultaneously fitting the data for glycerol, butanol and cells concentration obtained from the 

batch experiment in the fermentor and the continuous experiments (including glycerol 

pulses), as described in the “Fermentations” section, using the computer software “Aquasim 

2.0”.39  

The kinetic constants were estimated by minimizing the sum of the squares (x2(p)) of the 

weighted deviations between measurements and calculated model results according to 

equation 5: 

2

1 ,

,2 )
)(

()( ∑
=

−
=

n

i imeas

iimeas pyy
px

σ
    (5) 

Where ymeas,i and yi were the measured and predicted by the model values of state variables 

(namely the concentrations of the glycerol, cells and butanol) and Ãmeas,i was the standard 

deviation for each measured entity. The secant algorithm was used for the parameters 

estimation and therefore the standard deviation for each estimated value of kinetic constants 

was calculated as well. 

Identifiability of the estimated constants was performed using the absolute-relative sensitivity 

function of Aquasim, r
py
,

,
αδ , which measures the absolute change of the state variables (in this 

case, glycerol, butanol and cells concentration) per unit of change of the model constants as 

given by equation 6.  

p

y
pr

py ∂
∂
⋅=,

,
αδ       (6) 
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Where y denotes the state variables and p the constants of the model. 

Electron balances and stoichiometric analysis 

Complete stoichiometric equations were extracted based on electron balance between the 

measured substrate consumption and metabolites and cells production according to the 

method reported in Rittmann and McCarty.38 In short, this approach is based on considering 

the carbon substrate in fermentation processes also as electron pool, a fraction of which is 

directed towards the “energy” generating catabolic reactions while the rest is used for 

biomass synthesis through the energy consuming anabolic reactions. According to this, 

stoichiometric equations were first set-up taking into account the amount of glycerol 

consumed and all metabolites (except cells) produced. Subsequently the fraction of electrons 

of the substrate that was directed to products (fe) was quantified based on the ratio of the 

actual yield to the theoretical yield predicted by the stoichiometric coefficient. The remaining 

fraction of electrons of the substrate that were not found in the metabolites (fs = 1-fe) was 

assigned to cells growth and the overall stoichiometric equation was extracted. It is important 

to mention that since the maintenance requirements of the cells in general vary depending on 

the fermentation conditions, the actual yield of cells was always lower than the theoretically 

predicted; therefore the difference between the theoretical (fs) and experimental cells yield 

(fs,exp) was used to extract conclusions regarding the electron fraction of the substrate used for 

maintenance energy requirements (fm = fs-fs,exp). 
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RESULTS AND DISCUSSION 

Batch fermentations with crude glycerol and hexane treated crude glycerol  

Initial experiments performed with non-treated crude glycerol showed long lag phases (3-4 

days) even at low, 10 g L-1, substrate concentrations and therefore, pre-treatment of crude 

glycerol with hexane was performed. Fermentation with hexane treated crude glycerol 

showed shorter lag phase and better growth consistency at 10 g L-1 substrate concentration 

(see Figure 1A & Figure 1B). In fact, hexane-treated crude glycerol performed equally well 

with pure glycerol and the small measured difference in the final cells concentration 

(measured as TSS, Figure 1B) was due to the different initial glycerol concentration (12.8 g/l 

pure glycerol compared to 10.8 g/L glycerol in hexane-treated crude glycerol). Nevertheless, 

when the substrate concentration was increased or when butanol was supplemented in the 

growth medium prior the inoculation, the same issue of long lag phase or no growth at all was 

observed. When 1-butanol was added in the growth medium, prior inoculation, it was found 

to be inhibitory for bacterial growth at concentrations as low as 2 g L-1. Those results 

confirmed the highly inhibitory effect of externally added butanol in cultures of C. 

pasteurianum that have been previously reported. Specifically, Venkataramanan and 

colleagues (2014) reported reduction of C. pasteurianum biomass even when 2.5 g L-1 of n-

butanol was added in fully grown cultures.28 Thus neither the main kinetic parameters (µmax 

and Ks) nor the butanol inhibition constant, KI, could be determined through batch 

experiments. Therefore and as it has been already mentioned, continuous fermentation and 

substrate pulse-feeding experiments were performed in an effort to alleviate the 

abovementioned challenges.  
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Modelling reactor fermentations 

Calibration curve 

The microbial growth was monitored by measuring the optical density, OD, of the 

fermentation broth at 600 nm. The mass of the cells for modeling purposes was then 

calculated using a calibration curve of the cells measured as Total Suspended Solids, TSS, 

versus OD. The calibration curve for C. pasteurianum is shown in Figure 2. 

Modeling of butanol inhibition 

The fitting of the model to the experimental concentration of glycerol, butanol and cells in 

CSTR and batch is shown in Figure 3 (A, B and C), Figure 4 (A and B) and Figure 5 (A 

and B), respectively. 

