
Das | Das
Debabrata Das | Debayan Das

An Introductory Textbook
Biochem

ical Engineering

Biochemical Engineering

“Living cells and cellular biocatalysts (or enzymes) can be utilized effectively for the 
large-scale production of pharmaceuticals, agro-chemicals, chemicals, fuels, etc., using 
genetic, metabolic, and protein engineering in an eco-friendly manner. This has led to the 
emergence of the discipline of biochemical engineering. The authors have covered all basic 
unit operations and solved over 100 numerical problems normally encountered in modern 
biotechnological processes. The book includes mathematical formulations of various 
biochemical processes in a simple and lucid manner.”

Prof. S. N. Upadhyay
Indian Institute of Technology (BHU) Varanasi, India

Developments in gene expression, protein engineering, and cell fusion have significantly 
improved product development in biochemical industries. This book discusses principles 
of chemical reaction engineering in detail, enhancing the understanding of biochemical 
engineering. It comprehensively covers all aspects of the applications of bioprocesses, 
such as mass and energy balances, reaction theory using both chemical and enzymatic 
reactions, microbial cell growth kinetics, transport phenomena, different control systems 
used in the fermentation industry, case studies of some industrial fermentation processes, 
different downstream processes, and effluent treatment. It mathematically analyzes 
the processes in simplified forms, understandable by most of the readers. It has a large 
number of problems, along with solutions, that will help the readers in applying the 
acquired knowledge in designing bioreactors. The book is useful for graduate-level and 
senior students of biotechnology and those pursuing courses in food and environmental 
engineering.
 

Debabrata Das is senior professor at the Indian Institute of Technology (IIT) 
Kharagpur, India. He has 31 years of experience in teaching biochemical 
engineering. He has made significant contribution to bioenergy production 
processes using fermentation technology. Prof. Das has authored more 
than 150 research papers in peer-reviewed journals, 5 books, and 36 book 
chapters. 

Debayan Das is assistant professor (INSPIRE Faculty Scheme, Ministry 
of Science and Technology, India) at IIT Kanpur. He pursued his doctoral 
studies from IIT Madras and completed his postdoctoral research work 
at the Indian Institute of Science, Bangalore, India. He has authored 17 
research papers in peer-reviewed journals. His current research focuses on 
paper-based microfluidics for point-of-care diagnostics.

ISBN 978-981-4800-43-3 
V691





Biochemical Engineering





Debabrata Das
Debayan Das

An Introductory Textbook

Biochemical Engineering



Published by

Jenny Stanford Publishing Pte. Ltd.
Level 34, Centennial Tower
3 Temasek Avenue
Singapore 039190

Email: editorial@jennystanford.com
Web: www.jennystanford.com

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

Biochemical Engineering: An Introductory Textbook
Copyright © 2019 by Jenny Stanford Publishing Pte. Ltd.
All rights reserved. This book, or parts thereof, may not be reproduced in any form 
or by any means, electronic or mechanical, including photocopying, recording 
or any information storage and retrieval system now known or to be invented, 
without written permission from the publisher.

For photocopying of material in this volume, please pay a copying fee through 
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, 
USA. In this case permission to photocopy is not required from the publisher.

ISBN 978-981-4800-43-3 (Hardcover)
ISBN 978-0-429-03124-3 (eBook)



Contents

Foreword  xiii
Preface  xv
List of Symbols xvii

 1. Introduction 1
 1.1 Biological Sciences 2
 1.2 Microbiology 4
 1.2.1 Microbial Culture 5
 1.2.2 Microbial Growth Cycle 8
 1.3 Biochemistry 9
 1.3.1 Biomolecules 10
 1.3.2 Metabolism and Metabolic Pathways 12
 1.4 Biochemical Engineering and Bioprocesses 14
 1.4.1 Strain Selection and Improvement 16
 1.4.2 Bioprocess Design and Optimization 17
 1.5 Applications of Biochemical Engineering 19
 1.5.1 Agricultural Bioprocesses 19
 1.5.2 Single-Cell Proteins 20
 1.5.3 Biopharmaceuticals 20
 1.5.4 Food and Dairy Applications 20
 1.5.5 Environmental Applications 21
 1.5.6 Biofuels 21
 1.5.7 Biosensors 21
 1.6 Objectives of the Book 22
 1.7 Scope and Relevance 22
 1.8 Major Chapters 22

 2. Stoichiometry of Bioprocesses 25
 2.1 Law of Conservation of Mass 25
 2.2 Mass Balance of Bioprocesses 26
 2.3 Thermodynamic Efficiency 30

 3. Chemical Reaction Thermodynamics, Kinetics, and  
Reactor Analysis 45

 3.1 Chemical Reaction Thermodynamics 45



vi Contents

 3.1.1 Scope and Introduction 45
 3.1.2 Reversible and Irreversible Processes 48
 3.1.3 Work and Heat 48
 3.1.4 Concept of Internal Energy 49
 3.1.5 First Law of Thermodynamics 50
 3.1.5.1 Enthalpy 51
 3.1.5.2 Constant-volume and  

constant-pressure process 52
 3.1.5.3 Heat capacity 53
 3.1.5.4 Isothermal and adiabatic  

process 54
 3.1.5.5 Entropy 55
 3.1.5.6 Gibbs free energy 57
 3.1.5.7 Enthalpy of formation (DHf) 59
 3.1.5.8 Enthalpy of combustion  

