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ABS'l'RACT 

) . 
The effect of, the key physiological parameters on 

~ 

the production of sol vents in the' acetone-butanol fermenta-

tion using the anaerobic bacterium' Clostridium acetobuty~ 

lieum was examined in this work. 

The theoretical solvent yieid was calculated oased 

on expressîng stoichioll1etric relationships. between the 

substrate and the products of the process. The maximum theo-
" 

retical yield uLder the acceptable process candi tions was 

established ranging from 38.6% to 39.9%. 

A linear correlation wàs establ"'ished between' the 

production of solvents and gases which varied with the mixing 

rate in the fermentation system. l,j .. , 
Maximum specifie rates of solvent production were 

5.5, 3.8 and 0.8 mmole/h.geell for butanol, acetone and 

ethanol, respectively, corresponding to an impelLer Reynolds 

number of 3.93 x 10 4 • The fermentation became inactive at 

an impeller Reynolds number of 6.47 x 10 4 • 

El'evated hydrogen partial pressure affected the 

metabolism of C. acetobutylicum resulting in inèreased 

butanol and ethanol yields (ba'sed on glucose) by an average 

of 18% and 13%, respective1y. These increases were obtained 

-at the expense of acetone and endogenous hydrogen production 

in the fermentation system. 
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A mathematical model for the batch acetone-butanol 

fermentation was formulated" using original experimental data 
1 

for the microbial growth, sugar consumption and metaboli te 

biosynthesis. 

simulations. 

This model was used for computer process 

Parametric sens:i, tivi ty analysis indicat~d the 

importance of the key process parameters. 

A method of systems analysis was àPplied in analy-

sing pronounced physiological differences in the performance 

. 
of one of the C. acetobutylicum culture strains. The 

cell ular transport mechanism for substra te (g lucose) , 

solvents and acids through the cell membrane was established 

ta depend on its permeability and the number of sugar 

, transport "sites". Experimental resul ts obtained from the 

study of the uptake of 3-0-methyl glucose (O. 7mM) by the 

"normal culture" and the "retarded culturel' confirmed the 
• 

theoretical predictions of a slower transport in the 

"retarded culture". The lni tial uptake rate of the substrate 

in the normal culture was fifteen (IS) times higher than that 

for the retarded culture. Adjustment of the culture pH 

resul ted in a further three -fold increase of this parameter. 

The theoretical predictions were further confirmed 

by the cell membrane permeability measurement, as weIl as by 

the enhancement of solvent synthesis by addition of 0.2% 

Tweèn 80 to the growth medium, and finally by reversing the 

performance of the retarded cul t ure and producïng a normal 
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fermentation the use of a smaii inoculum size of ----
0.5% • 

A mathematicai "Physiological State Model" was 

developed which includes .the culture physiological parameters 

as weIl as the internaI and the external culture conditions. 

Using this m~~hematical model the standard and the 

Substandard acetone-butanol fermentations could be simulated. 
,t: 

These resul ts demonstrate thE. application of the 

method of systems analysis in elucidation of the role played 

by the key culture physi?logical parameters in the fermenta-

tian process . 

• 
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RESUME 

\ 

\ 
\ \ 

présente \ ' porté La étude a sur l'effet des para-
I 

\ , 1 • mètres physiologiques cles relatifs a la production <le 

solvents à partir 'de la bactérie anaérobie Clostridium acéto-
. , ,Oi 

butylicurn. 

Le rendement théorique en production de solvants a 

" été calculé à l'aide d'expressions sto'ec'hiométriques reliant . \ 

le substrat aux produits de fermentation. 

Les valeurs du rendement théorique maximal obtenues 

dans les conditions favorables sont pe l'ordre de 38.6% à 

39.9% . 

Une corrélation linéaire a été établie ent're la 

production de solvants et celle des gaz i elle varie,av.ec le 

taux d'agitation du système de fermentation. 
\ 

Les taux spécifiques de production de solvants sont 
\ . \ 

( 1 

~ respectivement de 5.5, 3.8 et 0.8 mmole/h.g biomasse pd~r le 
~ . \, 

butanol, l'acétone et l'éthanol', ils correspondent au nOfbr~~­
\ 

de Reynolds (ajusté pour une pale) de 3.93 x 10 4 • La "ferm'en-
\ 

tation devient \nact'ive pour 
\ 

un nombre de Reynolds (ajus\é 

\\ pour une pale) de'6.47 x 10 4 • 

Une pression partielle d'hydrogène plus élevée 

régularisait le métablisme de c. acétobutylicum et produisit 

un accroissement respectif de 18% et 13% des rendements de 

butanol et d'éthanol. Ces augmentations l'ont été au profit 

, 

\ 

\ 
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des rendements en acétone et en hydrogène intrinsèque au 

procédé de fermentation. 

Les données expérimentales de croissance mi~ro-

~bienne 1 de consommation du glucose et de biosynthèse des 

métabolites obtenues de fermentations\ acétono-butylique en 

mod~ discontinu ont permi sI' é labora ti:~" d'un modè le mathéma­

tique qui a servi à ?es simulations dUr procédé u' sur ordina-
l 

teur. L'analy,se de la sensibilité des \paramètres a révélé 

l'importance des p~ramètres clés du procé~é . . \ 
Un~ méthode d'analyse des siptèmes a servi à 

\ 
l'étude de l'aspect physiolog ique et des di\fférences marquées 

\ 
des performan'ces de la culture de C. acétobutylicum. Le 

mécànisme de transport cellulaire du substrat (glucose), des -
solvants e't des acides à travers' la membrane \~st attribuable 

1 

à \ sa 'petméabilitê --et à la quanti tê de "sites" de transport 

des sucres. Les résultats expérimenta ux obtenus lors 

~ d'études' d'assimilation de 3-0-methyl glucose (O~,7 mM) par 

/~"culture "o;,orn:ale" et une "culture affaiblie" ont éonfirmé 

/.' '/les) prévisions théoriques à l',effet que le transport est 
, 1 

ralenti pour les cultures affaiblies. Le taux initial d'as-

similation de substrat pour une culture nor;'llale est quinze 

(15) fois plus élevé que celui observé pour une culture 

-- '\;> affaiblie '? ~> ajustement dl}' pH a eu pour, effet de mul ti~lier 

pa;r troj.s écart ... \ , 1 

\ 
Les prévisions \théoriques 

\ " 
ont également été 

, . 
verl-
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fiées à la fois lors de mesures de la perméabilité" de la 

membrane cellulaire, lors d'observatiêns d'augmentation de-la 

• 1 
product~on de sOlva~t due à l'addition de 0.2% du Tween 80 au 

1" milieu de croissance et lors de l',inversion du rendement de 

la culture affaiblie en culture normale par l' addi tion en 

, 
f" 

, ' 

faible quantité (0.5%) d'inoculum. 
o 

Un modèle mathématique de l'état physiologique 
. 

comprenant au~si bien les paramètres physiologiques que les 

condi tions internes et externes de la culture a éventuelle-'" 

ment été développé. Ce modèle mathématique a permis la 

simulation de fermentations normales au~si bien qu' inféri-

eures à la normale. 

Ces résultats illustrent l'usage de la méthode 

d'analyse des systèmes dans l'élucidation du rôle joué par 

les paramètres physiologiques' clés des cultures dans les 

procédés de fermeI\ta~ion". '.il" 

--~ 
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1 



L • 

.. , 

TO 

RAFI 

for his love and support 

/ 

• 



• 

ACKNOWLEDGEMENTS 

l would like to express my sincere gratitude to my 

academic advisor, Dr. B. Volesky for his encouragement, 

assistance and guidance throughout this work. His support 

and encouragement particularly during the "unsuccessful" 

fermentations are deeply appreciated . 

l am also grateful to Dr. J. Votruba of the Czechoslovak 

." Academy of Sciences for his concern, attention and his 

invaluable assistance in the development of the mathematical 

models. His impresslve knowledge and understanding of 

the biolog icq.l systems and the naturally occurring phenomena, 

,and the inspiring discussions l had wi th him have increased 
o 

my appreciation of Biochemical Engineering, 

Thanks are extended to Dr. T. Scz'esny for preserving 

the stock cultures and for his continuous encouragement 

particularly during the early stages of this work. His 

assistance in performing the high pressure experiments 

i5 gratefully acknowledged. 

l would aiso like to thank Dr. Rose }1. johnstone, 
- ---

Chairperson and Professor of the Biochemistry Department 

f of McGill University; and her kind and friendly research 

assistants who helped 'me wi th the sugar transport studies. 

Dr. Johnstone allowed me to use the fac,il,i ties in her 

laboratory and even stayed overtime to personally help me 

carry out the experiments. Her constructive criticism and 

concern have improved the quality of this""Work. 

Finally, l thank my parents who have been sources of 
'0 

encouragement throughout,my education. The friendship, concern 

and companionship of my sister Haydeh and m~ brot~er Sassan 
, \ 

throughout this work are sincerely app"reciated. " 



.Js 

\~ 

1 

, 

TABLE OF CONTENTS 
~..-

ABSTRACT 

RESUHE 

ACKNmV'LEDGEMENTS 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

. 
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1.1 INTRODUCTION 
1.2 LITERATURE REVIEvl 

1.2.1 Characterization of the 
Microbia1 Culture and its 
Nutritional Requirements 

1.2.2 Kinetics of the Batch 
Acetone-Butanol Fermentation 

ix 

i 

iv 

viii 

ix 

xiv 

xvii 

2 
...,5 

9 

1.2.3 Carbohydrate Metabo1isrn and ~ 15 
Biochemistry of Clostridiurn 
acetobutylicum 

• 
1.3 CHOICE OF THE SYSTEH 
1. 4 OBJECTIVES 
1. 5 • THEORETICAL ASPECTS 

2S 
28 
31 

1.5.1 Redox Potential 31 
1.5.2 Carbon, Energy and Electron 33 

Balances in Acetone-Butanol 
Fermentation ' 0 

l . 6 REFERE~CES 

CHAPTER 2. PE.~I.IMINARY CULTURE STUDIES 

2.1 'INTRODUCTION 
2. 2 MATE,RIALS AND METHODS 

39 

46 

47 
47 



( 

'2.2.1 Microorganism, Orowth 
Cpnditions and Medium 

, Composition 
2.2.2 Analyt~cal Procedures 

A. Biomass-Dry Weignt 
B. Glucose Concentration 
C. Solvents and Acids 

Concentration 
D. Gas Analysis 

2.2.3 Fermentat~on Assembly 

A' a Fermentation Flasks 
B. Ferruentor 

2.3 RESULTS AND DISCUSSION 

2 ~'3.1 Medium Composition and 
Culture Co~itions 

2.3.2 Fermentation Batch 
Experiments 

A. Glucose Fermentation 
B. Cheese Whey Fermentation 

2.4 REFERENCES 

CHAPTER 3. VARIATIONS OF SOLVENT YIELD IN THE 
ACETONE-BUTANOL FERMENTATION r 

3.1 
3.2 
3.3 
3.4 
3.5 
3.6 

INTRODUCTION 
PROCESS ANALYSIS 
ANALYTICAL ~1ETHODS 
RESULTS 
DISCUSSION 
REFERENCES 

CHAPTER 4. IMPORTANCE OF AGITATION IN THE 
ACETONE-BUTANOL FERMENTATION 

4.1' 
4.2 

INTRODUCTION 
MATERIALS AND METHODS 

" x 

page 

47 

51 

51 
,51 
54 

56 

59 
59 

60 

60 

67 

82 

84 

85 
86 
88 
96 

III 
118 

120 

121 
123 



CHAPTER 5. 

xi 

4.3 RESULTS AND DISCUSSION 123 

4.3.1 Mixing Effect on the 123 
,Production Rates of Sol vents - , , 
and Gases 

4.3.2 Correlation Between the Rates 148 
of Solvent Production and Gas 
Evolution 

4.4. REFERENCES 157 

EFFECT OF INCREASED HYDROGEN PARTIAL 
PRESSURE ON THE ACETONE-BUTANOL 
FERMENTATION BY C. acetobutylicum 

5.1 INTRODUCTION 
5. 2 MATERIALS AND ~1ETHODS 
5.3 RESULTS AND DISCUSSION 

161 

~- 5.4 REFERENCES 

162 
163 
164 
175 

CHAPTER 6. DEVELOPHENT OF A MATHEMATICAL MODEL FOR 177 
THE BATCH ACETONE-BUTANOL PROCESS 

6.1 INTRODUCTION 
6.2 PRELIMINARY DATA ANALYSIS 
6.3 RESULTS AND DISCUSSION 

178 
179 
181 

6.3.1 Formulation of the Model 181 
6.3.2 Model Parameter Identification 208 

and Parametri~ Sensitivity 
6.3.3 Process Simulation 212 

6.4 NOHENCLATURE 
6. 5 REFERENCES 

221 
224 

CHAPT ER '7. SYSTEM ANALYSIS OF THE CULTURE PHYSIOLOGY 226 
IN THE ACETONE-BUTANOL FERMENTATION 

7.1 INTRODUCTION 227 

7.1.1 Theoretical Basis for the 229 
Sugar Transport Mechanism 

7. 2 MATERIALS AND METHODS 
7.3 RESULTS 

.- -:--

234 
236 

\ 



• 1 

7.3.1 . 

7.3.2 
7.3.3 

7.3.4 

7.3.5 

Identification of the Normal 
and the Retarded Fermenta­
tions 
Sugar Transport Mechanism 
Dynamics of the Number of 
Transport "Sites" (n) 
Mechanism of Solvent and Acid 
Transport 
Celi Membrane Permeability 
Determination 

7.4 DISCUSSION 
7.5 NOMENCLATURE 
7 • 6 REFERENCES 

CHAPTER 8. FERMENTATION PROCE~S DIAGNOSIS USING 
A MATHEMATICAL MODz!:L_, 

8.1 INTRODUCTION 
8.2 MATERIALS AND METHODS 

8.2.1 Membrane Permeability. 
rement ' 

8.2.2 rement of the Cell Size 

8.3 RESULTS 

8.3.1 Formulation of the Mathemati­
cal Model 

8.3.2 Evaluation of Model 
Parameters 
A. Normal Fermentation 
B. Retarded Fermentation 

8.3.3 Experiments 
i) Study of Morphology and 

Size Distribution of 
~. acetobutylicum 
Cultures 

ii) Measurement of the 
Cellular ~ermeability 

iii) Effect of the Unsaturated­
Fatty Acids on the 
Performance of. the 
Retarded Culture 

,,:. . . 
xii 

'!-;'" 

'li .... <'1'"1! , 

*'-.... 
Page 

236 

260 
261 

268 " -

278 

282 
294 
296 

305 

306 
307 

307 

309 

309 

309 

318 

318 
320 
341 
341 

353 

353 



( ,\ 

J 

Page 

iv) Effect of a Small Cell 357 

CHAPTER 9. 

Population on the 
Performance of the 
Retarded Culture 

8.4. DISCUSSION 
8.5 NOMENCLATURE 
8. 6 REFERENCES 

CONCLUSIONS AND RECOMt1ENDATIONS 

9.1 CONCLUSIONS 
9.2 ORIGINAL CONTRIBUTIONS 
9.3 SUGGESTIONS FOR FUTURE STUDY 

APPENDIX 1 Listing of the Computer program for the 
Smoothing of the Experimental Data 

APPENDIX 2 Listing of the Computer Prog'ram for the 
Estimation of the Model Kinetic 
Constants 

360 
371 

.374 

380 

381 
386 
389 

. 392 

398 

APPENDIX 3 Listing of the Computer program for ~he 408, 
parametric Sensitiyity Analysis 

APPENDIX 4 Listing of the Computer program for the 411 
Simulation of the Batch Acetone-Butanol 
Process -, 

APPENDIX 5 Process Parameters in the Batch 415 
Acetone-Butanol Fermentation on Glucose 

xiii 



., 
xiv 

LIST OF TABLES 

Table 

CHAPTER 2 

1. Composition of the Reinforced Clostridum 49 
Medium 

2. Composition of the Soluble Glucose Media Used 50 
in the Acetone-Butanol Fermentation 

3. The Effect of the Various Concentrations of 61 
(NH4)2S04 on the Production of Solvents by 
c. acetobutylicum 

4. The Effect of the Yeast Extract Concentration 63 
on the Production of the Solvents by 
C. acetobutylicum 

5. The Effect of the Initial pH Value on the 65 
Production of Solvents by C. acetobutylicum 

6. The Effect of the Initial Glucose 66 
Concentration on the Production of Solvents 
by C. acetobutylicum 

7. The Effects of the Concentrations of Yeast 68 
Extract and Ammonium Sulfate on the 
Production of Solvents by C. acetobutylicum 

l 8. Fraction~l Recovery of Glucose Carbon, Energy 75 

CHAPTER 3 

and, Electrons in the Batch Acetone-Butanol 
Fermentation on Glucose. 

1. Division of the Glucose Carbon, Energy and 87 
Electrons among the Fermentation Products 

2. Unknown Variables of Equation (8) , 92 

3. Equations Representing Model l, 2 and 3 for .93 
the Soiution of Equation (8). 
Butanol:Acetone:Ethanol = 64:30:6 



, 
4. Stoichiometric Coefficients, Approach l, 

Butanol:Acetone:Ethanol = 64:30:6. 

5. 

6. 

Stoichiometric Coefficients, Approach II, 
Model l, ~utanol:Acetone:Ethanol = 64:30:6 

Stoichiometric Coefficients, Approach II,I 
Model 2, Butanol:Acetone:Ethanol = 64:30:6. 

xv 

97 

98 

99 

7. Stoichiometric, Coefficients, Approa'ch II, 100 
Model 3, Butànol:Acetone:Ethanol = 64:30:6 

8. Equat"i'ons Representing Hodels l, 2 and 3 for 102 
the Solution of Equation (8). 
Butan01:Acetone:Ethanol = 60:30:10 

9. S'toichiometric Coefficients, Approach l, 103 
Butanol:Acetone:Ethanol = 60:30:10 

10. Stoichiometric Coefficients, Approach II, 104 
r10del ~, Butanol: Acetone :Ethan01 = 60: 30: 10 

Il. Stoichiometric Coefficients, Apprbach II, 105 
Model 2, Butanol:Acetone:Ethan01 = 60:30:10 

12. Stoichiometric Coefficients, Approach II, 106 

CHAPTER 4 

CHAPTER 5 

Model 3, Butanol:Acetone:Ethanol = 60:30:10 

1. Effect of the Impe11er Speed on the Final 140 
TNVP Concentration, and the Total Gas Produced 

2. Effect of the Mixing Rate on the Gas-Solvent 153 
Ratio 

3. Division of the Glucose Carbon, Energy and 155 
the Available Electrons Among the Fermentation 
Products. 

1. Effect of HZ Pressure on the Distribution of 170 
Components ln the A-B-E Fermentation. 



1" 

xvi 

.. 
CHAPTER 6 

Page 

1. Values of the Kinetic Coefficients and their 211 

2. 

parametric Sensitivities for the Hathematical 
Model of the Batch Acetone-Butanol-Ethanol 
Biosynthesis 

The Results of the "F-Test" with the Level of 
the Significance (a) of 0.05 for the Agreement 
Beto/een the Experimental and the Simulated 
Results 

, /' 
/' ___ 2Ia 

CHAPTER 8 

\ 

/ 

1. Physiological State Model for the Batch A-B-E 
process. Values of Process Parameters 
(coef'ficients) anù their parametric 
Sensitivities 

319 

2. The Resul ts of the Il F-Test Il wi th the Level of 324 

3. 

Significance (a) of 0.05 for the Agreement 
Between the Experimental and the Simulated 
Results. 

~ 
Tqe Key Controlling Parameters in 
Group l (Normal Solvent Yields) 

, 

Culture 

4. The Key Controlling Parameters in Culture 
Group l (Low Solvent Yields) 

5. 

6. 

The Key Controlling 
Group II , 

The Key Controlli1' 
Group III 

Parameters in Culture 

Parameters in Culture 

332 

336 

337 

345 

'7. Estimated Ce Il Membrane Permeation Coefficients 354 
for Butanol and Butyric Acid 



) 

LIST OF FIGURES 

Figure 

CHAPTER l 

CHAPTER 2 

CHAPTER 3 

1. The Time Course of a Batch 
Acetone-Butanol Fermentation on Corn 
~1ash 

2. Biochemical Pathway of Glucose 
Metabolism by Clostridipm 
acetobutylicum 

1. The,Calibration for the Measurement 
oi the Biomass Concentration by 
Optical Density 

2. The Calibration for the Gas 
Rotameter 

3. Variations of the Fermentation 
Parameters in an Interrupted Batch 
Acetone-Butanol Fermentation on 
Glucose 

4. Variations of the Fermentation 
Parameters in a Batch 
Acetone-Butanol Fermentation on 
KRAFT Whey Substrate 

10 

16 

52 

57 

70 

7·7 

1. Continuous Variations of the Total 107 
Solvent Yield (Z) with the Weight 
Fractions of Butanol (X) and Ethanol 
(Y) in Cultivation of 
C. acetobutylicum on Glucose 

a: Model l, Condition B 
b: t10del 2, Candi tion B 
c: Model 3, Condition B 

2. Continuous Variations of the Total 
Solvent Yield (Z) with the Weight 
Fractions of Butanol (X) and Ethanol 
(y) in Cultiwation of 
C. acetobutylicum on Glucose 

1 

108 
108 
108 

109 

xvii 

, 



·)T 

xViii 

c ·'page 

a. Model 1, Condition> D 110 
b. Hodel 2, Condition D 110 
c. Hodel 3 , Condition D 110 

r ç 

CHAPTER 4 

1. Variations of the Fermentation 125 
Parameters in Batch Cultivation of 
C. acetobutylicurn 

1 

agitation rate 190 " 126 l, a - = rpm / 

b - agitabion rate = 270 rpm 127 
c - agitation rate = 340 rpm 128 
d agitation rate = 410 rpm 129 

/ 

2. Variations of the Fermentation 130 
Parameters in Batch Cultivation of 
C. acetobuty1icum 

t-
agitation a - rate = 190 rpm 131 

b - agitation rate = 270 rpm 132 
c - agitation rate = 340 rpm 133 
d - agitation rate = 410 rpm 134 

3. Variations of the Spec'ific 137 
Production Rates of the Sol vents and 
Gases with the Variations in the 
Impel1er Rotational Speed 

4. Dependence of the Specific • > 142 
Consumption Rate of the Substrate on 
the Specific Growth Rate of the 
Culture ,p 

'l 
l' 

5. Dependence of the Specific 145 
Il' Production Rate of the Gases on the' 

Specific Growth Rate of the Culture 

6. Correlation Between the Gases and 151 
the Solvents During the Second Phase 
of Fermentation (rpm = 410) .. 

CHAPTER 5 , 

1. Effect of the Exogenous Gas Pressure \ 165 
,. on the Yie1ds of Solvents and 

Endogenous H2 \ 

2. Fraction of the Sol vents in the 167 
Total Neutral Volatile products 
(TNVP) 

\ 
\ 



\ 

\ 
\ 

CHAPTER 6 
[ 

.' 

fi 

1. - Rel~tionship of the Specific IGrowth 
Rate I..L (h- 1 ) and Butanol 1 

2 .. 
~ 
\ 

; 

3. 

4. 

Concentration in the Bioractor (B) 
for a Batch Culture of Clostridium 
ace;t:§butylicum 1 ~ 

7 
o 

Relationship of the Specific 
Substrate Utiliz,ation Rate (TS ) 
and Butanol Concentration (B) for a 
Batch Culture of C. acetobutylicum 

Relationship of the Specific Butyric 
Acid Accumulation Rate (rB ) and 
Butanol Concentration (B) ~or a Batch 
Culture bf C. acetobutyli~ufu 

Relationship of the Combined 
Specific Production Rates 
(rB + 0.841 r BA ) and Sugar 
Concentration (S) for a Batch 
Culture of C. acetobu~ylicurn 

...,... 
5. Relationship of the Specifiç Acetic 

Acid Production rate (riA) and 
Butanol Concentration (B) for a 
Batch Culture of C. acetobutylicum 

6. Relatio~ship of the Combined 
Specific Production Rates 
(rA + 0.484 r AA ) and Sugar 
Concentration lS} for a Batch 
Culture of C. acetobutylicum 

7. Relationship of the Specific Ethanol 
Production Rate (rE) and sugar 
concentration (S) for a Ba~ch 
Culture of C~ acetobutylicum 

8. Relationship of the Specific Carbon 
Dioxide Production Rate (rco ) and 

Sugar Concentration (S) for ~ Batch 
Culture of C. acetobutylicurn 

9. Re1ationship of the Specific 
Hydrogen Gas Production Rate (rH ) 

and sugar concentration (S) for ~ 
Batch Culture of C. acetobutylicum 

r, 

~ 

" 

J" • 

xix 

184 

/ 

188 

190 

193 

196 

199 

204 

206 



\ 
, 1 

-, 10. Experimen~al Data and Model 
Predietiorrs for the Proeess 
Parameters in the Bateh Cultufe of 
C. acetobutylicum 

CHAPTER 7 

1. A Schematic. Diagram of Transport 
Through the Cellular r.1embrane by 
Chemical Association. 

2. An Example of a Normal 
Acetone-Butanol Batch Fermentation. 

3. An Example of a Retarded 
Acetone-Butanol Batch Fermentation: 
Stepwise Prolonged Fermentation with 
Complete Solvent Synthesis. 

4. An Example of a Retarded 
Aeetone-Butanol Batch Fermentation: 
Stepwise Prolonged Fermentation with 
Incomplete Solvent, Synthesis. 

~. An Example of a Retarded 
'Acetone-Butanol Bateh Fermentation: 

Smooth Prolonged Fermentation 'with 
Ineomplete Solvent Synthesis and 
Sugar Utilization. 

6. An Example of a Retarded 
Acetone-Butanol Batch Fermentation: 
Smooth Fermentation with In'complete 
Solvent Synthesis and Complete Sugar 
Utilization. 

7. Relationship of the Culture Specifie 
Growth Rate (~) and the Butanol 
Concentration in Normal and Retarded 
Fermentations. 

8. Relationship of the Specifie Butyric 
Acid Accumulation Rate (r ) 
and the Butano1 Coneentra~ton (B) in 
Normal and Retarded Fermentations. 

9. Relationship of the Specifie 
Substrate Utilization Rate (rS ) and 
the Sugar Concentra~ion (S) in 
Normal and Retarded Fermentations. 

10. Inhibitory Effect of the 
Intraeellular Butanol on the Sugar 
Metabolism 

• xx 

Page 

214 

230 

'1 

237 

240 

243 

247 

253 

255 

257 

262 

\ 

1 
.1 



12. 

\ 

" 

variations of the Function f(B i ) 
with Butanol Concentration. 

Variations of the Function r B with 

Butanoi Concentration. 
ni 

13. Evaluation of Equatioh (23) for the 
Retarded Fermentation. 

CHAPTER 8 

14. Time Course of the Uptake of 3-0-
Methyl Glucose by the Normal and 
the Retarded Culture. 

1. Experimental Data and hodel 
Predictions for the Process 
Parameters in a Normal Batch Culture 
of C. acetobutylicum. 

2. Experimental Results and Model 
Predictions for the ~1ajor Process 
Parameters in a Retarded Batch 
Culture of C. acetobutylicum, Group 
l, Normal Solvent Yield. 

3. Experimental Results and Model 
Predictions for the Major Process 
Parameters in a Retarded Batch 
Culture of C. acetobutylicum, Group 
l, Low Sol vent yie Id. ' 

4. Experimental Results and Model 
Predictions'for the Major Process 
Parameters in a Retarded Batch 
Culture of C. acetobutylicum, Group 
II. 

5. Experimental Results and Model 
Predictions for the Major Process 
Parameters·in a Retarded Batch 
Culture of C. acetobutylicum, Group 
III. 

~~ . 
6. Photomicrographs of the 

Morphological Changes in Normal 
Culture of·C. acetobutylicum. 

xxi 

266 

271 

275 

279 

321 

328 

333 

338 

342 

346 



'. 

7. Photomicrographs of the 
Morphological Changes in Retarded 
Culture of C. acetobutylicum 
\ 

8. -Variations of the Average Cellular 
Size of the Normal Culture and the 
Retarded Culture of 
C. acetobutylicurn with the Progress 
of the Fermentatio~; 

9. The Effect of Tween 80 (0.20% w/v) 
on the Performance of the Retarded 
Culture of C. acetobut~licum 

10. The Effect of a Small Inoculum 

• 

(0.5%) <on the Performance of the 
Retarded Cultur~ of C. acetobutylicum 

" 

') 

xxii 

~ 

348 

351 

355 

358 

r ~ ...... \ , 



, ( 

1 

INTRODU,CTIO~ AND LITERATURE REVIE~'l 

,: 

4 

J 

-

.' 



v 

2 . 

1.1 INTRODUCTION 

.,... 
The importance of utilization of renew~ble raw 

materials for the production of chemicals has béen weIl 

established and confirmed ve~y forcefully in the past decade. 

Recent dramatic fluctuations and continuous upward . trend in 

the price as weIl as uncertainty of a reliable steady supply 

of hydrocarbon feedstock has sparked an intense interes't in 

biochemical and fermentation technology. The chemicals 
.) 

pr,duced by fermentation routes are usually the end products 

of the energy metabolism of microorganisms. They include 

solvents, such as butanol, acetone, ethanol and iso-propanol 

. organic acids, such as ci tric, fumaric, acetic, butyric and 

lactic and fuel gases, such as methane and hydrogen. 

One of the fermentation processes which has gained 

increasing renewed attention is the acetone-butanol-ethanol 

(A-B-E) fermentation by the anaerobic bacterium Clostridium 

acetobutylicum. This process which is one of the' oldest 

industrial fermentations results in the biosynthesis of three 

solvents (acetone, butanol and ethanol), two gases (hydrogen 

and carbon dioxide) and two intermediate metabolites (acetic 

". 

.. 
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and butyric acid). The high and increasing demand for indus-

trial solvents and their future in tertiary oil recovery, 

applicabiiity of shlvents as industrial' chemical· feedstocks, 
1 

use of butanol as a fuel \and the associated production of 

. hydrogen gas highlight the potential contributions of the 

A-B-E fermentation process. In addition to the fndustrial 

impo~tance of Us end products, the acetone-butanol process 

represents an intriguing microbial model system for study of 

the regulation of end product formation, evaluation of the 

process kinetics and interrelationships among a m;:nber of 

variable parameters of the fermentation system. _ The process 

features interesting complex biochemistry reflected in its 

metabolic pathway, inhibitory kinetics mechanisms caused by 

the end products and fascinating aspects of microbial physio-

logy associated wi th the micr.obial culture and its responses 

to the environmental parameters which have a profound effect 

on the biosynthesis of the products. 

Despite the fact that the acetone-bqtanol process 

is one of the oldest industrial fermentations there are 
, 

se'rious gaps in the understanding of the basic aspects of 

1 • 
thlS process and the limi ting factors controlling the produc-

tiivity of the process which make proper opt~mization impos­

slble. A report on the current industrial appli~ation of 

acetone-butanol process .implied that very little fundamental 
_, i 

chânge has been made in this process since the early years of 
\ 

its exploitation (Spivey, -1978). 



( 

4. 

The present work addresses the phys"lological 

aspects of the acetone-butanol-ethanol fermentation and 

attemps to elucidate sorne of the problems associated with the 

productivity of the solvents and 'gases in this process. 

Each Chapter of this thesis .discusses a self-cOn­

'tained topic ,which includes sections as Introduction, 

Materials and Methods 1 Resul ts and Discussion related to the 
.. , tI 

particular aspect of the acetone-butanol fermentation 

addressed in the Chapter. These Chapters represent indepen-

dent papers which are to be or have been already published in 

scientific journals. The thesis is presented as a compila-

tion of papers maintaining their original formats. Each of 

the Chapters, therefore, has its .own reference section list-

ing the relevant li terature citations. Those references 

markeQ by an asterisk (*) constitute also a part (Chapter) of 

'this thesis. 
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1.2 LITERATURE REVIEW 

,A literature review relevant to each topic dealt 

with in individual Chapters is presented at the beginning of 

eaéh Chapter. 

A general literature review pertaining to the basic 

aspects of the acetone-butanol fermentation is presented in. 

'. this section. This review has been done with respect to the 

fol1owing aspects: 1) Characterization of the microbial 

cul ture and its nutri tional requirements; 

the batch acetone-butanol fermentation; 

2) 

3) 

Kinetics of 

Carbohydrate 

metabolism and biochemistry'of C. acetobutylicum. 

1.2.1 Characterization o~/ t.hél'"Microbial Culture and its . 

Nutritional Requirements 

Study of the acetone and butanol producing bacteria 

dates pack to 1861 when Pasteur showed direct production of 

butanol by fermentation. Since then there have' been numerous 
~ 

studies on the characterization, morphology, physiology, 

biochemistry and metabolic pathways, and the nutritional 

.requirements for growth and solvent production, by these 

bacteria (Johnson et al., 1932; Weizmann and Rosenfeld, 1937; 

Pre scott and Dunn, 1959; Taha et al., 1973). The cultures 

common1y used in this process are members of the genus Clos-
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tridium. Species of this genus are di vided according to 

their carbohydrate metabolism and biochemistry, the end 

products of their energy metabolism, carbon sources, growth 

requirements and sorne genetic aspects (Beesch, 1952; 1953; 

Andree sen et al., 1970; Cummins and John son, 1971) . 

Clostridia are anaerobic, spore forming rods, usually motile 

and occas ionally non-motile. They are generally gram 

posi ti ve al though the older cultures sometimes stain gram 

negative" The choice of the micr-Jorganism depends on the 

nature of the raw ma~erial being used and the type and 

concentration of the end products desired (Compere and 

Griffith, 1978; Soni et al. 1982). A commercial strain of 

Clostridium acetobutylicum is usually used in the industrial 

production of acetone and butanol. In addition to these two 

solvènts, smal1 amounts of ethanol, 'sorne acetic and butyric 

acid and large amounts of fermentation gases, hydrogen and 

carbon dioxide, are al 50 produced in this process. The 

culture of C. acetobutylicum is capable of growth and solvent 

o 

'p'roduction on a variety of substrates of the pentoses and 

hexoses, mono-, di- and polysaccharide group. The most 

widely used substrates include,: sugar-based materials, such 

as black strap molasses, ~ugar cane, sugar beets and sweet 

sorghum (Beesch, 1952; 1953; Prescott and Dunn, 1959; Mahmoud 

et al., 1974), starch-based materials, such as corn, rice, 

wheat, potatoes, rye and cassava (Wilson et al., 1930; 

1 

Peter son and Fred, 1932; Beesch, 1953: Taha et~., 1973), 

• J 

t' 
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hydrolysates of wood or the wood sugars in the form of 

sulfite waste liquor, as weIL as corncob hydrolysates (Wiley 

et al., 1941, Abou-Zeid et al.~ 1974). Invert or black-strap 

molasses are the most favored natural media for~ this process. 

c. acetobutylicum does not have the abil i ty ta effecti vely 

ferm~nt cellulose (Compere and Griffith, 1978). The 

concentration and the type of the carbohydrate used 

drastically influences production of butanol, acetone and 

ethanol in both thei~ finai yield, b~sed on sugar, and their 
" 

relative proportions. For example, the highest yield of 

solvents with an Egyptian strain of C. acetobutylicum was 
r 

obtained with a concentration of 5% for millet, corn and 

sweet patato, of 7% for corncobs and 12% for molasses (Taha 

et al., 1973). Total soivent production by another strain of 

this culture was the highest at a concentration of 2.5% for 

cellobiose, factose, sucrose and dextrin and of 5% for 'xylo:;;e 

and fructose (Compere and Griffith, 1978). Production of' 

sol vents is also dependent on the amount and sources of 

ni trogen and phosphate and the mineraIs avai lable in the 

medium. Inorganic nitrogen in the forro of ammonia or 

ammonium sulfate is usually sufficient when natural media 

such as black strap molasses or beet molasses is used. 

However, it is usually preferred to use ammonium saI ts plus a 

higher form bf ni trogenous material such as Yliast water or 

distillation slop (LanglYkk~ et al., 1934; Beesch, 1952) 

peanut cake, cot j:.on seed cake, rice bean or corn :;;teep liquor 

\ 
\ " 

\ 

\ 
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(Mahmoud et al., 1974: Spivey, 1978) or urea, thiourea, 

peptone or yeast extract (Abou-Zeid et al., 1978) to sec ure a 

higher production ra te and a maximum yield of sol vents. 

Phosphate can be supplied in the form of calcium acid 

phosphate, superphosphate or monoammonium phosphate (Beesch, 

1953; Mahmoud et al., 1974), Potassium phosphate (Monot et 

al. 1 1982) 'or many other forms of soluble phosphate. Cell 

growth and sol vent production is also dependent on the 

presence of Mg 1 Mn, Fe and K in the medium, although these 

elements exhibit deleterious effects when in excess (Manot et 

al., 1982). 

Utilization of the synthetic or semi-synthetic 

media in the acetone-butano1 fermentation wa-s reported by 

Robinson (1922), Speakman (1923), Davies and Stephenson 

(1941), Dlmer et al. (19f}1) 1 and Monot et al. (1982). These 

media provide ease of hand1ing and experimentation and are 

sui table for optimization purpo~ses. The microbia1 culture 

demonstrated requirements for at least two growth factors, 

'namely asparagine and coenzyme ( s) available in yeast or maize 

'(Weizman arid Rosenfeld / 1937: Davies and Stephenson, 1941) 

when grown on a synthetic medium. 

Monot et al. (1982) reported varying degrees of 

solvent production in a glucose-salt-vitamin medium depending 

on the concentration of glycose and the type and concentra-

tion of the salts used. A glucose concentration of less than 

10 g/L resulted in an acid fermentation and no solvent bio-

synthesis. The concentration of ammonium acetate, used as 
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tlie nitrogen ~rce can also negatively influence the bio-

synthesis of sol vents when used in excess of the optimal 

concentration of 1.1 g/L. 

the 
/ 

These resul ts demonstrate the great influencl) of 

medium composition on the performance of the microbial 

culture and indicate that a proper optimization of the medium 

must be made for the ,maximum production of the solvents in 

the A-B-.E process. 

1.2.2 Kinetics of the Batch Acetone-Butano1 Fermentation 

. The acetone-butanol fermentation process has tradi-

tional1y been carried out ln a batcn cui ture. . There have 
!. 

been numerous studies on the product formation kinetics, life 

cycle of the organism and the~chemica1 cbanges of the medium 

during the batch "acetone-b'utanol ferrt:lentation (Wilson.!:.! al., 

1930; Peterson and Fred, 1932; Prescott and Dunn, 1959; 

Spivey, 1978). An examp1e of the fermentation patterns by 

C. acetobuty1icum is shown in Figure 1. These resul ts 

provided by Peterson and Fred (1932') i11ustrate an acetone-

butanol fermentation on a 6% corn mash. The variables 

studied ,during the entire course of fermertation included the 

starch consumption, solvent, gas and total acidity formation, 

reducing sugar content, pH and the morphologica1y changes of 

the bacterium. 

. '-
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FIGURE 1 The Time Course of a Batch Acetone-Butanol 
Fermentation on Corn Hash 

. (Peterson and Fred, 1932) 

; 
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---" The batch A-B-E fermentation is characterized by 

the 'growth of the cells, production of the acids which 

consist mainly of acetic and ,butyric acid, and formation of 

the hydrogen and carbon dioxide gases at the beg inning of the 

process. The pH of fermentation broth decreases as a resul t 

of the~acid production and reaches a value of 3.9 to 4.5 from 

an initial value of 6.0 - 6.2. When the 'pH reaches a compa-

ratively low value, formation of the solvents, acetone, 

butanol and ethanol begins. The acids diminish and exhibit a 

break in their respective curves. Correspondingly 1 the pH 

increases again and formation of the gases continues. 

Therefore, the batch acetone-butano! fermentation 

appears to be a two phase process . The first phase is an 

. acidogenic phase during which the acids accumulate and pH 

decreases. The 'second phase is a solventogenic phase.-

During this phase th,e acids diminish and the neutral sol vents 

are produced with the resulting increase in the broth pH. 

Regulation of the metabolic changeover from acidogenic ta the 

sol ventogenic phase in the acetone-butanol fermentation is 

still not weil' understood. There are a number of factors 

which control, the production of solvents and trigger the 

activity of the enzymes operating in the solventogenic phase. 

The most important factors incl ude: concentrations of the 

acetic and butyric acids (Doelle, 1975), pH of the medium 

(Doelle, 1975~ Spivey, 1978), glucose concentration (Davies 

and Stephenson, 1941) , the type and concentration of the 

"', 

\ 
l, 

, 
1 
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.,. 
nitrogen source (Wilson et al, 1930), age of the inoculum and 

motility of the cells (Spivey, 1978). The bacterial culture 
o 

. 
undergoes conspicuous morphological changes during the course 

of fermentation and exhibi ts variable morphology associated 

wi th various stages of the fermentation. . The morpholog ic.al 

variations of the culture depend on the strain of the orga-

nism used and the formulation of the medium (Spivey, 1978). 

Observations of the size, shape, characteristics of grouping 

and variations in staining of the cells are reported by 

Peterson and Frefd (1932) and Spivey (1978). ~ the beginning 

of the fermentation the cells are rod-shaped, motile and 

short. At the early exponential growth phase, the rOd-shaped 

cells grow longer 1 vigorous and rapidly di viding . The late 

exponential growth phase of the culture is characterized by 

shorter rod-shaped cells and the presence of a- large number 

of large club-shaped cells (Clostridia). Many'cells appear 

in pairs or in longer chains at this stage. As the cells 

grow older and the fermenta tian approaches the final hours, 

the vegetative cells decrease still further in size, less 

clos tridi a are apparent and many spores appear. Morphologi-

( cal changes· of the culture are relati vely constant wi th time 

and can be used ta assess the age and progress of a fermenta-

tion ta wi thin one hour (Spi vey, 1978). 

The fermentation pattern of C. acetobutylicum is 

usually independent of the type of the raw material used 

al though there may be variations in the rates of biosynthesis 
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of the products, the overall fermentation time, the final 
Q " 

solvent yield, the ratio of the solvents and the maximum or 

minimum observed concentrations of the fermentation products. 

For example, ., in a glucose-~iver extract medium ( Davies and 

Stephenson, ~941 ) the consumption rate of gluco~e and the 

production rates of the sol vents were much higher than the 

corn mash ferm,entation discussed b~fore ( Figure 1) . The 

overall fermentation time was almost 40 hours wi th glucose 

while it took over 70 hOllrs whe'n corn mash was used as a 

substrate. The ratios of the sol vents were al 50 drastic~lly 

different in these - fermentations. While an acetone to 

butanol ratio of l to 2 was obtained in the corn mash fermen-

tation, the glucose fermentation resul ted in a ratio of l to 

4. The different strains used in these two cases could also 

have "Contributed to the o.bserved differenees. A solvent 

yield of almost 30%, based on the sugar consumed, was 

obtained in these fermentations. TJJli's is a normal sol vent 

yield in a typical A-B-E fermentation. The normal ratio of 
o ' 

the solvents produced is 6: 3: l of butanol :acetone: ethanol. 

In the A-B-E fermentation -a relatively low concentration of. 

the fermentaÇ>le sugars in the range of 6% to 7% is usually 

used. This is due to high toxic{~y of the sol vents produced 
l' 

in the fermentation whiqp inhibit the cellular act.l.vities at 

a concentration of over 2% (w/v) ~Leung and .!Wang, 1981; Ulmer' 

et al., 1981)." Bûtanol has been recognized as the major 

inhibi tory product which limi ts the specifie growth rate of 



.. 
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the culture to one-haîf of i1:s maximum at concentrations of 

l~ g/L to 13 g/L. A complete inhibition of growth and cel-

lular activiti_es occurs at butanol concentrations of over 

15 g/L. The inhibi tory effect" of the end products is one of 

the major limiting factors in improvement of the A-B-E 

oproce'ss. The economics of this fermentation process would 

significantIy improve if the solvent yields and concentra-

tions could be increased in the fermentation broth. 