Table 1 shows the values of the estimated constants together with their estimated standard 

deviation while the correlation matrix of the model constants is presented in Table 2. It is 

noticeable that all constants were estimated with a relatively high precision and they also 

exhibited a low correlation allowing thus for accurate determination of the optimal values of 

the constants within the limits set. Specifically for the inhibition constant, which is on the 

focus of the present study, the identifiability analysis showed a high sensitivity of glycerol 

concentration with respect to inhibition constant KI, especially during the pulses in 

continuous experiments with increasing butanol concentration in the influent of the reactor 

while the sensitivity of butanol and cells concentration was low to negligible, respectively. 

The corresponding curves for the sensitivity of the state variables of the model with respect to 

KI are shown in Figure 6A for the CSTR and Figure 6B for the batch fermentations. It can 
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be observed that in the 1st phase of continuous experiments, where the butanol concentration 

was zero, the value of the sensitivity function of glycerol concentration was also zero, namely 

negligible, while it was increasing with increasing influent butanol concentration and 

exhibited the highest values during the pulses.  

Another important point is the accuracy of the simultaneous estimation of both µmax and KS, 

which usually suffer by a large correlation (changes in calculated concentrations brought by 

one constant can be compensated by an appropriate change of the other one) and therefore 

non-identifiability.39 When the uncompetitive inhibition function was added to the model 

then a high correlation was observed between µmax and KI (-0.83) and KS and KI (0.81) when 

the data from the batch fermentation was fitted to the model. Simultaneous fitting of the data 

obtained in batch and continuous mode, coupled with the substrate pulses, have led to a 

noticeable reduction of the abovementioned correlation coefficients, to -0.42 and 0.57, 

respectively.  

In the current study a µmax corresponding to 0.60 ± 0.08 h-1 was estimated by the model, as 

shown in Table 1, which is slightly higher than the ones reported in literature. Namely, µmax 

values ranging from 0.37 h-1 22, to 0.31 ± 0.01 h-1 and 0.23 ± 0.01 h-1 under iron excess and 

limitation, respectively 40 have been reported. The difference in the µmax can be attributed to 

the higher fermentation temperature that applied in the current study (37°C) compared to the 

abovementioned studies (35°C). Although a temperature difference of 2°C might seem low, a 

47% decrease of the µmax during batches of C. butyricum when the temperature was decreased 

from 37 to 35°C have been reported.41 Also, the higher µmax might be also attributed to 

compounds that are present in the crude glycerol that can induce cell growth. Finally, during 
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dark fermentation of crude glycerol for hydrogen production with C. pasteurianum, a 

saturation constant equal to 2.43 g L-1 has been reported.42 This is two-fold higher than the 

1.13 g L-1 estimated in the current study and it denotes the increased affinity of C. 

pasteurianum DSM 525 to the specific crude glycerol used. 

In general and as it has already been mentioned, there is scarcity of studies regarding the 

kinetic determination of butanol inhibition. A very interesting study by Costa and Moreira 

(1983) describes product inhibition of butyric acid, butanol, acetic acid, acetone and ethanol 

on C. acetobutylicum. Interestingly butyric acid exhibited the lowest concentration of 

inhibitor that reduced µmax by a factor of 2 corresponding to 6 g L-1 followed by butanol at a 

value of 11 g L-1.43 This value is higher than the 7.64 g L-1 reported in the present study (the 

calculated KI value reflects the concentration of inhibitor that reduces µmax by a factor of 2); 

this can be attributed to the lower butanol tolerance for C. pasteurianum when compared to 

C. acetobutylicum as supported by literature studies.27,28,43  

3.3 Electron balances and stoichiometric analysis 

Table 3 presents the stoichiometric coefficients for the overall conversion of glycerol to 

products and cells by C. pasteurianum growth for the batch fermentation and the different 

steady states with increasing influent butanol concentration. fe and fs represent the fraction of 

electrons of the substrate directed to products and cell synthesis, respectively. As mentioned, 

the calculations were based on the actual experimentally determined yields of the metabolic 

products, which were used for calculating fe while fs was calculated based on equation 7.38 

es ff −=1          (7) 
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It is noticeable that the butanol yield changed significantly among the different steady states 

and the batch operation. The highest butanol yield, 0.28 mol butanol / mol glycerol, was 

observed in batch, while it was gradually decreasing in CSTR with increasing butanol 

concentration; starting with a value of 0.20 at the 1st steady state with 1.7 g/l butanol and 

reaching a value of 0.17 at the 5th steady state with 5.5 g/l butanol. This implies that butanol 

presence affects negatively butanol yield with the excess electrons being directed to H2 and 

other reduced products, namely 1,3 PDO in this case. Indeed, both metabolites exhibited 

higher yields in CSTR compared to batch fermentation while their yields were increasing 

further with increasing butanol concentration in CSTR.  