(DHcomb) 59
 3.1.5.9 Hess’s law 59
 3.1.5.10 Chemical equilibrium 60
 3.2 Chemical Reaction Kinetics 61
 3.2.1 Rate of Reaction 62
 3.2.2 Irreversible Second-Order Reaction 66
 3.2.3 Irreversible Reactions in Parallel 70
 3.2.4 Irreversible Series Reaction 72
 3.3 Reversible Reaction 74
 3.4 Dependency of Reaction Rate on Temperature 74
 3.5 Chemical Reactor Analysis 76
 3.5.1 Batch Reactor 77
 3.5.2 Continuous Stirred Tank Reactor 79
 3.5.3 Plug Flow Reactor 80
 3.6 Multiple Reactor System 82

 4. Enzymatic Reaction Kinetics 115
 4.1 Characteristics of an Enzyme 118
 4.2 Application of Enzymes 118
 4.3 Enzyme Kinetics 119
 4.3.1 Michaelis–Menten Approach 123
 4.3.2 Briggs–Haldane Approach 125
 4.4 Estimation of the Kinetic Parameters  

vmax and kM 126
 4.5 Bioreactor Modeling for Enzymatic Reaction 128



viiContents

 4.5.1 Batch Bioreactor 128
 4.5.2 Plug Flow Bioreactor 129
 4.5.3 Continuous Stirred Tank Bioreactor 130
 4.6 Inhibition of Enzyme Reactions 132
 4.6.1 Competitive Inhibition 132
 4.6.2 Non-competitive Inhibition 133
 4.7 Factors Affecting Enzymatic Reactions 135
 4.7.1 Effect of pH 135
 4.7.2 Effect of Temperature 136
 4.7.3 Effect of Shear 136

 5. Immobilized Enzymes 173
 5.1 Merits of Immobilized Enzymes 173
 5.2 Demerits of Immobilized Enzymes 174
 5.3 Classifications of Immobilization Techniques 174
 5.4 Characterization of Immobilized Enzymes 179
 5.4.1 Activity of Immobilized Enzymes 179
 5.4.2 Bound Protein 179
 5.4.3 Specific Activity of Bound Protein 179
 5.4.4 Coupling Efficiency 180
 5.4.5 Stability of Carrier–Enzyme Complexes 180
 5.4.6 Materials, Methods, and Conditions of 

Binding Technique 180
 5.4.7 Physicochemical Characteristics of  

Carrier 181
 5.4.7.1 Solid matrix morphology  

and configuration 183
 5.4.8 Application of Immobilized Enzymes 186
 5.4.8.1 Industrial 186
 5.4.8.2 Analytical 187
 5.4.8.3 Medical 187
 5.5 Kinetics of Immobilized Enzymes 187
 5.5.1 External Mass-Transfer Resistance 188
 5.5.1.1 Effectiveness factor and  

Damköhler number 190
 5.5.1.2  Determination of the factor 

affecting overall rate of  
reaction 192

 5.5.2 Effect of Internal Mass Transfer 192
 5.5.2.1 Effectiveness factor and  

Thiele modulus 197



viii Contents

 6. Microbial Growth Kinetics, Substrate Degradation,  
and Product Formation 205

 6.1 Differences between Enzymatic and Microbial 
Reaction 207

 6.2 Bacterial Growth Cycle 208
 6.3 Ideal Reactor for Kinetics Measurements 211
 6.3.1 The Ideal Batch Reactor 212
 6.3.2 Cell Growth Models 215
 6.3.2.1 Generalized growth model 216
 6.3.3 Cell Growth Models with Cell Growth 

Inhibitors 217
 6.3.3.1 Substrate inhibition 217
 6.3.3.2 Product inhibition 218
 6.3.3.3 Toxic compound inhibition 219
 6.3.4 Logistic Equation 219
 6.3.5 Cell Growth Characteristics of  

Multicellular Cells Like Mold 220
 6.3.6 Product Formation Kinetics in Cell  

Culture 221
 6.3.7 Determination of Maintenance  

Coefficient of Cells 222
 6.4 Ideal Continuous Flow Stirred Tank Reactor 223
 6.4.1 Determination of Kinetic Constants in 

Chemostat 229
 6.4.2 Analysis of Chemostat with Cell Recycle 230
 6.4.2.1 Chemostat with cell mass  

recycling 234
 6.5 Continuous Operation Using Plug Flow Reactor 236
 6.6 Kinetics of Fed Batch Cell Growth 238
 6.6.1 Variable Volume Fed Batch 238
 6.6.2 Constant Volume Fed Batch 241

 7. Air Sterilizer 293
 7.1 Airborne Microbes 293
 7.2 Methods of Air Sterilization 294
 7.3 Physical Implication of Single Fiber Collection 