" 

1.2.3.' Carbohydrate Metabolism and Biochemistry of 
'-

, ), 
CIos'tridium acetobutylicum 

A knowledge of the ,metabolic features that cont:r;ol 

the rates, yie1<ts and' types of 0 fermentation products formed 

is necessary for a better~ understanding of the microbial 
<=li 

process and its eventual optimization. 

The information avai1able in the literature on the 

acetone-butano1 fermentation, its biochemistry and the reac-

tions involved in the production of individual products is 

sufficient for charting a metabolic pathway for carbohydrate 

metabolism by C. acetobutylicmn. This metabolic pathway has 

been recentIy discussed by Doe1Ie 
7 

(1975) Lenz and Moreira. 

(1980) and Leung (1~82). 1 Figure 2 i11ustrates the overal1 

pathway of the fermentative glucose metabo1ism by this microL 

organism.' It has been shown that the production of different 

intermediates in this process is due to the thermodynamic 



FIGURE 2 

{ 

Biochemical Pathway of Glucose Metabolism by 
Clostridium acetobutylicurn 

(Doelle, 1975) 

16. 
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requirements imposed on the cel~ular energy metabolism and 
"\ 

the need for compensation of the hydrogen balarice (Thauer et 

al., 1977). 

Glucose is first metabolised by the Embden-Meyer-

hof-Parnas (EMP) pathway resulting in the formation of 

pyruvate. This process which is in common wi th the ethanol· 

fermentation and most true fermentations, yields two moles of .. 
NADH (reduced nicotinamide adenine dinucleotide). Pyruvate 

is converted to acetyl-CoA through the phosphoroclastic 

reaction accornpanied by the formation of gaseous hydrogen and 

carbon dioxide. In this system pyruvate is first decarboxy-

lated by pyruvate synthase (pyruvate-ferrodoxin oxidored­

uctase) or pyruvate dehydrogenase with the formation of a 

thiamine pyrophosphate (TPP)~ enzyme complex (Doelle, 1975). 

The electrons are then transferred to ferredoxin. The 

reduced ferredoxin is reoxidized by hydrogenase and molecular 
. 

hydrogen is formed. Transfer of the electrons from reduced 

ferredoxin ta mole,cular hydrogen j..nvol ves the synthesis of 

This ( NADH via the action of NADH-ferredoxin oxidoreductase. 

enzyme plays a significant role in providing the cells with 

NADH or NAD+ and in regulation of the reducing power in the 

microorganism (Petitdemenage et al., 1976). Through its 

reversible action, NADH ferredoxin oxidoreductase regulates 

the ratio H2:C02 according to the culture conditiGns ta 

meet the different cell needs during the acidogenic or 

synthogenic phases. This is the reason that the ratio 
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H2 :C02 greater. than 1 or less than 1 is observed in the 

fermentation of C. acetobutylicum (Blusson et al., 1981). 

Acetate is produced in two steps from acetyl-CoA. 

In the first step acetyl phosphate is produced by the action 

of phosphotransacetylase: 
" 

phos~hotransacetylase 
(acetyl-coenzyme A) + phosphate ~ .... 
acetyl phosphate ~ coenzyme A 

The second step results in the synthesis of acetate 
/.~ 

and the gener~tioh of ATP by acetokinase action: 

acetokinase 
acetyl phosphate + ADP =~~======~~ acetate + ATP 

Butyrate is formed to meet the requirements of 

energy generation and the need for an optimal thermodynamic 

/ efficiency of ATP synthesis by the cells (Thauer et al. 1 

1977; Doelle, 1975). From the energetic point of view, pro-

duction of acetate as the only end product would not be 

satisfactory because wi th the decrease of the pH into the 

acid region i t becomes difficul t to reoxidize NADH. There-

fore butyrate' which is much less an acid end product than 

acetate is formed (Doelle, 1975). The cyclic mechanism 

involved in the production of butyrate starts with the bio-

synthesis of the k~y compound acetoacotyl-coenzyme A from two 

molecules of acetyl-coenzyme A: 
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o o o 
If thiolase " " 

Acetoacytyl-CoA is then reduced to ~-hydroxybutyryl-coen-

zyme A by the enzyme ~-hydroxytutyrate dehydrogenas~. During 

this reation NADH is oxidized to NAD+ as follows: 

-0 0 o 
.. Il 

CH 3-C-CH2 -C-SCOA + NADH + H+ ~~~==~.~ " CH 3 -CHOH-CH 2 -C-SCoA + 

(acetoaéetyl-C0A) (~-OH-butyryl-C~A) 

+ NAD+ ,~ 

. Dehydration of ~-hydroxybutyryl-CoA by the enzyme 

crotonase yields crotonyl-coeI1Zyme A, which is then reduced 

Dy the enzyme butyryl-coenzyme A dehydrogenase to butyryl-. 
coenzyme A: 

o 0 
Il " 

CH 3 -CHOH-CH 2 -C-SCoA ~~~====~~~ CH 3-CH=CH-C-SCOA + H20 

(~-OH-butyryl CoA) (Crotonyl CoA) 

o o 
" + CH3-CH=CH-C-SCOA + NADH + H ____ " CH 3-CH2-C-SCoA 

( crotonyl-CoA) ( buty~ryl-CoA) 
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Biosynthes is of butyryl-CoA: fram crotonyl-CoA 

involves the oxidation of NADH. The last\step in the cyclic 

mechanism is a t~ansfer reaction, whereby acetyl-CoA and 

butyrate are formed through the combined action of acetate 
l' 

and butyryl-CoA with a fatty acid CoA tranferase. A high 

acetate concentration is required to drive the butyryl 

CoA-acetyl CoA ,transferase reaction and produce butyrate. 

This reaction is also controlled by the regulatory properties 

of NADH-ferredoxin oxidoreductase and the proton concentra-

tion (Zeikus, 1980). 

Acetone is produced through the diversion of the 

cyclic mechanism which resul ts in the conversion of aceto-

acetyl-CoA to ac~toacetate. The irreversible decarboxylation 

of acetoacetate yields acetone. 
l ' 

Diversion of the cyclic 

mechanism in C. acetobutylicurn occurs as soon as the acids 

(butyric and acetic) lower the P~ of the medium to about 4.0. 

It is believed that a new enzymatic system cornes into opera-

tion at this low pH value (Doelle, 1975). The enzyme respon-

sible for the decarboxY,lation of acetoacetate is acetoacetate 

decarboxylase. The following reactions express the acetone 

production: 
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o 0 
If fi 

CH 3 -C-CH 2 -C-SCOA 

(acetoacetyl-CoA) 

o 
" CH 3 C-CH 3 ~CO,OH + 

(acetoacetate) 

o 
" CH 3 C-CH2-COoH • 

(acetoacetate) 
" , 

+ CH 3-COOH ~.~======~-­

(acetic acid) 

o 
" CH 3-C-SCOA 

( acetyl-CoA) 

o 
" CH 3-C-CH 3 + 

(acetone) 

22. 

Butanol production occurs through reduction of 

butyrate. This compound is produced after diversion of the 

cyclic mechanism and formation of acetone in the system. In 

addition to the interruption of the cycle, two electron 

accepting reactions which regenerate the oxidized form of 

NAD, namely, reduction of acetoacetyl-CoA to ~-O~-b~tyryl-CoA 

and the reduction of crotonyl-CoA to butyryl-CoA" are also 

eliminated. Continuation of glycolysis and the overall cell 

metabolism requires that alternative electron accepting 

reactions be found. Reduction of butyryl-coenzyme A to 

butyraldehyde and further reduction of butyraldehyde to 

butanol seems to be a convenient solution. Biosynthesis of 

butanol takes place in three steps. In the first step the 

coenzyme from an acetyl group is transferred to the butyryl 

group and butyryl-CoA is produced by the action of CoA-trans-

ferase. Butyryl-CoA may be generated by an alternative 
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mechanisrn requiring ATP and CoA if there is a deficiency in 

the arnount of acetyl-CoA available. 

The seconü step involves the reduction of butyryl-

CoA to bUrtyraldehyde, catalyzed by aldehyde dehydrogenase. 

During this reaction NADH is reoxidized and NAD+ is formed. 

Reduction of butyraldehyde to butanol is also NAD+ 1inked and 

carried out with the alcohol dehydrogenase: 

acetyl-CoA acetate 

butyrate ~ butyryl-CoA 

butyryl-CoA + NADH +.H+ butyraldehyde + NAD+ + 

butyraldehyde + NADH + H+ =_~~.~ butanol + NAD+ 

/ 

/ 
HSCO~/' 

/ 
1 

/ 

,/ 

/ 
/ 

Reduction of butyric acid to butano1 takes place in 

the presence of glucose but not pyruvate (Prescott and Dunn, 

1959). It it thus probable that glucose or triose-phosphate 

is the reducing agent for butyric acid (Davies, 1943). 

Ethanol production takes place in a side reaction 

of the major pathway branching off from acetyl-CoA. Reduc-

tion of acetyl-CoA to acetaldehyde and ethano1 is concomitant 

with butanol production. It is be1ieved that ethanol produc­

tion plays a suppor~ing role in the regeneration of NAD+ when 

the cyclic rnechanism stops and acetone formation starts 

(Doelle, 1975): 

, , 
/ 



/ 

/ 

/ 
/ 

/ 

/ n 0 aldehyde 
/ 11' +dhd / CH3 -C-SCoA + NADH + H : y rogenas~ 

(acetyl CoA) 

o ' alcohol 
CH 3-ë-H + NADH + H+ dehydrogena~e .., 

(acetaldehyde) 

, . 
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g 
CH3-C~H + NAD+ + HSCoA 

(acetaldehyde) 

CH 3-CH 20H + NAD+ 

(ethanol) 

C. acetobutylicum uses the same enzymes for the 

reduction of butyryl-CoA to butanol as for the reductio~ 'of 

acetyl-CoA to ethanol (Doelle, 1975). Fogarty and wvard 

(1971) also reported that the alcohol dehydrogenase of this 

microorganism is ~on-specific with regard to the substrate. 

The metabolic pathway of sugar catabolism for 

C. acetobutylicum discusseCt here is consistant with the 

thermodynamic'requirements of the cell and with the balances 

of carbon and electrons in the f~rmentation system. The 

roles of butyric acid and acetic acid which are established 

as intermediate products in the biosynthesis of .butanol and 

acetone in the A-B-E fermentation (Prescott and Dunn, 1959; 

Doelle, 19757 Wood et al., 1945) and the relationships 

between these acids and the corresponding sol vents are demon-, 

strated in this pathway. Although the factors governing the 

type and concentration of end products are not clearly known, 

it seems that the regulation of electron flow and the pH of 

the fermentation both play significant roles. 
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1.3 CHOICE OF THE SYSTEM 

A review • of the literature showed that one of the 
.. 

major problems associa ted wi th 
1~ 

the acetone-butanol biosyn-

thesis process is the' production of a large quantity of the 

undesirable end products. Butanol is the most valuable and 

desired end product in the A-B-E fermentation process. 

However, its production is always associated with the simul­

taneous production of ac~ione and, a lesser extent, ethanol. 

The diversion of substrate carbon greatly influences the 

final concentration of butanol in the fermentation broth and 

its yield on glucose. 

A logical approach to elucidation of this problem 

is to determine the theoretical "efficiency" of the 'fermenta-

tive . system in terms of solvent production. If the differ-

ence between the experimentally observed and the theoretical. 
\ 

"efficiency" was too great the existing obstacles could be 
, 

manipulated or eliminated to improve the conversion efficien-

cy and result in an improved production of the solvent. The 

produc~ion of other end products could be suppressed in order 

to enhance the biosynthetic production of the desirable prod-

uct (butanol). The yield coefficient can be used as a 

criterion to assess the efficienc.l ('f the system since it 

represents the percent recovery of the subst.rate carbon land 

energy in the individual products. 

\ 
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A study of the biochemical pathway of sugar metabe-

lisrn in c. acetobutylicum revealed the biochemical basis of 

'acetone production and the biochemical necessity of its pro-

d uction along wi th bu tannl . According to this scheme, a 

prevention of acetone biosynthesis would resul t in the hait 

of butanol production. In spite of this interdependency, it 

may be fe_assi"ble to regulate ,the metabolic pathwa,y in such a 

way that the production of butanol would be enhanced at the 

expense of acetone. This could be accomplished by imposing a 

control on the flow of electrons in lhe cellular metabolic 

pathway since the biosynthes-is of butanol and acetone is 

closely related to the balance of electrons in the metabolic 

system. For this purpose, experimental work has to be car-

ried out in conjunction with an attempt to generalize and 
/ 

quantify the aspects of culture physiology .. Based on the 

biochemical and the physiological response of the culture, a 

mathematical model capable of adequately describing the cul-

ture behavior could be developed which would reflect the 

interplay of major culture parameters and at the same time 

indicate the degree of their interdependenee. 

The' second major problem in the acetone-butanel 

process is the inhibi tory effect of the final end products 

and in particu~ar, butanol. This inhibition limlts the ini­

tial sugar concentration which can be effectively used in the 

process and subsequently' limits the final concentration of 

aIl the end products in the fermentation broth including 

, ( 

.J 
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butanol. The physical, chemical and biochemical basis of the 

end product inhibition is still not completely understood. 

Therefore, any attempt in elucidating the problem and decrea-

s ing the end product inhibition should first be directed at 

developing understanding of the mechanism involved in the 

inhibition. 

Cellular membrane is recognized as the primary site 

of alcohol inhibition. Due to its controlling role in the 

mass transport of nutrients and end products in and out of 

the cel). ~ any inhibition of the membrane functionali ty will 
t 

greatly affect the cellular activities. The key physiologi-

cal interactions in the cellular membrane have to be identi-

fied as weIL as the role quantified of the key parameters in 

the regulation of solvent.biosynthesis. 

The experimental and theoretical aspects of this 

work address the development of methodology as weIL as 

insight of the aforementioned problems associated,-w-i th the 

microbial process investigated. The culture of C. acetobuty-

licum and the A-B-E microbial process have been useful in 

constituting an intriguing fermentation system to be used as 

a model system for challenging and potentially use fuI inves­

tigations. It is believed that ap~es taken as weIL as 

sorne of the conclusions of such work coui"! be use fuI in 

studying also other industrially attractive microbial 

cultures and their activities . 
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1.4 OBJECTIVES 

_', -The main objective of this work was to investigate 

,the effect of the key physiologica1 parameters on the perfor-

mance of the microbia1 culture and production of solvents by 

the fermentation system. The fermentation culture system 

converting glucose into a mixture of neutral solvents (ace-

tone-butanol-ethanol) by a strain of Clostridil,;lm acetobuty-

licum was selected for the study. 

In order to qualify the overall objective, aspects 

of the general tasks have to be divided into a set of more 

detailed objectives outlining the main axes OL. the study 

undertaken and reported on in this work: 

1. Determination of the theoretical solvent yield: 

a) To develop! a general method for calculation of the 

theoretical solvent yield. 

b) To estimate the maximum theoretical sol vent yield, 

under various conditions of cellular growth and 

metaboli te production. , 
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2. 
1 • 

Establlshment of the effe~t of mixing rate: 

j 
a) To investigate the effect of mixing rate on the. pro-

duction rates of solvents and fermentation gases. 
/ 

b) To study the possibility of development of a correla-

• tion- between solvent and gas production in the 
" 

process. 

,h 

c) To eV'aluate the gas-to-sol ven~. ratio for various 

degrees of mixing in the fermentation system. 

3. Elucidation of the effect of hydrogen gas pressure: 

a) To study the effect of the hydrogen gas pressure on 

the overall performance of the microbial culture. 

b) To study the regulation of solvent production and in 

particul9r butanol biosynthesis under cO,ndi tions of 

increased hydrogen gas pressure. 

(' 

. 4. Mathemati~al modelling of the batch acetone-butanol 

fermentation: 

a~' To dev:elop a mathematical model based on the 

biochemical 'and physiological aspects of th~ 

acetone-butanol fermentation. 

/' 
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h) Tc simulate the acetone-butanol batch fermentation 

using the developed mathernatic~l model. 

c) Tc deterrnine the key kinetic parameters and their 

order of significance in control of the culture. 

performance. 

5. To develop sui table mathematical models for the 

transport of sugar 1 sol vents and acids through the . 

cellu~ar membrane. 

6. Ta determine the raIe of the cellular membrane in 

regulation of solv~nt production. 

: 
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1.5 THEORETICAL ASPECTS 

Selected general theoretical aspects considered as 

an essential background for this work are ;resented in this 

Chapter. Included are: 1) Estimation of the medium redox 

potential, 2) Determination of the carbon, energy and elec-

trop balances for the ferme'ntation system. 

1.5.1 Estimation of the Medium Redox Potential 

, 
The reduction-oxidatiorr or the redox potential (~) 

of the fermentation medium was continuously monitored in the 

fermentor batch experiments. This parameter which indicates 
, 

the potential of a medium in donati~g or accepting electrons· 

is an important parameter particularly in anaerobic fermenta-

tion proces ses. It can be used to regulate the cellular 

activities, and biosynthesis of the fermentation products 

(Kjaergaard, 1976 i 1978). The anaerobic "bacteria usually 

require a low redox-potential for their optimal performance. 

For C. acetobutylicum as wi th most clostridial species the 

optimum redox potential is about O. 2 volt ( Reed and Orr, 

1942; Spivey, 1978). In fermentation processes a low redox 

potential can be attained by addition of reducing agents such 

--, 
,""-, 
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as sodium thioglycollate, sodium farmaldehyde sulfuxylate and 

cysteine or by prevention of oxygen diffusion by the addition 

of agar to the medi um • 

In the fermentor batch experirnents reported in this 

work no reducing agent or agar was used. The initial flushing 

\~.... of the system by high purity nitrogen gas, addition of 

glucose as the substrate and utilization of a strong and 

active inoculum was sufficient for the establishment of an 

appropriate ana~robiosis in the fermentation system. Varia-

, " 
tions of the medium redox potential with the progress of the 

fermentation was followed and recorded by utilizing a redox-

electrode. 

The redox-E<?_~~ial (Eh) of a reduction-oxidation 

process is given by the Nernst equation 

[ox. ] 

[red. ] 

where Eh is the potential measured in a s ution based Oh the 

standard hydrogen electrode, Eo is the sta dard redox poten- < 

tial of a 50% reduced substrate based on the standard hydro-

gen electrode, quantities in brackets are the activities af 

the reactants concerned, R is the gas constant, F is the 
., 

Faraday number, and n is the number of electrons transferred. 

Usually the potential is not measured. against a standard 

• 
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hydrogen electrode èut rather against a reference electrode. 

In this case if El is the potential m~asured and ~ is the 

potential of the reference electrode, Eh will he equal to 

(pirt, 1975): 

(2 ) 

The reference electrode used in this work was an Argenthal 

system and had a potential of + 200 mV at 38°C with reference 

to the standard hydrogen electrode. 

Redox potential is pH dependent (Jacob, 1970; Pirt, 

1975) . The ~ values reported in this work are based on the 

pH of the medium at the time of measurement. Since the pH of 

the medium was also recorded continuously, i t is possible to 

convert the reported ~ to that based on ~ pH value. 

can be done by considering that a pH decr~se of one 

This 

unit, 

under conditions of constant acti vi ty of the ~oxiélant and 

reductant and at 38"C, causes the potential to become more 

positive by 61.8 mV (Jacob, 1970). 

1.5.2 . Carbon, Energy and Electron Balances in 

Acetone-Butanol Fermentation 

The carbon, energy and electron balances were 

applied in this work ~o check the consistency of the experi-

mental results and also to estimate the respective fractions 

.;. 
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of the substrate carbon, energy and electrons transferred to 

the various products of the fermentation process. The fÔl-

lowing balance equation expressed on one gram-atom carbon of 

substrate was used to consider the material and energy 

balances associated with microbial growth and product forma-

tion in the A-B-E fermentation: 

In this equation CH 20 

. , 

(3 ) 

represents the elemental 

composition of glucosei 

represents the elemental 

composition of biomassi 

is the elémental composi-

tion of butanol: 

is the elemental compos~~ 

tion of acetone; 

is the elemental composi-

tion of ethanol i 

is the elemental composi-

tion of acetic acid and 

is the elemental composi-

tion of 

'. 

'. 

", 
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b;tyric acid. A simple molecular formula of C4 Hs 0 2N calcula-

ted by Meyberry et al. (196B) for a wide ran'ge of bacteria 

has been used in the present study to represent the biomass 

concentration. 

A carbon balance based on --Equation (3) can be 

written as; 

(4 ) 

where: 

m is the fraction of glucose carbon converted to bio-

"\ mass, 

ql is the fraction of 'glucose carbon converted to 
! 

butanol, 

q2 is the fraction of ,glucose carbon converted to 

acetone, 

~3 is the fraction of glucose carbon converted to 

ethanol, 

q4 is· the fraction of glucose carbon converted to acetic 

acid, 

qs is tne fraction of glucose carbon converted to 

butyric acid, and 

q6 is the fraction of gl ucose carbon converted to carbon 

dioxide. 
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, Jill energy balance of the'" system was attempted 

by <Qltilizing the heat of combustion 01; the substrate and 

products (CRe Handbook, 1979; Prochazka et al., 1973) 

based on the following equation: 

y' • p ( 5) 

.. 
where cr ,is the fraction of glucose, energy recovered in the 

products, ~HC is the hea t of combustion in KCalJrnole and y' 
,P 

is the product yield in mo~e product/rno1e glucose. 

An e1ectron balance concept developed by Erickson 

• ( 1979) and applied byYerushalmi and Vole;;ky (1981) was used 

" A 

to determine the fraction of the avai1able electrons in the 

substrate transferred to the biomass and the fermentation 

products. This balance is based on the concept of reductance 

degree for ~anic substrate, biomass and products, defined 

as follows (Minkevich and Eroshin, 1973): 
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Ys = 4 + 2 (+1) - 2 = 4 Glucose .. 
Yx = 4 + 2 (+1) + 0.25 (-3) + 0.5 (-2) = 4.25 Biomass 

YB = 4 + ~.5 (+1), + 0.25 ( -2) = 6 Butanol 

Y = 4· + 2 (+1) + 0.33 (-2) = 5.34 Acetone, A' (6) 

YE = 4 + 3 (+1) + 0.5 (-2J = 6 Ethanol 

YAA = 4 + 2 (+1) -+ l (-2 ) = 4 Acetic Acid 

YBA + 4 + 2 (+1 ) + b.5 (-2) = 5 Butyr:h,c Acid 

) Y
H 

' = 2 (+1 ) = 2 Hydrogen 
2 

", 

where y is the number of equiva1ents of availab1e e1ectrons 

per gram atom aarbon based on carbon = 4; hydrogen = l, 

oxygen = -2; and ni trogen = -3. A valence of -3 is us ed wi th 

nitrogen because this is the reductance degree of nitrogen ~ 

biomass and ln ammonia (Erickson, 1979). Based on Equation 

( 3 ), an e1ectron balance can be expressed as: 

( 7) 

or 

( 8) 

The first term in Equation (8) gives the fraction 

of the availab1e e1ectrons in the organic substrate 

transferreg ta biomass, the second term gives the fraction of 

, 1 
__ ,J 
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available electrons trans ferred ta butanol, the third term' 

gives the fraction of the available electrons transferred to 
4 

acetone, the fourth term gives the fraction of the available 

electrons transferred to ethanol, the fi~j:.-h' term give:s the 

fraction of the available electrons transferred ta acetic 

acid, the sixth term gives the fraction of the available 

electrons transferred to butyric acid and the seventh term 

gives the fractio~ of the available electrons transf:rred to 

hydrogen. This equation expresses the electron balance for-

the aceton~-butanol fermentation. 

. , 

\, 

/ 

/ 
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2.1 INTRODUCTION 

The production of sol vents and fermentation gases 

in the acetone-butanol process is dependent on the type of 

the culture, formulation of the fermentation medium and the 

culture conditions. 
·1 

A number of experiments were performed at the early 

stages of this work in order to establish optimal 'medium 

composition and culture èonditions for the maximum production 

of the solvents in a batch fermentation. 

2.2 MATERIAL AND METHODS 

2.2.1 ~icroorganism, Growth Conditions and Medium 

Composition 

Clostridium acetobutylicum, ATCC 824, was used in 
, 

this study-. The cul ture underwent a selection pr<?cedure 
, , 

using butyric acid enriched medium. The selecteq high--

tolerence strain featured decreased residual amocints t of 
/ -"-/~~ 
1 ,:;"-} 

butyric acid at the end of thé fermentation and good,~olvent 

production. 

, 0 J 

\ ;, 

~ 
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A semi-solid reinforced Clostridium medium (ReM) 

was used for the maintenance of the culture and activation pf 

~ 

the spores. The composition of this medium is presented in 

Table 1. The spores were stored in 15 cm 3 screw-cap test 

tubes. Each tube was used for the start of one fermentation. 

The spores were heat shocked by placing the test tubes in 

70°C to 75 0 C for 20 to 25 minutes. A 3% inoculum'was then 

transferred to 100 mL serum bottles coptaining 30 mL of the 

same RCM medium. After twenty-f0';lr hours of spore acti va­

tian, a three percent inoculum was transferred to a soluble 

glucose medium. After sixteen to twenty hours, a three 

percent inoculum was transferred to the final fermentation 

stage a fermentor or a shake flask). At this stage, the 

cells were at their exponential growth phase. 

ferent media wi th 
J 

different concentrations of 
'\ ' 

Three dif-

the initial 

glucose and the other ingredients were used in this study. 

Table 2 presents the composition of the three glucose media. 

For the cheese whey fermentations samples of dry 

,whey were obtained from the KRAFT CO. Ltd. in Montreal which 

contained- 73.0% lactose, 12.5% protËün, 8.1% ash, 2.2% Nacl, 

1.0% fat and 3.2% moisture on a dry weight basis. A 

reconstituted solution of whey was prepared containing 4.7% 

lactose. This solution was supp,lemented with yeast extract 

(4.0 g/L), ammonium sulfate (4.6 g/L), calci--um phosphate 

(0.4 g/L), ferrous sUlfa,\e l ,(0.5 g!L) and magnesium sulfate 
, 

(2.0 g/L). pH of the media were adjusted to 6.2 ~ 6.4 before 

sterilization. 



{ 

TA!3LE 1 

\. COMPOSITION OF THE 
REINFORCED CLOSTRIDIUM MEDIUM (RCM) 

Compound Concentration (g/L) 

Yeast Extract 3.0 

Lab-Lemco Powder 10.0 

Peptone 10.0 

~oluble Starch 1.0 

Dextrose '. 5.0 

Cysteine Hydrochloride 0.5 
, 

Sodium Chloride, , 5. a 

Agar 

pH after sterilization ~6.8 

\ 

49. 
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TABLE 2 

COMPOSITION OF ~HE SOLUBLE GLUCOSE 
MEDIA USED IN THE ACETONE-BUTANOL FERMENTATION 

Compound Concentration (g/L) 

Medium A Medium B Medium C 

Glucose 50.0 30.0 20.0 

Yeast Extract 11.0 7.5 5.0 

(NH It ) 2 SOit 9.0 5.0 3.3 
f.') 

K2HP0 4 0.8 '0.5 0.5 

KH 2P04 0.8 0.5 0.5 

Mg S04 0.3 0.2 0.2 

0.02 0.01 0.01 Mn S04 ... 
Fe S04 0.02 'O~Ol 0.01 

NaCl 0.02 0.01 '0.01 

Cysteine 0.5 0 •. 5 

~ 

" 

.. 
.. 

/ 
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, 
2.2.2 Analytical Procedures 

A. Biomass Dry Weight 

A 30 mL to 40 mL sample of the fermentation broth 

was wi thdrawn whenever required. Cells were separated, by 

centrifugation at 13000 9 for 15 minutes at 4°C and the 

ce11-free broth was kept frozen for further analysis. The 

cells were washed twice with 40 mL of distilled 'water, placed 

in a preweighed alurninum dish and dried to constant weight at 

In addition to the dry weight rneasurement, ;the opti-

cal density (O.D.) of the cells were rneasured by a spectro­

photometer (Baush and Lomb, Model Spectronic 70) at 610 nrn. 

The samples with high cell concentrations were diluted with 

saline to give appropriate ~eadings. Figure l illustrates a 

calibration curve for the biomass concentration. 

B. Glucose,Concentration 

The concentration of gtucose in the medium was 

estimated enzymatically by a Fisher Diagnostics Glucose Hexo-

kinase (BK) method. This method is based on two coupled 

enzymatic reactions by ~hexokinase and Glucose-6-Phosphate 

dehydrogenase as follows: 



FIGURE l 

.' 

. The Calibration for the Measurernent of the 
Biomass Concentration by Optical Density \ 
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ABSORBANCE at 610 nm 
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l, 
Gl ucose + ATP ___ HK _____ ~ ADP + Glucose-6-Phosphate 

+ G-6-PDH Glucose-6-Phosphate + NAD ~ 6-Phosphogluconate + NADH 

+ H+ 

The first reaction involves phosphorylation of 
/ 

glucose by hexokinase (HK) and 4TP to yield glucose-6-phos-

phate. This product is then oxidized by glucose-6-phosphate 

dehydrogenase (G-6-PDH) with concomittant reduction of NAD+. 

aince bath reactions are essentially irreversible, the total 

amount of NADH formed in the second reaction, determined 

• spectrophotometrically at 340 nm, is a direct rneasure of the 

glucose concentration. 

C. Solvents'and Acids Concentration 

Analysis of the solvents and acids in the fermenta-
\ 

tion broth were perforrned by\chromatograp1!ic techniques. A 

gas chromatograph (Carle, Model 311) using a nickel column, 

183 cm by 0.32 cm a.D. (6 '. ft. x 1/8" a.D.), packed with 

Chromosorb 101, 80-100 rnesh, was used in these analyses. The 

chromatograph operating parameters were: 

Injection port ternperature 
.J 

Column temperature 

Detector type Flame Ionization 

Carrier gas Heli~ 

~low rate of carrier gas 60 mL/min 
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A Chrornatography data station (Perkin-Elmer, ~odel 

Sigma lOB) was used for the collection of·the chromatographie 

data, produc'tion of the chromatogram and calculation of the 

respective peak areas. Th~ samples were prepared for the gas 

chromatrography assay by adding 0.25 mL of a 2% (W/V) sul-

furie acid solution to 1 mL of the cell-free samples. The 

acid was added to ensure that butyrate and acetate were in 

their acid forms. Concentration of the individual eomponents 

were found b~ external standards method using the following 

equation: 

C. = F.A. 
l l l 

where C. = concentration of component i in the unknown 
~ 

sample 

~' 

F. = response factor for the component i 
~ 

Ai = area of peak eorresponding to component i in the 

unknown 'sampI e 

The response factors (Fi) were deter~ from the 

slope of th~ straight lines relating the concentrations of at 

least three different standard samples to their respective .. 
peak areas. 
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D. Gas Ana1ysis 

On-1ine analysis of the gas phase was performed 

every 0.5 to one hour by gas chromatography (Hewlett-Packard, 

Model 700). The gas chromatograph was equipped with a stain­

less s'teel column, 3ô6 cm by 0.32 cm 0.0. (12 ft. x l/S" 

O. O.) packed wi th (SO-lOO) mesh porapack Q. The chromato-

graphie conditions were: 

Column temperature 

Injection port temperature 

Detector type 

Detector temperature 

Carrier gas 

Carrier gas flow rate 

~ . 
130 o'C 

'! 
,9 

Thermal) Conductivit~ 

Nitrogen 

60 mL/min 

The total fermentation gas flow rate was measured 

by a rotameter (Model S & K lS75) and the toèal, fermen,tation 

gas volume was determined by a wet test meter installed a~ 
. 

the end of the gas 1ine. Figure ~ illustrates a calib~ation 

curve for the gas rotameter. Concentration of the gases '(C0 2 , 

and Hz) in the liquid broth was estimated from their respec- ? 

tive partial pressures in the gas phase by utiliz1ng Henry's 

1aw and appropriate gas solubilities in aqueuous phase. 

\, 
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2.2.3. Fer.mentation Assembly 

A. Fermentation Flasks 

The ini.tial culture studies and sorne of the fermen-

tations were performed in a controlled temperature gyrotory 

shaker Model G2 (New Brunswick Scientific, N. J.) utilizing 

500 mL Erlenmeyer flasks wi th a working volume of 150 mL to 

200 mL. The flasks were modified so( that they could be , sealed by serum bottle caps. High purity nitrogen gas was 
, ' 

used to sparge the sealed flask for 25 minutes before 

inoculation in order to ensure anaerobiosis. 

B. Fermentor 

A modified 14-L "Microferm" laboratory fermentor 

(New Brunswick Scientific Co., Edison, N.J.) with a working 

volume of 10 L was used in the fertnentor batch studies. The 

temperature o.f __ the fermentation broth was controlled at 38°C 

by a temperature controller which regulated the flow of water 

through two of the four standard-geometry baffles. Agitation 

of the fermentation broth was provided by two, six-bladed 

impellers each, 7.4 centimeters in diameter. pH and redox 

potential of the medium were continuously rnonitored by a pH 

controller (NBS 1 Model pH 22) and a mV meter (Orion, Model 

407A) . The pH probe (Ingo!d, Model 465) and the redox probe 

'\' 
\ 

(Ingold, Model pt-4865-25) werê steam sterilizable wi th: a 

\ 
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stainless steel immersion holder fitted through the fermentor 

he ad plate. Before inoculation, the fermentation broth was 

sparged ,wi th high puri ty ni trogen gas to maintain anaero-

biosis. Flushing by the N2 gas was limited to the head space 

of the fermentor after inoculation and was terminated as soon 

--as the cells started to produce the fermentation gases. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Studyof the Medium Composition and Culture Conditions' 
o 

The composition of the medium for the growth and a 

good production of the sol vents and gases is highly dependent 

on the type of the culture and the culture conditions. Three 

different media with different initial glucose concentrations 

(Go) were used at various stages of this work as mentioned in 

section 2.2. Medium B with a G = 30 g/L was the firet 
\ 0 

medium developed. The composition of this medium is based on 

the Speakman's medium (1923) with the exception that ammonium 

sulfate and yeast extract replaced peptone. As indi'cated in 
A 

Table 3 this replacement made a dramatic improvement in the 

overall sol vent yield. A maximum soivent yield of 34.8% was 

observed when ammonium sulfate at a concentration of 5 g/L 

was used. The ratio of butanol :acetone :ethanol under these 
) 

conditions was 64:29:7. 
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(NH4) 2 

S04 SIN 

(g/L) 

2 27.3 

3 22.9 

4 19.7 

5 17. 3 

6 15.4 

7 13.9 

8 12.6 

0(2) 13.4 

TABLE 3 

THE EFFECT OF VARIOUS CONCENTRATIONS 
OF (NH4)2S040N THE PRODUCTION OF SOLVENTS 

By C. acetobutylicum 

Percent of Solvents Based 

Weight of sugar 

Butanol Acetone Ethanol TNVP Butanol 

15.2 5.9 1.4 22.5 68 

21.2 9.2 2.3 32.7 65 

21.5 10.1 2.3 33.9 63 

22.2 10.1 -2.5 34.8 64 

21.3 10.2 2 . 2 33.7 63 

16.3 5.9 1.6 23.8 68 

16.5 6.0 1.7 24.2 68 

10.0 3.6 1.7 15.3 66 

on 
, 

TNVP(l) 

Acetone Ethanol 

26 6 

28 7 

30 7 

29 7 

30 7 

25 7 

25 7 

23 11 

1 Total Neutral Volatile Products - the rounded off values are reported for the ease 
of comparison with the literature 

2 Peptone with the concentration of 10 g/l was used 

\\ 

~ 
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/~ 
<" The ef~ct o~yeast extract addition is illus~~ated 
Table 4. A :~tant sugar to nitrogen SiN ratio of 17.3 

resu ting in the max~u\ ~olvent yield (Table 3) was u~ed in 

aIL the cases. This r~io has been shown to be an important 

factor in the production of sol vents by C. acetobutylicum 

(Taha et al., 1973). As indicated in Table 4, under the 

present experime ta1 conditions, yeast extract was necessary 

for the production f so1vents and attempts to replace the 

yeast extract with va ious concentrations of vitamins and 

amino acids resulted in low soivent produc1-ion. So1vent 

yie1ds were directly relate to the concentrat{ion of yeast 

ex\act and the maximum TNVP co entration was obtained with 

extract concentration of 7. g/L. a yeast 

Although it contains 
, l. 

many amino acidsl, yeast 

extract is particularly needed in the ace one-butanol fermen-

ta tion to supply two compounds i. e. a'~pa rag ine and a 
\ 

\ 

substance of unknown constitution which is rèferred to as an 

" activator" (Weizmann and Rosenfe1d, 1937). À, reported by 

Weizmann ahd Rosenfeld (1937) 1 asparagine which p1ays a role 

in the nitrogen metabolism of bacteria, acts more like a 

ni trogen carr ier or a coenzyme in the metabol ism of 

c. acetobutylicum. The "activator" also acts as a coe~zyme 
o ') 

an~ h~s a stimulating effect on soivent production. AllhOUgh 

. these two compounds arè not consumed during the course of a 

fermentation, they are both needed at high conc.entrations. 

This is the reason for the requirement of a reiatively high 

concentration of yeast extract in the acetone-butanoi 



" 
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TABLE 4 

THE EFFECT OF YEAST EXTRACT CONCENTRATION 
ON THE PRODUCTION OF THE SOLVENTS BY C. acetobutylicum 

SIN RATIO IS 1}.3 IN ALL OF THE CASES 

, 
Percent of Solvents Based on 

(NH 4 )2 Yeast 
" 

( 1) 
S04 Extract Weight of sugar TNVP 

(g/L) (g/L) 

Butanol Acetone Ethanol TNVP Butanol Acetone 

5 7.5 ,20.8 8.8 2.3 31.9 65 28 

5.6 6 17.5 8.9 1'.9 28.3 62 31 

6.5 4 16.3 8. 1 1.2 25.6 64 31 
, 

7.3 2 7.3 3.7 1.2 12.2 60 30 

8.2 0(2) -2. 2 1.2 0.0 3.4 65 35 
" 

8.2 0(3) 1.0 0.6 0.8 2.4 42 25 

8.2 0(4) 0.5 0.4 0.0 
( 

0.9 56 44 
" 

1) Total Neutral Volatile Products 

2) m-inositol, 0.6 mg/L, ~mine, 0.6 mg/Li Pyridoxine, 10 ~g/L; Ca-Pantothenate, 
2 ~g/L, Biotin, 1 ~g/L~;ra-aminobenzoic açid, 1 ~g/L, L-asparagine, 600 mg/Le 

Ethanol 

7 

7 

5 

10 

0 

33 

0 

3) m-inositol, 0.6 mg/L, Thiamine, 0.6 mg/L; Pyridoxine, 10 ~g/L; Ca-Pantothenaté, 
20 ~g/L. Biotin, 10 ~g/L, para-aminobenzoic acid, la ~g/L, L-asparagine, 600 mg/L. 

4) m-inositol, 2 mg/L, Thiamine, 0.6 mg/Li Pyridoxine, 20 ~~/L; Ca-Pantothenate, 
0.5 mg/L, Biotin, 50 ~g/L, para-aminobenzoic acid, 50 ~g/L, L-asparagine, 600 mg/L. 

li 
Il 

Ji 

'" 

0\ 
W 

\. .... t"~ 
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fermentation. The obligatory requirement of yeast extraet 

for growth is also reported in the strains of 

C. lacto-acetophilum and C. butyricum (Ciunmins and Johnson, 

1971) . 

It is worth noticing that at th~ early stages of 

this work, no oxygen scavenger was added ta the media ainee 

it was established that the initial flushing with nitrogen 

was sufficient ta provide the required anaerobic candi tian. 

However, with the introduction of the exogenous hydrogen gas 

in the high pressure exper iments, 0.5 g/L of eysteine was 

added to the media to ensure a weIL reduced environment 
i.' 

during the entire"course of fermentation. 

The effects of initial pH on growth and sol vent 

production (Table 5) were evaluated at pH values ranging from 

4.6 to 6.3. The results indicated that the initial pH in 

this range does not have any significant effect on the pro-

duction of sol vents . Good biomass growth and .hl.gh solvent 

yields (based on the sugar consumed) were evident in aIl 

cases. The solvent yields ranged from 28.8% ta 31.6%. 

The final concentra tian of the sol vents was shawn 

to be directly proportional to the gl ucose côncentration in 

batch culture studies with initial glucose concentrations 

ranging from ~o (.:/L to 70 g/L (Table 6). Under these condi-

tions, glucose was completely utilized with high solvent 

yields in aIL cases. 

For an initial glucose concentration of 50 g/L the 

concentrations of aIL the saI ts exeept for ammonium sulfate 



'" 
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Initial Final 
pH pH 

Butanol 

4.6 4.3 18.5 

4.8 4.4 18.6 

5.i 4.3 19.0 

5.3 4.4 19.1 

5.4 4.3 19.2" 

5.5 4.4 20.9 

5.6 4.3 19.3 

5.8 4.3 18.8 

6.0 4.3 18.8 

6.3 4.3 19.0 

TABLE 5 

THE EFFECT OF THE INITIAL pH VALUE 
ON THE PRODUCTION OF SOLVENTS 

BY C. acetobutylicum 

Percent of Solvents Based on 

Weight of sugar TNVP(l) 

Acetone Ethanol TNVP Butanol Acetone 

8.9 1.4 28.8 64 31 

9.1 1.5 29.2 64 31 

9.0 1.5 29.5 64 31 

8.8 1.6 29.5 65 30 

10.0 1.6 30.8 62 33 

9.0 1.7 31.6 66 29 

9.4 1.4 30.1 64 31 

9.8 1.5 30.1 62 33 

9.7 1.4 29.9 63 32 

9.0 1.6 29.6 64 31 

1) TNVP; Total Neutral Volatile Product~ 

" ,. 

Ethanol 

5 
-

5 

5 

5 

5 

o 5 

5 

5 

5 
, 

5 

Biomass 
g/L 

1.5 

1.5 

1.6 
-

'1.5 

1.6 

1.6 

1.6 

1.5 

1.5 

1.5 

... 

0'1 
U1 
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TABLE 6 

THE EFFECT OF THE INITIAL GLUCOSE CONCENTRATION 
ON THE PRODUCTION OF SOLVENTS BY C. acetobutylicum 

Initial Butanol Acetone Ethanol Total Solvent 
glucose Solvents Yield 

g/L g/L g/L g/L g/L % 

20.5 4.2 2.0 0.4 6.6 32.2 

30.0 5.8 3'.4 
, 

0.6 9.8 32.7 

41. 0 7.4 4.3 0.9 12.6 30.7 

50.2 9.6 4.9 1.0 15.5 30.9 

----60.0 10.6 5.9 1.3 17.8 29.7 

70.0 l3.0 7.4 1.6 22.0 31.4 
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and yeast extract were increased proportienally. The results 

(Tablé 7)' indicated that a higher sol vent yield was obtained 

when the concentration of ammonium sulfate was further 

increased at the expense of yeast extract. Growth medium A 

with Go = 50 g/L was developed containing 9 g/L and Il g/L of 

ammonium sulfate and yeast extract, respective\y. 