The overall stoichiometric equation can hardly fit the actual cells yield, as part of the energy 

generated during catabolic reactions is used for maintenance and therefore is not directed to 

anabolic reactions and cell synthesis. Based on the difference of the theoretical (as predicted 

by the stoichiometric equation) to the experimental cells yields, the actual fraction of 

substrate electrons directed to cells synthesis (fs,exp) and the fraction of electrons directed to 

maintenance (fm) can be calculated and are also presented in Table 3. One can observe that fs 

value was in general lower in the batch fermentation compared to the fs values for the 

continuous experiments (with the only exception steady state 2). The higher fs calculated for 

the continuous experiments were actually due to the increased maintenance energy 

requirements rather than to increased cell synthesis as implied by the higher fm values. This 

can very well be correlated and attributed to butanol inhibition since the batch fermentation 

started at a butanol concentration of zero while the concentration of butanol during the 1st 

steady state of the CSTR was already 1.7 g L-1. It is also noticeable that the highest value of 
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fm was reached when the butanol concentration in the CSTR increased to 5.5 g L-1 (5th steady 

state with 4 g L-1 influent butanol concentration).  

CONCLUSIONS 

A new approach for the determination of the kinetic parameters of C. pasteurianum growth 

on crude glycerol under butanol inhibition was applied based on continuous fermentations 

with increasing influent butanol concentration and pulse substrate addition at steady state. 

The main contribution of this work can be summarized as following: 

• Crude glycerol originated from 2nd generation biodiesel based on animal fat could 

support growth of C. pasteurianum at low concentrations and only after pre-treatment 

by hexane. 

• Increased butanol concentrations resulted in reduced butanol yields. 

• The applied methodology resulted in accurate determination of the growth and 

inhibition constants by allowing for experimenting at higher butanol concentrations 

and reducing the correlation of the model constants. 

• The determined KI supported the highly inhibitory effects of butanol to the growth of 

C. pasteurianum indicating that 7.64 g L-1 butanol lowers the effective µmax by a factor 

of 2. 

• The effect of butanol on increasing the maintenance energy requirements of the cell 

was demonstrated by applying electron balances and stoichiometric calculations. 
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Table 1. The values of the kinetic parameters together with the estimated standard deviation 

Kinetic constant Estimated value Estimated 

standard deviation 

maxµ , h-1 0.60 ± 0.08 

SK , g/L 1.13 ± 0.37 

IK , g/L 7.64 ± 1.91 

Kd, h
-1 0.007 ± 0.002 
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Table 2. Correlation matrix of the kinetic constants 

 Kd 
IK  SK  maxµ  

Kd 1 0.04 -0.262 -0.136 

IK  0.050 1 0.573 -0.424 

SK  -0.262 0.57 1 0.427 

maxµ  -0.136 -0.42 0.427 1 
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Table 3. Stoichiometric coefficients for the overall conversion of glycerol to products and cells applied for C. pasteurianum growth for the batch 
fermentation and the different steady states with increasing influent butanol concentration. 

  Reactants  Products  Electron fractions 

Steady 

state 

C3H8O3 

glycerol 

HCO3
- NH4

+ C
2
H

5
OH 

Ethanol 

C
2
H

4
O

2
 

Acetate 

C
3
H

8
O

2
 

1,3-PDO 

C
4
H

10
O 

Butanol 

C
4
H

8
O

2
 

Butyrate 

H
2
 CO

2
 H

2
O C

5
H

7
O

2
N 

Cells 

f
e 

Products 

f
s 

Cells,theor. 

f
s,exp 

Cells, exp. 

f
m 

Mainten

ance 

1st 1 0.193 0.193 0.219 0.020 0.145 0.201 0.006 0.597 0.708 0.979 0.138 0.803 0.197 0.102 0.095 

2nd 1 0.145 0.145 0.286 0.018 0.143 0.207 0.009 0.648 0.761 0.747 0.084 0.879 0.121 0.098 0.022 

3rd 1 0.169 0.169 0.223 0.019 0.176 0.192 0.014 0.631 0.723 0.851 0.111 0.842 0.158 0.087 0.071 

4th 1 0.171 0.171 0.262 0.017 0.160 0.188 0.007 0.617 0.727 0.860 0.114 0.837 0.163 0.088 0.075 

5th 1 0.211 0.211 0.204 0.016 0.182 0.171 0.004 0.615 0.695 0.998 0.154 0.781 0.219 0.085 0.135 

Batch 1 0.107 0.107 0.150 0.047 0.126 0.283 0.019 0.246 0.591 1.155 0.107 0.846 0.154 
0.094 0.059 
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Figure 1. Comparison of glycerol consumption (A) and cell growth (B) between hexane 

treated (HT), non-hexane treated and pure glycerol.  
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Figure 2. Calibration curve for calculating the mass of microbial cells. 
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Figure 3. Experimental and predicted by the model profile of glycerol concentration during 

the CSTR (A and B) and batch (C) fermentations. 
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Figure 4. Experimental and predicted by the model profile of butanol concentration during 

the CSTR (A) and batch (B) fermentations. 
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Figure 5. Experimental and predicted by the model profile of cells concentration during the 

CSTR (A) and batch (B) fermentations. 
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Figure 6. Sensitivity functions of the model state variables (glycerol, butanol and cells 

concentration) with respect to inhibition constant KI during the CSTR (A) and batch (B) 

fermentations.  
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