Me'dium C was used for a Go = 20 g/L. With a Go of 

higher than 50 g/L the -concentrations of the yeast extract 

and aIl other salts were increased in proportion with the 

2.3.2 Fermentor Batch Experimepts 
b 

A) Glucose Fermentation 

Medium A with an initial glucose concentration of 
, 

50 g/L was used in these experiments. Values of the key 

mj.crobial and system parameters were either recorded inter-

mi ttently or moni tored continuously in these experiments. 

A number of experiments with glucose were un-

successful before appropriate culture scale-up conditions in 

fermentor were established and good 
è 

production of 

sol vents achieved. The culture proved te be particularly 

sensitive to lowering the pH beldw pH 4.3 which is a natural 

tendency in th,e system. In these experiments, the culture 

started its normal growth, solvent synthesis and gas produc~ 
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(NH It )2 Yeast 
S04 Extract 
g/L : g/L 

1 

10.5 7.5 

9.0 11. 0 

8.3 12.5 

TABLE 7 

THE EFFECT OF THE CONCENTRATIONS OF YEAST 
EXTRACT AND AMt-lONIUH SULFATE ON THE PRODUCTION 

OF SOLVENTS BY C. acetobutylicum 

Go = 50 g/L 

Percent of Sol vents Based on 

Weight of-sugar 

Butanol Acetone Ethanol TNVP Butanol 

20.0 10.4 2.3 32.7 61 

20.3 ,10.8 2.4 33.5 61 

19.3 10.2 2.2 31. 7 61 

1) TNVP = Total Neutral Volatile Products 

~/ 

TNVP( 1) 

Acetone 

32 

32 

32 

Ethanol 

7 

7 

7 

0\ 
co 
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tion after an initial lag phase. However 1 -drop of pH to the 

values of 3.9 to 4.0 resulted in the.cessation of the culture , , 

growth which was followed by the arrest of sol vent synthesis 1 

"-
Qas production and virtually aIl the culture activi ties. . At 

this stage more than half of the sugar substrate still 

remained unutilized 1 most of the acids were unconverted and 

only small amounts of sol vents were produced. A dramatic 

effect of the spontaneous pH decrease is - illustrated in 

Figures 3(a,b,c). The culture activity following a pH 

adjlIstment to the value of 4.6 by adjition of 3N NaOH. The 

fermentation subsequently proceeded to a completion. Glucose 

was then cempletely utilized resulting in high solvent 

production. The overall solvent yield based on the sugar 

consurn'"'d was 31%. A total of 226 liters of gas including 124 

liters of carbon dioxide and 102 liters of the hydrogen was 

produced during the course of thl.s fermentation process~ 

It is interesting to note that dûring the r non-
~r 

;"acti ve cul ture period the redox ,potentlal (Eh) of the system 

increased from -200 mv te in exces:J of -100 mv. The, perfor-

mance of the culture was renewed upon adjusting pH to 4.6 

with subsequent depletion of sugar and solvent accumulation 

which occurred within another approximately 20 hours follow-

ing a lag period of several hours during which the redox 

potential decreased again reaching eventually values of less 

than -220 mv. The overall tiîne of this interrupted fermen-
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FIGURE 3 (a",b,c) 
Variations of the Fermentation Parameters in 'an 
Interrupted Ba tch Acetone-Butanol Fermentation on 
Glucose 
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tation experiment was in excess of 80 hours wi th the inter-

mediate lag of approximately 30 hours. 
-

The ,efficiencies of soivent and gas production from 

glucose were evaluated by examining the carbon, energy and' 

electron balances for the experimental system (Table 8). 
~ 

Butanol and carbon dioxide accounted for the highest amount 

Qf the glucose carbon in90rporated (32.6% and' 32.9% respec-

!=-ively) . Butanol aiso accounted for a major portion of the 

glucose energy (46.6%) and the availabie electrons (48.9%). 

Acetone accounted for 14.5% of glucose c"lrbon, 18.5%' of its 

energy and 19% of the available electrons. 15.8% of the 

glucose energy was incorporated into hydrogen. The harmful 

effect of lowering the broth pH has also been reported by 

Ulmer et al. (1981). According to Wynne (1931) 1 this effect 

is related to the increased toxicity of the fermentation 

acids (butyric and acetic) at lOIN pH. values. In a recent 

1 

report on the physiology of the A-B-E fermentation by a 

c. acetobutylicum strain P262, Robson and Jones 

J?ointed out that a low pH of, the medium prevents the 
h 

fbrmation of the swollen,' cigar-shaped cells called 
\.... 

clostridia1 forms and results in the' litt1e or no solvent 

production in the systém. These results suggest that the 

hydrogen ion concentration p1ays an important role in the 

regulation of solvent production in the A-B-E fermentation. 
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TABLE 8 

FRACTIONAL RECOVERY OF GLUCOSE CARBON, ENERGY AND ELECTRONS 
IN THE BATCH ACETONE-BUTANOL FERMENTATION ON GLUCOSE" 

Rec9vered in Product 
Fermentation 

Rroduct % Total Carbon % Total Energy % Total Electrons 
" 

Butanol 32.6 

Acetone 14.~ 

~ 

Ethanol 2.0 

Acetic"- -Ac id 6. 9 ~ 
~ 

Butyric Acid ·2.6 

Biomass 5. S . 
~ 

CO 2 32.9 
~ 

'Hydrogen 
~ 

RECOVERED TOTAL: 97.3 

46~6~ 
, 'i 

18.5 

2._9' 

6.5 

3.0 

7·.~ 

15.8 

100.5 
,....... 

"" 

\., 

48.9 "-

19.0 

• 3.0 

7.0 

3.2 

\ 6.1 

12.8 

4:> 

il: 100% 

~"' 

" 

'l~~ 
, -

. 
~ 

~ 
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J.\, 

1 
1 
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B) Cheese Whey Fermentation 

. 
A fermentor batch experiment with cheese whey 

substrate is 

- 'usual process 

acids; vol ume 

concen tra tion 

. 
illustrated r in Figures 4 (a, b, c) showir,lg 

param~ters: concentrations of sol vents 

and c~mposi tion of the gaseous phase and 

the 

and. 

the 

bf the residual lactose; pH and redox 

potential, respectively, 'wi th the time of fermentation. AlI 

of the measured or monitored process variables exhibited a 

normal pattern of change in their respective values similar 

to the resul ts of a, g~ucose fermentation. A total of 209 
() 

liters of gas and 162.1 grams of solvents were produced in 
-j\, 

this ferrnent'ation process. Alntost 7 g/L of lactose remained 

unutil ized at the end of the fermentation after 3Q.. hours. 

Based on the lactose consumed the overall sol vent yield was 

39.7%. The pH of the fermentation medium did not fall below 

a value of pH 4.6 and there was no need for any control on 

this paramet-er. Wi th the accumul a tian of the sol vents pH 

increased and reached a final value of 5.3. Due ta the 

---dispersed suspended selids and turbidi ty of the medium, 

accurate measurementsJ of the cell densi ty were not pos~ible. 

AIse, due to the proteelytic characteristiq3 of the culture 

(Doeile, 1975) and a possible contribution of the prote in-

aceous content of whey in the biomass, a.. balance of' carbon 

and energy on the experimental system was not attempted. The 

profile of the gas phase in the whey fermentation was similar 



.' 

• 

<FIGURE 4 (a, bic) 

--------

Variations of the Fermentation Parameters in a 
Batch Acetone-Butanol Fermentation on KRAFT Whey 
Substrate 
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\ 

to that observed in a gluco::>e fermentation. Initially, the 

, hydrogen friction '_ in the gas phas,e was slight1y higher. 

, -----However, w~th the progress of the fermentation the ratio 

between CO 2 and H2 changed in favor of Co 2 and at the end of 

\ 

\ 
the fermentation process the gas phase contained 56% of CO 2 

\ 

# \and 

was 61:32:7. 

The final ratio of bJ]tanol :acetone :ethanol 
1 

It is interesting to note: that the' culture 

44% of H2 • 

1 

\ 

e\hibited"a high activity and high production rates of the 
\ 

sé>i~ents and gases when whey was used as the subs'trate wi th :; ~..--

the resulting overall fermentation time of less than 30 

hours .' This is in contrast with the low solvent production 

rates and the long whey or lactose fermentàtions reported in 

the literature\ (Underkofler ':-t, - -'.-~'~ 

which took froJ 5 to'\ 7 days. 

and Hunter, 

1 
1 

\ I, 

~ .. \ :', 
The "~~:~icatiOIi' of . w;ey in 

1938; Maddox, 1980) 

\ 

\ 

\ \ 

the acetone-butanol 

; - fermentation by C.) acetobutxlicum may offe:J;; an int~resti;ng 
• -i'----'" 

a1ternat~ve ta using th~ more conventional substrates such as 

carbohydrate or starch materials for industrial scale bio-

synthesis of solvents~ 

/ 

J 

\ 
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3.1 INTRODUCTION 

An economic ana1ysis of the ?~etone~butano1 process 
o 

shows that more than sixt Y percent of the total production 
~ 

cost is in the raw material (Lenz and Moreira 1 1980). The 

substrate to solvents conversion yie1d is~herefore the most 

important process parameter. Butanol and acetone are 

biochemically synthesized from glucose with a yield of .. 
approximately 30% based on weight. This value has been 

reported to be very close to the ma"ximum achievab1e 

theoretical y~eld (Leung and Wang, 1981) . 
~ 

In order te evaluate the efficiency of the biologi-
e 

; 
cal system, it is essential to establish the theoretica1 

yield value for the total neutral volatile products (TNVP). 

A linear stoicniometric relationship has been 

deve~oped and is presented in this communication between the 

substrate and the products at 30 different biosynthesis 
-

condi tions considered in the system. The value of the TNVP 

yield is calcu1ated at each' condition by making certain 

assumptions based on experimental findings. 

/ 
l 
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, . 
3.2 PROCESS ANALYSIS 

Calculation of the theoretical yield is based on 

the information obtained from the fermentation experiments 

with C. acetobu~ylicum on glucose in a batch culture. For a 

glucose fermentation the experimental division of the sub-

strate carbon, energy and the available electrons among the 

fermentation products are presented in Table 1. Glucose is 

considered as the sole source of carbon and energy. Almost 

99% of the glucose carbon was recovered in the products and 
- .1 

the energy and electron balances closed at the total of 102%. 

The heat of fermentation was neglected since it accounted for 

less than 5% of the total energy input. The electron balance 

was attempted by using the concept of the reductance degrees 

for the reactants and the products developed by Erickson 

(1979) and applied by Yerushalmi and Volesky (1981). Butanol 

and acetone accounted' for 49.4% of the glucose carbon, 68.3% 

of its energy and 72.3% of the available electrons in the' 

system. Considering ethanol, the solvents accounted for 

almost 52.0% of the glucose carbon, 72.2% of its energy and 
'\ 

76.4% of the available electrons. 
1 

By incorporating this information, a stoichiometric 

equation can be written to relate the total glucose consumed ,. 
to the total solvents, acids and the gases produced. Based 

on one mole of glucose'consumed, the equation would be: 
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TABLE 1 

. 
EXPERIMENTAL BATCH ACETONE-BUTANOL FERMENTATION 

o 

DIVISION OF THE GLUCOSE CARBON, ENERGY AND 
ELECTRONS AMONG THE FERMENTATION PRODUCTS 

, 
-

Recovereo. in the product 
Fermentation 

Product , 

% total carbon % total energy % total available 
1 electrons 

Butanol -34.0 48.7 0 51. 0 

Acetone Ys'. 4 19.6 21. 3 
- . 

Ethanol ,2.6 3.9 4.1 
-' 

~ 

Acetic acid 
'-- 4.5 4.3 4.6 . , 

Butyric 0.5 0.6 0,.6 
acid , 

Carbon 33.1 
. • 

~ -
dioxide " 0 

Hydrogen - 14.9 12.0 

Biomass 8.4 10.2 8.9 

Total 98.5 102.2 102.5 
-

• 
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Glucose Butanol Acetone Ethanol 

C6 H12 0 6 + o;Sf C4H90H + 0.31 

Acetid acid Butyric Acid 
+ 0.13 CH 3COOH + 0.007 C3H7 COOH + 1.98 CO 2 + 1.43 H2 

+ (~,H,O incorporated in the cell structure) (1) 

An average of almost 9 percent of, glucose carbon 1 

was incorporated'.into the cell structure. The ratios between 

butanol, acetone and ethanol were 64: 30: 6. TNVP act'ual yield 

was 33% (by weight) and total hydr9gen to total butanol gave 

mole H2 
a ratio of 2.80 mole Butanol 

3.3 ANALYTlCAL METRODS 
\ 

Two basically d'ifferent approaches were taken in 

expressing the process stoichiometry for the calcu1ation of 

the theoretical yield. 

1) The first approach towards estimation of the theoretical 

TNVP yield was made' by using the stoichiometric relatiqn­

ships expressing the formation of a ,definité product from 

glucose (Johnson et al., 1931). 

as fo11ows: 

\ 

The set of equations was -, 

(2 ) 

(3 ) 

, ' 
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(4 ) 

( 5) 

(6) 

These equations however, do nct reflect the 

-fermentation ., process reality weIl; the underlying 

i 
metabolic pathway is branched rather than linear and 

fermentation of the end products follows a dynamic 

equilibrium rather than a numerical relationship. This 

set of equations, nevertheles s, gi ves -quanti ta ti ve 

relationships between the glucose consumed, gases evolved 

and solvents and acids produced. 

In Approach l three different biosynthesis 

conditions were examined and considered in deriving more 

meaningful quantitative stoichiometric relationships: 

,A. Butanol and acetone are the only final products in 

the liquid phase (i.e. no biomass, ethanol or acids 

are present). 

B. Butanol, acetone and ethanol are the only final pro-
~ 

ducts in the liquid phase (i.e. no biomass or acids 

are present). / 
, 
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C. Butanol, acetone, ethanol,. acetic acid and butyric 

acid are the final products in' the liquid phase (i.e. 

no biornass is present). 

The ènsuing respective calculations were always based on 

one mole of gl ucose consumed and known ratios of 

butanol:acetone:ethanol in the system. 

II) In the second approach a single linear general ~quation 

was assumed to relate the c:::>nsumption of glucose to the 

formation of aIl the products as follows: 

C6H120 6 + b C4H90H + c CH 3COCH 3 + d C2HSOH + 

e CH 3COOH + f C3H7COOH + g CO2 + h H2 + z H2 0 ( 7 ) 

Biomass can also be considered to be stoichiometrically 

related to the substrate conversion with ammonia 

providing the ni trogen requirements of the cell. Upon 

inclusion of biomass with the molecular formula of 

C4 Ha0 2N (Meyberry et al., 1968), equation (7) will change 

to the following forro: 

C6HI2"06+ x NB 3 + b C4Hg OH + C CH3CO,CH 3+ d C2HSOH + 

e CH3COOH + f C3H7COOH + 9 cO 2 + h H2 + x C4 HS0 2N + 

z H
2

0 (S) 

, 1 
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. 
Table 2 lists the unknown variables of equation (8). 

Three independent equations can be written reflecting 

balances on carbon, .hydrogen and oxygen for the calcula-

tion 9f the unknowns in equation (8). 

~è = 0 + 4b + 3c + 2d + 2e + 4f + 9 + 4x = 6 (9) 

~H ~ 0 + lob + 6c + 6d + 4e + 8f + 2h + 5X + 2z = 12 (10) 

tO = 0 + b + c + d + 2e + 2f +. 2g + 2X + ~ = 6 (11) 

Six more independent equatiQns. or known values are 

required in order to solve equation (8) for aIl the 

unknowns. Three different sets of equations representing 
• 

three different models can be used. These equations are 

based on the information obtained from~the batch experi-

ments. Model l uti1izes the rea1 experimentally observed 

ratios between butanol and acetone, ethanol, acetic acid, 

butyric acid, biomass and carbon dioxide respectively. 

Model 2 uses the ratio between carbon dioxide and hydro-

gen·instead of the butanol!C02 ' ratio. The fraçtion of 

the glucose carbon incorporated i.n carbon dioxide was 

considered to be fixed in Model 3. The summary of the 

Models is presented in Table 3. A computer proCJram 

.utilizing a "Gauss-Jordan" method for solving a system of 

equat'ions was used in computation of the unknown varia-

bles. The reason for choosing the fixed ratios between 
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b 

C 

d 

e 

f 

g 

h 

x 

z 

TABLE 2 

UNKNOWN VARIABLES OF EQUATION (8 ) 

(PER MOLE OF GLUCOSE CONSUMED) 

= moles of butanol produced 

moles of acetone produced 

mo+es of ethanol produced 

moles of acetic acid produced 

moles of butyric acid produced 

moles of carbon dioxide produced 

moles of hydrogen produped-~ 

moles of biomass produced 

moles of water produced 

, 

, 
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TABLE ~3 

EQUATIONS REPRESENTING MODEL l, 2 AND 3 FOR THE 
SOLUTION OF EQUATION (8) 

BUTANOL:ACETONE:ETHANOL = 64:30:6 

" 

93. 



,-

94. 

~utanol anœ the other products as- t~iS for comput~_ 
tions ~as the interrelated mechanismJin the production of 

, , 

all the products in the process and the significance of 

butanol product,ion in the metabolic pathways. Other 

equations couid aiso be used in the computations such as 

the' equations based on the ratios between acetone and the 

other compounds. 

;~~ Two more biosynthesis conditions are considered in 

Approach II in addition ta those used in Approach I. 

These conditions are as follows: 

D. Butanol, acetone, ethanoi and biomass ~re t~e only 

produc;ts in the Iiquid phase (i. e. no acids are 

present) .' -
E. Bu~anol, acetone, ethanol, acetic acid, butyric 

acid and biomass are present in the liquid phase 

(i.e. a true ~ystem is cansidered). 

Depending on the condition considered in the study, 

a corresponding number of equations were used. For instance, 

when butanol, acetone and ethanol were the only praducts 

considered to be present in the system, equation (8) was 

reduced to the following form: 

C
6

H12 0
6 

+ b C4 Hg OH + c CH3 COCH3 + d C2 HSOH + g CO2 

+ h H2+ z H
2 

There are six unknowns, b, c, d, g, h and z, in 

this equation. Therefore equations (g), (10), (1,1), (12), 

~l 

" 

(' 
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(13 ). and (17 ) were t\ be solved for the un}çp wn variables 
LI! 

(see Tables 3 and 8). 

"In addition to the foregoing computations, a three­

dimensionàl plot has been developed for each model to reflect 

the continuous variations of the TNVP yield in response to 

the variations in the ratios between the solvents. The plots 

were generated by using the Statistical Analysis System (SAS) 

faci11ties of the Computing Center .of McGill University 

(Montreal) • 1 • 

1 
o 1--

( 

r 

'" 
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3.4 RESULTS 
l 

1 The resul ts of the calcula'tions based on Approach l 

1 
! 
1 

are tabulated in Table '4. Since the production of biomass is 

n6t related ta the g).ucose consumption by a separate equa-

tian, its formation is not included in the calculations. 

Tab)..es 5, 6 and -7 prese,nt the stoichiometric rela-

tionships, . . d mole H? 
the theoret1Cat TNVP y1eld an the mole Butanol 

ratio when Approach II and Models' l, 2 and 3 were used in 

computations, respectively. When equation (8) was solved for 

Candi tian A, negative values for the gases or unr:eali'stically 

low values for the solvents resulted. These data are not 

indica ted here. The' value ,~J the TNVP yield changed from 

31.9% when a fixed molar gas ratio and a true system was 

considered (Madel 2, Condition E, Table 6), to 42.3% when 

Model 3 was used and no glucose was considered utilized in 

the production of acids or cells (Condition B, Table 7). The 

. mole H 
minimum hydrogen to butanol rat10 (0.5 mol~ But~nol) was 

obtain~d when the model resul ted in the highest value of the \. 

TNVP Yield (Table 7). The maximum hydrogen ta butanol molar 

ratio was 3.22 which occurred at the lowest value of the . 
calculated TNVP yield (Model 2, Condition E, Table 6). 

Tables 4 to 7 present the resul ts of 0 the computa­

tions related to the actual experimental observations of the 

, process. The ratios between butanol, acetone and ethanol 

could be different in the fermentations depending on the 

\ 
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TABLE 4 

STOICHIOMETRIC COEFFICIENTS, APPROACH l, BUTANOL:ACETONE:ETHANOL = 64:30:6 

C
6

H
12

0 6 + xNH 3 -+ bC 4H
9

0H + ëCH 3-CO-CH 3 + dC
2

H
5

0H + eCH
3
-COOH + fC

3
H

9
--COOH 

'4- gC0 2 + hH
2 

+ x Biomass +. zH 20 

~ 
0 

~ Coefficient TNVP mole H2 
Condition 

~ ~ 

, yield % ~ mole butanol b _ c d e f g h x z 

A 0.62 0.37 0 0 0 2.37 1. 50 0 0.25 37.5 2.42 
a 

C 

B 0.5'9 0.36 0.10 ,0' a 2.36 1. 43 0 0.:L4 38.5 \ 
2.42 

-

C 0.55 0.33 0.09 0.15 0.008 2.32 1. 62 0 0.07 35.6 2.94 0 

• Q 

'. 

\0 
-..l 
• 
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~ TABLE 5 
~ " ~ 

STOICHIOMETRIC COEFFICIENTS, APPROACH II, MODEL l, BUTANOL:ACETONE:ETHANOL = 64:30:6 

< 

C
6

H120
6 

+ x~H3 -+- bC 4HgOH + cCH 3-CO-CH3 + dC2H5~H + eCH 3-COOH + fC
3

H
7
-COOH 

• 
+ gC0 2 + hH2 + x Biomass + zH 20· 

. c 

Coefficient 
Condi tion TNVP mole ~2 

yie1d % 
b < c d e f g h x z mole buta)101 ' 

c 

, 
B 0.60 0.36 

\ 
0.09 0 0 2.33 1.36 0 0.28 38.6 2.27 

c 

C 0.57 0.34 0.09 0.15 O.OOg 2.20 1. 27 0 0.28 36.5 2.23 

, 
D 0.54 0.33 0.08 0 0 2.12 1.17 0.14 0.53 35.0 2.17 , 

r 

0 

E· 0.52 0.31 0.08 0.14 0.008 2.(}l 1. 09 0.13 0.52 33.5 ' 2.10 
0 

, ( 

Q 

1.0 co 
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TABLE 6 \ 
\, 

STOICHIOMETRIC COEFFICIENTS, APPROACH II, MODEL 2, BUTANOL:ACETONE:ETHÀNOL = 64:30:6 

~ 

C
6

H
12

0 6 + XNH 3 -+ bC 4H
9

0H + cCH 3- CQ~CH3 + dC 2H50H + eCH3- COOH + fC 3H7- COOH 
\ 

+ gCo 2 +, hH 2 + x Biomass + ZH 20 

~ 

Coefficient 
TNVP mole H

2 Condition -
b c d e f g h x z yield % mole butano1 

; 
B 0.57 0.35 0.09 0 ' 0 2.48 1.79 0 0.02 37.1 3.14 , 

C 0.54 0.33 0.08 0.14 0.008 2.35 1.69 0 0.03 34.9 . 3.13 

D 0.52 0.31 0.08 0 0 2.30 1.66 0.13 0.23 33.5 3.19 
-

~ . 
E 0.49 0.30 0.08 0.13 0.008 2.19 1.58 0.12 0.'23 31. 9 3.22 

1 

0 

\0 
\0 
• 



'-./' 

t:.,. 

~ 

~ 

~ 

'-. 

TABLE 7 

STOICHIOMETRIC COEFFICIENTS, APPROACH II, MODEL 3, BUTANOL:AC~TONE:ETHANOL = 64:30:6 
« 

, ! 

C
6

H
l2

0
6 

+ XNH 3 (,,+ bC 4H
9

0H + cCH 3-CO-CH 3 + dC
2

H
S

OH + e}:H3- COOH + fC
3

H
7

COOH 

+ gC02 + hH 2 + x Biomass + zH 20 

Coefficient 
TNVP 

mole H
2 Condition 

yie1d % mole butano1 b c d e f g h x z 

rt 

B 0.66 0.39 0.10 0 0 1.98 0'.33 0 ,; 0.88 42: 3, 0.50 . 
, !' 

Li 
C 0.60 0.36 0.09 0.16 0.009 1.98 0.64 0 0.65 38.6 Il.07 ... - f- I 

D. 0.56 0.34 0.09 0 0 1. 98 0.77 O~14 0.76 36.3 1.37 

• 
E 0.52 0.31 0.08 0.14 0.008 1. 98 1.00 0.13 0.57 33.5 1·.92 

'-, . 

\ '\. 
1-' 
o 
o 
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culture, fermentation medium and environmental conditions 

" 
such as pH, temperature and redox potential. Another set of 

computations was completed whereby the ratio of 60: 30: 10 for 

butanol: acetone: ethanol was used. Table 8 presents the three 

sets of basic equations and Tables 9 to 12 present the out-

-come of the corresponding computations. Under the new fixed-

solvent-ratio assumption, the ca~culated TNVP yield ranged 

from 32.4% to 42.8% with corresporiding 

t · f 0 55 mole H,2 - ra 10 rom . mole butano! ta ratio 

values of the b t H2 1 u ano 
3.38. mole H2 • 

mole butanol 

The resul ts of the plotting of the TNVP yield 

versus the weight percents of butanol and ethanol' are 

presented in Figures land 2. Figure l reflects the continu- 0 . . 
ous variations in this pararneter when no glucose carbon was 

incorporated into the acids or biomass (Condition B). Figure 

2 has been developed by considering Condition D. These plots 

in'dicat~ that increase of the theoretical yield was always 

accornpanied by an unfavourable decrease in "the percentage of 

butanol and a simul taneous increase in the percentage of 

ethanol in the system. '!'h~ maximum yield established froIn 

the plots occurred at the mutual ratio of solvents 45: 35: 20 

(B:A:E). 
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TABLE 8 

... 
EQUATIONS REPRESENTING MODELS l, 2 AND 3 FOR THE 

SOLUTION OF EQUATION (8 , 

BUTANOL:ACETONE:ETHANOL 60:30:10 

Equation No. Model l Model 2 Model 3 

\ . 
9 L carbon = 0 L carbon = 0 ï carbon 0 

10 L H = 0 L H = 0 ï H 0 " 

1) 0 
~ 

L 0 r o '1 0 ï 0 0 
v il-

17- b 1.57c b 1. 5 '7c b 1. 57c 

13 
~ 

b 3.73,d b .= 3;73d b 3.73d 

14 b 3.76e b 3.76e b 3.76e 

15 b 65.5f b 65.5f b 65.5f 

16 b ~ '4, Olx b 4 .. 0lx b 4.01x 

17 b O.26g 9 1.39h 9 1. 98 

" 

'. 
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TABLE 9 
". 
. 

STOICHIOMETRIC COEFFICIENTS, APPROACH l, BUTANOL:ACETONE:ETHANOL = 60:30:10 

C
6

Hl20 6 + XNH 3 + bC 4H
9

0H + cCH 3---CO---CH 3 + dC 2H50H + eCH 3---COOH + fC 3H
7
---COOH 

+ gC0 2 + hH 2 + x Biamass + zH 20 

-
Coefficient 

TNVP 
mole H2 Condition yield % mole butanol b c d e f 9 h x z 

A 0.61 0.39 a 0 a 2.39 1. 56 a 0.22 37.7 2.56 

. 
B 0.56 0.36 0.15 a a 2.37 1. 45 0 0.20 38.5 2.59 

C 0.52 0.33 0.14 0.14 0.008 2.33 1. 63 0 0.05 35.6 3.13 
, 

~ 

., 

1 

1-' 
a 
w 
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TABLE 10 

STOICHIOMETRIC CéEFFICIENTS,' APPROACH II, MODEL 1, BUTANOL:ACETONE:ETHANOL = 60:30:10 

C6~1206 + xNH 3 ~,PC4H90H + cCH 3---CO---CH 3 + dC 2 HSOH + eCH 3---COOH + 

fC
3

H
7

-COOH + gC0
2 

+ hH 2 + x Biomass + _zH 20 

Coefficient 
Condition 

b c . d e f g h x z 

B 0.58 0.37 0.16 a 0 2.25 1.13 0 0.38 
, 

C 0.55 0.35 0.15 0.14 0.008 2.13 1.06 0- 0.38 

DI> 0.53 0.34 0.14 0 0 2.05 0.96 0.14 0.62 

E 0.50 0.32 0.13 0.13 0.008 1. 95 0--:-90 0.13 0.60 

TNVP mole H
2 

yield % mole butanol 

39.9 1. 95 

37.8 1. 93 

3'6.4 <? 1. 81 

34.2 1. 80 

1-' 
o 
~ . 



.". 

~ 
TABLE Il 

'-~ 

,. 

STOICHIOMETRIC COEFFICIENTS, APPROACH II, MODEL 2, BUTANOL:AC~TONE:ETHANOL = 60:30:10 

$ 

C
6

H
12

0
6 

+ XNH 3 -+ bC
4

H gOH + CCH 3--CO-CH 3 + dC
2

H 50H + eCH 3--COOH + 

fC
3

H
7

---COOH + gC0
2 

+ hH
2 

+ x Biomass + zH
2

0 

. ,,-, 
~ 

rnJ'e H 2 
, 

Coefficient 
TNVP Condition , --~' 

yield % /~~e butanol_ b c d e f g h x Z 

f. 
1\ 

. B 0.54 0.35 0.15 0 0 2.48 1.79 0 0 37.4 5-.31 

C 
. 

0.52 0.33 0.14 0.14 0.008 2.96 1.70 0 0.005 35.6 3.27 
, 

D 0.49 0.32 0.13 0 0 2.30 1.66 0.13 0.20 33.8 3.38 

E 0.47 0.30 0.13 0.12 0.007 2.20 ' 1. 59 0.12 0.20 32.4 3.38 
___ L_. 

~ 

~ ___ .-r---~, 

1-' 
o 
U1 

, 
_1 
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TABLE 12 

STOICHIOMETRIC COEFFICIENTS, APPROACH II, MODEL 3, BUTANOL:ACETONE:ETHANOL = 60:30:10 

C6H120 6 + xNH 3 -+- bC 4H90H + CCH 3-CO-CH 3 + dC 2HSOH + eCH 3-COOH + 

fC
3
H

7
-COOH. + gC0

2 
+ hH

2 
+ XC

4
H

8
0

2
N + zH

2
0 

1 

Coefficient 1 
1 

Condition i 
1 

b c .d e f g h x z 

-.. 
B 0.62 0.40 0.17 0 0 1.98 0.34 0 0.85 

L 

C 0.60 0.36 0.15 0.15 0.009 1. 98 0.63 0 Q.63 

D 0.54 0.34 0.15 a 0 1.98 0.76 0.13 0.74 

E 0.50 0.32 0.13 0.13 0.008 1.98 0.98 0.12 0.56 

, 

TNVP mole H2 
yield % mole ,butanol 

42.8 0.55 

40.2 1. 05 

37.0 1.4.1 

34.2 1.96 

.. 
~ 

... 

...... 
o 
0'\ 
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~ 

ContinqoJs variations of the Total Solvent Yield 
(z) Wit~ the Weight Fractions of Butanol (x) and 
Ethanol (y) in Cultivation of C. acetobutylicurn 
on Glucose. 

a: Model l, Condition B 
b: Model 2, Condition B 
a: Model 3, Condition B 
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Figure 2 

109. 

Continuous Variations of the Total Solvent Yield 
(z) With the Weight Fractions of Butanol (x) and 
Ethanol (y) in Cultivation of C. acetobutylicum 
on Glucose. 

a: Model l, Condition D 
p: Model 2, Condition D 
C: Model 3, condition D 
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3.5 DISCUSSION 

An econ'omico evaluation of the butanol-acetone 

fermentation reveals that most of" the production cost in an 

industrial process is related to the~ cost of the carbon and 

energy source. The total production costs fu,r a molasses-

based process were found to be sligh'):ly higher than the total 

project annual income even when all the fermentation by-

products r"'lere taken inta accaunt (Lenz and Moreira, 1980). 

This was mainly due 1;.0 the cost of the molasses feedstock. , 

It is obvious that the process conversion yield of the prod­

ucts from the carbon and energy. source is crUCially~t 
for successful exploitation of the fermentation process. 

In this paper, experimentally established values of 

the key fermentation parameters were used in deve10ping 

modeis for the estimation of the TNVP yield ref,lecting the 

process effiq,iency of substrate conversion to the solvents. 

Two different approaches based on simple stoichiometric 

relationships between the substrate and the. products and 

thirty different combinations of the variables found in equa-

tian (8 r were considered. The values of the TNVP yieid' 

obtained in this study represent the c~nversion efficiency of 

glucose to the solvents considering that aIl the glucose 

carbon and energy were consumed in the production ot' the 

desired compounds and no other product was present in the 

system. 

\_, 

, . 
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The actual TNVP yield obtained from the experimepts 

referred to in this paper was ,... 33%. Considering the same 

ratios for butanol :acetone: ethanol, the models resul ted in a 

maximum stoichiometric calculated TNVP yield of 42. 3%. This 

"', value was obtained when using the Approach II, Model 3 and 

Condi ,!:ion B. The ' maximum stoichiometric calculated TNVP 

yie1d was 38.5% when Approach l was used, 38,;6i-When usfng 
/ 

Approach II and Model l, and 37.1% when AppuOach ;rI and Model 

2 were used. Based on these stoichiometric calcul:àted yield, 

values, the efficiencies of 78% to 89% can be calculated for 

the solvent production in the actual experimental biological 

system. The range of the calcu1ated yie1d values of 10.4% is 

due to the differenFes in the glucose c~rbon, energy and 

electrons di;vided among the sol vents in the three mopels. It 
-"1 
" imp,lies that the assOmptions made in calculating the 

1 

theoretical TNVP yield must be defined whenever this' para-

meter is mentioned or used in process "conversion efficiency" 

ca1culations. The effect of the ratios between the S01v~ts 

on the value of the TNVP yield is better presented in the 

three dime!lsional plots reflecting the interdependent varia-

tions in those parameters. The six plots presented in 
) 

Figures land 2 are based (on the models considered in this 

\ 

\ 
\ 

\ 
\ 

paper and can es~ablish a method of predicting the variations . ~ 

ih this key fermentation parameter. 0 

Using the figures obtained in the stoi~hiometr:i,c 

" 
yield computations, a stoichiometric relationship was deve-

loped between' the glucose consumed, the sol vents and acids 
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• 
produced and the gases evolved. The coefficients of these 

stoichiometric equations are tabulated in Tables 4 to 12. 

These relationships do not exp~ess the complicated mechanism 

involved in the production ,of the intermediates and the 
/ 

solvents. However, they are very important since they give a 

somewhat simplified picture of the whole process. The molar. 

ratios between the products of the system in gas and liquid 

phases could also be calculated from these equations. Those 

equations which describe a :-eal situation whereby aIl the 

components are present in the system (Tables 5 to 7 and 9 to, 

12, Condition E) are of particular practical importance. 

Pondering the mechanisms involved in the production' 

of butanol and hydrogen gas, one can see that formation of 

both of these compounds are con~enient ways of disposing o.f--" 

the electrons b,ought into the -bio-system in the substrats. 

Therefore, there may be a correlation between the production 

of these two cornpounds. . f 2 80 mole of H, A rat10 o. 1 f b t l mo e 0 u ano 

resu1 ted from accumulative figures for total hydrogen and 

butanol respectively produced in the system during the batch 
,~ 

experirnents with C. acetobuty1icum. This ratio ranged from 

mole of H2 mole of H2 
0.50 mole of butano! to 3.22 ~ole of butano! in th~ 

theoretical computations. The rather large fluctuations of 

this ratio, in the computations were due to the freedom of the 

movements of the hydrogen atoms between H2 and H2 0 

" wherever there was no restriction on the molar value of the 
\ 

hydrogen gas in the models. Johnson et al. (1931) applied 
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equations (2) to (6) in calculating the volumes of carbon 

dioxide and hydrogen which should evolve during 'the biosyn-

thesis of the sol vents and acids. Their considerations are 

not qui te realistic since they do not account for the amount ----

of carbon incorporated into the cellular structure of the 

biomasse As a resul t, higher vol urnes of the gases produced 

are obtained from those calculations. Freiberg (1925) 

presented another s~t of equations for the formation of acids 

by considering the cell build-up in the system. Calculating 

the gases evolved during the fermentation from his equations 

How-gives gas vo~es closer to the experimental results. 

ever, his equations are unbalanced and 'mainly hypothetical. 
" 

In seeking an answer' to the question of the "theo-

retical yield Il in the acetone-butanol fermentation, one 

should first examine the d~fini tion of this pararneter and the 
? 

obstacles in reaching the theoretical value during the actual 
o 

experimental conditions. The acids (acetic and butyric) have 

been established ta be the precursors of butanol and acetone 

in the metabolism of glucose by C. -acetobutylicum. A 

complete conversion of these acids would then be necessary 

. for' the production of theoretical quantities of the solvents. 

The carbon, hydrogen and oxygen atoms incorporated in the 
" ' 

cell strtPcture should all'lo be minimized. These assumptions 

r'~~ll lead to Condition B whereby butanol, acetone and ethanol 

are assumed ta be the only final ,produ,s of the liquid 

phase. It is worth noticing that, due to the possible varia-

tion in the ratio between the solvents, it is not possible to 

1 
\ 

\ 



" 

115. 

establish a c~tain single value for the maximum theoretical • 

yield which could be considered universal and applicable at 

any condition. The ratio of the solvents is ~ependent on the 

cul ture and culture conditions. Analysis of the rnetabolic 

pathwà:ys involved in the production of the solvents also 

reveals that the ratio between the solvents cannot be a 

constant fixed val~e. ~The energetic metabolism of 

'C. acetobutylicum leadiqg to the production of the sol vents .. 
is branched. The efficiency of each branch is regulated in 

such a way that the overall efficiency of the system in the 

transformation of energy is optirnized. This regulation 

effects the final ratio between the products on the system. 

Computations of the TNVP in this work have been 

based on an experimentally determined ratio of 64: 30: 6 and 

on an often literature-quoted ratio of 60:30:10 between 

butanol, acetone and ethanol. Comparison of the computed 

TNVP values shows that Approach II, Condition Band Models 1 

and 3 give the values of 39.9% and 42.8% respecti vely, for 

the ratio of 60: 30: 10 and 38. 6% and 42. 3% respecti vely for 

the ratio of 64: 30: 6 which are the highest values of tpe 

solvent yield on glucose in 'the computations. The plots 

(Figures land 2) indidated an ul t~,mate maximum yield of 

44.77% (Madel 1, Condition B). However, this value was 

",'" optained at a ratio of 45: 35: 20 for' butanol-acetone-etha:nol 
\ 

which is rather undesirable. Madel 3 also usually resul ted 

in low values of hydrog~n gas production and appears unreal-

istic. Therefore 1 a TNVP yield of 38.6% to 39.9% resul ting 
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from Approach II, Model l and Condition B with a butanol-

acetone-ethanol ratio of 64:30:6 to 60:30:10 has been consi-

dered in this work as the maximum theoretical yield under 

"acceptable" conditions. If one negie~ts the ethanol produc-
• 1 

tion in the system, a lower maximum TNVP yield of 38.5% 
\ 

( 

(Approach I, Condition B) will result. " 
/' -

In 1981, Leung and Wan"g re~ort~d a theoretical 

stoiçhiometric equation by considering qptanol and acetone as 

the only products of the system in the liquid phase. Their 

resul ts gave a maximum t~.~retical sol vent yield of 38.0% A 

. mole butanal . 
rat~o of 2.0 1 t wh~ch resulted from their équation ma e ace one 

is higher than the normally observed ratio for the two 

compounds. The model :r:eparted by Phaff (1981) for the pro-

duction ,of butanol and acetone also Çiiffers from reality 

mole butanol leading ta a ratio of 1.0 . mole acetone 

The approach ,presented in this paper provides a 

simple method for expressing the stoièhiometrip relationships ~ 

between the carbohydrate reactant and the produ<?ts enabling 
. • > 

the calculation of the theoretical TNVP yield wi thout the 

need for any unrealistic assumptions. In using this 

approach, however, it should be borne in mind that, despite 

the validity of aIl the models con~id€red here, and the per-
'," ...r-'-""" --., \ 

fect balance of the carbon and electrons in aIl o( the equa-

tions, the value of the theoretical TNVP yield and\the ratios 

between the gases and the solvents are dependent on the par-
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ticular model utilized in the computations and on th~ ratio 

) , of the solvents produced by the microbial culture. 
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4.1 INTRODUCTION 

The purpose of aeration and agitation in the 

fermentation processes is 
\ to supply oxygen for the micro-

organisms and to mix the fermentation broth in order to makE 

a uniform sU$pension of the microbes and nutrients in the 

liquid broth (Aiba, 1965). In aerobic fermentations, 

agitation increase~_ the inter facial area between the gas and 

liquid and improves the efficiency of aeration. However, in 

anaerobic fermentations, since there is nO need for oxygen or 

aeration, agitation is mainly required for maintaining the 

solid- liquid suspension homogeneous and to ensure good mass 

transfer in (nutrients) and out (metabolites) of the microbi-

al celle 

The effects of aeration and agitation on .the 

growth of the microbial cultures, enzyrnatic acti vi ties and 

the production of metabolic products have been subject of 

nurnerous studies, Brown and Peterson (1950) found that aera-

tion and agitation were among the main factors affecting the 

production of penicilline They showed that increase of the 

agi tation rate up to 600 rpm improved the. penicillin ,forma.., 
'- --" 
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tion. HoweveI;", further increase of this parameter to 700 

rpm, at the optimal level of aeration, decreased the level of 
l' 

penicillin in the fermentor. Similar resul ts were found by 

Zetelaki and Vas (1968) in a study of the influence of aera-

tion and agitation on growth and production of glucose oxi-
1 

dase by Aspergillus niger. These authors found that the rate 

of growth and total glucose oxidase activity increased 

considera!:>ly wi th the increase of the agitation speed from 

460 rpm to 700 rpm. However, when the speed of agitation was 

4 

increased to 940 rpm, both of these parameters decreased. 

The agitation effects on hydrogen gas production by 

Clostridium intermedius were studied by Brosseau and Zajic 

(1981) . 

The 

production 

effects of 

of sol vents 

ag i tatfon on 

and gases 

the growth and 

by Clostridium 

acetobutylicum has been 'Studied in this work. The rate of 

agitation was found to play an important role in controlling 

the metabolism ct C. acetobutylicum. 
--------------~-----

Early studies of this 

microorganism in shake flasks showed that vigorous shaking 

could hinder the production of sol vents or even completely 

stop the fermentation. This study was performed to determine 

the tolerable range of agitation rate by the cells and to 

evaluate its effects on the kine~tic behaviour of the system."' 

The relationship between the gases and the sol vents at 

various levels of agitation has also been evaluated. 
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4.2 MATERIALS AND METHODS 

The fermentation assembly, mic~obial growth 

conditions and medium composition, the analytical procedures 

for the analysis of the sol vents, gases and acids and the 

assay of glucose and biomass are as discussed earlier 

(section 2. 2) . 

Viscosity of the fermentation broth was measured by 

a Brookfield" Synchro electric visocometer (Model RV) and its 
...... 

densi ty was measured by wei-ghing constant volumes of the 

broth (25 mL) at à constant temperature. 

4.3. RESULTS AND DISCUSSION 

4.3.1 Mixing Effect on the Production Rates of Solvents 

and Gases 

Effect of the degree of agitation on the production 

rates of the solvents and gases was studied by changing the 

fermentor impeller rotational speed from 190 rpm to 560 rpm. 
o 

Experimental values of the bi(lmass, sugar 1 butanol, acetone, 

ethanol, acetic acid and butyric'acid concentrations as weIL 

as the total carbon dioxide and hydrogen gas volumes during 

1 
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: the entire course af fermentations are presented in Figure 1 

for different agitation rates. 

The redox potentiai (Eh) and pH Qf the medium were 

aiso moni tored continuously in these experiments. Values of 

these two parameters are presented in Figure 2. The medium pH 

was controiled so as not to decrease below 4.6 by addition of 

3N NaOH on demand. During the solvent biosynthesis (phase 

II), the pH value increased to a final value of 5.0 to 5.3. 

The redox potential of the fermentation medium decreased ta 

val ues of as low as -0.3 vol ts dur ing these' fermentation pro-

Time required for the completion of fermentations 

decreased from 27 hours to 24 hours wi th the impeller rota-

tional speed increasing from 190 rpm to 410 rpm. Termination 

of the fermentations could be recorded, precisely in these 

experiments by following the gas evolutiap. Further increase 

of the impeller rota tionai speed to 560 rpm inhibi ted the 

cul ture growth and had a general negative effect on the 

fermentation. 
~ 

Variation in the agitation rate did not change the 

general behaviour af the process parameters in these experi-
, 

ments., Phase l of the fermentation was characterized by the 

grawth of thè microorganism and accumulation of acetate and 

butyrate in the 'medium. There were sorne gases and only smaii 

amounts of solvents produced dur~ng this fermentation stage. 

However, after the break point in the acids curve, th~ 

. solvents and the gases were produced' at a high rate and 
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FIGURE 1 
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Variations of the Fermentation Parameters in \Bat~ 
Cultivation of C. acetobutylicum 

a - agitation rate = 190 rpm 
b agitation rate = 270 rpm -. 
c - agitation :r::ate = 340 rpm 
d - agitation rate = 410 rpm 

.- Butanol (g/L) 
A- Acetone (g/L) 
+- Ethanol (g/L) 

.... --.- Butyric acid (g/L) 
.4---4- Acetic acid (g/L) l 0- Hydrogen (L) 

Carbon dioxide (L) 
. 

A-.- Biomass (g/L) 
0- Sugar (g/L) 

1 

1 .... ______ I~ 
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FIGURE 2 
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.. 

l 

f' 

variations of the Fermentation Parameters in Batch 
Cu1tivation of c. acetobuty1icum 

a - agitation rate = 190 rpm 
b - agitation rate = 270 rprn 
c - agitation rate = 340 rprn 
d agitation rate = 410 rprn 
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reached their final concentra tians in lese than eight hours. 

During ihis stage the culture was at its stationary phase. 

D,uring Phase l' the hydrogen fraction in the gas phase was 

slightly higher than that of CO 2 . However, the CO 2 fraction 

increased during the sol vent production phase (Phase II) and 

the final gas volume was composed of approximately 57% CO 2 

and 43% H2 • 1'\, Similar resul ts have been reported by, other 

investigators regarding the gas production in the acetone-

butanol fermentation (Prescott and Dunn, 1959; Johnson et 
, 

al., 1931). The total fermentation gases produced during the 

entire course of fermentation were -almost constant at various 

agitation rates and an av~rage of 24.0 litera of gaa was 

produced per li ter of the fermentation medium during these 

experiments. However, the proportion of gas formation during 

Phase l to that evolved during Phase II varied with the rate 

'of ag,i tation. The ratio of the total gases produced during 

Phase l to that produced during Phase II averaged 0.45 for 

the agitation rates of 190 rpm ta 340 rpm. The value of this 

ratio increased to 0.88 at the high agitation rate of 410 

rprn. The effect of the agitation rate on the kinetic behavi-

our of-the °system was studied during the period o~ "High 

Production Rate". This tirne peri'od was considered from the 

break point to the cessation of the gas production. Evalua-

tion of the liquid physical properties showed that the liquid 

depsi ty and viscosi ty were' practically constant throughout 

the considered period. 

/ 

/ 
1 
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The pattern of change .in the molar quanti ties of 

solvents' and the gases produced during this period (mmole!g 

cell) 'could be approximated by a straight line which implies 

a constant, value of the ~pecific solvent as weIl as gas 

production rates. It is d'nderstood that these variables do 

no,t exhibit a straight line behaviour in the fermentation 

processes 1 however, this· assumption was made for comparis,on 

purposes. Cor'telation coefficients close to unit y in aIl 

cases confirmed the validity of this assumption. Variatione 

ir. the speci fic rates of production of butanol, acetone 1 

. 
ethanol, carbon dioxide, hydrogen gas and total gas 

(mmolè/hog cell) with the impeller Reynolds number during the 

period of U,High Production Rate" are depicted in Figure 3. 

The impellers Reynolds number was chosen as the cri terion for 

the liquid motion and the degree of mixing in the system. 

AIl' of the parameters examined exhibi ted a similar behaviour, 

increas,ing wi th the increase of the impeller Reynolds number 

up tO,the NRe = 3.93xI0 1t • Further increase of the Reynolds 

number resul ted in a decrease in the specifie rates o-f 

product formation. No culture ~ctivity was observed when the 

f 
~impeller speed was increased ta 560 rpm. No gas phase data 

were recorded for the experiment with NR =3.09xIO It • The , e 

maximum production rates of the gases were Il.6 rnn.ole/h· 9 

cell and 15.9 mmole/h· 9 cell for H2 and CO 2
' 

respecti vely. 
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FIGURE 3 Variations of the Specifie Production Rates of the 
Sol vents and Gases with the Variations in the 
Impeller Rotational Speed 

, 

A- CO 2 (mmole/h-g cell) 
0- H2 (mmole/h-g cell) .- Butanol (mmole/h-g cell) 
Â_ Acetone (mmole/h-g cell) -- Ethanol (mmole/h-g cell) 
0- Total gas (mmole/h-g cell) 
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The maximum production rates of the solvents were 5.5 mmole 

butanol/heg cell, 3.8 nunole acetone/heg cell and 0.8 mmole 

ethanol/he 9 cell. These values were obtained at the impeller 

-
aReynold1r~- number of 3.93xl0 4 (340 rpm). 

, , 

In spi ~ of the eventual decrease in the production 
" -

rates__ of the~ metabolic products, wi th the increase of the 

impellers speed, the specifie growth rate of the cul'ture 

contin,ued to increase reaching a final value of 0.36 hr- 1 at 

the irnpeller speed of 410 :z;pm 1 corresponding to N Re =' 

4.79x104 • 

The final concentration of t.he sol vents and their 

resp,ective yields on the carbon and energy source are 

summarized in Table 1. These two parameters slightly 

decreased wi th the increase of the impeller rotational speéd 

~, 340 rpm .:, The total amount of the gases produced and 

the overall yield of the gases (C0 2+H 2 ) on glucose is also­

presented in Table 1. . , 
Evaluation of the mixing effects on the kinetic 

behaviour of acetone-butanol fermentation showed that 

increase of the agitation rate from 190 rpm (NRe =; 2.23xI0 4 ) 

to 340 rpm (NRe = 3. 93~10lt) incr,eased the. specifie rates of 

production of the sol vents (b~tanol-acetone-ethanol) and the 

gases (C0 2 and ~2) during the period of "High Production 

Rate" . This effect is attributed ta the enhancernent of 

the extracellu1ar mass trans,fer of the nutrients and metabo-

lités. Production rates of the solvents and gases were de-

creased by increase of the agitation speed to 410 rpm {NRe 
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TABLE l 
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EFFECT OF THE IMPELLER SPEED ON THE FINAL TNVP 

CONCENTRATION AND THE_ TOTAL GAS P~ODUCED 

<\ 

Impeller Final Solvent Yield Total Gas 
(rpm) NRe Solvent On glucose Produced 

Concentration g solvent L gas 
( ) 

(g/L) g glucose- L liq 

( 

190 2. 23x10 1t \,.)1 33.0 24.1 

270 3.09x10 4 16.2 32.4 

340 3.93x10 1t 17.0 32.4 23.8 

410 4.79xl0 4 'lt5 .4 30.2 24.0 

560 0 0 0 

) S 

1:-
") 

...J 

Gas Yield 
,~n Glucose 

gas 
( ) 

~lucose 

~ ,.\:~ 
~ 

46.5 

t 
45.4 

47.1 

0 

1-' 
~ -
Cl ,'C-. 



;1 

141. 

= 4.79xl0 4 } and the fermentation process stopped at the high 

agitation speed of 560 rpm. 

Similar effects of agi tation on hydrogen gas 
, . 

production by, c. intermedius (1981) were reported. The 

• maximum rates of gas production were observed at an agitation 
, 

speed of 500 rpm. At agitation speeds of 750 rpm, gas pro-

duction decreased sharply and stopped completely at 1000 rpm. 

These authors pointed out that the observed 'phenomenon was 

due to the prevention of the escape of gas (H 2 +CO 2) bubb1es 

from the fermentation fluid. This gas phase retention usual-

ly resulted in an increase in the production of formic acid, 

a major substrate for the enzyme complex responsible for H2 

production. ' 

œhe harrnful effects of overagitation have also been 

fOl,lnd in the antibioti'c production (Fortune et al., 1950: 

Rivett et al., 1950), in the production of glucose oxidase by 

Aspergillus niger (Zetelaki and Vas, 1968) and in catalase 

prod uction by Rhodopseudornonas spheroides (Gall il i and 

Mateles 1 1977). 

In the present work, evaluation of the process 

kinetics revealed that the specific consurnption rate of the 

substrate (g glucose/heg cell) increased with the increase of 

the culture specifie growth\rate. This dependence which is 

graphically shown in Figure 4, implies that the culture 

beeomes more effective in utilizing the substrate when its 

physiological activity, refleeted by its specifie growth 

.? 

;" -, 
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Dependence of the Specifie Consumption Rate of 
the Substrate on the Specifie Growth Rate of the 
Culture 



~-. --l 
CIl 
} 
• o 
~ 
"i 
~ 

... 1It 

1.5 

1.0 

0.5 

143. 

, 

c. acetobutylicum 
• 

• 

;1 



144. 

rate, increases. The specifie production rate of the gases 
~ 

"-J 
also increased wi th the inerease of the sp'ec ific growth rate 

(Figure 5)., Study of the system performance during the first 

phase of fermentation (before the acid break point) shows 

that increase of the impeller rotational sPQed from 340 rpm 

to 410 rpm aece1erated the mierobial activities and resulted 

in the inereased specifie growth rate of the culture. The 

specifie rates of substrate consumption and gas production 

also increased at this level of agitation. The total glucose 

consumed and the overall gas produced before the break point 

averaged 36.7 mmole glucose/g'~ell and 89.5 mmole g~s/g cell, 
o 

respectively, when the impe1ler rota tional speed increased 

from 190 rpm to 340 rpm. These values çhanged to 46.7 mmole 

glucose! g cell and 129.9 mmole gas/g cell, respectively when 

the agi ta tion ra,te was further increased to 410 rpm. It can 

be concluded that the overal1 rate of the primary ~etabolism 

increased wi th the increase of the agitation rate. This 

implies a greater produeti-on rate of the intermediate acids 

and solvents during this fermentation stage. Although the 

net production of the solvents is very low at this state, 

intraeellular accumulation of these· products May occur due to 

a transient imbalance between the rate of production and the 

Cl ltflux of the organic acids and sol vents. Inereased levels 

of particularly butyrie acid and butanol will thus result' in 
\, 

inhibition of the cellular metabolism. Al though .these .inhi-

bi tion effeets are weIl known, there have been no studies 
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Dependence of the Specifie Production Rate of the 
Gases on the _ Speeific- Growth Rate of the Culture 
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reported On the intracellular a&cumulation of butanol and 

butyric acid which are shown to be the major inhibitory meta-

bolites in the acetone-butanol fermentation (Linden and 

Moreira, 1982: Leung and Wang, 1981). However, there afe 

numerous reports on the accumulation of ethanol in the cell 

(Navarro and Durand, 1978: Navarro, 1979: Novak et al., 1981) 

which support the idea of a higher intracellular concen­
J 

tration of ethanol at a higher specific growth rate of the 

culture. For example, in a study of the inhibitQry effect of 

ethanol in yeast fermentation, Novak ~ al. (1981) reported 

that the ratio of the intracellulai ethanol to the extracel-

lular ethanol was grèater than ten ~ 10) in the early stages 

of the fermentation and decreased with the progress of the 

fermentation. The imbalance between the rates of production 

and the outflux of the pro~ucts probably resul t form a low­

ered "permeability of the cellular membrane (Navarro, 1979) 

perhaps as a result of or as a defense mechanism against high 

mixing rate and shear stress. Mechanical damage of the cells 

caused by intensive mixing was also reported by Vrana and 

Votrtiba - (1982). In a study of the effect of aeration and 

mixing on the cell cycle of Candida utilis, these authors 

showed that mechanical strain could be responsible for the 

prolongation of the cell cycle. 'Gallili and Mateles (1977) 

have also reported similar resul ts wi th catalase production 

by R. spheroides 
,------~-~--------

where vigorous agitation (800 rpm) 

increased the growth rate of the microbes. However, when the 
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cul ture reached the stationary phase, there was a sharp de":' 

crease in the concentration of catalase. 

The results presented in this communication expibit 

the importance of agitation in the acetone-butanoi fermenta-

tion. It appears that as with many other fermentation 

processes and microbial cultures, the A-B-E fermentation by 

C. acetobutylicum is sensitive to the leveis of mixing in the 

1 iquid broth. The agitation rate should be considered as a 
, 

controlling factor in the' regulation of solvent production, 

process design or optimization studies of this fermentation 

process. 

4.3.2. Correlation Between the Rates of Solvent Production 

and Gas Evolution 

1 

The metabolic production of solvents and gases by 

C. acetobutylicum appear to be related. In order to evaluate 

this relationship, a straight line correlation was âeveloped 

_between the specifie production rates of the gases and the 
,1 

solvents. This correlation has the following form: 

( 1 ) 



where Al = mmole gases/g cell 

A = rnmole sOlvents/g cell 
2 

t = time 

149: 

Due to the errors encountered in the differentia-

tions of the concentration curves, an integrated form of the 

above equation was used in this work: 

dt t dA2 = a f -- dt ( 2 ) 
dt 

A lagrangian, interpolation technique was utilized 

te obtain the values of the so,lvent concentrations at any 

given time in the process. 

Two different time periods were considered in this 

evaluation. The first one covered the course of fermentation 

from the start of the solvent production until the end of the 

process (period I). The second time _~eriod started after the 

break point and can be considered as the second phase of 

fermentation (Period II). Comparison of the correlation 

coefficients for the straight lines passing through the 

experime'ntal points showed that there was a linear correla-

tion between the specifie molar quantities of the solvents 

produced and the gases evolved in the system. A better cor-

relation always existed between the two respective para-

meters after the process passed its break point. The corre-

lat ion between the gases (H 2 and CO 2 ) and the solvents (buta-
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nol, acetone and ethanol) is graphically presented in Figure 

6. Experimental data with the impe1ler rotationa1 speed of 

410 rpm have been used in this figure. The kinetic models 

represent i.ng the gas and solvent proBuction rates are non-

linear. In general, it is very difficult to develop a corre-

lation between these parameters during the entire course of 

fermentation. Division of the course of fermentation into 

several phases and development of a simple correlation 
\ 

/ 
between the parameters during these phases is then a conveni-

~nt way to analyse and evaluate the relationship between 

them. 

Table 2 presents the molar ratios between the 

sol vents and gases which are the slopes of the lines passing 
1 

through their respective data points (Equation 2). From the 

\ 
slopes of the lines, it is seen that the ratio of the gases 

evolved to the solvents synthesized .during any considered 

time period was not constant and varied wi t1;t the impeller 

rotational speed. The ratios of the hydrogen gas evolved and 

the solvents synthesized during the Second Period (Period II) 

increased wi th the inqrease of the impeller Reynolds number 
• . 

up to the value of 3.93xlO'+ reaching the maximum values of 

2.1 mole H2/ mole butano1, 3.'1 mole H2/mole acetone and 13.8 

mole H2/ mole ethanol. FurtheJ.: increase in the impeller 

Reynolds number to 4.79x10 4 decreased the value of this 

ratio. Considering the entire course of fermentation (period 

I), the ratio between the gases evolved (H 2 and CO 2 ) to the 

: 
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FIGURE 6 

f 

Correlation Between the Gases and the Solvents 
During the Second Phasè of Fermentation 
(rpm = 410) 

0- H2 Butanol Correlation .- H2 Acetone Correlation 
4- H2 Ethanol Correlation .- CO 2 : Butanol correlat~n 
0- CO 2 : Acetone Correlati n 
1::.- CO 2 : Ethanol Correlation 
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TABLE 2-' 

EFFECT OF THE MIXING RATE ON THE GAS-SOLVENT RATIO 

Impeller 
Reynolds 

2.23xl0 4 3.93xl0 4 4.79xl0 4 Number 
Ratio - -

Perlod Corr. Perlod Corr. Perlod Corr. Period Corr". :Beriod Gorr. Period Corr 
l Coef. II Coef. l Coef. II Coef l Coef. II Coef 

mole "2 
mole butanol 1.5 0.98/ 1. 7 0.99 1.6 0.77 2.1 "6.99 1.9 0.99 1.9 0.99 

!"" . , 

mole "2 
; 

.J\l _ 
-

mole acetone 2.3 0.96 2.7 0.99 2.3 0.74 0.99 2.8 0.99 2.9 0.99 
1 : \~ 

mole "2 1 . 
mole ethanol 10.9 0.98 11. 4 0.99 12.2 0.81 13.8 0.99 13.7 " 0.99 13.5 0.99 

1 " -
mole CO 2 
mole butanol 2.6 0.99 2.7 0.99 2.7 0.96 2.9 0.99 3.0 0.,99 2.9 0.99 . 

0 

mole CO 2 " 
" 

mole acetone 4'.2 0.99 4.2 0.98 4.0 0.94 4.5 0.99 4.4 0.99 4.5 0.99 

Iro°le CO 2 , 

Iroole ethanol 19.2 0.99 18.4 0.99 19'".4 0.97 19.9 0.99 2 1 • 1 0.99 21.3 0.99 
f· 

For definition-of n~eriod i~ and "Period II" - see the texte 
Corr. Coef. - Correlation coefficient of the lines relating the gases and the solvents data 

points. 
"-

c, 

,~"': 
;,,'~ '. 

h" ... 

1 

o ..... 
<.n 
w 
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solvents synthesized increased with the increase of thè 

\ impeller Reynolds number to 4. 79xlO it reaching maximum val ues 

of 1:"9 mole H2 /mole butanol, 2.8 mole H 2 /mole acetone, 13.7 

mole, H2 /m61e ethanol, 3.0 mol~ CO 2/mole butanol, 4.4 mole 
" 

;, CO 2 /mole acetone and 21.1 mole C0 2lmoie et'hanol. '~, The ,values 

of these ratios are surnrnarized in Table 2. Var ia tions of 

the gas molar ratios wi th the impeller Reynolds number 

(Table 2,) represent the responses of the', cellular metabolic 

activi ty ,and ,_corresponding mechanisms for regulating the 

ed;.ectrun transfers to ei ther l:Iydrogen~ or bu;tanol. When equa..-

tions (1) and (2~ are considered, these gas molar variations 

mean that al though the specclific rates of the solvents and 
, 

gases production' are correlated in this process, the propor-

tionality is not constant and depends on the agitation speed. 

The· correlations between the solvents and the gases ate 
(, 

particular1y important in the anaerobic fermenta tio. of C. 

acetobutyl~curn sinçe these the end-products of 

the cellular energy d their formation is neces-
, \ 

sitated by the need of the energy and. ele'c-

-tron balances (Thauer ~ al., 1977). A balance ~f energy and 
'1 

of the available electrons on our exp~rirnental system (Table 

3) showed that almost aIl of the metabolic energy and the 

available electrons were preserved wi thin the exper'ünent.al 

system. It was also pointed out by Lenz and Moreira (1980) 

that in the acetone-butanol fermentation less than five 

1 
pe~cent of the metabolic energy ls dissipated as heat and the 
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Impe11er 
(rpm) 

Ferment. 
Product 

Butano1 

Acetone, 

Ethanol 

Acetic acid 

Butyric acid 

Hydrogen 

Carbon 
dioxide 

Biomass 

TOTAL 

..,. 

*" ~ 

TABLE 3 

DIVISION OF THE GLUCOSE CARBON, ENERGY AND THE AVAILABLE 
ELECTRONS AMONG THE FERMENTATION PRODUCTS 

'fi To"CaJ. \;aroon 'fi To"CaJ. 1!;nergy 
Recovered in Products Recovered in Products 

-
-

~--
. 

190 270 340 410 190 270 340 410 -

. . 
34.7 32.9 33.4 30.0 49.6 47.0 47.8 43.0 

15.2 15.1 15.4 15.5 19.4 19.7 19~8 19.7 
c 

2.8 2.6 2.5 2.0 4.1 3.8 3.7 3.0 
-

5.1 4.0 3.5 4.9 4.8 3.9 3.3 4.6 

0.5 0.7 0.6 1.9 0.5 0.8 0~7 2.2 
1 

- - - - 14.7 a 14.5 15.6 

33.6 a 32.8 33.0 - - - -

8.5 7.9 8.5 /~~O}1O.3 IO.O 

100.4 ~ 
~.7 95.5 103.4 - f <, 1i)0 . 1 98 . 1 

" 

"li AVal.laO.le E.lectrons 
Recovered in products 

190 270 340 410 
.l . 

52.0 49.5 50.0 45.0 

20.3 20.2 20.7 21. 0 

4.2 3.9 4.0 3.1 

5.2 4.0 3.5 4.9 

0.6 0.8 0.7 2.4 

12.0 a 11.8
4

12.7 
-

- - - .,.. 

9.0 8.4 9 .. 0 8.7 

103.3 99.7 97.8 

a - Data not availab1e .... 
111 
111 . 
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rest is recovered in the products of catabo1ism. This i5 in 

contrast 'wi th the aerobic fermentations whereby a large 

amount of the original substrate energy i5 dissipated as heat 

and a major fraction of the availab1e electron5 are driven 

,- out of the metabo1ic system and transfer,red to oxygen 

(Yerusha1mi and Vo1esky, 1981). In ~erobic / fermentations, 

particularly when there are no metabolic products except CO 2 

and water, there is a correlation between the ,rates of oxygen 

uptake and heat generation (Cooney et al.; 1969; Luong, 

1979) • However, in anaerobic fermentations 1 there is not 

much heat genera tion and no oxygen in the systemi the accu­

mulating metabolic end-products act as the electron ac~ 
tors and the energy pools. Therefore, a correlation between 

the metabolic product concentrations cou1d be expected. 

Intriguing appears the' possibility of regu1ating the ce11u-

1ar metabo1ism 1eading to the solvent synthesis through con-

trolling th~ gas production in the system~ 

./ 
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5.1 INTRODUCTION 

The effect of increased hydrogen partial pressure 

on the growth and metabolism of Clostridium acetobutylicum on 

glucose was ~udied in this work. 

Regubtion of the fermentation pattern and end 

product formation by Hz pressure have been frequently shown 

in ethanologenic anaerobes e.g. Clostridium thermocellum (Su 

et al., 1981), Clos~ridium saccharolyticum (Murray and ~an, 

1983) and Thermoanaerobium brockii (Lam~d and Zeikus, 1980).> 

These studies indicated that increased H2 concentration in 

the system inhibi ted the production of H2 by the cells and 

al tered the flow of electrons in the biochemical pathway of 

the microorganism. As a result, the composition of the end 

products was changed and more ethanol, which is the major 

reduced end product, was produced in the system. 

In the present work the effect of hydrogen on the 

re~ulation of the biochemical pathway of C. acetobutylicurn 
o 

was studied in terms of butanol accumulation. Butanol is the 

major reduced end _ p:C'bduct in the acetone-butanol (A-B-E) 
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fermentation process carried out by this bacteriurn which is 
. 

an important industrial strain. 

5 • 2 MATE RIALS AND METRODS 

The high pressure fermentations reported. in this 

work were performed in 300 ml stainless steel "sarnpling 

cylinders" Model HS-300 (Hoke 1 N. J.) wi th a working broth 

v<;>l urne of 60 ml. These cylinders were fi tted wi th pressure 

gauges for monitoring of the system pressure. The exogenous 

gas was introduced into the system through sterilized filters 

and valves. A gyrotory shaker Model G2 (New Brunswick 

Scientific, N.J.) with modified holding clamps provided 

shaking of the culture cylinders at 200 rpm throughout the 

fermentation. Before in~culation, the fermentation broth was 

sparged with high purity nitrogen gas to ensure 

anaerobiosis. 

Medium C with a ,glucose concentration of 20 g/1 was 

used in this study. Analysis of sol vents and gases and the 

assay of glucose and biomass are discussed in section 2.2. 
Q 

1 

c 
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5.3 RESULTS AND DISCUSSION 

The effect of incr~ased hydrogen partial pressure 

on the acetone-butano1 fermentation was studied by pressuriz-

ing the head space of the fermentation vessels ~t 274 to 1479 

KPa absolute using ultra-pure hydrogen gasl
• One set of ex-

perirnents was conducted wi th exogenous hydrogen gas present 

in the. system from the inoculation time (t=O) while in an­

other i t was introduced 18 hours after the st art of the fer-
--........ 

mentation (t;18 h). Separate series of experiments served as 

controls. These experiments used inert he1iurn gas instead of 

H2 to pressurize the system under the sarne culture conditions 

and over the sarne pressure range. The resul ts of this study 

are summarized in Figures land 2. The time of addition of 

hydrogen gas to the system was not a major factor. Although 

the yields of butanol and ethanol were relatively constant 

(0.22 9 butanol/g glucose and ",0.01 g ethanol/g glucose) 

throughout the entire e1evated (274 kPa- 1479 kpa) H2 pr~s­

sure range exarnined (Fig. 1) t they were respecti vely higher 

by an average of 18% and 13% when cornpared to their cor-

responding fermentation run controls with no pressure. These 

increases corresponded to a de@rease by almost 40% in the 

yield of acetone and 30% in the yield of the H2 produced by 

the culture. The inert He gas had no major influence on the 

metabolic system. 

o 

,.... 
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Fi2ure 1 Effect of the Exogenous Gas Pressure on the yields 
of Sol vents and Endogenous H2 

• butanol yit21d with gas pressure from t = 0 
0 butanol yield with gas pressur~ from t = 18' 
Â acetone yield with gas pressure from t 

" 
0 

A acetone yi~ld with gas pressure from t = 18 
• ethanol yield with gas pressure from t = 0 
0 ethanol yield with gas pressure from t = 18 

", ... endogenous H2 yield with gas pressure from t = 0 
-e- endogenous H2 yield with gas pressure from t = 18 

only one line could be drawn for the ethanol 
results 

o 
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• 

, 
; 

" \ 

~ractio1'),s of the Sol vents in the Total Neutral 
Volatile Products (TNVP). 

only one line could be drawn for the ethanol 
results. 
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In spite of a relative~y constant yield of butanol 

on glucose at the eleva~ed H2 pressur;e,. the~ proportion of bu­

tanol in the total solvents (Fig. 2) increased from an av~r-
-ct1 

age·of 70% to an average of ]6.5% with the increase of H 2 ga~ 

pressurEl from 274 to 1135 kPa absolute, and decreased slight-

ly to an average of 75.0% when the H2 pressure increased to 

1479 kPa absolute. Compared wi th the butanol fraction of 

60.5% in a normal fermentation, these values represent. a 15.7% 

te 26.5% incre?se in the fractiOn of thi s sol vent. The 

ethanol . portion of the TNVP also increased by 5% eô 25% when , . . 
,the ij2 pressure changed from 274 to 1479 kPa absolute. ,These 

• increases took place at the_ expense of the acetone fraction 

in the TNVP which decreased from an average of 25.7% to 18.7% 

wi th the change of the H2 pressure from 274 to 1135 kPa 

absolute. A slight increase to 20.1% of acetone in the TNVP 

at the highest test pressure of 1479 kPa abso1ute was 

observed. Compared with the 'normal fermentation control 

value of 35.5% acetone in TNVP, these'results represent a 

27.6% to 47.3% decrease" in the acetone fraction. 

Recovery of ~ glucose carbon and energy in the 

sol vents and in the rnetabolically pr,oduced H2 are presented 

in Table 1. The percentage recovery. pf glucose carbon and 

energ'y in butanol incr-eased to averages of 34.8% and 50.1%, 

respecti vely. 
\ 

As expected, the recove~y of gl ucose carbon 

and, energy in ethanol also increased while the data for 

\ ac'etone and the, en~ogenous H2 indicated decreased recovery of 

L --, 
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TABLE 1 ., 
EFFECT OF H2 PRESSURE ON THE DISTRIBUTION OF COMPONENTS IN-THE A-B-E 

FERMENT,ATION 

-
Initial % Recovery of glucose % Recovery of glucose energy Bùtanol 
Pressure carbon in the 'sol vents in the solvants and hydrogen Acetone 
( kpa ratio 
absolute) Butanol Acetone Ethanol Butanol Acetone Ethaq.pl H 2 

274 36.1 13.0 1.8 51. 7 16.6 2.6 13.1 2.7 . • 
446 34.5 - Il.70 1.8 49.4 14.9 2.6 12.2 2.8 

790 34.9 8.8 l.8 50.0 Il. 2 2.6 Il. 7 3.8 
.- 1 

1135 34.9 8.1 1.8 49.9 10.3 2.7 12.3 . 4.1 
• 

1479 35.3 9.1 1.8 50.6 11. 6 2.7 12.6 ,:J. 7 

~ . 
274 34.9 . 12.0" ,1.8 49.9 15.7 2:6 II.9 2.8 

446 33.3 Il.3 1.8 49.8 14.5 2.7 11. 2 2,9 

790 34~6 8.0 1.8 49.5 10.3 2.7 Il.8 4.1 . 
1135 34.1 8.1 1.8 48.9 10.3 , 2.7 . 10.6 4.0 . 
1479 35.8 9.2 1.9 51.3 11.8 2.8 12.6 3.7 . 

0 29.8 16.8 1.6 42.7 21.4 2.3 17. 7 , 1.7 
~ 

~ 

~ 

~ 

Biornass . 
9 

( 
9 glucose 

- 0.09 

0.09 

0.09 
,; 

0.09 

0.09 

0.08 

0.08 

0.09 

0.08 

0.08 
, 

0.09 
-

) 

1-' 
-..J 
o 
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glucose C and energY'':::in these products. As seen from Table 

l, a,l though a value of 1. 7 was obtained for the Dutanol to 
IJ' 

acetone ratio under normal culture conditions, i t averaged 

from 2.7 to 4.0 when th~ H2 pressure increased trom 274 to. 

1135 k?a absolute. Subsequently it decreased to 3.7 at a H2 
~ 

pressure of 1479 kPa absolute. 
~ 

The effect of hydro<jen on the metabolism and the 

fermentation pattern of the· anaerobic bacteria has been 

demonstrated previously (Chung, 1976r Larned and Zeikus, 1980~ 

Su et~. 1981). In the Most studied cases ~thanol and 

acetic acid have been the major end products of the fermen-

tation. In a study of the metabo1ic control of end product 

f9rmation in Thermoanaerob{urn brockii '(a hydrogen prodùcing 

anaerobe), Ben-Bassat et al. (1981) showed that glucose 

fermentation in the presence f e1,{ogenous hydrog en '( .. o. ~ 

~tm.) was associated with inh bition of endogenous H2 produc-

tion and increased ethano product ratio. On the 

other hand, addition of a.trong ele?tron acceptora such as 

"acetone, 2-butanone or 2-methylcyc1ohexanone decreased the 

anloun t of the normal red Ulè,ed end prod ucts (i • e • H2' ethano 1 

and lactate) and increased the metabolic rate and the acetate 
, 

yield. Simi1àr resul ts are reported by Su et al. ( 1981 ) 
',-

w~ en' increased H2 concentration in the broth ei ther by addi-

tion of H2 to the system or by not stirring the culture 

inh~bi ted hydrogen and acetic acid formation and increased 

.' 
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. the ethanol/ aceta te ratio in ····'t:h.ree ~t.ra~ns of Clost.ridium 

i~dicate ":'tlfatl~gUlation of 
1 " 

~ 

thermoce11um ~ These resul ts 
<;) • 

electron flow in the biochernical ~ pathway of anaerobic 

bactèria by addition of exog'~{lOUS electron d~'hors and/or' 
." 

acceptors ,can alter the composition of the 'end products. As 
" 

stated by Mur:r;ay and Khan (1983), the saccharolytic microbes 

in pure culture must supp1y their own· electron sink to 

satisfy the oxidation-reduction balance lIequirements of the 
Il . 

anaerobic fermentation. This is accomplished by<t increased 

production of tRe reduced products, such as ethanol. 

According to Su et al. (1981) who proposed a mechanism for 
\ 

the H2 regulatiQn and the contrbl of h~xqse metabolism to 
1 

ethanol and acetic acid in c. thermocellum, and Jungermann ~ 

al. (1973), under conditions of high H2 concentration the 

H+ /H2 redox potential is Iowered and the flow of electrons 

from reduced ferrodo~in to molecular !iL: ,vj,a the hydrogenase 

system is inhibi ted . Electron flow is then shifted via an 

oxidoreductase system and more ethanoi is 
!l 

The biochemical pathway and the 

produce~ . 

pattern of electron 

flow is somewhat different and more cornplicated in 

C. acetobutylicum (Doelle, 1975). The major:, end-products of 

the glucose metabolism are acetone and butanol which are 

produced via the intermediate products, acetic and butyric 

acids respectively. There ià aiso sorne ethano!"· produced in 

the system which accounts for less than five perc~nt of the 

glucose carbon and energy. In this organism the flow of· 

/ l 

,1 
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electrons from energy sources to end-produc"ts is mediated by 

interconnected oxidoreductases and common electrGm carriers 

i.e. ferreQoxin and NAD (Thauer et al., 1977; petitdernange, 

1976: Blusson, 198L). Acco'rding ... to Blu~son et al. 0981) the 

electron EloVl' in C. 

action of endogenous 
(""< , 

acetÇ>butylicum ca~ be r:gulated 

hydrogenase and the key enzyme 

by the 

NADH -

ferredoxin oxidoreductase depending ort the cultu~e condit~ons 
, 

and the cellular needs. Hydrogen can provide electrons to 
1 

reduced ferredoxin which will be subsequently reoxi1dized to 
~ 

form NADH. Tl).e reduced power in the form of NADLI is 

requi;red in the synthesis of 'the other reduced compounds of 

the cellular metabolic pathway, ethanol and butanol. An 

inhibit\ion of hydtogen production will shift the flQW of 

electrons to other electron, accepting compounds and sihce 

butanol is t~e major electron sink in this process, the 
, . 

effect of H2 is more pronounced in increasing the production 

of this compouqd. Decreased aC9\tone production could be 

attributed to the inhibition of acetic acid formai;J.on which 

is a metabolic precursor for acetone synthesis in the sugar­

metabolizing system. 

-Although high H2 concentrations, (up to 1479~ kPa 

absolute) " did not inhibit the growth of the culture, and had 
\ 

no major imr:-act on the yield of biomass (Table 1), decrease 

of the butanol to acetone ratio at the pressures of more than 

1135 kpa absolute suggests that the effect of H2 on' the flow 

,Of electrons could be concentra tion dep~ndent . The small 

.~ .. \. 
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increase of the butanol tian in. the total solvents which 

was observed wi th ine'rt 'Surized heliurn environment could( 
.f 

have been due 
f 

to a slower H, \t~~nSfer into the' gas phase. 

in this paper Sh&: that the .~ The, resul ts presen 

metabolic regula tion in Clostridium acetobutylicurn 
. 

fermentation process, like th t of many other anaerobes, is 

affected by the presence of h drogen gas. The rnaj~r changes 

occur at lower than 270 kPa abs.l ute partial pressures of. 

exogenous hydro~en. 

, 
" 

" 
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lj DEVELOPMENT OF A MATHEMATICAL .MODEL 

FOR THE BATCH ACETONE-BUTANOL PROCESS 

- ,\ 
! ' 

A revised version of this chapter has been submitted for 
publication a~ the following paper: 

J. Votruba, B. Volesky and L. Yerushalmi, Biotechnol., 
B~oeng., submitted in January 1985. 
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6.1 IRTRODUCTION 

The changes in the physiological activities of 

C. acetobutylicum were further evaluated by studying the 
~, )' 

kinet~~ Jf the batch acetone-butanol process. 

Ships{~ere 'studied between specific rates and 

The relation-
r 

concentrations 

of the fermentation process parameters. They included the 

specific growth rate (~) 1 the specifie glucose utilization 

rate (rs )' specific rates of production of the solvents, 

acids and gases (rp ) and 'the corresponding concentrations of 

these compounds. Evaluation of these relationships was based 

... on' graphical plots of these quanti ties . This study led to 

expression ?f sui table ma thema tical models capable of 

describing the observed relationships between the key param-

eters. Mass balances around 
• 1 

the bioreactor for the key 

~hemical species were subsequently expr~ssed, using the 

derived expressions for rates of reacting species. A system 

of non-linear, first-order ordinary differential equations. 

thus obtained represented a model for the acetone-butanol 

fermentation which was then used in computer simulation 

(J 
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the bioreactor performance. The present chapter deals wi th 
/' 'J U 

various aspects of this kinetic study. 

6.2 PRELIMINARY DATA ANALYSIS 

The resu1ts of 'the four pH-contro11ed batch fermen-

tations perform~d at different mixing rates and discussed 

ear1ier (Yerusha1mi and' Volesky, 1985)* were utilized in this 

study. The fermentation variables used in this study 

included the concentrations of biomass, sugar, butanol, 

acetone, ethanol, butyric acid, acetic acid, hydrogen and 

carbon dioxide. Tlle experirn6lntal da ta were firs t srnoothed by 

using piecewise ~~ynornial approxi~ating functions aiso known 

as the "Spline" functions (Carnahan et~., 1969; de Boor, 

1978) • This technique is based on pass ing sui table polyno-

mial functions through various sections of the experimenta1 

curve in such a way that there is a continuity throughout the 

entire range. The criterion .for smoothing of the 

experimental :çesul ts was that the app,roximating curve be the 

c10sest to the experimental data and the relationsh:t.p be the 

smoothest. Equation (1) expresses the relationship between 

the approx ima ting function Fi (t) and the measu.ced values of 
, 

the dependent variable Yi : 

y. (t) :;::: F. (t) + ê. 
111 

.r 

(1) 

" 
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\Vhere Ei is the measuring error. The value of this parameter 
" 

was in the range of 0.00 l - 0.2 of the absolute meas urement 

of individual variables. 

~he ."SMOOTH" complex of programs (deBoor, 1978) was 

used for smoothing of the experimental values of the 

dependent variables (y) and for an accurate estimation of the . . 

t,ime derivative of these dependent variables (gi). Appendix 

( 1) presents a printout of programs used in the smoothing 

stage and an example ~f their application. Specifie. rates of 

the fermentation variables were also calculë.ted by these 

programs. The specifie rates 

following equation: 
0, 

l dy. 
l 

ri=X~ 

r. were expressed by the 
l 

(2 ) 

where X is the biomass concentration. 

..A 
0 

cn 

'6 
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6.3 -RESULTS AND DISCUSSION' 

6.3.1 Formulation of the Model 

Development of biologically interpretable kinetic 

relationships between the fermentation variables was based on' 

the information from known metabo1ic pathways of c. acetobu-

tylicium. This information, which was introduced earlier, 

established that ,butanol, 'aêetone, ethanol, biomass, CO 2 and" 

H2 are the end-prodoucts of the metabol'ism while butyric acid 

and acetic acid are the intermediate co;poundsc connected with 

the growth kinetics. Development of the kinetic model 

reflecting the experimental e data was based on the following 
-:\,:. 

• , 
..2-è'sumptions: 

There is no process limitation by nitrogen source. 

-
- Functional relationships are valid for the glucose 

concentration range of 0-50 g/L and the biomass concen-

.tration of ,.0'.03 - 10 g/L. 
D 

- Product concentrations do not exceed the limits of: 

butanol Il g/L, acetone 5 g/L, ethanol 1.5 g/L: o~ganic 
-

acids 5 g/L. 

- Glucose is - the only limiting substrate in batch ,cul ti-

vations. 

In the mathematical formulation of growth kinetics, 

a concept of the '(Physiological state". of a microbial culture 

"was used. This concept, discllssed by Malek (1976) and 
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Votruba (1982), made pqssible a mathematical formulation of 

growth kinetics during the start up 'phase (lag phase) 1 which 

is relatiyely long in the acetone-butanol process. For a 

suitable marker of the physiological state the concentr~tion 

of sorne intracellular component which significantly changes 

'during the growth can be used (Fredrickson, 1967). Based on 

the work of Powell (~968) who dealt with the tran~ient states 
.' 

of the culture, the dimensionless concentration of RNA wa~ 
o 

used in the present work as a marker of the physiological '. 

state, as: 

RNA Y = RNA . ml.n 

where RNAmin is the RNA concentration in the cell at}~ = O. 

This way the specifie growth rate of the culture which has 

been shown t.o be r~lated to cellular RNA content" (Harder and 

Roels, 1982) ean ne express'ed in the following mathematical 

way: 

~ = a(y - 1) ( 3) 

The numerieal values of the coefficient a in 
\ 

Equation (3) bave been shown to be constant for most 

baeterial cultures and equal to 0.56 (Harder and Roels, 

1982). Evaluation of the dynamics assoeiated with the ,marker 

,,, 
'0' 

.. 

. 1 

J 
, .' 
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of the physiological state was per:formed by expressing the 

following dimensionless differential ~lance: 

d ( a~ ) = 1.1. (S, B) • y • X . (4) 
-;"--

Where the function 1.1. (S, B) is a characteristic of 

the cul ture d~pendent on respéctive concentrations ÇJ.f the 
/ . / 

limiting substrate, S, and the inhibitory product, B.t , 

Equation (4) can be mathemattca~ly rearranged to 

assume the following forin: 

~= 
dt 

.. 
1.1. (S,B) y - 0.56 (y-l) y (5) 

The initial condition for y is y(O) ~ l"~ich . 
characterizes the inoculum in it:s stationary phase. An 

. -
inoculum in its exponential phase of growth would be charac-

terized ~by ~(O) ) 1, while an inoculum in its declining phase 

when only a .smail part of biomass is capable of growth wouid 

be characterized by y( 0) < 1. 

"\ The function 1.1. (S, B) ,ca~ be identified from the 

experimenta1 data. Figure 1. presents the graphical. re1ation-
• 

ship for the function 1.1. (S,B) and the conéentration of 
.Il ( 

butan9l. A hyperbolic relationsh~p of the form Kr!(K1 + B) 

can describe the ,above relationship. A Jerusalimski-Monod 
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Relationship of the Specifie Growth Rate ~'(h-l) and 
Butanol Concentration in the Bioreactor (B) for a 
Batch Culture 'of Clostridium acetobutylicum . 
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equation, describing the simultaneous limitation by the 

substrate and the inhibition by the product, can be used for 

the mathematical expression of function ~ (S,B) with respect 

to Sand B. In the acetone-butanol fermentation it is pos-

sible to use a linear relationship with respect to the subst-

rate concentration S, resulting in the following éxpression 

for function ~ (S,8): 

~ (S, B) = k 1 S (6 ) 

In expressing the differential 'mass balance for the 

biornass, the dècay process within the cell should be 

considered. This decay is a result ~f the cell poisoning due 

to the increase in the butanol concentration which will 

resul t in a loss of viabili ty and cellular acti vi ties and 

eventually in cell lysis. A linear relationship can be 'used 

for the description of this phenomenon: 
t ~ 

. dX or = 0.56 (y-l) X - k 2 BX (7) 

The use of the marker of the physiological state 

(y) in' Equation (7) enabl.~s ,the use f')f this model for the 
Zli i.\ 
'Il,~~ 1 

ini tial lag phase while the second term ,or the right-hand 

side of this equation describes the final cell decay caused 

by the product toxicity. 

, 
~ , 
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The relationship between th'e specifie su'bstrat~ 

utilization rate and the substrate concentration is shown in 

Figure (2). The following differential equation composed of 

a linear relatiol'J.ship and a weIl known Monod-type function 

(Monod, 1949) is suitable Eor the mathematical descript~on of 

this r~lationship: 

(8) 

In the metabolic pathway of C. acetobutylicum, 

there is a mutual interaction between the synthesis of 

butanol and butyrié acid. Therefore, the ,kinetics of these 

two products are .. interrelated. The relationship between the 

specifie rate of butyric acid accumulation (rBA ) and the 

butanol concentration (B1 is illustrated in Figure (3). 
, ~ 

It·can be seen ~hat this profile is similar to that 

obtained for the specifie growth rate (Figure l) indicating. 

that the growth metabolism and the product~on of butyric acid 

are connected. In, the expression of the differential balance 

for the dynarnics of butyric acid accumulation, two reaction 

line,s should be considered. In the first one, butyr ic acid 

is continuously produced from the limiting substrate wi th 

simultaneous inhibition by butanol. The second reaction li ne 

• 
is concerning the conversion of butyric acid. to butanol. The 

latter becomes prevalent wi th . increasing concentration of 
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Relationship of the Specifie Substrate Utilizatidn 
~ate rs [gGlueose/hegBiomass] and the Sugar 
Concen~ration (S) for a Bateh Culture of 
C. acetobutyiieum. 
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Re1ationship of the Specifie Butyric Aeid 
Accumulation Rate rBA [gBut.Acid/h·gBiornass] ~nd 
Butanol Concentration (B) for a Batch Culture of 
c. acetobutylicùrn. 
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butanol. The overall expression for the accumulation of 

butyric acid will thus assume the following form: 

dBA 
dt =. (kS S (9) 

where ~A is the reaction saturation constant. 

As mentioned earlier, a mutual interaction was 

considered in the production of butanol and butyric acid 

!3ince they are synthesized in the same part or the sugar 

metabolizing system. Correspondingly, a subsystem consisting 

of butanol ~a:nd butyric acid was considered for the analysis 

of butanol production kinetics. When th~ stoichiometrically 

converted specifie rate of butyric acid product~, i.e. 

0.841 r BA' is added to the specifie ~utanol production rate 

rB' linear relationship i~ obtàined when plotted against the 

substrate concentration S, as seen from Figure 4. This 

relationship has the fO,11owing form: 

(10) 

The dynamics of butanol synthesis is then expressed , 

by the following differential balance: 

dB = k SX _ 0.841 dBA 
at 7 dt . (11) 

\ 
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Relationship 'of the Combined Specific Production 
, Rates (rB + 0.841 r BA ) and Sugar Concentration (S) 

for a Batch Culture of C. ~cetobutylicum. 
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. 
Coefficient 0.,841 resulted from the stoicniometric 

conversion considerations as a ratio of molecular weights of 

butanol and butyric acido. 

'!!he differential mass balance for butanoL (Equation 

-11) enables simulation o.f the ini tial ~Y in the butanol , 
production and accumulation ~~b~ the' intermediate 

'accumula tion of butyr~c acid. / 
/,/ 

Although acyacid is not the immedi'ate }?recussor 

of acet9ne in th metabolic pathway of glucose utilization, 

.i ts, duct' is related to the synthesis of acetone. These 

two compounds can aiso be considered to f9rm a sub-system in 

the acetone-butanei fermentation. The relatiq,n,s!:!ip between 
,:"~" .. ~ --. 

the specifie rate of aceti:;"~Cid accumuIat~,~n.drAA) and 
- / . . 

butano~ concentration- (B), showing th~_~rol11ng effect of 
( 

'butanol, is presented in "Figure 5. From th,e model relation-

\, 

. " . 
sh,ip it can be postulated that acetic acid production is 

connected with the culture growth as the case is with butyric 
, 

aciQ. The rate of acetic acid conversion" however, is lower 

in comparison with that for };>utryic acid, leading thus to 

accumulation lof this metabolite. The dynamics of acetic acid 

production .can 

equ~tion'; 

dAA ar-- = X 

be described by the 
.". a 

following differential 
1 l 

(12) 

where KAA is the. saturation constant. The first term on the 

f 

? 
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RelatiQnship of the Specifi,c Acetic Acid Produc!:ion 
rate rAA [gAcet'.Acid/hegBiomass] and Butanol Con­
centràti.on (B) for a Batch Cultùre of 
C. aèetobutylicum. 
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right-hand side of mass balance Equation é 12) represents the 
"' 

production of acetic ac id from the lirni ting substrate wi th 
r/t. • 

s imul taneous inhi bi tion by butanol. The second term 

describes the conversion and disappearance.. of acetic acid in 
o 

the biosynthetic pathway. 

" For the an~lysis of the dynamics of acetone produc­

tion based ,on", its dependence on the production of acetic 
/' 

. acid, the stoichiometrically converted ,rate of acetate bio-
"-. , 

synthesis, Le. 10.484 r
AA

, was added to ~he specifie rate of 

acetone production, rA' and the sum of the two was plotted 

against the substra te concentration S, as seen in Figure 6. 

A Monod-type f~netion adequately desC'ribes this graphical 

1 relationship il1ustrating utilization of the 1imiting sub-

strate by the, kinetic subsystem of aèetone and. acetic acid. 

'" The following Equation can describe the gr~phical re1ation-

ship of - Figùr:e, 6: 
"-. 

s = rA + 0.484 r AA KS+ S 
(13) 

A similar function was used a1so in' Equation (12) 

for the consumption of the limiting substrate. The, acetone 

production rate can thus .be expressed by the following equa-

tion: 

s X-O.484 dAA 
ar (14) 
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Relationship of the Combined Specifie Production 
Rates (rA'+ 0.484 rAA) and Sugar Concentration (S) 
for a Batch Culture of c. acetobutylicurn . 
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"The" relationship between the specifie product~on 

rate of ethanol (rE ) and sugar concentration (8) is presented 

in Figure 7. A Monod:-type function can be used to express 

the production rate of ethanol as it relates '?ota the sugar 

concentration: 

( 15) 

Figures 8 and 9 present the Jdnetics of gaseous 

product formation. It" can be seen that a similar approach 

can also be taken for modelling the relationship of the rate 

of evolution of fermentation gases (C02 and H2 ) and the 

~ubstrate concentration (S). The following di'fferential 

relationships describe the ''dynamics of CO 2 and H 2 evolution, 

respectively: 

, , 

dH2 
~ = k 13 ,ut 

5 
S + K' X 

S 

5 X + K14 SX 

( 16) 

( 17) 

./ --.-
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Relationship of the Specifie Ethanol Production 
Rate r E [9EthaQQt/nogBiomass] and Sugar 
Concentratl0n tS For a "Bateh Culture of -
C. acetobutylieum 
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Relationship of the SreCifiC Carbon Dioxide 
Production Rate rCO 9Gas/hogBiomass], and 
Sugar Concentration 

2 (~;) fo'r a Batch Culture of­
Co. acetobutylicum, 
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Relationship of the Specifie Hydrogen 
Production Rate rH [gGas/h-gBiomass] 
Concentration (8) ~or a Batch Culture 
C. acetobutylicum, 
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6.3.2 Madel Parameter Identification and Parametric 

Sensitivity 

The system of ordinary' differential equations based 

on mass balances for the key ehemieal speeiesc in the 

fermentation process and on the rate analysis of the experi-

mental data represents a kinetic model for the batch acetone-

butanol fermentation. These types of models are the most 

freqJ;.ently encountered ones in the description of fermenta-

tion processes. 

While the points in Figures l to 9 repres'ent 

experimental data, the. solid lines reflect the mathernatical 

relationships expressed by Equations (6) to (17). The 

cornbined 0 tréatment of the data from the four different 

fermentations are responsible for the scatter of the points 

-in these figures. This scatter is particularly remarkab1e in 
• ~ 

Figures 4 and 6 which inelude the specifie production rate of 

the sol vents. This is due to the significant effect of the 

mixing rate on these variables. The rnathematical expressions 

were fitted ta the experimental data using a least-square 

regression. The computer program used prov ided an estimate 

for the numerical values of coefficients k l to k l JI used in 

Equa tions ( 6) ta (l 7 ) • This estimate served as an in i tial 

approximation of these coefficients in the simulation stu-

dies. The use of numerically c. differentiated data i8 appro-

priate only for a semiquali tative evaluation of estimated 

~~~ 

\ 

t 
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kinetic parameters since the error in determining the deriva--
" 

ti ve of 0 a process parameter varyirrg -ii1-." time can easily exceed 

50%, ,'particular\y durihg the initial phase ot:: cqltivation. 

For identification of the kine~ic model and for' simulation of 

" 
a given .fermentation experiment an accur~~e~ê:Bti~~tion~6f the 

, --

qumerical values of the;;e coeffJcj;ents is necèssar~. This <à 

was done by minimiz!ng' the d~viations and 

the experimerftal dat wi th regard to the coe.ffi.cients. An 
". '; ... 

appropriate cri rion for the fitting" of the model was 

defined as otruba, 1982) : 

/ 
/' 

m n '2 
SWR = E E W .. r .. (18) 

i=l j=l ' ~J ~J 

~ 

where m is the number of e erimental points, n is the number 
~ 

of meas ured depend' var iabl es, W i j. is . the weight coeffi-

cient used to rma1ize the magnitude of the measured quanti-

tïes of e var iable.s and r.. is the difference -between the 
~J 

Q exp iment and the model at a given point. For calculation 

of this differenc,e, the system of ordinary differential equa-

tions describiI)g the fermenta tian system was sol ved. This 

was done by an integration prograrn based on the Runge-Kutta 

method of the fourth arder. The Runge-Kutta method was found . 
to 'he optimal for the sim~1ation rn, of fermentation processes" 

, (Votru'ba, 1982) . The optilllizing prograrn for the direct ~ 

search of the minimum of amuI ti variable, non-lin'ear function 

> , 

\. 
i 

,1 

J \ 

.,.. 

", 
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the original method by Rosenbrock (1960). Ap­

pendix (2) presents a printout of the programs qsed in this" 

s'tage of the mode11ing. 

The numerical values of the model coefficients 

determined by these programs are pz:esented in Table 1. The 

degre~ of significance of the individual model parameters was 

evaluat~d by the method of parametric sensitivity apaly'sis. 

This method is cèmsidered as 'one of the math~matical -me~ns 

for semi-quantitative pro~ess optimiza~ion because for a 

g:lven "technoloqy it can specify ~)1e/ sequence of importance 

and the " potential impact of ~ndividual parameters on the 

result o~ the entire process. The absolute parametric 

sensitivity of the process can be calculated by the fo~lowing 

relation~~ip (Votruba, 1982): 

APS 
af /lf 

= "5k. III 1k. 
1. 1. 

(19) 

where f is the optimized function whiah, for the acetone-

butanol process considered in this study, would be eq~ to 

the SWR function introduced earlier (Eq. 18) and k. is the 
1. 

parameter. The Absolute Parametric Sensitivity characteri~es 

the direction in which the considered parameter is acting. 

Its positive value leads to increased difference between the 

model and the data, and vice-versa. For a mutual comparison 

of tre calculat,ed p~rarnetric sensitivities and for indication 
\ 
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TABLE 1 

VALUES OF KINETIC COEFFICIENTS AND THEIR PARAMETRIC 
SENSITIVITIES FOR THE MATHE~mTICAL MaDEL OF THE BATCH 

ACETONE-BUTANOL-ETHANOL BIOSYNTHESIS 

211. 

Parameter Absolute parametric 
'. sensitivities 

Relative parametric 
sensitivities 

k1 = 0.-0090 202827.0 Il. 5 

. k 2 = 0.0008 2780.9 0.01 

k3 = 0.0255 11114.0 1.8 

k4 = 0.6764 277.5 1. 9-

kS = 0.0136 129034".0 11.1 

k6 = 0.1170 -943.8 0.7 

k7 = 0.0113 -99973.1 7.1 
J 

( 

k8 = 0.7150 30.3 0.1, 

kg = 1 0.1350 -63.2 0.05 
1> ' 

• 0.03 k 10 = 0.1558 -32.3 

kil = 0.0258 32.2 0.00'5 

k 12 = 0.6139 33.0 '0.1 
0 

k 13 = 0.0185 7.9 0.0009 
-, 

k 14 = 0.00013 140.8 0.0001 

KI = 0.833 272.4 1.4 

Ks = 2.0 0.036 0.0004 

r- KBA = 0.5 102.9 0.3 

K
AA = 0.5 3.3 0.01 

\ 

- i 
:'. 

f 
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of the signj.ficance sequence of individual ' parameters, tile 
'\ 

relative parametric sensitivity was used as defined by the 

following relationship (Votruba, 1982): 

Relative Par~etric sensitivity = 
-" 

'" 

1> 

k.ôf 
.1 

Tô1ë":-
'.1 

k.Â f 
l. 

f Â k . 
.1 

A printou·t of the computer program used 

(20) 

in the 

calculation of the p~rametric sensitivity of individual 

kinetic coefficients is presented in Appendix' (3). The 

calculated values of tne Absolute Par-ametric Sensitivity and 

the Relative Parametric Sensitivity of the.model coefficients 

a~e also presented in Table (1). It can be seen that coeffi-
, 

cient$, k 1 , ks and k 7, charact.erizing the kinetics of biomass 

growth, butano1 and butyric acid' production, exhibit the 

highest sensitiv'îty and can be considered as the most import-

ant parameters in the process. This means that in the 

optimization procedures' or for on-line proces~ control, 

attention should be focused on accurate identification of 

these~parameters. 

6.3.3 Process Simulation 

In addition to the estimatio~ of num~rical' ~lues 

of model coefficients, the. mathematical model identification 
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process" includes .determination of validity of the model for. a 
, 

given se't of experimental data. This was pe,rformed by 

computer simulation of the fermentatiQP performed at 340 rpm 

presented earlier (Yerushalmi and Vol~sky, 1985)* as an 

example of the batch A-B-E process using programs presented 

in Appendix. (4). Figures lOa, b, c presents the resul t of 

this computer simulation for the nine fermentation variables 

represent~ng the production of s'ol vents 1· acids, gases, bio­
\ , 

mass and the consumption of glucose. Although the agreement 

between the, experimental and the simulated results was 

indicated by visual observa~s, a. statistical F-test was 

performed ta examine this agreement as suggested by Himmel-

blau (1968). This test is executed by forming the varia~ce 

ratio s2/s2where S is a measur,e of deviations about the r e r 
j 

regression function (the difference between the model and 

the experimental data) and Se~s a rneasure of dispersion, 

caused by experimental error. The F-test evaluates the above 

ratio by comparison with a given numerical value and deter-

mines whether the agreement between (the experirnental and the 

simulated results is within a required confidence limit. In 

this study an F-Test for a level of significance a = 0.05 was 

performed on aIl the nine fermentation variables considered. 

The~ resul ts of this test present:ed in Table 2 indicate an 

agreement between the experimental and the simulated results 

for aIl the ni ne process variables. This reflects the val-

" 

, 
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Figure 10 (a,b,c) 
Experimental Data and Model Predictions (Full 
Line) for the main process parameters in the 
Batch Culture of C. acetobutylicum. 
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o TABLE 2 

THE RESULTS OF THE JlF-TEST" ~'HTH THE LEVEL OF THE 
SIGNIFICANCE {a} OF ~.05 FOR THÈ AGREEMENT BETWEEN THE 

EXPERIMENTAL AND THE SIMULATED RESULTS 

0.164 0.077 

9.17 5.14 

L85 0.65 

0.137 0.086 

0.035 0.012 

0.23 0.102 

0.114 0.045 

2.18 <; 3.0717 + agreement between 
the experitnenta1 
and the simu1ated 
resu1ts 

~ 

1. 78 <; 3.0717 + Il 

2.84 <; 3.0717 + Il 

1. 59 <; 3.0717 + Il 

2.91 <; 3.0717 + /1 

2.25 <; 3.0717 + Il 

2.53 <; 3:0717 + " 

Hydrogen 0.0025 0.0018 1.390 ( 3.0717 + " 

Carbon 1.24 1. 39 0.89 ( 3.0717 + " 
Dioxide 

S~ = Measure of deviations around the regression function. 
// ~ 

Se = f1easure of dispersion caused by experimenta1 error., 
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idity of the' kinetic models and - an accurate estimation of 

coefficients in the A-B-E fermentation process mode1. The 

slight disagreement observed between the model and the exper- .. 
imenta1 data for butanol at the time interval of 15-21 hours 

is probably due ta the following reasons: 

1. The' extreme sensitivity of the mod~l to the butanol coe-

fficient which made it almost impossible to vary . 
without compromising the quality of the fitness of other 

models. 

2. The possibiJity of existence of other intermediate 

products besides those considered in this modelling 

exercise. 

Fermentation models are usually developed consider-0 

ing only the major products of the fermentation. However, it 

is possible that during the course of fèrmentation other 

products were also formed in negligible amounts which were 

not accounted for. 
. 

In spi te of the disagreement between the bu.ot.anol 

model and the corresponding experimental data at the time 

interval of 15 hour..t2l hour, the simulated butanol res ul ts 

exhibi t an overall agreement because of the very good fi t, at 

other time intervals which compensates for sorne partial 

disagreernent. 

The cellular autolytic activities at the final 
" 

stages of the acetone-butanol fermentation resul ts in the' 
;;.., ~. 

loss of viability and cell lysis (Van der Westhuizen et al., 

1 
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1982: ~lebster et al., 1981). This phenomenon is further 
/ , 

enhanced by butanol (Westhuizen et al., 1982). Although the 
, 

decay o! ceII viability due' to butanol inhibition is consi-

dered in the model (Equation 7), the complicated lysi's pheno-

menon invoi ved is not fully described and accounts for the 

disagreement between the biomass experimental and simulated 

',~Ults at ,the final stages of the fermentation 

J. 
proces.s. 

The mathematical kinetic batch model of 

acetone-butanol fermentation presented in thls work was found 

to adequately represent the process, and the parametic sensi-

.tivity analysis carried out indicated the rnost important 

pararneters . The model reflects the biochernical and the 

phys/iologicai observations of the °eul.'ture and was used in 

further stages of this work. 
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6.4 NOMENCLATURE 

Symbol Meaning 

"-
A Acetone concentration 

1 ' 

AA Acetic acid concentration' 

APS Absolute Parame tric Sensitivity 

B Butanol concentration 

.BA Butyric acip concentration 

E Ethanol concentration 

( k l " Constant in Equatiop (6) • 
k 2 Constant in Equation (7) 

k3 Constant in Equation (8) 

kit Constant in Equation (8) 

1) 

ks Constant in Equation (9) 

(~ 

k6 Constant in Equation ( 9) 

k7 Constant in Equation (ID ) 

ka Constant in Equation (12) 

k9 Constant in Equation (12) 

'. 
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SWR" Surn of squares 0f weighed res.idues 

r 

\.. 
t Time 

X • Biomass concentration 

y Mark~r of the physiological state of the culture 

Greek Syrnbols 

Me~suring error 
o 

Specifie culture growth rate 

,> 
~ . 
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7 • 1 INTRODUCTION 

In -the acetone-butanol biosynthesis process _by 

C. acetobutylicum, the microbial culture sometirnes f~ils to 

exhibit normal behavior and the fermentation may be consi·· 

dered unsuccessful in terms of yield(s), c~nversion efficien-

cies, and/or product accumulation. This failure may not be 

due to paor experirnentation but may be a result of the chan-

ges in the physiological conditions of the bacterium itself. 

These resu1ts are usually not discussed or published because 

of lack of explanation of this abberate behavior. However 1 a 

systematic study of this rnalfunction of the 'culture may prove 

very useful in elucidating the relevant rnicrobial phenomena 

and identifying the potential problems of the fermentation 

, 
process. Changes in culture physiology are undoubtedly re-

sponsible and quantitative assessment of these as weIl <\8 of 

their relationship8 represent an area whose study poses a 

formidable chaIl "ngt~. 

Metabolic changes in Clostridial cultures have been 

reported in the 1iterature as ear1y as 1893 by Grimbert who 

described morphological and physiological changes in the 

I~ 
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butyric acid bacteria.' Kutzenok and Aschner (1952) studied 
, , 

the process of degeneration in C. butylicum and pointed out 

that their cUl,ture would undergo degeneration' in a subculture' 

without a heat shock. With the start of degeneration, which 

usually took place after, the 10th transfer, the strain con-

sumed less sugar and produced less butanol and more butyric 
" , 

acid until it died out after the l2th to l5th passage. 

Instabili ty of the solvent formation acti vi ty in 

the butyric acid bacteria was also reported by Krouwe1 et al. 

(1983). In a study of the degÉmeration of the soI vent pro-

duétion _ activity by C. beijerinckii in continuous culture, 

Jobses and Roels (1983) reported that in aIl of their cul-

tures butanol production took place for a least 20 genera-

tions bqt then the cultures ceased to produce butanol. At 

this stage, the consurnption of sugar decreased and did not 

improve wi th the increase of the sugar supply. 

A low pH of Iess than 4.2 (Krouwel et al., 1983), a 

high pH of more than 6.0 (Jobses and Roels, 1983) or a loss 

of spore forming ability (Gottschal and Morris, 1981) were 

found to be among the factors responsible for the degenera-

tion of the culture. 

The retarded culture investigated in this work 

exhibited physiologicai changes even tn its first vegetative 

transfer. Carefui spore activation i' and preparation of the 

inoculum and a heat shock treatrnent which was always prac-

tised did not seern to irnprove the beh'avior of the culture. 

1 
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The present work was planned to study the retarded 

fermentations in a systematic way' and to elucidate the key 

causes responsible for the behavior of the eul ture during the 

unsuccessful fermentations. Although it coneentrates on t~e 

physiologieal variations of C. acetobutylieum, this .work 

introduees a new met.hod in investigation of the microbial 
<. 

physiology by utilizing the weIl known physical and physico-

chemical principles. 

7.1.1 Theoretical Basis'for Sugar~Transport Mechanism 

Transport of sugar through the cellular membrane 

will be dis,cussed in this paper:' as one of the major control-

1ing steps in the A-'B-E' fermentation. . Therefore, it seems 

essential to diseuss its mechanism as weIl as the theoretical 

basis of the equations used to describe this phenomenon. 

Transport of sugar through ,the eell memb;rane was 

considered t~ be carried out by chemieal ~ssociation through 

"active sites" in the .... membrane. This concept considers a 

chemical interaction of the substanèe (A) whieh i8 to be 

transported, wi th a membrane eonsti tuent (X) which may be 

envisaged as a carrier of CA) aeroas the membrane (Snell et 

al., 1965; Kotyk and Janacek, 1970: Bai1ey'and 011is, 1979). 

Figure 1 presents the sehematic diagram - of 

transport through the cell membrane by cherni~al association. 

~, , 
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FIGURE 1 
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( 

A Schernatic Diagram of Transport ~rough the 
Cellular Membrane by Chemical Association. 

. -
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This type of scheme reflects the transport mechanism for a 

substance ag~inst its concentration gradient which is usually 
, 

observed in the bacterial sugar transporting In 

this case, the transport of the solute must b 

coupled with sorne energy yielding metabolic 

the movement of a component from regions of 

concentrations would not result unless the transport is 
'\, 

coupled to sorne other "driving" chemical reactiotl (Snell et 

al., 1965, Rosen and Kashket, 1978). 

It has been assumed that A has a poor distribution 

coefficient in the membrane and" it is unlikely to have unas-

sociated A present in the membrane. It can also be assumed 

that the total concentration of X, made up of fr-ee X, and AX, 

is constant at each membrane suiface. The following equa-

tions can be written (Snell, et al., 1965) for the respective 
:' 

concentrations CT of X at membrane surfaces land 2: 
'-t 

= ex + CAX 1 1 
and ( L) 

The affinity of the carrier for the substance may· 

be described in terms of an equilibrium constant in the fol-

lowing form: 

K = (2 ) 
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, 
Considering that it is a neutral uncharged complex, 

the flux ofAX per unit area of the membrane surface can be 

directly related to its con.centration gradient at the two 

membrane surfaces through diffusion equations: , 

(3 ) 

where p~ is a permeabillty coefficient for the membrane. 

In an active transport system, the concentration of 

the carrier may be kept very -sma~l in the region of su~face 2 

so that C
AX 

would be so small that it may be ignored. This 
2 

will simpl i fy. Equation (3) to the following form: 

J~ = p::X CAJ( 
1 

(4) 

C
AX 

can be expressed in terms of CA and CT by comqin-
1 1 1 

ing Equations (1) and (2), as follows: 

.. 

Therefore: 

c = 
AXl 

t (5) 

(6) 
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7.2 MATERIALS AND METHODS 

The media Band C wi th tHe initial gl.ucose 

concentrations of 30 g/L and 20 9/L, respecti vely, were used 

in this study. AlI of the unsuccessful fermentations and 

sorne of the successful fermentations were performed in 500 mL 

Erlenmeyer flasks with a working volume of 150 mL and at a 
. , 

t,perature of 38 D C. The results of .at least four sets of 

pH-controlled normal fermentations with an initial glucose 

concen tra t ions of 50 g/L were also used in this study. The 

medium composition and the donditions of tpese fermentation 

experiments are reported elsewhere (Yerushalmi and VOlesky, 

1985)*. -

The analytical procedures' for the analysis of 
~I 

sol vents and acids and the assays of 9Iu6ose and biomass 
v 

are 

discussed earlier (Section 2.2). 

The cell membrane transport assay used 3-0-methyl-' 

glucose (Sigma Chernical Co., St. Louis, Mo.) where 2.5 mL of 

its 10 mM solution was mixed with, 10J.LC of its radioactive 

analogue (New England Nuclear Co.). The. cell suspension was 

prepared by centrifugation of approximately 0.1g of celi at 

13,000 g for 10 minutes, washing them twice with' the basal 

medium (medium without glucose, yeast extra ct and ferrous 

sulfate), and suspension in 30 mL of the basal medium. 0.5 

mL of the 3-0-methyl-glucose solution was- added to 6.0 mL of 

the cell suspension which had been brought to 38°C under an 
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( atmosphere of ni trogen. Sarnples of l mL were drawn at mea-

sured intervals and fil tered through glass fiber fil ters 

(Whatman GF/F). The filters were washed three times with ice 

cold basal medium, dried and placed in seinti llation vial s. 

/ _ 10 mL of the scintillation fluid were added and the radio-

activity counted. Relating this number to the count of a 

known amount of the 3-0-methyl-glucose solution and dividing 

by the cell water volume gave the intracellular sugar concen-

tration. 

The intracellular water volume was determined by 

excI,usion of dextran at room temperature and by assuming' a 
~. 

densi ty of 1 for the biomass in its wet state. This vo.J..um~, 

was the differenc'e between tile total cell volume, the volume 

of the cell material and the extracellular cell volume. The 

intrac;ellular water vol ume averaged 70.3% .:t 2.0% of the wet 

cell volume and the extracellular. water averaged 28.0% + '2.1% 

of the total cell volume. 

• < 

" 

( 
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7.3 RESULTS 

7.3.1 Identification of the Normal and the Retarded 

Fermentations 

Two :types of fermentations are discussed in this 

paper, 
, ' 

"normal" ( successflll) ferme!ltations and "failed" 

(retarded) fermentations. These fermentations Wl. th a solvent 
, 

yield of almost 30% (based on sugar)-, and a te,tal terment.atien 

time of less than fifty hours were considered as normal. In' ~ 

these fermentations 1 the Il acid break" occur red 18 hours to 20 

hours ipto the fermentation. There was, li ttle accul1!ulation 

of acids at the end of the process which normally took almost 

30 hours. The sugar was then ccmpletely depleted in the 

system. Figure 2 presents ~ln exarnp'ie of key parameters in a 

normal fermentation. A fermentation with a soivent yield of 

less than 30% and/ or a long ,'fermentation of more than 60 

hours was considered unsa tisfactory (failed) and the culture 

performing this' way was labelled as "re tarded". In this 

case, the acids exhibited a late break (after 25 hours) in 

their respeGlti ve concentration curves resul ting in high acid 
1 

accumulation at the end of a prolonged fermentation experi-

ment. Fourteen d~ ffE'rent sets of experimental data obtained 

from "the "retarded" culture and five different sets of 

results of "normal" fermentations were used in this work 

(Appendix 5). 
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An Example of a Normal Aceton~.-Butanol Batch 
Fermenta tion. 

\, 
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~ 
The resul ts of the four pH co~trolled, normal fer-

mentations used in this study were presented earlier (Yeru­
\ 

sh~1mi and Volesky, 1985)*. 

Based on the preliminaty observation of the course 

of fermentations and on the final results of the experiments, 

the unsuccessful fermentations were divided into three 
• 

groups. This division, which allowed a more organized evalu-

ation of the process, can be summarized as follows: 

l) Slow fermentation lasting .for more than 60 hours ex-

hibiting a break in the ac tivity of the culture in the 
, 

middle of the process which toak approximately up to 20 

h6urs.. There were two distinctively different ra1;es of 

sugar consumption and a late acid break in the system. 

Although smaii amounts of solvents were produceù before 

the break in the cellular activi ties (Phase 1) most of 

the solvents were synthesized after the resumption of 

cellular activities (Phase II). A complete sugar 

exhaustion which was usually observed in these experi­

I1lents did not guarantee a high solyent yield and some­

times a low sol vent yiel,d 0 resul ted from these experi-

ments. Based on the final solvent yield this' group was 

further sub-divided: 

l-a) Complete solvent synthesis (yield = 30%) (Figure 3). 

l-b) Incomflete solvent synthesis (yiéld ( 30%) (Figure 4). 

. \ 
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FIGURE 3(a,b) An ~xarnple of a Retarded Acetone-Su~anol Ba~bh 
F,errnentation: Stepwise Prolonged Fermentation 
with Complete Solven~ Synthesi~. 
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FIGURE 4(a,b) An E~ample of a Retarded Acetone-Bu~anol Batch 
Fermentation: Stepwise Prolonged Fermentation 
with Incomplete Solvent Synthesis. 0 
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2) Slow fermeptation with late acid break' and delayed 

solvent synthesis, incomplete sugar utilization at the 

end with a,total solvent yield of less than 30%. Figure 

5 represents an example of this group. 

3) Slow fermentation with late acid br~ak and 4~layed 

solvent synthesis resul ting in a solvent yield of less 

than 30%. Sugar consumption was relatively fast with 

its complete exhaustion at the end of the process which 

took almost 50 hO'.lrs. Results· representative of this 

type were obtained in experiments where a pH adjustment 

was made in the' early stages of the fermentation (frqm 

pH 4.2 to 5.0). An example of this group is presented 

in Figure 6. 

Sorne conclusions could be drawn from comparing the 

following relationships for the failed and the normal fermen-

tations: 

- specifie culture growth rate (~) vs. butanol con-

centratioQ (B) (Figure 7) 
cl 

- specifie butyric acid accumulation rate (rBA ) vs. 

but~nol concentration (B) (Figure 8) 

- 'specifie rate of sugar consumption (rs ) ~. augar 

concentration (S), (Figure 9). 

These relationships were considered to be the most 
\ 

revealing aince butanol is the major product causing inhibi-

/ J.: 
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. . 

FIGURE 5(a,b) An Example of a Retarded Acetone-Butanol Batch 
Fermentation: Smooth Prolonged Fermentation 
with Incomplete Solvent Syfithesis and Sugar 
Utilization. 
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Relationship of the Culture Specifie Growth 
Rate( j.I.) and the Butanol Concentration (B) in 
Normal and Retarded Fermentations. 
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Relationship of the Specifie Butyric Aeid 
Accumulation Rate r BA [g but. aeid/heg biomass] 
and the Butanol Concentration (B) in Normal and 
Retarded Fermentations . 
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Relationship of the Specifie Substrate 
Utilization Rate rS [g glueose/.pog biomass] . 
and the Sugar Concentration (S) in Normal and 
Retarded Fer~entations. ,,,' 
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tion in the process and since its production is governed by 

the conversion of buty!"i-c açid. Evaluation of the sugar 

kinetics were also considered important since sugar transport 
• 

into the cell controls the ove;all biosynthesis. The scatter 
\ ' 

of the points on these figures may be attributed to the fact 

that the data have been collected from different 

experiments. The major points to be noticed "for the 

"retarded" culture are; 

a) A lower sugar consumption rate. This could have been 

due to a retarded sugar ~ transport through the cell mem-

brane as a resul t of its al terations affecting its func-

tionality. 

b) Even lower butanol concentrations resul ted in a more 

pronounced inhibi tien effect and a lower cul ture g~owth 

rate (Figure 7). Thi~ would mean a lower apparent 

inhibition constant (Kr) which can be defined as the 

inhibi tion constant based on the extracellular concen-

tration of butanol in the broth. This might have been 

due to a difference between the extracellular and the 

intracellular butanol concentration resulting from a 

possible alteration in the permeability of the cell 

membrane. 

c) Lower conversion of ..Jutyric acid to butanol which could 

~>have been due to a failure in the function of the enzy-

matic apparatus contro~ling this conversion • 

• 
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. 
The above interpretation of experimenta~ resul ts 

D 
f.. •• 

predicted that the tran~p-ort phenomena control' the bio-

synthe sis process and could be the major factor responsible ' 

for the behavior of the retarded cultufe. There for~ , the 

respective mechanisms for the transport of sugar, sol vents 

and acids through the cellular membrane were evaluated. 

7.3.2. Suga; Transport Mechanism 
, . 

, 
of 

The theoretical ·~alysis 
t 

sol utes through the c,ll ular 

following equation: 
/ 

J!Il pm 
AX = 6X 

for the' active. transport 

membrane resulted in the 

(6) 

This equation resembles the Monod equation which 

relates the specifie consumption rate of sugar to its concen-

tration in the medium. JAX approaches a constant Vl8lue at 
? 

high concentrations of A in side 1 and is thereby independent 

of CA • A plot of JAX vs. CA gives a similar curve as would 
1 

result from plotting of rS vs. S. Based on the above general 
0, 
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theoretical consideration, the specific consumption rate of 

sugar on n active "sites" can be expressed by the' following 

equation: 

rs = n S + KS ( 7) 

·or: 

nlS 
( 8) rS = S + ks 

::;0 

where: 

ni = k1n 

( 7. 3 • 3 Dynamics of the Number 0 f Transport "Si tes" ( n) : 

For the analysis or the dynamics associated wi th 

the cell membrane active "si tes" a rather' simplified scheme 
o 

of the sugar metabolism is'assumed to represent the metabolic 

activity inside the celle As shown in Figure la, it is con- ~ 

sidered that the internaI butanoi has a negative effect on 

the utilization of sugar and synthesis of cell constituents. 

o • 
Dynamics of the act~ve "site" generation was also 

assumed ? " to be dependent on the phys~ological sta te of' the 

culture for which (y), dimensionless concentration of RNA, 

c 0 
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Inhibitory Effect of the Intracellular B~tanol 
on the Sugar Metabolism. 
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> could be used as à rnarker (Votruba ~ !!., 1985) *.. Consider-

ing these assurnptions, n' can be expressed as follows: 

d(n'X} = f (a ) 
dt i • y • x (9) 

where f(Bi) is an unknown function of the internal butano1 

concentration (Bi). Considering this concept, the .. follow-

ing material balances cou1d be written: • 

X 
dn' n' dX 

f (Bi) • X ( 10) at:+ àt = • y 

or 

dn • 
àt = f (Bi) Y - n' Il (11 ) 

The dimensionless marker of the phys io1og ical state 

is related to the speci fic growth, rate :by' the following equa-

tion (~arder and Roe1s, 1982) : 

y = j.L + l o. 56 ( 12)-

therefore, equation ,( Il) can be expanded to assume the !ol­

lowing form: 

(13) 

. , 

.. 

" 
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In arder to estimate function f (Bi) on the basis 
. 
of experimental da ta, a short per~od of time where n' is 

essenti~lly constant has been considered. This assumption 

will resul t in the left hand side of Equation (13) to equal 

zero and will establish a steady state condition. Function 

f (Bi) can then be expressed as: 

~ 

using E!'quation (8.): 

f (B.) = 
~ 

f(B.) = 
l 

nt ~ 

h + 1) 

r S (S + KS) ~ 

S 

(~+ 1) 

( 14) 

A plot of f (Bi), as· ca"lculated from Equation 

(15), vs.'" 'the butanol concentration resulted in similar 

curves for the "normal" and the "retarded" culture (Figure 

Il). This rneans that a sirnilar'kind of inhibition exists in 

both cases and a sirnilar hyperbolic function could be used 

for the expressi~n of f~Bi) functio'h. Howe~er, in spite of 

mathematical similarities 1 the two curves are at different 

r scales which .implies different parameters for the two 

cultures. 

The transport through active "si tes" as discussed, 

account;s for a number of observations. In the failed fermen 
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ta~~ns, lower sugar utilization rates were observed. ,,' { 

Thi,s 

eould b~ due to the' lowèr number of the. available membrane 

transport Il sites Il or due to the deficiencies in their 
. 

function sinee the rate of sugar consumption is proportionai 

the number of active 
, . 

"sites" to 
Q . 

trc:tnsport contro,ls the synthetic 

(Equation 

rate of the 

8) • 
~ 

Sugar 

,1 • 
metaboll. te 

production. Therefore, a slow fermentatioh could be.a result 

of the deficiencies in sugar transport. In other words, slow 

sugar transport is responsib;le for slow sugar consumption 

rate, which in turn is the cause of slow fermentation • 

. 
7.3.4 Mechanism of Solvent and Acid Transport 

. ' 

Due to its major role "in eontrolling the mierobial 

metabolism, butanol has been eonsidered as a representative 

single eomponent in the st4dy of the solvent transport. In 

this evaluation, it was assumed that the microbia~ growth is 

mainly influenced by butanol and that for the same ~ (speci­
l. ' 

fic growth rate) the intraeellular butanol concentration 

(Bi) is the same for ,aIl the'different cultivations. 

A hypothesis concerning the contribution of active 

" sites" in the transport of s.:>l v 3nts across the eell membrane 

was first evaluated. Aecording to this hypothesis", the 

transport rate of butanoi out of the cell, deseribed by the 
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", 
following equations r would be dependent on the number of 

<Î' ,-
acti ve "si tes" in the membrane: 

Q 

dB 
X PV:à(B. B) - = r B, = -

dt -~ 
( 1.6) 

. ",,,'" , 

or: , ~ , 
f} 

, 
Cr ' rBX 

B. B PVs 
= - ct 

~ 
(17) 

r'P--~- ~, 

"", .(l 

""... , 
where VB is the wet cell vol ume and P is the cell meîTIDrane 

.. 
perrneability -which, by accounting for the active "sites", is 

equal to: 

P = P' • n (18) 

• 

where P'is the permeabi l i ty of one act'i ve "si te" and n is 

the number of active "si tes" in one gram' of' cel'fs • 
... "1' \. 

Thus: 

or :'<-

.wpere l ex = xlv B . 

1 

= 

== B. 
~ 

n ex 

• 

B (19) 

B) (20) 
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In order te evaluate the abeve relationship,' n is 

changed ta n' = k TI 
. l 

where k 1 is the constant in the sugar 

transport Equation (8). Consequently: 

pl 
/1 = a:k

l 
B. 
~ 

~ 
B) (21) 

This relatiorrship was studied by plotting the 

. r B relationship between -, andB at different Il values for 
n 

1 

diffeient cult~vatiorls. Parameter n' was determined by 

rearranging Equation (S): 

ni = (22 ) 

The values of rB' rs' Band S at different Il values 

were found by interpolation. 

. If the hypothesis regarding the involvernent of the 
,.-.l' 

acti ve si tes in the butanol transport was correct, a .,graph of 

---vs. B would yie1d straight lines wi th a negati ve slope of 

pl 
"-;:- and 

0:"1 

, pl 
an intercept of ---k B .. 

a: l ~ 
Figure 12 presents the 

resul ting plots for different value's of Il from O. Olh- 1 to 

The scattered points indicate that the proposed 

\ 

Il 
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mechani sm is not valid and tthe transport of sol vents is not 

dependent on the number of active Il si tes IV. 

Al though .it is very difficul t to make any judgments 

concerning the mechanism from this graph, it' can be seen that 

at very low values of B the trend is opposite and the Unes 

have a p~sitive slope. 
..-

This is where butyric ,acid product:ion" 
" 

takes place. Therefore, it can be concluded that in the 

region of low butano1 concentrations the behaviour of the 

culture is influetîced by the production and transport of 
~ 
"f 
. hutyric acid. However 1 at higher concentrations of butanol 

I:t 
(which occurs at lower Il values) a negative slope was 

observed. 

Based on the fact that' the previous hypothesis is 

not valid and from the shape of the curves in Figure 12, a 

n";")hypothesis was 

of butanol out of 

developed which considered that transport 

tIre ceE was rnainly due to the chernical 

concentration gradient across the membrane. <' This implies 

that butanol transport across ,the cell membrane is governed 

by diffusion. This hypothesis would account for sorne of the 

observations in the retarded culture: lower permeabi1ity due 

to the altered cell membrane will cause an accumulation of 

butanol inside the cell and will resul t in lower apparent 

inhibition constant. 
r

B The plot of ~ vs. B in Figure 12 also 
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showed that at low values of butanol concentration, the pro-

duction of butyric acid and its competition for transport is 

important. 

In verification of the ne~1 hypothesis, butanol and 

butyric acid are considered a~ one subsystem and their over-

aIl flux through the cellular membrane can be written as: 

(23) 

where Pl and P2 are the permeability of the cellular membrane 

to butanol and butyric acid, respectively, r B and r BA are the 
, 0 

specifie rates of change in concentrations of butano! and 

butyric a~id in the system, respective!y, and the coefficient 

0.841 is the ratio of their respect.i ve molecular weights. 

Subscript i designates the intracellular condi tiQns. This 

relationship wa,s evaluated by plotting (rB + 0.841 r BA ) vs. 

the concentrations of butanol (B) and butyric acid (BA) for 

different values of 1..1 ranging from 0.01 h- 1 to 0.25 h- 1 , as 

presented in Figure 13. 

Thf'! following features can be concluded from the 
, 

graphical evaluation of the above relationship. At low 
'.~ 

values of 1..1 (0.01 h- 1 to 0.06 h- 1 ), where butanol production 

is important, the lines of (rB+ O. 841r BA ) ~. B exhibit 
" 

negative slopes. This indicates that transport of butanol is 
, 

carried out by diffusion due to the chemical concentration 

gradient across the membrane whose permeabili ty is important 

in this transport. At high values of 1..1, however, the butanol 

production is lower with subsequent increase of butyric acid 
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Evaluation of Equation (2~) for the Retarded 
Fermentation. 
The Parameter is the Culture Spècific Growth 
rate (Il)' 

! 
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\\ 

synthesis and its transport importance. The lines for 

butyric acid exhibit a defini te positive slope. This implies' 

that the externa1 butyr ic acid concentration (BA ) is larger , 'ex 

than the internaI butyric acid concentrations (BAi)' How-

ever, at this stage of the process, the direction of butyric 

acid transport is from the inside to the outside of the celle 

Its transport is thus against the concentration gradient and 

simple diffusion due to a chemica1 potential gradient cannot 

be the only mechanism responsible for transport of the acid. 

At t~i s stage of the' process 1 most of the butyr ic acid in the 
... 

broth exists in the form of charged ions (butyrate) and the 

operationa1 force is a combination of both a chemical poten-

tial gradient and an electrical potential gradient (Snell et 

al., 1965). 

Th.:i,.s concept explains the transport of the acids 

against the concentration gradientso which exist across the 

celi membrane at this stage of the process. / 

It can be seen from siopes of the Iines in Figure 
\ 

13 that the membrane potentiai is proportional to the 

specifie growth rate (Il)' At higher !-L, the siope is higher. 
r 

At ve,ry Iow J.I., when the physiologieal activities are low, the 

electrical potential is c
Q I"ow and the physicai diffusion plays 
'" 

a more important roie. n 0 At tl).e-3e low val ues ?f \ !J., the trans­
\ 

port of butyric acid is from the outside to the \inside of the 

celi and the positive slopes of the Hnes predict a higher 

external butyric acid concentration as compared to the inter-

') 
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nal concentration. This " hypothesis appear.s to be val id , and 

Equation (23) can be supplemented to account for the trans-

port b:>:: > the .ele,çtrical potential gradient. Considering that 

thi~ potential is ~proportional to ~: , 

. : 

where BA is the rnean value ôf the p,utyric acid s.olution con-
o ~J. 

cèhtration. 

Thi s equa tion des cr ibes the transport of the 

organic acids across the cellular membrane. 

7.3: 5. -Cell Hembr.ane Permeabili tY"Determination 

The results of a numÈèr of independent experiments 

supported the hYiothesis regarding the.. responsibili 'ty of the 

oeIl membrane function for the mal function of the. retarded 

culture. 
o 

One of the most revealing' experiments was 

evaluation of the sugar transpOrt rate through the cell 

membrane by measur~ng the uptake of the non-metabolizable 

3-0-methyl-glucose (0.7 mM) by the "normal" and the 

"retarded" culture. The results of this experiment are 

presented in Figure 14 where the time dependent variations in 

1 
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Time Cour~e of the Uptake of 3-0- Methy1 ) 
G1 ucose by the Nô~al. and the- Retarded CtJtl ture • 

II' , 

\ 
\ 
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the intracellular concentration of non-metabolizable sugar 

are compared for the two types of cultures. 

The accumulation coefficients 
~ 

(concentration 

inside/concentration outside) and the uptake rates' were con-
f 

siderably different for the two cultures. The initial uptake 

rate of the substrate in the" retarded culture was 0.008 

mmole/L(cell water)~min. This .value changed to 0.12 nunole/L 

(cell water) -min for the normal culture which exhibited a 15 
1 

• j • 

fold higher sugar uptake rate. An adJu~tment of pH l.n the 
1 

early stages of the culture experiment fr'om pH = 4.2 to pH = 
) 

5.0 resul ted in further increase in this p!lrarneter and a 

value of 0.36 rrunole/L (cell water)-min was obtained for the 

initial uptake rate of sugar. The value of the accumulation 

coefficient was 1.6 for the retarded 'culture as opposed ta a 

value of 6.6 obtained for the normal culture. Adjustment of 

the medium pH increased the value of this coefficient to 

23.0. 
<, 

This experiment clearly sbows the differences in 

the sugar transport rate for the two cultures and proves the 

importance of the transport phenomena in the control of the 

cprocess . 

,1: 

, r 
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7.4. DISCUSSIO~ 

This ~o.rk demonstrates a use of systems analysis 
. 

methodology in elucidation of aspects of microbial physiology 

dealing wi th a' cell membrane transport mechanism. A' series 

of consistently "substandard" fermen'tation experiments were 

analyzed by applying the especially developed mathematical 

models in conjunction with experimental datà which would 

normally be discarded as useless because the abberate culture 

behavior could not be'. ~xplained. The approach taken suc­
o 

ceeded in locating the culture problem and quanti tatively 

assessing as weIl as predicting the behavior of the cell 

membrane which was,~ainly responsible for the malfunctioning 

of the retarded~culture. 

Regulation of the solute transport is a universal 

cellular phenomenon common to the eucaryotic and procar~otic 

organisms. Holley (1972) postulated that nutrient transport 

regulation serves as a. primary mode of growth regulation ",in 

animal cells. He has also proposed that malfunction of the 

cellular membrane may account for the loss of growth regula­

tion resulting in uncontrolled proliferative abilities of 

transformfid cells. 

Imp<?rtancè of the integrity of the cellular mem­

brane and its major role in the regulation of the cellular 

aètivities and viability has been also shown by Hossack et -,', 
al. (1977), Thomas and Rose ( 197B.) , Panchal and Stewart 

(1981) , and by Mor~ira et al. -- (1981). Recently, in a study 

of butano1 toxicity in the butylic fermentation, Moreira et 

( 
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. 
al. (1981) showed that butanol at concentrations of 0.1 M to 

0.15 M which is equivalent to those observed in industrial 
" 

fermentations cause 50% inhibition. of both the cell growth 

and sugar uptake rates. In a later communication Linden and 

Moreira (1982) pointed out that the cellular membrane is the 

primary'"si t,e of the inhibition by butano1 in C. acetobuty----------'=-
licurn and alterations in the membrane structure and function 

have been responsib1e for the observed physiological changes 

in the culture. 

This is consistent wi th conclusions presented in 

this work which suggest that the 10wer rate of sugar trans-

port across the cell membrane is one of the major factors 

responsib1e for the substandarëb behavior of the "retarded 

culture" of C. acetobuty1icum. 

Sugar transport in bacteria has been the subject of 

numerous investigations. However, studies on glucose trans-

port mechanism in C. acetobutylicuro are virtual1y nonexis-

~n~ • Recent 1 y, in a study of the uptake of 3-0-methy 1-

glucose in the presence of metab01ic inhibitors, Moreira et 

al. (1981) suggested that energy in the forro of ATP is 

coupled to i ts transport via the action of ATPase. The 

intracellular accumulations' of maltose (Tuckey and Oujesky 1 

1976) and a,...methy1g1ucoside (Tuckey and Oujesky, 1978) in 

several Clostridium species have also been shown to depend on 
, '. 

an energy-generating roechanisrn. The acti vi ty of the mem-
, 

brane-bound ATPase and the uptake of 3-0-methy1g1ucose was 
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shown to be inhibited by elevated concentrations of the 

alcohols (Moreira ~t al., 1981). This inhibition was shown 

to be a result of ~n increase in the activation energy of the 

membrane-bound ATPase (Moreira et al., 1981; Lenaz et al.,_ . 

1975) as a consequence of a conformational change' of the 

enzyme protein due to the mobili.ty change oCf the membrane , . 

1 i pi d s ( Ra i son, 19 7 3 ) . In addition to the.disruption of the 

enzymatic activiti.es,----·a-lçohols inhibit the synthesis and 

function of the RNA. This effect, which is schematically 

depicteq in Figure 10, has been shown in both procaryotic and 

eucaryotic organisms (So ~nd Davie, 1964; David et al., 1983; 

Bohin et al., 1976). It is believed to be interrelated with 

the alterations in RNA transcription, translation of the 

genetic information, transport, or overall metabolism of 

RNA. - J 
In the present work, the number of active "sites" 

which are responsible for the transport of sugar into the 

cell was taken as one of the markers of the culture physiolo-

gical state. Although the knowledge of the cellular membrane 

active mass transport phenomenon is still vague, it is under-

stood that the "carriers" or the membrane transport "sites" 

are prote in molecules (Kotyk' and Janacek, 1970; Leninger, 

1975; Wilson and Smit.l, 1978) capable of reversibly binding 

specifie substrates and transporting them across the membrane 

by diffusional, oscillational and rotational movements. They"" " 

may also undergo conformational changes to create a "hole" in 
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the membrane 'for 0 the sp~cific substrate ~ransported (Snell et , 

al.,' '1965; Wilson and Smith, 1978) . ~, 

. , 
The behavior of the membrane carrie,rs and the 

number of these carrier-s have been shown ta be amung the most , ~ 

t importan~ factors affecting the furiction of the active trans-

port systems 'and the magnitude of the accumulation coeffi-

cient of the solute (Maloney et al., 1974: FoX' 1969) .. 
Cv 

According ta Koch (i963) and Maloney and- Wilson (1973), the 

ratio of "the internaI ta the external lactose concentration 
1 

.. ~ow-ed a high degree of dependence on the number of membrane 

carriers that were pre~ent in the transport system for t:his 

particular sugar. 
Il 

For example, in cells wi th 3% of the 

llormal. number of memb.rane carriers the steady state gradient 

Qf 'thiomethylgalactoside across the membrane was equivalent 

to on1y 15% of that found in normal cells. 

This is consistent with theoretical predictions 

made in othis work indicating that the changes in the number 

of membrane carriers or the activity of these carriers could 

alter the rate of sugar transport. 
, 

Uniformity of the experimental pr.açtices' in 
. , 
preserv ing Othe stock cul tures and in per forrning the fermenta-

tian experirn~nts ,precludes the poss,ibility of operational 

err9rs or rnalpractices being responsible for the observed 

malfunction of the strain of C. acétobutylicum used in this 

work. However, the retarded' cul t ure could have" devéloped an' 

, al tered 0 m~mbrane possibly as an adapti ve response to sorne 

" . 
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unknown unfavorab1e environ~ental conditions. Environmental-

ly induced changes" in the lipid 'structure and composition of 

the cellular membrane have been frequently reported (Hossack 
) 

'and Rose, '1976; Ingram,' 1976; Paterson et al., 1972 )'. These 

changes may i~hibit the activity of the enzymes operating in 

• 
tne tran~pbrt system by disrupting the critical protein-lipid 

o 

interacti9ns (Grisham and 'Barnett, 1972; 1973; Moore !!'a1., 

1981) . Alt~ration of ,~he membrane composition and structure 

could have been enhan~ed by excessive intracellular accumula-

tion of alcohols, butanol and ethanol, possibly due to a 

lower permeability of the cellular membrane to these 

products. Alcohols and other organic solvents have been 

recognized ' as 0 major per'turbances of the cellular membrane 

function (Grisham and' Barnett, 1972; 1973; Paterson et al., 
, ' 

'1972;' Rigomier et al., 1980; Moreira et al., 198,1). They 

dissolve in the lipid 'bi.l,ayer' and increase the bilayer flui-

dit y, disrupting thus the critical' lipid:-protein interactions 

and the energy-generat~ng mechanisms for nutrient transport 

{Sullivan ~. aL, 1974; Lenaz et al., ,1975). 

A lower permeability of the cellular membrane "to 

th~ alcohols,and acids, especia11y butano1 and butyric acid, 

has been suggested by the theoretical analysi's in the present 
, 

work to be an'other physiologié~l .?arameter responsib1e for 

the behavior of the retarded culture". This concept suggests 

·that an excessive intracellular accumulation of the alcohols 

and organic acids occurs during the' early stages of the 
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1" 

fermentation and . ~ ~ , 
disrupts th-e normal function of th-e .. 

, culture. 

It has been weIl established that the pH value. of 

the fermentation, medium plays an extremely important raIe ia 

the acetone-butanol.' fermenta tion affec,ting the solvent 

synthesis and other' cellular activities. A pH increase was 

shown in this work to increase thé rate of sugar uptake and 

the magnitude of the sugar gradient 'àcross the cellular mem~ 

brane as presented in Figure 14. A low pH value of less than 

4.0 can be responsible for a complete arrest of the fermen-

tation (Ulmer et al., 1981). This effect has ,been ShOWn~y 

Wynne (1931) to be related to the increased toxici ty of the 

fermentation acids, butyric and acetic acid, at 10w pH 

values. A too high pH ()5.4) on the othér-hanq, hinders 'the 

synthesis of the solvents (Andersch et al., 
--..- - 1982; Gotschalk 

and Ba~l, 1981): This effect has been attributed to the 

requirements of a cri tiCë;Ü leve1 of undissociated butyric 

acid which seems to be an essential factor in the regulati<?n 

of solvents synthesis (Monot and Engasser, 1983; Bahl et al., ' 

1982) • The necessity o~ pH control and the optimal leve1 of 

'pH 'in the acetone-butanol fermentation have been frequently 

reported (Moreia ~ al., Andr 1982; Leung and 

Wang, 1981). The observed eff the transport of 

sugar in this work may be related to its respective effect on 

the activity of the enzymes operating in the sug'!lr transport 

system, Most enzymes have a characteristic pH at which their 

.... 
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. 
activity is optimal (Leninger, 1978). The adjustment of the 

extracellular pH might have shifted the-, intracel,lular pH to 

the values closer to the optimal levels facilitating thus a 

better transport of sugar. pH also affects the Iipid compo-

si tion of the membrane. Study of the effect of. ac idi ty of 

the~medium on the phospholipid composition of Staphylococus-

aureus showed that the content and composition of membrane 

phospholipids were greatIy dependent on the pH of the medium 

( H ea ste t a 1., 1972). A pH-induced alteration of the Iipid , 
composi tion with a subsequent effect on the activi ty of the 

enzymes oper~ ting in the sugar - transpQ..t..t system may also be 

responsible for the observed increase of the sugar transport 

rate in C. acetobutylicum. 
,~-

Evaluation of the transport processes for sol vents 

and acids, as discussed in this work, showed that the rates 

for the transport of solvents across the cellular membrane , 

are directly p:ropor17ional to the,ir respective concentration 

gradients. For the acids, however, the membrane potential 

'had to be considered as an additional driving force. 

Transport of neutral, uncharged species or c1i1arged 

1.. . 
lonlC specles across membranes has been frequently discussed 

(Snell et al., 1965; Kotyk and Janacek, 1970). 

The force acting upon a neutr.l consti tutent i 

-tll.l . 
across the membrane is equal ta ~Xl where ~~i is the chemi-

cal potential difference across the membrane and its gradient 

. , 
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in x direction compri,ses a force acting on this component. 

In terms of the concentrations on sides land 2 of the 

membrane, this force can be expressed according' to Snell et 

al. (1965) as:' 

where 

o 

, 

where 

RT 
= 

C. RT /je. 
1~ - 1 ~n ----4. 

C. C. /jx 
1 1 1 

, (25) 

ë i represents sorne sort of mean concentration over 

the interva1 /jx. The diffusion flux of i across unit 

are~ of a membrane mis: 

, m ~ /je, ,'" /j1J. • w. RT 
J~ m ~ F. m ~ 1 1 1 1'. (26) = w. = -w. = --' 

1 1 1 1 l 1 /jx ë. /jx 
• 1 

w~ is the mobilitx of substance i within the membrane ,. 

and C~ is the mean concentration of i within the 
1 

membrane phase; C. refers to sorne mean concentration 
l 

over the interva1 /jx derived from the solution con-

F is the force operating in direction. It is 
. 

centrations, and would not generaty equal ëi. 

assumed tha t the membrane offers by far the greatest 

resistance to diffusion. Therefore, at each binding surface 

there exists an equilibrium distribution of concentrations 
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between the solution phase and the membrane phase. So, ~ 

would be equal to K. C. where KI' 
1 1 

is an equilibrium 

distribution coefficient. The flux of component i across the 

membrane could then be expressed as: 

J11= U. 
\1 

m 
-w.K.RT 

1 1 

bC· 
1 

bx 

!:J.C. 
= _Q~ RT 1 

1 !:J.x 

Q~ stands for the modified mobility defined as w~ K .. 
1 1 1 

(27) 

In biological boundaries the thickness !:J.x is not a 

quanti ty that can be gi ven 'a precise value or 'meaning. It is 

convenient therefore to lump this term together wi th RT into 
i 

Qi and define the permeabili tY'-,.eoefficient as ~ = Qi RTl bX. 

Equation (27) would then assume the following form: 

t? = -p~ !:J.C. 
1 1 1 

, (28) 

,In summary, i t may be said that the tota1 net flux 

of a neutral uncharged constituent across a membrane is 

proportional to the concentration difference across this 

membrane, ~the proportionality coefficient bein~ the 

permeability coeffi~ient (Snell et al., 1965). 

Considering the transport of ions across membranes, 

an addi tional thermodynamic force of electrical potential 

difference must be added to the previous concept. In 
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general, the forces acting on electrolytes are both chemical 

potential gradients and electrical potential gradients (Snell 

et al. 1 1965): 

FKX = (29) 

where F 1S the Faraday 
1 . 

number, ZK bears the algebrai'c 

sign of the charge and the last term represents the 

gradient of the electrical potential 'for an ionic 

species K. The fLux of this ion across a membrane 

would then be: 

(30) 

or 

(31) 

again the coefficient 
ilx 

can be combined into a single 

perrneabili ty coefficient p~, 0 ,~o ,give: 

( 32) 

- ') 

1 
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This equation describes transport of an ionic 

species across a membrane which resul ts from a 'concentration 

difference as weIl as an electrical potential differ~'ê:; 

Movement of ions as. a response to the el~ctrj r.al 
'-
potential across biological membranes has been frequently 

demonstrated. In a study' of c~tion transport in Streptococ-
a 

cus fQecalis, Harold and Papineau (1972) .showed 0 that the 

metabolic uptake of ions resul ted from the generation of an 

electric field across the cell ular membrane. The uptake of 
• 

several cations or anions by intact mi tochondria (Bakeena et 
. 

al. , 1970) or submi tochondrial partic1es (Griniu,s et al., 

1970) has also been due to the membrane pot~n~ial • 

. Equà~ion (32) is similar to eq~~gn (24) which was 

proposed in this wor~ to describe the transport of butanol 
\ 

and butyric acid acros.s .the cellular membrane. u The membrane 

potential ._was considered to be proportional to the sp~cific '. 

growth rate of the culture as 'Sean in ~ig~re 13. The propor,­

tionali ty of the membrane electrical poten'tial to the level' 

of cellular activities waS-qlso pointe'd out by Silver (1978) 

in a study of i0n transport i,n E. çoli. Obviously, electri-· 
1 

v • 

calo pptential of th.·e ce.lr'ùlar membrane plays an· important 
~ , 

role in the behavior and metabolic perfo.rmance of' 'the 

The novél approach to the analysis of physiological 

culture phehomena presented in this work fs a pioneering 

" 

" 
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( attempt i~' the use of the met:hod.· of systems analysis. It 
.. 

demonstrated ,the ':lse' of sys~ems analysis in evaluation of 

individual .reaction 'steps which related ,'the culture behavior 
.' . 

\ -fô the: basic physical and physiochemical principles., Eluci-
, 

. dation- o~ 'the, cellùlar . transport phenomena brings a ney.r 

qual-i ty to tbe ~underst:anding of the cul tur~ performance and 

contJ;:'ibutes to better appreciation of the' raIe of key physio-
; ,'. ' f:!:, 

logical parameters which con.trol the "normal" and Il abnormal" , 

behav ior of' the culture during a fermenta tian process. 

: 
i 

)" ;7 

• .J 

<& 

, .--. 

1 
o 
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Symbol 

B 

·B. 
~ 

BA 

BA. 
~ 

CA 

'C 
AX 

CT 

, 

.' 

NOMENCLATURE 

, Meaning 

Butanol concentration -in the .. fe~entaâO\ 

Intracellular butanol concentrat~on ) 
, 

brotl'i 

Butyric acid concentration in the fermentation 

broth 

Intracellular butyric acid concentration 

Concentration of the substance (A) 

Concentration of the complex (AX) 

Total. concentration of the cellular membrane 

constituent (x) 

Concentration of the cellular membrane 

constituent (X) 

~ 

F Faraday number 

JAX Flux of ~ thr~ugh tne cellular membrane 

K- Equilibri~ constant defi~ed by Equation (2) 

Cons tant in Equation (7,) 

KS Monod constant 

{ 



.' 

n 

p 

s 

t 

Number of the active transport "sites" in the 

cellular membrane 

The cell membrane 

Specific rate of 

Specific rate of 

permeability .\ 

bu~ano~prOduction . 

butyric ~id accumulation 

Specific rate of substrate utiliza~i6n 

Substrate (glucose) concentration 

t Tirne 

x Biomass concentration 

y Marker of the physiological state of the culture 

Greek· Letters 
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Electrical potential difference across the membrane 

Chemical potential difference across the membrane , 

~x Membrane thickness 

Specific culture growth rate < 

Mobility of substance i within the membrane 

Q. MOdified mobility 
,~ 

" 
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8.1 INTRODUCTION 

In a previous communication the ~e ·of. systems 

ana1y~is was' demonstrated ir. investig~ation of the oehavior of 
., 

v 

a C. acetobutylicum:-cul ture in a fermentative process. A. 

strain of the culture 'produced consis'tently atypical fermen-

ta t'ions. c.haracterized by low sol vent production .yields and a. 

low sugar conversion efficiency (Yerushalmi et,. aJ.: 1 1985*). 

The systems analysis approach used in analy~ing the fermenta~ 

tion resul ts inclqded a study r:;>f transport mechani-sms for 

If f sugar 1 solvents and acigs through the cellular membrar:e. The 

problems associated with permeability and a tr?-nsport func-

tion of the cellular membrane Were found to be among the 

major factOrs affecting the performance of the microbial 

culture. The 0 present work continues the analysis of t.,he 

culture performance in the A-B-e fer~erltation focusing on the 
," 

. j 
formulation of a sqphisticated mathemablcal model capable of 

describing the process dyo.àmics and the culture behavior 

during the complete (successful) and the "retarded" fermenta-

tions. 

Uniike the previous applications of mathematica1 

modelling in fermentation processes' which has· usually been 
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for purp?ses of proeess control and optimiz~tion, or f9r the 

developinent of alternativ~ processes, this model dernons~rates 

a new potentia,l as a "diagnostic too,!" for elucidiating pro-

cess failure conditions. This approach has been taken for 

the specifie purpose of ~xplaining the reason of the ineom-
'-

pIete acetone-butanol fermentation. The kinetic model deyel-

oped in our previous work (Votruba et. ~al., 1985) * for the 

.batch acetone-butanol fermentation was used in this work as a 

startim.g point for developing the new improved model for a @ 

microbial culture performance. 

l' 

8.2 MATERIALS AND METHOOS 

Experimental conditions, medium composition and the 

techniques used in assays of glùcose, biomass, solvents and 

" acids were as. described earlier (Yerushalmi et al., 1985)*. , 

" 

8.2.1 -.Çell ~embra 
<; /' 

Perrneability Heasurerttent 

~_./'" 

0.5 - ~. 0 gram of wet cells was harvested in the 

stationary growth phase, centrifuged at ,13, OOOg and washed 

twice with basal medium. The cells were then suspended in a 

0.6% butanol solution or a 0.4% butyrie acid solution. After 

" 

half an hour they were harvested again by centrifug?~ion and 

transferred into a syringe equipped with a filter holder and 

a glass fiber filter (Whatrnan GF!F) containing 3mL to 4mL of 
" : 

/' 

( 
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basal medium. Before transferring the packed cells into the 

syringe a small and known portion of the cells was taken for 

the estimation of the initial concentration of butanol or 

butyric acid in the celle 

The cell suspension in the syringe was vigorously 

shaken and the sàmpling,was started immediately. The concen-

trations of butanol'-, or butyric acid in these cell-free sam-

pIes were estimated by chromatographie analys.is. The cell 

membrane permeability coefÎicient was c~lculated based on the 

following equation: 

where: 

p = exr 
xe = exr 

e,-e 
~ ex 

ex is the ratio between the dry cell and 

the wet cell weight, .. 

~ is the specifie-rate of permeation defined as 

e. and C 

1 
X 

~ ex 

p 

de 
ex 

dt 

are the internaI and the external concen-

trations, respectively. 

Since the measurem~t of internaI concentrations at 

different times was not practical, and also dùe to the volume 

change in the syringe, this estimation is based on the ini-

tial rate of cha~ge in .the value of e ex 
The extracellular 

1 - \, 

1 
1 
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. 'water volume was 
l' 

to be 28% of the total wet cèll ~ 

weight as defined previously (Yerushalmi et. al., 1985)*. 

8.2.2 Measurement of the Cell Size 

A Leitz Dialux 20 Mfcj.~cope equipped with a micro­

meter, measuring eyepiece, phase contrast optics 'and a Nikon 

camera was used in the study of morphology 9nd for the ~sti-

. mation of the cell size. The val ues reported in thi s paper 

are the average lengths of 67 to 277 bacterial cells repre-

senting the cell population during different stages of the 
., ~ 

fer1p.entation. Two independent images were used at each mea-

suring time. 

8.3 RESULTS 

8.3.1 Formulation of the Mathematical Model . 

A mathematical model was formulated based on the 

" previous kinetics model developed for the A-B-E fermentation 

process. 

The concept of the physiological state of a micro-

bial culture, outlined and discussèd in a previous work 

(Votruba et al. 1 1985) * has also been considered as weIl as 
, 

knowledge of the transpor~ mechanism in the cellular sys­
t, 
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tem (Snell et al., 1965; Yerushalmi et al., 1985*). The new 

model is hased on process mass balances around the bioreacto~ 

system which are presented in the following paragraphs. 

Va,riations of the physiological- state of the cul-
" 

ture which is described by the dimensionless RNA concentra-

tion (y) can be expressed by the following differential equa-

tion: 

( l ) 

where the first term on the right hand side represents the 

synthesis of RNA and the last term is the decay of RNA be-

cause of the butanol inhibition. The second term describes 

the change Qf RNA concentration in the viable phase due to 

the cell growth. 

Since the decay of the cellular activities is con-

sidered in the dynamics of y (Equation (1», the expression 

for the culture growth can assume a simpler form as follows: 

dX 
dt = 0.56 (y-1)X (2 ) 

The sugar utilization rate was shown to be dependent on the 

transport of 5ugar ~hrough the cellular membrane which i5 

character ized by the number of transport Il si tes" (Yerushalmi 

et al. 1 1985) * : 

\ ' 



dS 
at 

k 1 S 
= • nX = S+KS 

1 

'\ 

n'S 
·X 

where n is the number of the active transport sites. 
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(3) 

For the dynamics of the number of active sites (n), 

the following equation can be written: 

dn' 
dt 

Kr 
= k Y - 0.56 (y-l)n' 

n KI + Bi 
(4) 

where the first term on the right hand aide represents the 

rate of butanol inhibited synthesis of active si tes during 

the growth of cells. This rate is proportional to the dimen-

sionless concentratiQn of RNA which has been taken as a mark-

e'r of the culture physiological state. The second term is 

the dilution of active si tes caused by increasing nurnber of 

thè live phase (wet biomass) in the fermentor. 

Ethanol mass balances 

(a) A mass balance of the internaI ethanol concentration in 

the volume of wet biomass can be expressed as follows.: 

( 5) 

.. 
wher~ Ei arid ,Eex a~l~ the internaI and the external ethanol 

• Q 
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" 

concentrations, respectively, and V is the wet biomass vol-' 

ume. P is the cell membrane permeability based on the wet 
, 

volume of the celle 1. h h' Assum1ng t at X = aV w ere a 19 

fraction of dry mass in live cells, Equation (5) can be ex-

tended as fol1ows: 

X 

a 

or: 

dE. E. 
1 1 
~+a 

dE, 
1 

dt 

dX 
dt = 

\ 

k E rS P 
X + -(E -E.)X 

a a ex 1 

= k E rS + peE - E. }-~E, ex 1 l' 

( 6 ) 

(7 ) 

The first term in the right-hand side o:fi Equation (7) repre-
\ 

_ ---------- s en t s the rate of ethanol production related ta the sugar 

utilizatl0n rate. The second term expresses the diffusion of 

ethanol out of the cell and the third term is a dilution term 

expr'essing the change of ethanol concentration with ch~nging 

volume of biomass during the growth. \ 

b) The external ethanol concentration is a function of the 

transport of ethanol out of the celle A mass balance of 

" the external ethanol concentration results in the 

following equation: 

j 
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= PX (E. - E ) 
1 ex (8) 

a 

Butyric acid balances 

a) InternaI concentration of butyric acid in the wet, biomass 

volume can be expressed by: . 

. ' 
dBA. KI BA. S 1 k BA k

BA 
(. 1 ) ( ) + = rS , dt l Kr + B. 2 BAi+ KBA KS + S 

1 ,2 

+ P{BAex (9 ) 

The first term is .the synthesis rate of butyric acid which is 

dependent on the sugar utilization rate and is inhibited by 

butanol, the second term describes the conversion of butyric 

acid to butanol, the third term is butyric acid transport out 

of the cell by diffusion, the fourth term is a dilution term 

(similar to the one in Equation (7», and the last term des-

cribes the transport rate of butyric aciCl by the electrical 

potential gradient which, as shown before (Yerushalmi et. 

al., 19~5)*, may be taken as proportional to ~. 
1 

(b) External concentration of butyric acid can be describèd . 

by: 

" 

,Iwo. / 
., j .... 



dBA 
ex 

dt 
PX 

= 
a • 

(BA. 
~ 

,KD 
BA . ) + 'IJ.BA X 

ex ~ 

314. 

(10) . 

which implies that the external BA occurence results solely 

from the transport of BA. out-of the cell which is controlled 
l. 

by diffusion and the electrical potential force. 

Butanol Balances: 

(a) Butanol produc'tion was considered to occur in a' sl:lbsys+-.ern . 
which consists of butyric 

this assumption the interna 

the wet biornass volume can 

dB: 
~ 

kBr:S 0.841 ( rS kBA ~ = 

BA. 
S + k BA 

~ 
':a:l 

BA. + KBA KS 2 ~ 2 

l 

+ 

Considering 

of butanol in 

escribed as: / 
/ 

/ 
Kr , / 

Kr + B. 
l. 

s)+ P(B -B. }-IJ.B. ex ~ ~ 
(Il) 

The first term in this equatio~ describes the total 

sugar accessible for the (butanol + butyric acid) subsystern 

which is subsequently divided into two parts. The fraction 

of sugar which supports butyric acid production is described 

by the second terme The third term is the transport between 

the growth medium and' the cell interior and the fourth terrn 

is th~ dilution term for increase of the wet cell volume. 

/ 
/ 

/ 



/ 
/ 

/ 

/ 
/ 

/ 

, / 

/' 
/ 

. 315. 

/ (b) Th~ presence of external butanol i9 a resul t of, tJ;'ansport 
/ 

of the internaI butanol out of the celle Dynamics of the 

external butanol concentration can be described as: 

dB ex 
~ = PX --ex 

Acetic Acid Balances: 

(B. - B ) 
l ex 

" 

(12) 

(a) The subsystem fox acetone + acetic acid is similar to the 

subsystem for butanol + butyric acid synt1;lesis with' the 

exceptifn that the acetic acid ~ynthèsis is inhibited by 

butanol and not by acetone. In such a way this subsystem 

is ~oupled with butanol, synthesis on the level of inhibi-, . 

.tion (negative effect of butanol on the~ubsYste~). The 
'" ,,- ......... 

transport of acetic acid across the cellular membrane 

t~kes place via diffusion due to the conce~tration gradi­

ent and via the electrical potentiaI gradient. A differ-

ential mass balance for acetic acid resul ts in the fol-

lowing ex'pression for the internaI concentration "of 

acetic acid: 

dM. 
l 

dt 

(13) 

'" 
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(b) External acetic acid concentration is re:Hected .in the 

fOliowing differential mass balance: 

dAA 
ex 

dt = PX 
ex 

KD 
(AA. - AA ) + - 1.1. AA X 

~ ex a (14) 

The model for the dynamics of the external- acetic acid con-

centration is similar to the one for the "external. butyric 

acid concentration. 

Acetone Balances: 

(a) The subsystem for the biosynthesis of acetone is simi1ar 

ta the butanol + butyric acid subsystem. Hawever 1 the 

negative (lnhibitory) effE\ct is on the level of butanol 

and not ace:tone. The internaI acetone concentration in 

wet biomass can be expressed by: 

dA. 
~ 

dt = 

+ p( A - A.) - I.I.A. ex ~ ~ 
( 15) 

The biochemical interpret tÏ('\n of aIl the parameters in this 

equation is simi1ar to what was described in the .butano1 

model. 
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(b) The externa1 acetone.concentration change can be describ-

ed by: 

dA ex 
dt 

PX 
= --a 

(16) 

The externa1 acetone production rate is described by the 

transport from the interior of the cell to the external med-

ium. ... 

The system of the ordinary differential equations 

developed here represents a new mathematical model for the 

batch acetone-butanol fermentation. This model differs from 
, 

the previous kinetic model (Votruba et al., 1985)* in that it 

contains the cellular physiological parameters and the intra-

cellular and the extracellular culture conditions. The new 

model was termed the "Physiological State" model tÇ) be 

distinguished from the previous "Process Kinetics" model. 

The "Physiological State" model was utilized for 

further investigation of the role of the cellular membrane 

and the transport phenomena. in the performance of the cul-

ture. This was done by computer simulation of the Il success-

fuI" and the "unsuccessful" fermentations and by subsequent 

evaluation of model parameters under various culture condi-

tions. 



318. 

8.3.~ Evaluation of Model Pararneters 

A. Normal Fermentation 

In order to solve the model equations the numerical 

values of the model coefficients had to be determined. For 

determination of the unknown' kineuic coefficients, the method 

of non-linear regression of a mathematical model was utilized 

(Pazoutova et al., 1981; Yerushalmi et al., 1985*). The 

kinetic coefficients were first estimated in such a way that 

the model could predict ,thè behavior of the culture in a 

normal fermentation. This estimation used the experimental 

resul ts of a ~ormal fermentation wi th an initial sugar con­

centration of 30 g/L and with no pH control or adjustment 

during the entire course of fermentation. This particular 

exp~riment was chosen sinee most of the "unsuccessful ll fer-

mentations were performed under similar conditions. Table 1 

présents the resul ts of this parameter estimation for the 

normal culture. A method of parametric sensitivity (Votruba, 

1982~ Votruba et al., 1985*) was utilized to evaluate the 

degree of significanee and the sequence of importance of the 

individual model parameters. The results of this sensitivity 

ahalysis are also presented in Table 1. It can be seen that, 

as wi th the Process Kinetics Model (Votruba et al., 1985*), 

the highest sensitivity in the pnysiological State Model 

presented here is exhibited by the coefficients k B, k BA , and 

kG' characterizing respeetively the kinetics of butanol and 
l -

butyric acid production and biornass growth. Second in the 

order or sensitivity are the coefficients k , k and P 
n BA2 



TABLE l 

PHYSIOLOGICAL STATE NODEL FOR THE BATCH A-B-E PROCESS 

Values of Process Parameters (Co~fficients) and their 

parametric Sensitivities 

PARAMETER PARAMETER ABSOLUTE RELATIVE 

VALUE PARAMETRIC PARAMETRIC 

SENSITIVITY SENSITIVITY 

kG1 0.165 -260.537 2.14 
kG2 0.029 49.09 0.071 

" 

k 
n \ 

0.178 -231.74 2 .. 05 

kE 0.038 -3.21 0.006 

kB 0.607 391.00 , 11.81 

k BA 0.78 -181.82 7.06 
l 

kBA 0.23 72.53 0.83 
2 

kA " 0.35 - 1.40 0.02 

kAA 0.521 ' 7.03 0.18 
l 

kAA OJ. 093 - 0.1271 0.06 
2 

. 
KI 1.5 -3.70 0.28 

i 

*~l 2.0 3.02 0.30 , . 
KBA 0.5 -T'J.59 0.19 

KAA 0.5 0.78 0.02 

P 0.17 -44.60 0.36 

KD 1. 56 1.19 0.09 ., 

KS 0.031 0.20 0.0003 
2 

0' 
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. . ~ 
which characterize r~spect~vely the dynamics,. of the number cf , 

the membrane active sites, the conversion cf butyric acid te 

butanol, and the membrane permeabili ty. It is important te 

ncte tha;!: ~these parameters charàcterize the "phencmena which 

were fcund responsible for the unusual performance cf the 

microbial culture in the retarded fermentaticns. 

The resul ts of a computer simulation cf a normal 

A-B-E process using the Physiclogical State Model is illust-

rated in Figure 1. The ·lin~s represent the simulated process 
. 

and the points represent the experimental valuea. A statist-

ical F-test fer the level cf significance a = 0.05 èxhibited 

an excellent agreement between the simulated and the experi-

mental results (Table 2). 

B. Retarded Fermentation 

.. 
. As the main purpose of this investigation, the. 

Physiological State Model was taken, along wi th the kinetic 

coefficients estimated fcr the normal culture, tc be used for 

the simulatien of the retarded culture performance. This 

uncenventional . appreach tc th,e application .of a culture per­

fermance model could assist in identificatien of the paramet­

ers which - governed the atypical and undesirab 1 e hehavior of 

the culture as weIl as in elucidating the quantitative extent 

to which they play a role in -the subs-tandard fermentations. 

The retarded culture was simulated by,: leaving aIl 
.. 

the model parameters constant except fer the follcwing: 

j 



FIGURE ICa, b) 
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Experimental Data and Model Predictions (full 
line) for the Process Parameters in a Normal 
Batch Culture of C. acetobutylicum. 
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, 1 TABLE 2 

THE RESULTS OF THE "F-TEST" WITH THE LEVEL OF SIGNIFICANCE , 
(a) OF o. 05 FOR THE AGREEMENT BETWEEN THE EXPERIMENTAL AND 

\1 THE SIMULATED RESULTS 

S2 
..-L 

S2 _e_ S2 /S2 r e 

,\ Biomass 0.18 '0.06 3.0(3.29 + agreement 
between the 
experimental 
and the 
simulated 
results 

Sugar 6.65 2.57 2.59(3.29+ " 

Butanol 0.17 0.06 2.83<3.29+ " 

Acetone 0.092 0.034 2.70<3.29+ " 
{ 

0.5("3.29 + Ethanol. 0.0()4 0.008 " 

Butyric 
Acid 0.06 0.02 3.0(3.29 + " 

Acetic 
Acid 0.05 0.03 1.67<3.29+ " . '" 
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- Sorne external parameters such as the inoculum size and the 

marker of the physiological state (y), since these para-

meters can change from one culture transfer to another. It 
,"< 

was generally observed that the culture had a faster start-

up in the retarded fermentations. This implies a better 

adaptat'ion of the inoculum which was characterized by an 

increase in the value of y from 1.2 (used in the simul~tion 

of standard fermentations) to 1.6. A slightly higher ino-

culum size was also considered for the retarded fermenta-

tions in the range of 0.06 g/ L to 0.08 gJ L as compared to 

the value of 0.05 g/L used for the normal fermentation. 

- The kinetic parameters which control the transport mechan-

ism of sugar and other metabolites such as the number of 

acti ve transport "si tes /1 (n) and k
n

, and the perrneability 

coefficient P. 

- The kinetic parameter controlling the conversion of buty-" 

~c acid to butanol (k
BA 

). 
2 

This strategy was particularly important sinee it 

was assumed that the major differenee between the normal and 

the retarded culture was ?t t.he lével of the cellular mem-

brane. The lower conversion of butyric acid to butanol in 

the substandard fermentations was also indicated earlier 

(Yerushalmi et al., 1985)*. Simulation of the retarded eùl-



~~ 
rf~ur~ then 

l .. per~ments 

proceeded by considering individual groups of 

separately (Yerushalmi et al., 1985)*. 

326. 

ex-

,L .. ./ a, 
" 

CULTIVATION GROUP l 

This Group exhibited an "activity arrest'L in the 

middle of the fermentation. According to the behav ior of the 

culture before and after the arrest, two phases have been dis-

tinguished: 

Phase 1 

This .phase was characterized by a fast, biomass pro- . 

duction and sugar consumption and very low solvent production. 

Certain amount of sug·ar reI1\ained unutilized in· the system. 

The culture behavior during Phase l was simulated by consi-

dering a low initial number of active transport si tes (n), a 

10V{ permeability (P), and a low k
BA 

which represents a low 
2 

conversion of butyric acid to butanol. A low permeabili ty of 

the cellular membrane to butanol and butyric acid, which is 
\ 

reflected in ~ low value of P, irnplies a higher accumulation 

of these compounds inside the celle This results in a higher 

inhibi tion and a decay in the RNA concentration and i ta func-

tion. Therefore, a lo~ P should be accompanied by a high kG . 
2 

Phase 2 

The result of Phase 1 was a low external solvent 

concentration, incomplete sugar utilization, and increased 

biornass and acid concentrations. The fermentation system 
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performance tapered off qecause the cellular activities ceas-

ed, After 10 to 20 hours the culture resurned its activi ties 

and the conversion of the acids to sol vents picked up. This 

phase was simula ted by starting from an initial condition of 

h~gher acids. and J' solvent conc~ntrations which was the termin-

al state of Phase 1. A làrger inoculurn was also assumed 

since' it wouid simulate the biornass concentration obtained 

from the first phase" T{le initial number of active si tes, 

anJ the rat~ of sugar transport characterized by ~ were lo~. 
n 

A low ]<;G ' characterizing a lower inhibition of the R'NA sys-
, 2 

tern, was considered for th~s fermentative phase sinc~ i t was 

assùined that the' internaI concentration of the sol vents and 

acids decreased during the break (between Phase l and Phase 

2) and an equili..brium betwen the internaI and the externai 

concentration of metabolites was attained, An improvernent in 

the perrneàbility of the cellular membrane was also assumed, 

The simulation for Phase 2 of Group l was slightly more 

difficult because the initial conditions' e.g. the size of 

/the active inoculum was not known. Thi,s is because of the 

undefined changes iil the culture during . the period of 

activi ty arrest. The resul ts of culture simulations for 

Group l of the retarded cul ture are presented in Figure 2. 

Only the concentration profiles for Qut'3.nol, butyric acid, 

biomass and sugar are presented since they are the most 

important and controlling variélbles characterizing the A-B':"E , " 

process. The numerical values of the controlling kinetic 



FIGURE ~(a,b) 

. . . 
J 

Experimèrital Results and Model Predictions 
(full line) for the Major Process Parameters 
in ~ Retarded Batch Culture of C. acetobuty­
licurn, Group l, Normal Solvent Yield. 
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parameters for Phase l and Phase 2 together with their values 

corresponding to the normal fermentation are presented in 

Table 3 .. 

Those fermenta tion's of Group l which resul ted in a 

lower solvent yield of less than 30% were simulated by consi-

dering a lower permeability coefficient (p) during Phase 2. 

An example of the simulation for these fermentations is illu-

strated in Figure 3. The corresponding values of model para-

meters are summarized in Table" 4. It can be seen tha t the 

same type (·f process parameters governed the behavior of the 
. 

cul ture during these fermentations and that the permeabili ty 

of the cellulqr membrane was mainly responsible for the lower 

solvent production. 

"1 

CULTIVATION GROUP II 

The key controlling parameters in this Group of 

fermentation experiments were the number of "active si tes" 

for the transport of sugar (n) and k. Simulations for Group 
n 

II were performed by .consideri~g a slightly lower P and k
BA 2 

and a slightly higher kG which reflects a more prono~nced 
2 . 

inhibi tian considered in this case. Table 5 presents the 

numerical values of the key process controlling paramete-s 

and Figure 4 illustrates an example of a computer simulation 

for thi s group. 
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TABLE 3 

THE KEY CONTROLLING PARAMETERS IN CULTURE GROUP l 

(normal sol vent yields) 

PARAMETER RETARDED NORMAL 
- FERMENTATION FERMENTATION 

; 

Phase l Phase Z 

n 1.2* 0.1* 2.5* 

k 0.178 0.02 0.178 n 
" 

~ 

P 0.02 0.15 0.17 

kG 0.495 0.015 0.029 , 2 " k
BA 

0.1 0.1 0.23 
2 

*) Initial value of n 
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FIGURE 3(a,b) 

333. 

. ... 

, 1 

Experimental Results and Model predic~ions 
(full. line) for the Major Process Parariteters 
in a Retarded. Batch Culture of C. acetobuty­
licum, Group l, Low Solvent Yield. 
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TABLE 4 , 

THE KEY CONTRQLLING PARAMETERS IN CULTURE GROUP l 

(low solvent yields) 

PARAMETER RETARDED NORMAL 

FERMENTATION FERMENTATION 

" Phase l Phase 2 , 

" n 1. 2* 0.1* 2.5* 

k n 0.178 0.007 0.178 

P 0.025 0.03 0.17 
, 

,pl 
kG 0.335 0.012 0.029 

2 
k BA 0.103 0.08 0.23 

2 

*) Initial value of'p 

( 
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( TABLE ~ 
\ 

THE KEY CONTROLLING ~ARAMETERS IN CULTURE GROUP II 

, 

PARAMETER RETARDED NORMAL 

FERMENTATION FERMENTATION 

'" 
, 

n 1.0* 2.5* 

k n 0.022 0;-tii3 
\ 

P , . 0.1 0.17 
, .. 

k' G2 
0.04 0.029 

k BA 0.148 0.23 
2 

*) Initial value-of n 
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FIGURE 4(a,b) 

338. 

Experimental Results and~Model Predictions 
(full line) for the Major Process Pararneters 
in a Retarded Batch Culture of C. acetobuty­
licUJn, Group II. 
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CULTIVATION GROUP 'III 

A,pH adjustment at t=19h increased the utilization 

rate" of sugar and resulted in its comp~ete exhaustion in 

almost 50 hours. However, in spite of a complete sugar de-

pletion, a low solvent yield was obtained at the end of the" 

process. Similar ferm~ntations with no pH adjustment resem­

bled th'e çul ture behav'ior characteristic for Group l, where a 

low solvent yield was obtained. The eftect of pH adjustment 

was most remarkablè in conjunction with coefficient k - 'which 
n , 

controls the rate of sugar transport into the cell. Simula-, , 

~ 

tion" studies exhibited a 19 "fold increase in the value of 

this coefficient fo11owing the'pH adjustment. The re~ults of 

simulations fOT Group III are presented in Figure. 5 while 

Table 6 presents the~ numerica1 values of the ~ey pararneters. 

8.3.3, EXPERIMENTS 

i) Study of Morphology and Size Distribution of C. acetobut-

ylicurn Cultures 

One of the irnpor~ant physiological characteristics 

of the clostridial cul~ures is the variation in the cell mor-
" 

phology associated with different stages of the fermentation 

(Spivey, 1978; Jones et al., 1983). Figures 6 and 7 present 

photomicrographs of morphological changes in C. acetobuty-
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FIGURE 5(a,b) 
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" , 

Experimental ,Results and' Model Predictions . , 

(full' line) for the Ha"9r Process Pfirameters-·----
in a Retarded Batch Culture of C. acetobuty­
licum, Group III. 
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TABLE 6 

-THE KEY CONTROLLING PARAMETERS IN CULTURE GROUP III 

PARAMETER RETARDEQ NORMAL 

FERMENTATION FERMENTATION 

t=(0-19)h, After t=19h, After t=19h, 

before 'pH with pH without pH " . 
adjustment adjustment adjustment 

, 

n 1.25* 0.5* 0.37* 2.5* 

k n 0.178 0.037 0.002 0.178 

P 0.02 0.05 0.05 0.17 

kG 0.335 0.025 0.015 0.029 
2 

k BA 0.103 0.173 0.09 0.23 
2 

)-. 

*) Initial value of n 
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FIGURE 6 ' 

346. 

Photomicrographs of the Morphological Changes 
in a Normal Culture of C. acetobutylicum. 

a. Actively growing vegetative rods, early 
exponential growth phase. 

b. Cigar-shaped "clo~tridial" forms, late 
exponential growth phase. 

c. Mostly "clostridial" forms, early 
stationary growth phase. 

\ 
\ 
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f, 

Photomicrographs ~f the Morphological Changes~ 
in a' Retarded Culture of c. acetobutylicurn. 

a. "ClostridiëÜ" forms, sorne cells appear 
in pairs, early exponential growth 
phase. 

b. 

c) 

Mostly "clostridial" form6~ chains of 
'cells appear, late exponential gr<?wth 
phase. , ~ , 

A large number of chains of cells, early 
stationary growth/phase. 

,. 

.~. 
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licum during the "successful" 

350 • 

and the fi substandard" A-B-E 
\ 

fermentations. It is generally believed that the C. aceto-

butylicum ATCC 824 strain does not exhibit clear morphologi-

cal changes with the progress of the fermentation as does the 

'P262 strain (Jones et. al., 1983). However, <;ls seen from 

. Fi'gures 6 and 7 the change of the ce11 from phase-dark vege-

tativ·e rods to el,liptical (cigar shaped) bright forms 

referred to as the "clostridial" form could be observed in L 

both cultures. In spite of the genera1 morpho1ogical 

s~milarities, ther~ were distinct differences between the two. 

cultures. The cells of the retarded culture exhibited larger 

clostridial forms and at an earlier stage coinciding with the 

beginni:ng of the exponentiëi.l growth pha.s·e, 'as compared with 

the normal culture which produced clostridial ce1ls in the 

middle of the exponential growth phase. Al though the cells 

of the normal culture were mostly free and separa ted from one 

an9ther, in the retarded culture the cells were attached to 

each other and formed chains. These chains were more 

distinguishable and longer towards the end of the exponentia1 

phase. 

The average cellular size of the was 

a1so significantly different (Figure 8). The cells in the 

"substandard" fermentation were generally larger. The cells 

of the normal culture exhibi ted a maximum length of 4.6 !-Lm.! 

1.0 fJ.m obtained in a late exponential growth phase of the 

culture. With the retarded culture this value changed to 
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'. 

Variations of the Average Cellular Size of 
the Normal Culture and the Retarded Culture 
of C. acetobutylicum with the progress of the 
Fermentation. 
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5.8 ~m ~ 1.7 ~m as observed in a mid-expenential phase of 

growth. " " 

ii) Measurement Of The Cellular Permeability 

. For the measurement of the cellular membrane per-

meàbili ty, butanol and butyric acid were taken as the repre-

sentative proGucts due to their importance in the A-B-E pro-

cess and their effect on the physiology of the cul-ture. 
~.-:.---

Table 7 presents the results of this study for the normal and 

the Retarded Culture. The measured values of the permeabil­

ity coefficients reported in Table 7 are averageJ'of several 

independent measurements wi th standard deviations aIse list­

ed. Perrneabili ty of the membrane was lower for butyr~c acid 

than for butanol in both cultures. Also, the cellular mem-

brane had a lower permeability for both of these compounds in 

the Retarded Culture when compared to the normal culture. 

iii) Effect Of The Unsaturated Fatty Acids- =, 

On The Performance Of The Retarded Culture 

The plasma membrane of bacterial cells can be 

enriched by unsaturated lipids throF-~;iirect addi tian of 

these compounds to the culture growth medium. In the present 

study, Tween 80, a water-soluble estèr of oleic acid which is 

a non-taxie source of oleic aeid, was used at a concentration 

of 0.2% (w/v). Figure 9 illustrates the effect of the 

addi tion of Tween 80 on the performance of the Retarded 

Culture. It can be seen that the addition of the oleie acid 
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TABLE 7 

ESTIMATED CELL MEMBRANE PERMEATION COEFFICIENTS 

FOR BUTANOL AND BUTYRIC ACID 

Compound Clostridiurn acetobut.x:licum ATCC824 

Normal Culture Retarded Culture 
.-

, 
~ 

butanol O.16±O .04 O.07±O.O3 

butyric O.ll.±O.04 .O.06±O.02 

acid 

, 

" 

, . 

.. 
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FIGPRE 9 
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The Effect of Tween 80 (O. 20% w 1 v) on the 
Performance of the Retarded Culture of 
c. acetobutylicum. 
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based surfactant Tween 80 to growth medium had a significant 

effect on the production of sol vents and increased the final 

total solvent ,concentration from 2.9 g/L to 5.7 g/L which 

represents a 97% increase in the value of this parameter. 

The consumption of sugar was also enhanced as a result of the 

Tween 80 addition. Consequently, the total sol vent yield 

based on sugar was· increased from 19.3% to 27.4% which 

represents a 70% increase. 

iv) Effect Of A Srnall Cell Population (Low Inoculum) 

On The Performance Of The Retarded Culture 

A 3% inoculurn was used throughout this study in 

both the normal and the substandard fermentations. Decreas-

ing the inoculum size ta (0.5%-0.6%) resulted in a different 

p~rformance of the cul ture and greatly enhanced the produc­

/'" tion of sol vents and the uptake of sugar by the Retarded 

Cul ture. A rather long lag phase resul ting from the use of a 

small inoculum is seen in Figure 10. However, as soon as 

the culture reached the eKponential phase i t exhibi ted a 

Il normal" fermentation pattern resul ting in a complete exhaus-

tion. of sugar at the end of the process with a relativeJs 

high solvent yield of 35.7%. There was no signi ficant effect 

on the final concentration of biomass or the maximum concen-
i 

tration of acids, however 1 the accumulation of . acids, parti-

cularly butyric acid, in the system at the end of the fermen-

tation was rnuch lower (graphs not presented). 



c 

FIGURE 10 

" 

" 

,'. 

"" 

The Effect of a Sma11 Inoc111um (0.5%) on the 
Performance of the Retarded Culture of 
C. acetobutylicurn. 
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8.4 DISCUSSION 

The work reported on in this paper is an expansion 

of t~e earlier effort (Yerushalmi et al., 1985)* in applying 

the method of systems analysis in analyzing atypical perform-

ance of a strain of C. acetobutylicum. The method of systems 

analysis employed in this work was based on the formulation 

of a mathematicàl model for the de~cription of dynamics of 

the acetone-butanol-ethanol (A-B-E) process including the 

internaI and the external cellular conditions and the Key 

physiological parameters of the microbial culture. Among the 

physiological p~rameters used for this purpose are the number 

of "active sites" in the cellular membrane (n) and the cell 

membrane permeability coefficient (P). This model was later 

used in the simulation of the substandard fermentations which 
-

1ed to obtaining valuable knowledge regarding the nature of 

these fermentations and the Key controlling parameters in the 

acetone-butanol proces s • Unlike the previous A-B-E Kinetic 

Model (Votruba ~ al., 1985)*, which was deve10ped by using a 

non-linear regre$sion for the best estimate of the Imodel 

parameters, in the present Physiological State Model, the 

rninirnization technique was used only for the best estimate of 

the Key parameters. By th ... tr .. eoretical analysis of the sys-

tem, these parameters were indicated as those mainly respons-

ible for the behavior of the Retarded Culture. AlI the re-

maining pararneters were considered as fixed variables. Al-

though a very good simulation of the substandard fennenta 
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tions resul ted (Figures 2 to 5), a bet ter simulation and a 

closer fit would resul t if aIl the model parameters were free 

and found by non-linear regression. This approach was taken 

because the Physiological State Model was developed to study 

the mechanism of the process in terms of the trans.port of 

components through the cell membrane and to evaluate the 

impact of the key phys iolog ical parameters on the behavior of , , 

tpe culture particularly for the substandard fermentations. 

" The theoretical and the exper imental analysis pre-

sented in this paper and in the previous communication 

(Yerushalmi et al., 1985) * indica te that the quali ty of the 

cellular membrane characterized by its permeabili ty and the 

number of active transport Il si tes" plays a signi ficant role 

in the control of the behavior of a mic'robial culture. In 

the acetone-butanol fermentation the membrane transport 

problems were found responsible for a lower solvent yield and 

stibstrate conversion efficiency. 

performance of the transport sites and/or their number, and 
, . 

1 

the problems associated wi th the permeabili'ty of the membrane 
o 

could have been due to the al terations in tl'\e composition and 

structure of Ithe cellular membrane as an adapti ve response to 

sorne adverse environmental conditions. Al though the na t ure 

of these possible environmental perturbations are not known 
, 

to us, it is weIl established that microorganisms adjust the 

content and composition of their membrane lipids in response, 

t9 environmental conditions such as temperature (Ingram, 

1~76: Goldfine and Johnstone, 1980), carbon source {Kates ~ 
1 

1 

" , 
, 

" 
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al. , 19-62), salts (Ingram, 1982), organic solvents (Lenaz et - -
al. 1 1975; Hill, 19~ 4; Grisham and Barnett, 1973), and deter-

gents (Felix, 1982). Al though structural .and composi tional 
ff:> 

changes in the cellular membrane might be the logical res-

ponse of the micro9rganism to its environrnent, these coonges 

ma'y interfere with, normal cell ,phy.siology. Lenaz et al. 

(1975) reported that the changes occurring in the 1ip.id en-

vironment might be transferred to the acti:vity of the mem-, , 

brane-bound ATPase via a conformationa1 change.of the enzymic 
, ) 

protein, thus increasing the activation energy of this enzy-

me. Influence of the membrane fatty acid residues on the 

membrane.-"'i9ound enzymes and the transport' function of the 
1 

-
membrane "was also reported by Keenan and Rose (1979), Su,lli-

van et al. ......1- _ (1980) , Fox (1969), and Lenaz et (1976). 

ApparEmtly 1 disrupti~n of the 1ipid bilayer structure and 

al teration of the lipid composition interferes wi th the lip-
, " 

id-lipid, lipid-protein and protein-protein interactions and , 

disrupts the transport and permeability function of bio1ogi-

cal membranes. As stated by Brown and Wolken (1979), the 

mobility of proteins, in the membrane Àepend on the lipids 

which s~rround a specifie protein' and on the degree of the 

lipid-protein interactions. 

In accordance wi th the infoI·nat i.on available in the 
) 

litera ture 1 the computer· simulation studies performed in this 

work pointed out that mode~ parameters n, k , 
n P, KG and 

2 

k BA were the major parameters~sponsible for the malfunction 
2 
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of the Retarded Cul tu:re. These parameters respectively char-

acterize the number of -active transport "sites" in the 
• 

cellular membrane (n), the rate of variation of n Wi)'h time, 

the permeability coefficient, the decay of cellular RNA due 

. to butanol inhibition, and the conversion of butyric acid to 

butanol. As mentioned earlier, thè effect of the' low 

membrane permeabili ty is characterized by both a low P and a 
• 

high kG' Similarly, improvement of the membrane 
2 

permeabil ity affects both of these parameters. ~l though the 

possibili by of' existencé of othèr probl~ms, e. g. the lower 

activity of the enzymes associated with different stages 'of 

,the microbial rnetabolic pathway, ~annot be elimin~ted, the / 

results indicate t'hat the factors associatled with the 

cellular mémbrane and the enzymatic apparatus for the 

conversion of butyric acid tE> butanol were the major rate 

1 imi ting parameters. 

Experimental results presented in this work and ,in 

the ear lier communication (Yerushalmi'.=.:!: ~. 1 1985) * support 

the theoretical predictions regarding an al tered transport 

and a lower membrë!ne permeability. As stated previou9ly, the 

behavior of the carriers and the number of membrane carriers 

are among the most important factors contributing to the 

magnitude of the concentratioh gradient generated by an 

active transport, and the transport. rate of a solute across 

the cellular membrane. This can describe the results of the , 

cellular transport of 3-0-methylglucose by the normal and the 

retarded cultures indicating a larger accumulation coeffi­
~ 

clent and a 'h~9her initial uptake r~te for the normal culture 
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(Yerushalmi et al." 1985) * . The stimulating effect of pH "on 

the sug~r transpor1! which was shewn by direct measurement of 

the transpo'rt rate in the same communication was character-
, 

ized by an increased k in the computer simulation of 'the 
n 

Retarded Culture in. the pul ture Group III. In this ~ Group', a 

lower p~rmeabil i ty coe ffic ien t (p), a lower initial number of 

~ 

the active sites (n), and a lower conversion of butyric acid 
. 

te butane l (k
BA 

) were observed in spi-te of a complete sugar 
2 

ud.lizat~on. Lowering of the above parameters resulted in a 

low acid conversion an<jl .solvent yield. 
, 

The results of measurement ofvthe cellular membrane 

permeability to butanel and butyric acid (Table 7) confirmed 
• 

the theoretical predictions regarding a lower cell membrane 

permeabili ty in the Retarded Culture. 

Al though constantly lower, the measured va'lues of 

permeabili ty were in the same range of the predicted values 
\ 

from the modelling and computer simulation studies (Table 7). 
(," .. 
" , 

The lower values obtained by the measurements may be due te 

the fellowing reasqç.s: 

~ 
1 
1 

',1 

The errers involved' in the app~oximation of the 

extracellular water. 

The unavoidable lag 
t 

tirne between the exposure , of the 

loaded cells to the external medium and i he start of 

sampling. 

seconds it 

out of the 

Although ~his 1ag phase did net exceed a few 

was enoughl for 

cell and ~Uld 
the diffusion of the compounds 

be a source of error. 

, , 
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The differences" between the measured temperature and 

that of'a rea1 fermentation process. Dependence of the 

cell'ular 'permeability on temp,erature has been reported 

'by Lieb 'and Stein (1971). In general, permeability 

increases wi th the increase of temperature. 

• comparison between the two cultures was 
1 

" ! 

Since the 
'1'" 

the major 

objective of this e~perimenta1 study, the experiments 

were performed at room temperature which is by perhaps 

l5'°C lower than the temperatureQ at which the fermenta-

tion ~as normally çarried out. 

l , 

It should be noticed that the permeabili ty .coefficient used 
~ 

in the mathematica1 models and in further stages of the 

work is a 
{ 

lumped parameter basèd on the ,wet weigh t of the 

cells, with units of L/g (wet cell) .h. Its units differ from 

the usual permeability 'units of cm/ sec". 

Study of the morphology and the size distribution 

of the two cultures revealed .differences in their appearance 

(Figures 6 and 7) a phenomenon which has also been establ~sh-
. 

ed as an adaptive response of the bacterial cell ta environ-
~ " 

mental changes '( Rogers, 1979). The .largér size (!)f the Re-

tarded Culture ce11's as compared with that of the normal 

cul ture. a ,:companied by the frequent mutual adherence of 

these cells together (Figures 6, 7 and 8), may account, at 

least to sorne extent, for the lower permeability coefficient 

of the cellular membrane determined for the Retarded Culture. 

This is due to the smaller area available per gram of cells 
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in this culture. Although the ~ermeability of the membrane 

to butanol and butyric acid is differ~nt (Table 7), the num-
o 

erical values of these coefficients are close and of the same 

" -
order of magnitude. , This is not surprising considering the 

~ 

structur9-1 similari ty of these two compounds, their close 
, , 

molecular weights, and the same number of carbon atoms in 

their molecules aIL of which resul ts c in similar partition 

coefficiel)ts and diffusion through /the membrane ol the two 
, 

compounds (Leib and Stein, 1971). Considering this numerical 

similar i ty, and for the sake of simplici-oty, the same perme-

" ability coefficiertt (P) was considered for both butanol and 

butyric acid in the simulatibn studies. 

T}tte low~r ,permeabil i ty of the membrane in 'the Re­

tarded Culture is particularly Important because in the ace-

tone-butanol fermentation it will result in exces s 

intracel'1 ular accumulation oi tJ:~' ~nhibi tj::,ry products which 

in turn will further disrupt the' cellular membrane and 

interf~re with the cellular metabolic activ\ties. 

There are several different ways in which organic 

solvents, and alcohols in particular, interfere wi th the 

normal function of the cell. Cellular membrane is believed 

to be the primary site of the cell function disruption caused 

by the alcohols (Ingram, 1976). They can dissolve in t_.e 

lipid core of the mèmbrane ahd disrupt the crucial interac-

tio~s in the membrane lipid bilayer résulting in the composi-

tional, structural and fûnctional alterations of the membrane 

(Lenaz et al., 01976: :yinden and Moreira, 1982; Grisham and 

1 
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,Barnett, 1972). Recent1y, Linden and Moreira (1982) showed 

that butano1 affects the activity of the membrane-bound 

ATPase in c. aèetobutylicum, thus inhibiting the sugar tran-

sport across the cellular membrane. This inhibition was 

shown ta be the result of the increase in the activation 

energy of thi s enzyme (Moreira 
~ '. , 

et al.," 1981; Lenaz et al., -- -- -- --
1976) as a consequence of a conformational change of the 

enzyme protein due" to the mobili ty change of the lipids 

(Raison, 1973). .... Simi1ar effects of alcohol on the permea-

bility of the membrane are reported in Staphy1ococcus aureus 
~ 4 

(Heast et al., 1971), Ü. Saccharomyces cerevisiae (Thomas and 

.Rose, 1976) anq in E. 'coli (Sullivan~~ al., 1974). 

The excessive intracellular accumulation of alco-· 

hols ,is proba!Jly responsible ,for the observed growth arrest 

and break in the midd!e of the unsuccessful fermentations, 

exemplified by the Cultivation ~Group I. There are· numerous 

reports em the intracellular accumulation of alcohols, and in 
( 

particular ethanol, in fermentation processes' ,( Loureiro and 

Ferreira, 1983 i Novak et al., 1981), which is believed to be 

due to an imbalance bei;.ween the rates of production and the 

outflu~. of eth'anol. ~ This accumula.tion, particularly in the 

early stages of fermentation (Novak et al., 1981) or in a 

rapid fermentatio~ !Nagodawithana and Steinkraus, 1976), 

resul ts in inhibition of cellular acti vi ties and contr ibutes 

to the cell dea'bh rate. Similar alcohol-induced 'fermentation 

patt'ern (fermentations wi th an arrest of cellular activities 

in the middle) was obtained in B. subtilis and E. coli 

} 
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('Regomier et al., 1980) 

/ 

and in ':Clostridium thermocellum , 

(Herraro et al., 1982:1.. ~Herraro and Gomez 1 1980). In these 
--' 1> "'. 

cul tures , addition of n-alkanes stopped the growth and ce11u-

1ar'< ç,cti v i ties for a ce:t;tain per iod of time. The cel~ular 

activities _ eventually 
.q 

resumed at an inhibited 'rate. This 
" 

behavior is similar to the observations reported "in this work 

(Figure 2) where the culture exhibited 'a rapid l;ltart up fô1-

10wed by a period of arrest in die activity and a lower rate 

" ?f growth and soivent product>ion duri,ng the subsequent phase . 
. 

Studies on the membr,tne <?omposi tion of two c. thermocellum 

strains challenged wi th ethanol revealed that tHe phase of 
.;:. , 

growth arrest resul ted in lipid al tera tions il} both strains 

and an- al tered membràne composition was observed during the 

second phase (Herraro et al. 1 1982 ),. This was explainèd aOs ' 

an adaptive resp'onse of the culture to growth in the presence 

of alcohols. As conciuded by Herrarà and Gomez (1980), the 

duration of the period of growth arrest may be the time 

-
'required for cells to undergo adaptation în response to 

,membrane alterations caused by ethal'lol addition. A longer 

period ot; arrest observed in the fermentation of Group l in 

the present work may be due to a lower membrane permèabi l i t'Y 

and excess intracellular accumulation of the alcohols which 
j 

severely inhibi ted cellular membrane functions. 

An approach to enhaneement of the permeability of 

cellular membrane is the use of additives ,or cofactors sueh 

as unsatura"ted fatty acids which are known to increa,se the 

permeability of cellular membranes (Felix, 1982; Panchal and 

/ 
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S~ewart, 1981). Addition of linoleic acid \ at a concentration 
\ 

of 0.1% (w/v) or '1Ween 80 at a concentratioh of 0.2% (w/v) to 
" 

th,~ fermentation medium of Saccharomyces 1 uvarum increased 

both the productio~ rate 
\ . 

of ethanol and th,e uptake ra te of 

glu,cose by~ the yeast cells (P~nchal and Stewart, 1981). This 
\ ' 

is Il similar to the effect of TWeen 80 on the fermentation 

pat~ern of t~ retarded cul tures of C. acetobutylicum report-

ed in this work (Figure 9) where the production rate of the 

1 

sol vents • and the uptake ra te of glucose were significantly 

enhanced and a 70% increase in the total solvent yield was 

obtained. Under these circumstances 1 addition of the un-

'saturated lipids ta the growth medium enhanced both the 
\ 

efflux of alchols from the celi and the influx of glucose 

into the celle 

A different approach to the enhancement of cellular 
. ~ ~ 

membrane permeability and reduct:ion of intracellular alcohol 

accumulation is the use of a lower-dens i ty cell population in 

the fermentation as suggested by Nagodawithana and Steinkraus 

(1976,) • These authors reported that in brewer 1 s yeast, a 

lower cell population resul ted in a facilitated ethanol dif-

fusion from the cells and retained cell viability during 

fermentation. Influenct of a low cell populacion on ~the 

enhancement' of cellular permeability was aiso shown in the 

present work (Figure 10). The use of a small inoculum resul-

ted in a normal solvent yield of 35.7% and a complete sugar 

conversion with a Retarded Culture tha1: would otherwise pro-

duce a substandard fermentation under normal conditions and 
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1 

This phenomenon has been 
CI 

, 

related to the relativaly 'greater volume of free liquid wi th 
, 

the lower cell populatio.n and its effect on the membrane 

permeability/. , These experiments. serve as further evidence 

for' the ÏJ!lpact of an irnpaired cellular membrane permeabili ty 
1 

·F 

and transport on the soi vent yi~ld and sugar conversion ef-

fici~hcy in the ~-B-E ferménta tion. 
". 

) '. 

This work utiiized the method of systems analysis 

in analyzing partial reaction steps and biological phenomena, 
, 1 

based on known6physical and .'ppysicochemical principles: 

Coupling of these phenomena' tO the analysis of the system 

supported a description of the "normal'" and "retarded" behav­

ior o-f the C. acetobutylicum cul t~re and illustrated the 

potential for the use of systems analysis in biological pro": 

cesses. 

Development ,of a mathematical model which included 

the cell~ physie>logical pararneters ang the internaI and 

external cellular 

simulation studies 

condi tians 1 together wi th the 

which served in elucidation of 

computer 

\" 
the ,ke~: 

process parameters, demonstrated a new quality in the use of 

mathematical- modell ing in microbially catalyzed processes. 

,.1 

.' 
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8 . 5 NOMENCLATURE 

Symbol 

A. 
1-

A ex 

AA. 
, 1-

AA ex 

B. 
1-

B ex 

BA ex 

Intracellular 
/'. 

Extracellular 

Intracellular 

Extracellular 

Inbracellular 
--' 

Extracellular 
r 

Intracellular ,. 

Extracellular 

Meaning 
J 

acetone concentratiop 

acetone concentration 

acetic acid'concentration 

) , 
ace tic acid concentration 

butanol concentration 

butanoi concentration 

butyri~ acid concentration 

butyric acid concentration 

BA Mean butyric acid solution concentration 

,Intracellul,ar ethanol concentration 
, ô 

- . 
E Extracellular ethanol concentration ex 

Constant in Equation (3) 

kA' Constant in Equation (15) 

KAA Acetic acid saturation constant 

" r 3~:l. 

1 

1 

·1 
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î 

, 

r, 

" 

, 

Symbol 

k AA 1 

kAA 2 

k B 

KBA 

k BA 1 

k BA 2 

K
D 

k E 

kG 
1 

kG 
• 2 

Kr 

kn 

Ks 

n 

p 

Heaning 

Cons tant in Equation (13 ) 

Constant in Equation (13) 

Constant in Equation (11) 

Butyric acid saturation constant 

eônstant in Equation ( 9) 

Constant in Equation ( 9) 

Constant in Equation ( 9) 

Constant in Equation ( 7) 

Constant in Equat.ion (l) 

Constant in Equation (1) 

Inhibition constant 

Constant in Equation (4) 

Monod constant 

Number of the active transport "sites" in 

the cellular membrane' 

Permeability coefficient 

Specifie rate of substrate utilization 
r/' 

,,1 

372. 

.J 

1 
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Syrnbol Meaning 

t Time 

v Wet eell volume 

o 

x Biomass concentrati0n 

~ 

y Marker of the physiologieal state of the culture 

Greek Let ters 

ex Ratio of the dry to wet eéll weight 

Specifie cul ture growth rate 

r) 
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9.1 CONCLUSIONS 

" 

Study 01f the physiological aspects of acetone­

butanol fermentation resulted in the fol1owing 

conclusions: 

1. The Process Kinetic Model developed by considering 

biochemical and physiological aspects of the microbial 

growth and metabolic biosynthesis adequately repre-

sented the experimental system of the batch acetone-

butanol fermentatj.on process. 
·r 

This model w~s capable 

of describing various batch phases including the ini-

tial lag phase and the microbial decay due to the end-

product inhibition. 

2. A growth model was developed which can describe the 

growth dynamics depending on the history of the micro-

bi.ü culture. 

3"1 The cellular membrane permeabili ty 1 the number of sugar 

transport "sites" and the enzymatic apparatus control-
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ling the conversion of butyric acid/-to buta~ol were 

found to be among the major parameters regulating the 

p'roduction of solvents and contro.l-ling the performance 
.4\ 

of c. acetobutylicum. 

4. The rate of sugar trans~ort across, t.he cellular 

membrane is directly proportional to the number of 

.1 active transport "sites" (n) in the cell membrane. 

5. Transport of butanol out of the cell occurs due to the 

chernical concentration gradient while butyric acid 

tra~sport is also dependent on the electrical potenti~l­

gradient across the cellular membrane. 

6. pH of the fermentation medium affects the uptake rate 

of sugar and the sugar accumulation coefficient across 

the cellular membrane. A pH adjustment from 4.2 to 5.0 

in the early stages of the batch process increased the 

accumulation coefficient of a normal oulture of 

c. acetobutylicum by a factor of 3.5 and i ts initial 

sugar uptake rate by a factor of 3.0. 

7. Addition of unsaturated lipids to 'the growth medium can 

enhance solvent production in the A-B-E fermentation by 

apparently affecting "the mass -transport properties of 

the cell membrane. 

\ 
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'\ 

8. The parametric sensitivity analysis carried out for the 

Process Kinetic Model and for the Physiological State 

Model indicated the importance of the key process para-

meters. According to this ana'lysis, the kinetic 

pararneters controlling the production rates of butanol, 

butyric acid and biomass growth as weIL as those 

.phyiologica~ parameters characterizing the dynamics Df 

the number o~ active Il si tes Il in the cell memorane, the 

conversion of butyric acid to butanol and the membrane 

permeability are the most significant parameters in th~ r 

acetone-butanol fermentation. 

9. The culture of Clostridum acetobutylicum is sensi ti ve 

to high mixing rates and a control on this operating 

parame ter is necessary for- an optimum production of 

solvents in the A-B-E fermentation. While the "degree 

of mixing" is diffièul t to define, the optimum culture 
! 

/ 

agitation under the examined, experimenta1 conditions 

was established at the impeller Reynolds number of 3.93 

X 104 • Under thesce, conditions the maximum production 

rates of the solvents were 5.5, 3.8 and 0.8 mmo1e/h.g 

celi for butano1, acetone and ethanol respectively. 

Corresponding rates for the respective gases produced 

were 11.6 and 15.9 mmole/h.g cell for hydrogen and 

carbon dioxide. 

1 

·1 -
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A 1inear correlation exists between the specifie molar ------quantities of the produced solvents and gases. A bet-

ter correlation was a~ways obtained during the second 

phase of. fermentation. This corrélation has the fol-
\:., 

lowing form: 

} 

.... 

where Ai and A2 represent mole of gases and' sol vents, 

respectively ~er gram of cells ano t is the time. The 

proportionality constant, . . a., was not constant and 
." 

varied with the variations of the mixing rate in the 

fermentator. Th"e correlation between hydrogen gas and 

butanol is particularly important since the metabolic 

production of these two compounds is related. For the 

impellar speeds df 190 rpm to 410 rpm examined in this 

work the proportionality constant between the produc-

'fion" rates of hydrogen and butanol ranged from 1.5 to 

2.1 mole H2 /mole butanol. 

Il. The resul ts of the theoretical sol vept yield calcula ... 

tions depend on the eaction stoichiometry considered 

1: 
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and on the ratio between the" sol vents. The maximum 

theoretical solvent yield was established ranging from 

38.6% ~o 39.9%. Thes e val ues were obt'ained for an 

ideal biosynthetic situatioTi when no interrnediate acide 

were 'left over in the system and no carbon was utilized 
\ 

in the production of biomasse 

12. Elevated hydrogen partial pressure regulates the meta-

bolic pathway of C. acetobutylicum and affects the 

biQsynthesis of the solvents. With increasing hydrogen 

pressure the yields of butanol and athanol on glucose 

increased by ,an average of 18% and 13% respectively. 

--The respective yields of acetone and of the endogenous 

H2 decreased by an average of 40% and 30% and almost no 

effect was observed on the growth of the culture. The 

major changes occurred at pr~ssures lower than 270 KPa 

absolute of hydrogen partial pressure. The results 

suggest that butanol production can be enhanced at the 
, 

u 

~ ~pense of acetone in the A-B-E process . 

.. 
( 

. -

1 

'1 
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9'.2 OJUGINAL CONTRIBUTIONS 

l. 

2. 

There i5, a number of aspects in this work which can 

be considered as an original contribution to the 
. 

knowledge in biochemic~ l engineering" Th~ major ones 

have a profound beari~g'on the process optimization a~d 

a corresponding optimal control strategy. The latter 
J , 

part of the thesis is ~rticularly significant in 

establishing methodology for the develo~~~nt and appli-

cation of mathematical models including physiological 

culture parameters. 

The following are the major contribution points of 
~ 

this work: 

Der i va tion of 

s~lvent production 

and optimization; 

a correlation between the gas and 

iB very U"B( for process control 

Establishment of the theoretical sol vent yield and 
1 

the comprehensive methodology used for its calculation. 

l ' 
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Utilization of the three-dimensional plot Éor the vari-

ations of the sol vent yield wi th the weight fractions 

of solvents is a useful mechod te demonstrate the 

effect of the sol vent ratio on the TNVP yield. 

3. The hypothesis of the solvent) biosynthesis regula-

lation by the hydrogen partial pressure in the fermen-

tati0n system was verified. This approach can be used 

to maximize the production of sol vents and particularly 

butanol in the acetone-butanol process. 

r 
,4. Construction of a basic batch culture model capable 

5. 

of describing the behavior of the Closilridium aceto-

butylicum strain even during the transitional phases of 
1 

activity. The model, based on biochemical and experi-

mental information, served as a stepping stone for 

further development of a more sophisticated one. 

The development of the Physiological State Model 

for the culture studies. The model includes the cel-

lular physiological parameter as well as the internaI 

and external cellular conditions and is based on the' 

metabolic interrelationship of the biosynthetic 

products .. ' 



6. 

7. 
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The culture phenomena, including the transport of 

sugar, sol v'ents and' acids across the cellular membrane, 

were systematically, analyzed. The qua'ntitative asses-

sment of physiological aspects of the microbial·culture 

studies assisted ".in subsequent demonstration of tj1e 

membrane function in the regulation of solvent produc-

tion. 

The i?nov.p.,tive "diagnostic" application of the 

Physiological State Hodel in elucidation of the role of 
L 

cell ular membrane ,parameters in control of the culture 

behavior establishes aspects of novel methodology and 

iiemonst.rates a new' quality in the use of mathematical 

modelling in fermentation processe::;. 

o 

') 

" , 
c, 

, " , , 
/ , 
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-. 
9.3 SUGGESTIONS FOR FUTURE STUDY 

1. 
a. 

The elevated partial presure of hydrogen'gas was shown 

in this work to regulat:e to a certain degree the pro-

duction of sol vents in the acetone-butanol fermenta-

tion. 

effect 

enzymes 

The biochemical basis of this regulation, the 

of the hydrogen 

con tro Il in~--the 
pressure 

flow of 

on . the metabolic 

electrons and the 

balance of NAD/NADH 2 can be studied. 

2. A*techno-economic feasibility study can be performed on 

a modif.led fermentation process operating under high 

pressures of hydrogen gas with a resulting increase in 

the production yieltl of butanol • 

.; 

3. The. primary si te for the inhibi tory effect by the end 

products in the acetol1e-butanol fermentation is shown 
'-

to be the cellular membrane of the micro""ia~ culture. 

The possibili ty of- improvement in tolerance of the 

miçrobial cellular membrane to the alcohol~ by incorpo-

ration of unsaturated fatty acids, or by alternative 
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techniques such as genetic manipulation, can be inves-

tigated. ( 

4. The effect of a modified and more tolerant cellular 

membrane on the actual pr0duction of solvents b-y the 

microbial culture can be examined. 

5. 

, ~1 1" './ 

Th~ process kinetics model developed in this ~tu y can 

be hsed as a basis for rnodelling of the fed-batch and 

continous-flow culture modes and theif subsequent use 

in the optimization of the corresponding processes. 

6. As the continuation of the work presented in this the-

sis, the method of systems analysis can be employed in 

) evaluation of the culture phenomena and the relation-

ship between the major fermentation parameters of a 

number of other fermentation processes which show a 

strong potential of becoming economically attractive 

for the production of key organic chemicals • 

.. 
7. The ~hysiological State Model proved to be a valuable 

tool in investigating the microbial physiology and in 

elucidating the role of key culture parameters. This 

model can be utilized to describe al ternati ve cul tur,e 

modes such as fed batch, continous-flow, and immobil-

ized-cell operations. This approach would he useful in 
( 

fi' 

j 
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both evaluatin~ the adequacy of the propo,sed mathe­

matical model in simulating these cultivation and in 

studying the influence ...Qf the culture physiological 

p~rameters on the 

system. ' 

i . 

1 

Î 

p1\oductivity of the 
'-

fermentation 

, 
JI 

r , 
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APPENDIX l - . 

Listing of the Computer Program for the Smoothing of the Experimental 

Data. 
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FRELIM(NA~Y DATA ANALYSIS BV SMapT~(NG SPLINES 

C1MENSICN LLC30J,YPC40.B,.T(40 •• 0YI40,.Vl40.7t.Al40.7) • 
• ~N(40.8).YO(40.8).Y(40) 
~E40(5 •• 1 ~PCINT.NPROF 
JF'~POINT.lT.I) STOP 
~EÂO(5.~9) (LL(JJ.I-l.30) 
FOR"'4T (30 A2 ) 0 

.RITË(6.100) (LL(I) .l=1.30 .... PCINT."PROF 
FOR~4T(//3042/5X.7HNPCINT:.13.2X.6HNPROF=.J3'/. 
CC 1 1=1. "'PCI .. T 
~E40[5 •• ) T(I •• (YP(I.J) • .J=l.NFRQF' 
IItR 1 TE ( 6. 101 J TC 1 ) • ( YP ( r • .J' • J= 1 • NPR CF) 
FCR~4T[lX,F4.I,BF7.3. 
S=SQRTC2.*FLCATCNPClhT.) 
CC 10 J= 1 • NPRCF 
CO 11 1~=1."PCI"'T \. 
'r(I )=YP(I.JJ 
CV ( 1 ) =0 .1 
SFS=5NOCTH(T,y.OY ... PCINT.S.V.A, 
"PM1=NPCI"T-1 
CC 12 l=l .... Pfill 
~,.", ( • .J) =4 ( 1 • 1 » 
'rOC I,J'=4( 1,2» 
OX=T'~PC[~T)-T(NP~l) 
YM'~OfNT.J'=A'NPM1.IJ+4(NPNl.2).OX+4(NPM1.3).DX •• 2/2 • 

•• 4("PMl,.'*OX*.3/6. 
~O{"P01"T.J)=A(NP"'1.2J+A'NPM1.31.CX+A'NPN1,.,10X •• 2/2. 
C(NTINUE 
.RITE (ê.102j 
CO J 1- 1 = 1 • "PO 1 NT 
aRITE(6.103) T(I)'{~"'(I.~,.J=l.NPRCF) 
FCRMAT(lX.F4.1.8F7.3' 
FOR~AT(~/5~.· ~MOOTHEO ~ALUES ./) 
C4Ll TR4hSF(hPO(NT~T.~M.YD) 
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END 
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ppendixï, continued 

SuBRCUTINE TRANSF(N.).V.VO, 
CIME~SICN X(~O).V(.0.8,.VO(40.8,.F(20, 
_RITE (6.100' 

100 fOR~.T(//SX •• T4BLE OF RESULTS 1/. 
CC 1 1 = 1 • '" 
F(l,-=YD( l.l)/Y(I.l) 
F(2)=-YC( 1.2a/Y(I.l' 
F(3,=YO(I.3)/Y(I.l) 
F(4):VOt 1.4)/Y( 1.1' 
F(S'=VO'I.5,/V((.I) . 
f(6,-YO(I.6'/YCI.l) 

- F(7.=VOCI.7)/Y(l.l) 
1 .R 1 Te ( 6 • 1 CI) X ( 1 ) • ( F (.,1) • .J== 1 .7 ) 
lOI fOR~AT(IX,F4.1.7F9.5) 

S;ET URN 
fl'-O 

REAL FUI'-CTloN SNooTH(X.V.OV.NP01NT.S.V.A' 
~INENSICN A(40.4,.OV(40t.VC40.7 •• X(40,.V(40) 
C4LL SETUPQ(X.ov.v.~pcr~T.V.A(1.4.' 
IF(S.GT.OD' Ge Ta 20 

10 F=l. 
(~L C~CLIO(P.v. (1.4 •• NPOINT,1.A(I.3).A(1.1.' 
~FP=O.O 
Ge' 10 60' 

20 P=O. 
CALl C~(lIO'P.V.A'1.4,.~pal~T.l.A'1.3).A'1.1)' 
~FP=O • 
ce 21 1=1.,",POINT 

2 1 ~ F P = SF P + , " ( 1 • 1 •• 0 y ( 1 ) •• *2 
~FP=SFP.3~. 

~ IF(SFP.lE.S. GO TO 60 
~Re \fP=O. 
Pr.E vSF: SF p 
lIRU=O. 
co 25 J:2 .... POINT 

25 uTRU:UTRu+vel-I.4).CACl-I.3).C4(I-l.3'+A(I.3)J+A( 1.3' •• 2' 
~=CSFP-S'/'24 •• UTRU' 

30 CALL Ct1CLIO(P,V.A(1.~).I'-POI~T.1.A(I.3).A(1.IJ-) 
::FP=O. 
cc 35 1 == 1 • "p Cl NT .~ 

35 SFP:SFP+(ACI.l).OY(I» •• 2 
5FP=SFP*36.*(I.-P)$$2 
IF{SFP.LE.l.Ol*S) Ge 10 60 
IF(SfP.GE.PREVSF) GG TO 10 
(HA~GE=(P-PREVP)/(SfP-P"EvSF •• 'SFP-S' 
FRI: vP=P 
F=P-CH4NGE 
~"EVSF=SFP 
IF (P.L T. 1) GO TO 30 
F=I.-SQRTCS/PREVSF •• (l.-PREVP' 
C:C Ta JO 46 
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cc f:l 1=1,"'PCI"T 
At (.1 )=".c 1 )-5 [Xl~P.D"( () •• 2*AC 1.1) 
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00 63 I=l."PMl ~ ~ 
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• -( "c 1.3' +AC 1.4 J/3 • • V( 1.4) )/2 .*V( 1.4' 
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~(I •• ).oX(2 ,-X(l' 
CO 11 l-=2.,",PM' 

-"C 1.4 )=X( 1 *1 )-X( 1) 
"U.1 t=DX' 1-1 J/V( 1-1.4) 
li ( 1 .2); -0 x ( 1) .IV ( 1 .,,) -0 X, U .1 V ( 1-1 • " • 
~'I .3'=0)( 1 .• 1 UV( 1 ••• 
"(~PO(NT.l '=0. " 
CO 12 1=2."'PNl 
'" 1.5 )=v, 1.1) •• 2+V( 1.2' .*2+V( 1.3) •• 2 
IF(hPM1.LT.3) Ga TC 14 
CO 1:3 1 = 3 • NPM 1 
~(I-l.6):V[I-l.2'*V'I.1 )+'1(1-1.3'.'1(1.2) 
"CNPN1.6)=0. 
IFC"PNI.LT.4) GO TO 16 
OC 15 1 = •• NPM 1 
~(1-2.7)=~'1-2.3'.V(I~1) 
"CNPN1-l.7'=O .0 
", .... P'"' 1 ,7'=0. 
FRE V:: ( " ( 2 , -" ( 1) J .1''1 ( 1 • " ) 
CC 21 1=2,NPMI 
CIFF=(V(I+l)-Y(I').IVll.4) 
CTV C U=DIFF-PREV 
FRE..,=DIFF 
fOET\"RN 
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Appendix 1, continued 
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~~8~OUTlhE CHCLIO,p.V.aTY.hPOINT,~(OL.U,au. 
CIMENSICN aTY(.0).au,.o).uè.o).~'.O.7) 
"'P"l="'PCI"'T-I 
~IX1~P=6 •• '1.-P) 
TwOP=2._R 
CO 2 1=2."PMl 
~[1.1)=SlxlNP.V(I.5)+TWCP*CV(I-1.4'+V(I.4)' 
\t [ 1 .2 ).::5 1 X 1 NP .V, 1 .6) +P. \1 ( 1 •• ) 
~'1.3)=SIX1"P.V'f.7' 
l'PM2=NPCI'' T-2 
IF,t.PN2.GE.2' GO TC 10 
1.[1'=0. 
1.(2.=QTV(2)/V(2.1. 
U(3,=O.O 
Ge TO 41 
CO 20 ( ;; 2 • NP .. 2 
J;AT (0=Y(I.2)/Y( 1.1) 
~'I+l.l)=\I:(+1.1)-RATIC.~,[.2. 
~, 1 + 1.2 ):y ( '+1.2» -RAT la * V( 1 • J » 
'd 1,2 )=RAT 10 
RA T 1 Q.:: v ( 1 .3 ) / \1 ( 1 • 1 » 
,,( 1 +2. 1 »=V ( 1 + 2. 1 ) -R" T 10.V ( 1 • 3 ) 
"" .3):RATIC 
lJ(l'=O • 
.. ( 1 t 3) =0.0 
1.(2,=QTVC2) ~ 
cc ~o 1=2.~PN2 . ~ 
l.'l+lJ=QTYCI+l.-V'I.2t.UC"-V(I-l,3'.U'I-1. 
~(~POINT)=O.O . 
~(NPM1)=U(NP"1)/YlNPM1.l) 
cc <\0 11=2,"'P"'2 
l=f'oIPOINT-11 

lJ ( 1 ) = u ( 1 ) / Y ( 1 • 1 ,- U ( 1" 1 , * y ( 1 • 2 , -u' 1 + 2. *Y ( 1 • 3' 
~AEV=O.O 
co 50 1=2.,...PCINT 
cue 'I-{UC 1 )-U (1-1' a/vI 1-1.4 J 
Cu'(-l)=aU{I)-PRE~ 
ÇRE V=QU ( 1 a 
'u(~POINT,=-aU("POINT' 
fOEll.RN 
END 
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~ppendix 1, continued 

CAl A BATC~ CUL 1 r\lAT {eN NO q ACETeNE BUTANOL FERMENTATr(N 
NPOINTa 10 NPROF= 7 

0.0 0.060 50.500 0.0 0.0 0.0 0.0 0.0 

3.0 0.060 SO.!:CO 0.0 0.0 0.0 0.0 0.0 
8.0 0.100 50.000 0.0 0.0 0.0 0.125 0.12! 

12.0 0.315 48.5CO 0.04 C 0.020 0.025 0.750 0.600 
. 15.0 t .400 43.000 o. t 5 0 0.040 C.050 2.350 1.400 
17.5 2.100 35.500 0.400 0.150 0.11 0 3.700 2.300 
H.O 3.5V5 22.000 J.CJ50 1 .3 00 0.400 1 .650 3.000 
24.0 3.B25 10.000 8.43 C 4 .300 0.780 0.200 2.b50 
27.0 3.875 0.0 II.OOe 5.000 1 .100 0.100 2.500 
~Z.5 3.600 0.0 1 1.000 5.000 1 • 100 0.100 2.500 

S,",C'QTHED VALUES 

0.0 0.063 50.504 0.00 0 0.000 -0.001 -0.001 -0.004 
3.0 0.044 50.492 - 0.001 -0.000 -0.011 -0.000 -0.013 
8.0 0.055 50.047 .0.002 0.001 -0.020 0.1 10 0.120 

12.0 0.4E4 4e.448 0.032 0.019 0.007 0.786 0.658 
15.0 1 .491 42.9<;6 0.059 0.028 0.07«; 2.425 1.467 
17.5 2.555 35 .. 486 0.53~ 0.132 o • 1 C;q 3.52(: 2.239 
21.0 ~.542 22.012 4.017·' 1.435 0.461 1.7lf 2.846 
24.0 3.849 9.912 e.:!2f: 4.146 o .12f 0.244 2.737 
27.0 3.B1E 0.166 10 .96 ~ 5.046 C .950 0.069 2.539 
32.5 3.610 -0.063 11.03~ 5.0·04 t.177 0.101 ? 486" 

t...".' 
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APPENDIX 2 

Listing of the Computer Program for the Estimation of the Model Kinetic 

co~ts 

- -- - ~-,~------ ----



,~ ~ 
THIS PROGRAM ESTIMATES THE COEFFICIENTS OF THE ~INETIC 

MODEl FOR THE NORMAL BATCH CULTURE OF ACETONE-BUTANOl PROCESS. 

DIMENSION YMC20,10),YP(20),T(20),A(20),EPS(20),LL(30),W(10),AA(20) 
COMMON /FCE/ FF ' 

99 

100 

196 

COMMON IItATI NPOINT,NVAR,NEGU,T,W,YP,YM 
COMMON /t\ON/ A, 
READ(S,*> NPOINT,NVAR,NEGU,NPAR,HFC 
READ(5,99) (LL(I>,I~1,30) 
FORMAT(30A~) 
WRITE(o,100) (ll(I),I=1,30) 
FORMATC//IX,30A2) 
READ(S,*> T(l) 
READ(S,*> ~YP(I),I=1,10) 
WRITE(o,196) (YP(I),I=1,10) 
FORMAT(lX,lOF7.3) 
DO 1 I=l,NPOINT 
READ(5,*> T(Itl),(YM(I,J),J=l,NVAR) 

1 WRITE(6,101) T(I+l),(YH(I,J),J=l,NVAR> 
101 FORMATC1X,F4.1,9F7.3) 

READCS,~) (ACI),I=1,9) 
READ(5,*) (A(I),I=10,18) 
READ(S,*> CAACI),I=1,9) 
READ(S,*> (AA(I),I~10,NPAR) 
READ(5,*> (EPS(!),!=1,9) 
READ(S,*) CEPSCI),I=10,NPAR) 
READ(S,*> (W(I),!=l,NVAR> 
WRITE(o,130> (AC!),I=1,9) 
WRITE(6,131) (A(I),I=lO,18) 
WRITE(6,136) (AA(!),I=1,9) _ 
WRITE(6,137) (AA(I),I=10,NPARr 
WRITE(6,132) (EPS(I),I=1,9) 
WRITE(6,133) (EPS(I),I~10,NPAR) 
WRITE(6,134) (WCI),I=l,NVAR) 

130 FORMAT(lX,9F8.4) 
131 FORMAT'( 1 X , 9F8 • 4 ) 

132 FORHAT(lX,9F8.4) 

~ 

"l 

'----
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ppendix 2, continued 

133 FORMAT(lX,6F8.4) 
134 FORMAT(lX,9FB.4) 
136 FORNAT(1X,9FS.4) 
137 FORMAT<lX,6F8.4) 

FF=1.Et30 
CALL ROS(NPAR,MFC,AA,EPS,O.OOl) 
STOP 
END 
SUBROUTINE OBJECT(A,SSWR,NPAR) 
DIMENSION AA(~O),A(~O),W(10),YN(~O,10),YP(~O),T(~O),Y(~O),Al(20) 
COMMON ICONI AA ~ 
COMMON It\ONI Al 
CONNON IFCEI FF -
COMMON IDATI NPOINT,NVAR,NEQU,T,W,YP,YM 

120 FORMAT(lX,10F7.4) 
DO 5 I=l,NPAR 

'S AA(I)=ABS(A(I» 
SSWR=O.O 
DO 2 I=l,NEQU 

~ Y(I)=YP(I) 
Y (10) =AA ( 15) 
DO 1 I=l,NPOINT 
XB=T(I) 
XF=T(Itl) 
CALL ODECNEQU,XB,XF,Y,O.Ol) 
DO 4 J= 1 , NF'ROF 

4 SSWR=SSWR+«YM(I,J)-Y(J»/W(J»**~ 
1 CONTINUE 

WRITE(6,120J (Al(I),!=1,18) 
W~rT~E6,110) SSWR 
IF(FF.LT.SSWR) RETURN 
FF=SSWR 
WRITE(6dl1> 

111 FORMAT(1Ht,20X,'LAST MINIMUM'/) 
11~ FORMAT~lXJE1~_5) 

RETURN 
END 

.... 

01::00 
o 
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ppendix 2, continued 

21 

, --

SUBROUTINE RHS(N,X~VV,F> 
DIMENSION V(20),F(20),A(20),VV(20),AA(20) 
COMMON ICON/ AA 
CmiHON /KON/A 
A(2):AA(1) 
A(3);;AA(2) 
A (4) =AA,( 3) 
A(S)=AA(4) 
A(6)=AA(S) 
A(7)=AA(6) 
A(9)=AA(7) 
A ( 11> =AA (8) 
A(12):AA(9) -
A(13);=AA(10) 
A(lS)=AA(ll) 
A(16)=AA(12) 
A(17)=AA(13) 
Â(lB)=AA(14) 
DO 21 I=I,N 
YCI)=YY(!) 

'-

" 

IFCYVCI).LT.O.O) Y(~)=O.O 
CONTINUE 
FS=Y(2)/(Y(2>+A(S» 
RS=(A(3)*FS+A(4)*V(2»*V(1) 
FI=A(1)/(A(1)+Y(3» 
F(2)=-RS 

~ 

FBA=(A(S>*V(2)*FI-A(7>*V(6)/(V(6)+A(lO»)*V(1) 
F(6)=FBA 
F(1)=O.S6*<Y(10)-1.>*Y(I)-A(9)*V(1)*Y(3) 
F(3)=A(6)*V(2)*V(1)-O.841*FBA 
F(')=iA(11i*FS*FI-A{i5)*V(7)~(Y(7)+A(14»)*V(1) 
F(4)~A(12>*FS*V(1>-F(7)*O.484 
F(5)~A(13)*Y(1)*FS 
F(9)=A(16>*FS*V(1) 
F(S)=Af 17 >*FS*V(1)+A(18)*V(2)*V(1) 
F(10)~~A{2)*FI*V(2)-O.56*(Y(10)-1.»*Y(10) 
RETURNI 
END ~ 

~ 

• 

~ 

\. 

# 

~~ 

.~ 

0' 

\ . -

' ... 

L 

~ 

~ 

o 
..... 



ppendi~ 2, continued 

l 
SUBROUTINE ROS(~M,MAX~,AF~,EPS,EPSY~ (. 
DIMENSION A~E(~0),D(20),V(~0,20),BL(20,20),BLEN(20),EPS(20), 
lAJ(20),E(20),AL(20,20),AF~(20) 

NO=6 
NSTEP=2 
MI\AT=30 
MCYC=50 
ALPHA=2.0 
BETA=0.5 
WRITE(NO,99) 

99 FORMAT(lHl,10X,34HROSENBROC~ MINIMIZATION PROCEDURE 
WRITE(NO,1004) HAX~,M~AT,HCYC,NSTEP,ALPHA,BETA,EPSY 

1004 FORMAT(//2X,10HPARAMETERS/~X,7HMAX~ ~ ,I4,4X,7HM~AT ~ ,I2,4X, 
1 7HMCYC = ,I2,4X,8HNSTEP = ,I2112X,8HALPHA = ,F5.2,4X, 
2 7HBETA = ,F5.2,4X,7HEPSY = ,1E12.4 ) 

"AT=1 
DO 98 II=1'''M 

\ DO 98 JJ=l,KM 
-VCII,J.J)=O.O 
IF(II-JJ) 98,97,98 

97 V(II,JJ)=l. 
98 CONTINUE 

(81'" 
"/'00 
701 

,~ 

tOO,O 

CALL OBJECT(AF/\,SUMN,KH) 
SUMO=SUMN 
DO 812 ~=1,"M 
A~E(K)=AFI<Tf\) 
CONTr'NUE 
Kl\l:;l 
IF(NSTEP-1) 701,700,701 
GO Ta 1000 
CONTINUE 
[JO 350 !=1,I\H 
E(I)=EPS(I) 
CONTINUE 
no 250 1=1,I\M 

, 
\. 

# 

~ 
o 
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Appendix 2, continued 

70:! 
703 

:!50 

397 
258 
259 
251 

707 
706 

708 
709 

:!54 

710 
711 

253 

813 

713 
712 

FBEST=SUMN 
AJ(!)=2. 
IF(NSTËP-1) 702~703,702 
GO TD 250 
CONTINUE 
E(!);;cEPSCI) 
D(1)=O.O 
111=0 
111=11It1 -
I=l 
DO 251 J=l,KM 
AKE(J)=A~E(J)+E(I)*V(I,J) 
CALL OBJECT(~~E,SUMN,KM) 
KAT="AT+l 
IF(~AT-MAX") 706,707,707· 
GO TO 1001 ~ 
CONTINUE ~ 
1F(SUMN-SUMO) 708,708,709 
GO TO 253 
CONTINUE 
DO 254 J=l,"M 
A"E(J)=A"E(J~-E(I)*V(I.J) 
E(I)=-BETA*E(I) 
IFCAJ(I)-1.5) 710,711,711 
AJ(I)=O.O 
CONTINUE 
GO TD 255 
D(I)=[I(I)+E(I) 
E<I)=ALPHA*E<I) 
SUMO=SUMN 
DO 813 ~=l,I\M 
AF"(t\)=A"E(t\) 

~ 

IF(AJ(I) -1.5) 712,712,713 
AJCI)=1.0 
CONTINUE 

\ -,' 
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A ppen~ix 2, continued 

255 DO 256 J=l,~M 
IFtAJ(J)-O.5) 256,~56,715 

715 GO""'TO 299 
256 SUHDIF;FBEST-SUMO 

SUHDIF=SÙMDIF/AMAX1(ABS(FBEST),O.OOl) 
IFCABS(SUMDIF)-EPSY)1001,1001,257 

~99 IFeI-KM) 717,716,717 
716 GOT0399 
717 CONTINUE 

1=1+1 
GO TO 259 

399 DO 398 J=I,~M 

718 
398 

720 
721 

257 

290 

::?so 

~Bl 

282 

283 
284 

IF(AJ(J)-2.) 718,398,398 
GO TO 258 
CONTINUE 
IF(III-MCYC) 7~0.721,721 
GO TO 397 
CONTINUE 
GO TO 1001 
CONTINUe: 
DO 290 I=I,I\H 
DO 290 J=l,KM 
AL(I,J)=O.O l' 
WRITEeNO,280) Kl\l 
FORHAr(712~13HSTAGE NUMBER ,12) 
WRITE(NO,281) SUMO _ 
FORMAT(/7X,31HVALUE OF OBJECTIVE FUNCrION = .E12.5) 
WRITE(NO,282> 
FORMAT(/7X,35HVALUES OF THE INDEPENDENT VARIABLES ,/) 
DO 284 IX=l,KM 
WRITE(NO,:?83) IX,AKE(IX) 
FORMAT(/7X,2HX(,I2,4H) = ,E16.8) 
CONTINUE 

/ 
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,vendix 2, èontinued 

DO 260 1=l,I\M 
t\L:::I 
DO 260 J=l,t\M 
DO 261 I\=I\L,I\M 

261 AL(I,J)=D(K>*V(/\,J) + AL<!,J) 
260 BL(I,J) = ~L(I,J) 

BLEN(1) =0.0 
DO 351 /\-l,KM 
B~EN(l)=BLEN(l) tBL(l,K>*BL,t,l\> 

351 CONTINUE 
. BLEt-! ( 1 > =SQRT (BLE,N ( 1) ) 

DO 35~ J=l,/\M . 
V(l,J)=BL(l,J)/BLEN(l) 

35~ CONTINUE ~ 
DO ~63 1=2,I\M 
II-I-1 
DO 263 J=l,KM 
SUMAVV=O.O 

~O ~64 1'\1'-.=1,11 
SUMAV=O.O 
DO 262 l\=l,KM 

262 SUMAV = SUMAV t AL(I,K)*V(/\/\,K) 
~64 SUMAVV=SUMAV*V(KK,J) tSUHAVV 
263 BL(I,J) =AL(I,J) -SU~~VV 

DO 266 !=2,I'-.M 
BLEN(I)=O.O 

267 

266 

DO 267 K-l,KM 
BLEN(I)=BLEN(I) + BL(I,K)*BL(I,I\) 
BLEN(I)=SQRT(BLENCI» 
DO 266 J;;;;;l,KM 
V(I,J)=BL(I,J)/BLEN(I) 
"I\1=I'-.K1+1 
.IFCKKI-MKAT) 723,722,722 

"-'. J, ~ 
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Appendix 2, continued 

.-

7::?::? 
723 
1001 
100::? 

1003 

1005 

1006 
1007 

C 

100 

1 
101 

::? 

GO TD 1001 
GO TO 1000 
WRITE(NO,100::?) ~Kl 

, ; 

FORMAT(///::?Xë::?5HTOTAL NUMBER OF STAGES = ,I::?) 
WRITE(NO,1003) KAT 
FORMATC/::?X,38HTOTAl NUMBER OF FUNCTION EVALUATION ,15) 
WRITE(NO,1005) SUMO 
FORMAT(/~X,33HFINAL VALUE OF OBJECT FUNCTION = ,E12.5) 
rio 1007 IX=1,I\H 
WR~TE(NO,1006) IX,AKE{IX) 
FORMATC/2X,2HX{,I::?,4H) = ,E16.8> 
CONTINUE 
RETURN 
END 
SUBROUT1NE ODE(N,XB,XE~Y,EPS) 
DIMENSION Y1(20),Y2(20),Y3(~O),Y(~O) 
X=XB 
H={XE-X)/10. 
ADOPTED FROM ALGORITHM 8 C ACM ~1960) VOL.3 P.31::? 
1S=O 
IOUT=O 
IF«X+::?Ol*H-XE).LT.O.) GO TO 1 
IOUT=! 
H=(XE-X)/::? 
CALL RK4(N,X,Y,~.*H,Xl,Yl) 
CALL RK4(N,X,Y,H,X2,Y2) 
CALL R~4(N,X~,Y::?,H,X3,Y3) 
ERR=O.O· 
DO ::? K=l,N 
01=AMAX1(1.E-6,ABS(Y3(K») 
P=ABS{Y1(K)-Y3(K»/Ql 
ERR=AMAX1(P,ERR) 
IF(ERR.GT.EPS) GO TO 103 
X=X3 
IF(IOUT.EO.l) GO TO 104 

<> DO 3 l\=l,N 
3 Y(K)=Y3(1\) 

~ 

~ 

\; 
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AViJendix 2, continue 

If(IS.4T.5) GO TO 4 
H=2.*H 
15=0 

4 15=15+ 
GO TO l....0.0 

103 H=0.5*H 
10UT=O 
Xl=X::! 
DO 5 l\=l,N 

5 Yl(K)=Y~(~) 
GO TO 101 

104 DO 6 ~=1,N 
6 YOO=Y3(~) 

- RETURN . 
END 
SUBROUTINE R~4(N,X,Y,H,XE,YE) 
DrMEN51~N Y(20),YE(~0),ZC20),W(20),A(5) 
DATA A /0.5,0.5,1.,1.0,0.5/ 
XE=X' 
DO 1 K=l,N 
YE 00 ='( (K) 

1 W(IO=YCK) 

J 
:? 

'---

DO 2 J=1,4 
-C-ALL RMS ( N -, XE , W , Z ) 
XE;;:ALJ>*H+X 
DO 3 K;;;:l,N 
W(K)=Y(~)+A(J)*H*Z(K) 
YE(K)=YE(~)+A(J+l)*H*Z(K)/3. 
CONTINUE 
RETURN 
END 

\~ 

'j 
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APPENDIX 3 

Listing of the Computer Program for the Parametric Sensitivity Analysis. 
~ . 

" 



\ , 

,,---

c 
C 

99 

100 

::-

PARAHETER SENSJTIVITY OF THE A-B-E PROCESS MODEl , . 

DIMENSION YP(20110)-:T(20rr,A(~O) ,LL(30) ,W(1() 
COMMON IDA TI NPOINT,NVAR,T,W,YP 
READ(S,*> NPOINT,NVAR,NPAR 
READ(S,99> (LL<I),T=1,30) 
FORMAT(30A~) 

WRITE(6,lOO) (LL(I),!=1,30) 
FORHAT(//lX,30A2//) 
DO' 1 I=l,NPOINT 

~ 

1 READ(S,*) T(I),(YP(I,J),J=l,NVAR) 
READ(S,*> (ACI),I=1,9) 

'") 

102 

5 

READ(S,*) (A(I),I=10,NPAR) 
READ(S,*> (W(I),I=l,NVARY 
CALL OBJECT(A,SSl,NPAR) 
DO ~ !=l,NPAR 
DA=O.Ol*A(I) 
A(I)=A(I)fDA 
CALL OBJECT(A,SS~,NPAR) 
APS=(SS~-SSl)/DA 
A(I)=A(I)-flA 
RPS=A(I)*ABS(APS)/SSl 

- WRITE(6,102) A(I),APS,RPS 
FORMAT(lX,F8.4,~X,2E14.6) 
STOP 
END 
SUBROUTINË OBJECT(A,SSWR,NPAR) 
DIMENSION AA(~O),A(~O),W(10),YP{20,10),T(20),Y(20) 
COHHON /I\ON/ AA 
COHHON IDA TI NPOINr,NVAR,T,W,YP 
DO 5 I=l,NPAR 
AA(I)=ABS(A(I» 
SSWR=O.O 
NPM1=NPOINT-.l 
DO 1 !=l,NPMl 
IF(I.GT.l) GO TO 3 
DO 2 J=l,NVAR 

~// 

~ 
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Appendix 3, continued 

2 Y(J)=YP(!,J) 
3 XB=T(I> 

XF= T(I+1) 
CALL ODE<NVAR,XB,XF,V,O.Ol) 
DO 4 J=l,NVAR 

4 SSWR=SSWR+«VP(Ifl,J)-V(J»/W(J»**2 
1 CONTINUE 

RETURN 
ENrl 
SUBROUTINE RH~(N,X,V,F) 
DIMENSION V(20),F(20),A(20) 
COMMON /l\Ot'UA 
FS=V(2)/(V(2)+A(S» 
RS=(A(3>*FStA(4)*Y(~»*Y(1) 
FI=A(1)/(A(1)+Y(3» 

,,,,,,-

F(2)=-RS 
FBA=(A(5)*V(2)*FI-A(7>*V(6)/(V(6)+A(10»)*V(1) 
F(6)=FBA . 
F(1)=A(2>*V(2)*FI*V(1)-A(9>*V(1>*V(3) 
F(3)=A(6>*V(2>*V(1)&O.841*FBA 
F(7)=(A(11)*FS*FI-A(15>*Y(7>*FS/(V(7>+A(14»)*V(1) 
F(4)~A(12)*FS*V(1)-F(7)*O.4S4 
F(S)=A(13)*Y(1)*FS 
F(9)=A(16>*FS*V(1) 
F(S)=A(17)*FS*V(1>fA(18>*V(2>*V(1) 
RETURN· 
ENI' 

~'-
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Listing of the Computer Program' for the Simulation of 

Acetone-Butanol Process. 
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, , 

c 
c 
c 
C 

SIMULATION OF OF A-B-E PROCESS (BATCH CULTURE) 

DIMENSION YP(20),A(20) 
COMMON IDATI NPOINT,NVAR,T,YP 
READ(5,*> NPOINT,NVAR,NPAR 
READ(5,*) T,(YP(J),J=1,NVAR) 
READ(S,#> (A(I),!=!,9) 
READ(5,*> (A(I),I=10,NPAR) 
WRITE(6,100) NPOINT,NVAR,NPAR 
WRITE(6,101) T,(ypeJ),J=l,NVAR) 
WRITE(6,10~) (A(I),I=1,9) 
WRITE(6~103) (A(I),I=10,NPAR) 

100, FORMAT(~X,I~,~X,I2,~X,I~) 
101 FORHAT(F6.~,10F6.~) 
10~ fORHAT(9F8.4) 
103 FORM~T(9F8.4) 

CALL OBJECT(A,SS2,NPAR) 
2 CONTINUE, 

STOP 
END 
SUBROUfINE OBJECTCA,SSWR,NPARl 
DIMENSION AA(20),A(20),YP(20),Y(~O) 
COMMON /"ON/ AA 
COMMON /DATI NPOINT,NVAR,T,YP 

-DOS I=I,NPAR 
5 AA(!)=ABS(A(I» 

NRM1=NVAR-1 
XF=T 
NPM1=-NF'OINT-l 
DO 1 I=l,NPMl 
IFCI.GT.l) GO TO 3 
DO 2 J=l,NVAR 

~ Y(J)=YP(J) 
WRIT~(6,100) XF,(Y(JJ),JJ=1,NRM1) 

3 XB=XF 
XF';XB+l.0 
CALL oDE(NVAR,XB,XF,Y~O.Ol) / 
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Appendix 4, continued 

WRITE(6,100) XF,(Y(JJ),JJ=1,NRM1) 
100 FORMAT(lX,F3.0,F5.2,F5.1,F6.2y5F5.2,F5.1) 
1 CONTINUE 

C 
C 

100 

1 
101 

2 

) RETURN 
ENII 
SUBROUTINE RHS(N,X,Y,F) 
DIMENSION Y(~O),F(20),A(20) 
COMMON /KON/A 
FS=Y(2)/(Y(2)+A(S» 
RS=(A(3)*FStA(4)*Y(2»*Y(1) 
FI=A(1)/(A(1)+Y(3» 
F(2)==-RS 
FBA~(A(5)*Y(~)*FI-A(7)*Y(6)/(Y(6)tA(10»)*Y(1) 
F(6)=FBA 
F(1)=O.56*(Y(1~)-1.)*Y(1)-A(9)*Y(1)*Y(3) 
F(3)=A(6)*Y(2)*V(1)-O.841*FBA 
F(7)=(A(11)*FS*FI-A(15)*Y(7)*FS/(Y(7)tA(14»)*Y(1) 
F(4)=A(12)*FS*Y(1)-F(7)*O.484 
F(S)=A(13)*V(1)*FS 
F(9)=A(16>*FS*Y(1) 
F(8)=A(17)*FS*Y~1)+A(18)*Y(2)*Yll) 
F(10)=(A(2)*FI*Y(2)-O.56*(Y(10)-1.»*Y(10) 
RETURN 
END 

5UBROUTINE ODE(N.XB.XE.V.EP5' 
OIME~5ICN Vl(LO,.Y2(20'.V3(20 •• VC20) 
X=X8 
H= ( X E- X" 110 • 
400PTED FROM ALGORITH~ 8 C ACM (1960' VOL.3 P.312 
BY ~.~OTRUEA INST.~ICRCBICL. PRAGUE CZECH05LOVAKIA 
15:0 ' 
ICU1=O 
IF((~.2.01.H-XEL.LT.O.J GO TC 1 
IOUT=1 
H=(XE-x'/2. 
CALL RK4(N.X.V.2.*H.Xl.Vl) 
CALL RK4(~.X.V.H.X2.Y~1 
CALL RK4(N.X2.V2.H.X3.V3' , 
ERR=O.O 
00 2 K"'l.~ 
Q I=AMAX 1'( 1 .E-t; ,ABS C V3 (K)'. 
PzAE5(Yl(K'-Y3(K')/Ql 
EARaANAXl(P.ERR, 
IF(ERR.GT.EPS, GO Ta 103 

l, 

1 

~ 

\ 

.. 

---
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\.ppendix 4, continued 

\ , 

3 

• 
103 

5 

10. 
6 

1 

3 
2 

)(:)( 3 
IF( IOUT .Ea.1 ) GO TC 10. 
00 ~ K= 1.N 
Y(liC':Y3(K) 
IF(IS".LI.S' GOoTO • 
h;2 •• H 
15=0 
15=15+1 
GO Ta 100 
t;=0.5 .... 
10UT=O 
Xl=X2 
00 5 K: 1." 
..,1(K)=Y2(K. 
Ge TO 101 
00 6 K;; 1 .N 
'r(KlzY3(K) 
RETURN 
E","O 

SUBRCUTINE RK.'N.X.Y."'.XE.YE' -----OIME","SICN "(20'.YE(2C).2(20, •• '20'.A(S, 
OATA A ~C.5.0.5.1 •• 1.0,O.5~ 
)lE:)C 

DO 1 K=l ..... 
vEno=y uo 
,(Kr=Y(K, 
00 2 .J=1." 
CALL RHsc".xe.W.ZI 
XE=A(.U*t;+X 
CO ~ K=I.N , 
~'~':Y(K)+A(.J' ... *zeK' 
VE(K'=VE(K,+A(.J+l'*"'.Z(K)/3. 
CONTINue 
RET\.,RN 
E","O 

.. .. 

---. 
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Proce;s Pa:rameters in the Batch Acetone-Butanol Fermentation on Glucose . .. ~.--
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APP~NDIX 5.1 

Retarded Batch Culture 

Experiment No. 1 
, 

.. --

Time Biomass Glucose Butanol Acetone Ethanol ~uty.t:ic A.:~id Acetic Acid 

(h) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) 

0.0 0.1 20.0 0.0 0.0 0.0 0.0 0.0 

7.0 0.3 19.6 0.0 0.0 0.0 0.4 0.2 

14.5 1.1 14.7 0.0 0.0 0:0 1.6 0.5 

" " 19.0 1.0 13.9 0.2 0.1 0.1 1.8 1.2 
1 

24.5 0.9 13.6 0.3 0.2 0.1 1.9 1.4 

32.0 0.9 13.5 0.4 0.3 0.1 1.8 1.4 

41.5 1.0 11.1 0.9 0.5 0.1 1.6 1.4 
.. . ~ , 

46.5 1.1 8.7 1.3 0.7 0.2 1.5 1.3 

72.0 1.4 2.1 3.0 1.5 0.2 1.3 1.3 
, " 

90.0 1.4 0.0 4.0 2.0 0.2 1.0 1.& 

.. 
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{ 

APPENDIX 5.2 

Retarded Batch Culture, 

.. Experiment No. 2 

Time Biomass Glucose Butanol Aceione Ethanol Butyric Acid Acetic Acid-

(h) (gjL) (gjL) (g/L) (g/L) (gjL) (g/L) (g/L) 

.. /", 0.0 0.1 20.0 0.of1 0.0 0.0 0.0 0.0 

8.0 0.4 18.5 0,0 0.0 0.0' ' 0.6 0.4 

15:-0, 1.0 14.5 0.1 0.0 0.0 1.8 1.2 

0 22.0 1.1 12.0 0.2 0.1 0.0 2.1 1.9 

35.0 1.0 11.2 0.5 0.4 0.1 1.9 1.8 , 

52.0 1.1 7.6 1.6 0.9 0.2 1.4 1.7 
< 

70.0 1.4 2.2 3.1 br 0.2 1.2 1.7 
! 

90.0 1.1 0.0 3.9 1.8 0.2 1.2 1.7 

l . ./1 
, 



( . 

J Time Bioma!'>s Glucose 

(h) (g'jL) (g/LJ 

0.0 0.1 20.3 
1 -

,.\'{~l' 

14.0 .~~\ 1.1 14.2 

-" 20.0 1.2 10.6 

24.0 1.7 9.5 

40.0 1.8 7.8 

65.0 1.8 4.2 
) 

80.0 1.8 0.4 

APPENDIX 5,3 

Retarded Batch Culture 

Experi\nent ~o. 3 
J 

Butanol Acetone Ethanol 

. (g/L) (gjL) (gjL) 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.1 0.0 0.0 

0.3" . 0.1 0.1 

0.6 0:.2 0.1 

1.9 1.0 0.2 

3.0 1.ï 0.2 

" 

418. 

Butyric Acid Acetic Acid 

(g/L) (g/L) 

0.0 0.0 

1.2 0.8 

2.0 1.3 

2.2 1.4 

2.4 1.7 

1.4 1.7 

1.0 1.7 
;? .... ,\ 

~ '\ 
, 
"-



( 

, ,­
\,..-

Time --, 
(h) 

0.0 

12.b 

25.0 

40.0 

70.0 

90.0 

----

Biomass Glucose 

(g/L) (g/L) 

0.1 21.8 

0.9 15.4 

15 9.6 

1.6 7.3 

1.6 2.4 

1.5 0.0 

419. 

APPENDIX 5.4 

... 

Retarded Batch Culture 

Experiment No. 4 

Bufanol Acetone Ethanol Butyric Acid Acetic Acid . 
(g/L) (g/L) (g/L) (g/L) (g/L) 

\v-
0.0 0.0 0.0 0.0 '. 0.0 

0.1 0.0 0.0 0.8 0.7 

0.5 0.2 0.0 2.8 1.9 

0.8 ,0.4 0.1 2.4 1.8\ 
, 

2.1 1.0 0.2 1.5 1.6 
/.', , 

2.8 1.5 0.2 1.3 1.6 
"-

... 
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(, , 

APPENDIX 5.5 --- , 

Retarded Batch Culture 

Experiment No. 5 

Time BlOlflass Glucose Butanol Acetone Ethanol Butyric Acid Acetic Acid 

(h) (g/L) (gjL) (g/L) , (g/L) (g/L) (g/L) (gjL) 

( 
0.0 0.1 20.8 0.0 0.0 0.0 0.0 0.0 

15.0 lA 16.3 0.0 0.0 0.0 1.1 0.9, 

22.0 1.5 12.9 0.2 0.1 0.0 2.0 1.2 

38.0 1.5 9.1 0.8 0.4 0.1 2.0 1.7 

62.0 1.5 5.0-,~-,-, 2.1 1.1 0.1 1.5 1.6 

90.0 1.5' 0.2 3.0 1.7 0.1 1.4 1.6 



421. 

APPE~DIX 5.6 

Retarded Batch Culture 

Experiment No. 6 

Time Biomass Glucose Butanol Acet~me Ethanol Butyric Acid Acetic Acid 

(h) (g/L) 
!' 

(g/L) (g/L) (g/L) (g/L) (g/L) (g/L) \ 

t 0.0 0.1 31.8 0.0 0.0 0.0 0.0 0.0 

13.5 0.7 30.6 0.0 0.0 0.0 1.0 0.7 . 
19.5 1.3 28.5 0.1 0.0 0.0 1.7 1.6 

35.5 1.8 19.4 1.2 0.3 0.1 3.2 2.7 

47.5 1.9 13.1 3.5 1.5 0.2 2.3 2.7 

66.0 1.8 11.2 3.9 1.6 0.3 2.1 2.6 

90.0 1.6 11.2 3.9 1.6 0.3 2.1 2.6 

• 



APPENDIX 5.7 

Retarded Batch Culture 

Experiment No. 7 

Time Biomass Glucose Butanol Acetone Ethanol Butyric Acid Acetic Acid 

(h) (g/L) (g/L) (g/L) (g/L) (gjL) (gjL) (g/L) 

0.0 0.1 30.8 0.0 0.0 0.0 0.0 0.0 

12.5 0.5 29.8 0.0 0.0 0.0 0.7 0.7 

20.0 1.3 26.7 0.0 0.0 0.9 1.9 1.5 

35.5 1.7 18.5 1.3 ' 0.7 0.1 2.7 2.5 0 

46.5 1.8 12.4 2.9 1.3 . 0.2 1.6 1.8 

67.0 1.9 7.2 4.2 1.8 0.3 1.4 1.8 
, 

82.0 1.9 7.2 4.2 1.8 0.3 1.4 1.8 
" 

,) 
..\ 

" 
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APPENDIX 5.8 

Retarded Batch Culture, 

Experiment No. 8 

.' 

i\ 

Time Biomass Glucose Butânol AcitQhe' Ethanol Butyric Acid Acetic Add 

(h) (g/"b) (g/L) (g/L) (g/L) (g{L) (g/L) (gjL) 

0.0 0.1 31.7 0.0 0,0 0.0 0.0 0.0 

10.0 0.4 30.0 0.0 0.0 0.0 0.6 < 0.5 

18.0 0.9 28.3 0.0 0.0 0.0 2.0 1.2 

30.0 1.8 22.0 0.2 0.1 0.0 3.1 2.4 

37.0 2.0 18.1 1.4 0.7 0.1 3.1 2.4 

65.0 2.0 9.4 4.0 2.1 0.4 2.4 2.3 
'" 

~ 80.0 1.8 9.4 4.0 ·2.1 0.4 2.4 2.3 



, 
... 

Time -Biomass Glucose 

(h) (g/L) (g/L) 

" i 0.0 0.1 20.5 

8.5 0.3 18.4 

15.5 0.9 1~.0 

23.5 1.2 11.8 

32.0 1.2 9.0 

50.5 1.2 8.5 

77.0 1.2 8.5 

l . \ 

APPENDIX 5.9 

Reta.rded Batch Culture 

Experiment No. 9 _ 

Butanol Acetone Ethanol 

(gJL) (gJL) (g/L) 

0.0 0.0 0.0 

0.0 0.0 0.0 

0.1 0.0 0.0 

0.5 0.1 0.0 

0.8. 0.3 0.1 

1.3 0.4 0.1 

1.3 0.4 0.1 

. 
<-

Butyric Acid 

(gJL) 

0.0 

0.3 

1.2 

3.3 

3.5 

/3.5 

3.8 

424 • 

Acetic Acid 

(g/L) 

0.0 

0.1 

0.9 

1.9 

3.8 

2.8 

2.5 

.... 7 ........... ~ 



425. 

) 

APPENDIX 5.10 

Retarded Batch Culture 

Experiment No. 10 

tfII 

Time Biomass Glucose Butanol Acetone Ethanol Butyric Acid Acetic Acid 

(h) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) 

" 
~ 

,/ 

'ô.0 0.1 20.5 0.0 0.0 0.0 0;0 0.0 

8.5 0.2 19.8 0.0 0.0 0.0 0.2 0.4 

15.5 0.9 17.9 0.1 0.0 0.0 1.0 0.9 

23.5 1.2 .15.2 0.2 0.1 0.0 2.9 2.1 

32.0 1.3 11.2 0.7 0.2 0.1 3.7 2.3 

50.5 1.2 9.5 1.2 0.5 0.1 3.5 2.6 
, 

77.0 1.2 9.1 1.3 0.6 0.1 3.1 2.0 

• 

__ J 
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APPENDIX 5.11 

Retarded Batch Culture 

Experiment No. 11 

f • 

( j 
Q 

Time Biomass Glucose Butanol Acetone, Ethanol Butyric Acid Acetic Acid 

(h) (g/L) (gjL) (gjL) (g/L) . (g/L) (gjL) (g/L) 

1 0.0 0.1 30.0 0.0 0.0 0.0 0.0 0.0 

9.5 1.3 • 25.9 ... 0.2 0.1 0.0 2.6 1.5 

23.0 1.5 21.0 1.1 0.7 0.2 3.9 3,1 

29.0 1.5 19.3 1.1 0.7 0.2 3.6 3.1 

45.0 1.4 19.0 1.2 0.7 0.2 3.3 2.4 

57.0 1.1 18.8 1.3 1 0.8 0.2 3.2 2.3 
1 " 

•• 

( 



, . , 

, (h) 

0.0 

13.5 

21.5 

35.5 

44.5 

57.0 

63.0 

99.0 

Glucose 

(g/L) (g/L) 

0,1 31.0 

0.6' 29.2 

1.5 27.6 

1.9 19.8 -
1.9 13.6 

1.9 10.9 

1.9 10.6 

1.7 . 10.0 

427. l 
F, 

APPENDIX 5.12 

Retarded Batch Culture 

Experlment No. 12 

Butanol Acetone Ethanol Butyric A'cid Acetic Acid 

(g/L) (g/L) (g/L) (g/L) (g/L) 

0.0 0.0 0.0 0.0 0.0 
., 

0.0 0.0 0.0 0.8 0.6 

0.0 0.0 0.0 1.9 1.7 

2.0 0.6 0.1 2.9 1.9f 

3.6 1.6 0.3 2.2 ' 2.2 

4.4 1.9 0.3 1.9 2.5 0" 

4.4 1.9 0.3 1.9 3.0 

4.5 2.0 0.3 1.7 2.8 

v-----
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APPENDIX 5.13 

/ 

Retarded Batch Culture 

Experiment No. 13 

Time Biomass Glucose Butanol Acetone Ethanol Butyric Acid Acetic Acid 

(h) (gjL) (g/L) (gjL) (g/L) (g/L) (gjL) (g/L) 

, ' 0.0 Q.1 20.1 0.0 0.0 0.0 0.0 0.0 
"'! 

~ 10.0 0.3 18.2 0.1 0.0 0.0 0.7 0.4 

19.0 2.0 14.4 0.2 0.1 0.0 2.4 t.4 1 

26.5 2.4 5.0 0.8 0.3 0.1 2.8 2.1 

\ 
42.0 2.4 0.8 2.1 1.0 0.1 2.2 1.9 

57.0 2.3 ~ 2.6 1.2 0.1 1.9 1.9 

'{ ... 

( 
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-. 

~-

APPENDIX 5.14 

Retarded Batch Culture 

Experirnent No. 14 

429. 

Timp Biomass Glucose Butanol Acetoné Ethanol Butyrir Acid Acetic Acid 

(h) (g/L) 19/L) (g/L) (g/L) (g/L) , (g/L) (g/L) 

0.0 0.1 20.0 0.0 0.0 0.0 0.0 
, . 

0.0 

14_0 0_9 15.1 0_2 0_0 0_0 1.0 0.9 

20.0 1.6 12.5 0.3 D.l 0.0 2.1 1.3 

24.0 2.0 . 10.7 0.5 0.2 0.1 2.5 1.9 

40.0 2.5 1.0 1.8 0.7 0.1 1.9 2.2 "' ,1 

55.0 2.2 0.0 2.4 1.1 0.1' 1.4 2.1 

) :1 



/ 430. 

'APPENDiX 5.15 

) 

Normal Batch Culture (no pH control) 

" 

Time Biomass . Glucose Butanol Acetone Ethanol Butyric Acid Acetic Acid 
----y 

" {hl (g/L) (g/L) (gJL) (gJL) (g/L) (g/L) (g/L) , 

0.0 0.1 30.0 0.0 0.0 0.0 0.0 0.0 

5.0 0.2 29.5 0.0' 0.0 0.0 ' 0.5 0.4 

10,0 0.6 27.3 0.2 0.1 0.0 1.4 1.1 

15.0 1.0 22.2 0.6 0.,5 0.1 2.1 1.6 

18.0 1.4 18.0 1.4 
, 0.8 0.2 2.~ 1.9 

23.0 1.9 13.5 2.8 1.5 0.2 1.7 1.6 

28.0 2.1 5.0 4.3 2.1 0.3 1.1 1.3 

35.0 2.0 004 5.7 v 3.1 0.5 0.8 • 1.2 , 

40.0 1.9 0.0 5.7 3.1 0.5 0.6 1.2 ,~ 