Efficiency 295
 7.3.1 Inertial Impaction  296
 7.3.2 Interception 296
 7.3.3 Diffusion 297



ixContents

 7.4 Types of Filters 301
 7.4.1 Depth Filters 301
 7.4.1.1 Pressure drop in air filter 303
 7.4.2 Membrane Filters 303
 7.4.2.1 PVA filter for air sterilization 304
 7.5 Experimental Setup for Air Sterilization 305
 7.6 Selection Criteria of Air Filter 306
 7.7 Economic Considerations 306

 8. Medium Sterilizer 313
 8.1 Filtration 314
 8.1.1 Physical Characteristics of  

Microorganisms 314
 8.1.2 Filter Type 314
 8.1.2.1 Depth filters 314
 8.1.2.2 Absolute filters 315
 8.1.3 Filtration Strategy 315
 8.2 Thermal Destruction 316
 8.2.1 Thermal Death Kinetics 316
 8.2.2 Effect of Temperature on Death  

Kinetics 317
 8.2.3 Experimental Determination of  

Microbial Death Rate 318
 8.2.4 Batch Sterilization of Medium 319
 8.2.5 Temperature–Time Profile during  

Batch Sterilization 320
 8.2.6 Scale-Up of Batch Sterilization 321
 8.3 Continuous Sterilization 322
 8.3.1 Equipment for Continuous  

Sterilization 323
 8.3.1.1 Continuous steam injection 323
 8.3.1.2 Continuous plate heat  

exchangers 323
 8.4 Design of a Continuous Sterilizer 324
 8.4.1 Fluid Flow 324

 9. Transport Phenomena of Bioprocesses 335
 9.1 Fluid Mechanics in Bioprocesses 337
 9.2 Boundary Layer Theory 343
 9.3 Incompressible Fluid Flow inside a Pipe 345



x Contents

 9.4 Mass Transfer in Bioprocess 346
 9.5 Diffusion in Liquid and Gas 347
 9.6 Oxygen Diffusion in Fermentation Broth 350
 9.6.1 Mechanism of Mass Transfer 351
 9.6.2 Estimation of Mass-Transfer  

Coefficients via Correlations 352
 9.6.3 Volumetric Mass-Transfer Coefficient 353
 9.7 Determination of Oxygen-Absorption Rate 354
 9.7.1 Experimental Determination of kLa  

by Dynamic Gassing out Techniques 357
 9.8 Heat Transfer in Bioprocess 361
 9.8.1 Conduction 361
 9.8.2 Convection 363
 9.8.2.1 Free convection 366
 9.8.2.2 Forced convection 368
 9.8.2.3 Forced convection across  

tube banks 369
 9.9 Evaluating the Overall Heat Transfer  

Coefficient (U) 371
 9.10 Power Consumption 373

 10. Process Parameters Monitoring and Control 379
 10.1 Operational Parameters for Bioprocess 379
 10.2  Purpose of Monitoring Different Operational 

Parameters 384
 10.3 Resistance Thermometer 385
 10.4 Foam Control 385
 10.5 Rotameter 386
 10.6 Rotational Viscometer 388
 10.7 Turbidity Meter 388
 10.8 pH Probe 389
 10.9 Dissolved O2 Probe 390
 10.10 CO2 Probe 392
 10.11 Oxidation–Reduction Potential Sensor 392
 10.12 Automated Process-Control System 392

 11. Downstream Processing 395
 11.1 Solid–Liquid Separation 396
 11.1.1 Pretreatment 396
 11.1.2 Sedimentation 397



xiContents

 11.1.3 Centrifugal Settling 397
 11.1.4 Filtration 399
 11.1.4.1 Plate and Frame Filter Press 401
 11.1.4.2 Rotary Vacuum Drum Filter 401
 11.1.4.3 Membrane Filter 402
 11.2 Concentration 404
 11.3 Purification of the Product 404
 11.3.1 Liquid–Liquid Extraction 405
 11.3.2 Adsorption 407
 11.3.3 Chromatography 410
 11.4 Formulation 411
 11.4.1 Crystallizer 411

 12. Industrial Fermentation Processes 415
 12.1 Baker’s Yeast 416
 12.1.1 History of Baker’s Yeast Production 416
 12.2 Classification of Baker’s Yeast 416
 12.3 Baker’s Yeast Fermentation Process 417
 12.3.1 Raw Materials 418
 12.3.1.1  Theoretical calculation  

of cane molasses  
requirement for Baker’s  
yeast production 419

 12.3.1.2 Typical material analysis 420
 12.3.2 Characteristics of Yeast 420
 12.3.3 Other Physicochemical Parameters 421
 12.4 Ethanol Fermentation Process 422
 12.4.1 Classification of Ethanol 422
 12.4.2 Microbes Used in Alcohol  

Fermentation 423
 12.4.3 Factors that Affect Alcohol  

Fermentation 423
 12.5 Citric Acid Fermentation Process 426
 12.5.1 History of Citric Acid Production 427
 12.5.2 Citric Acid Fermentation Process 427
 12.5.3  Materials Analysis of Citric Acid  

Fermentation Process 431
 12.5.4 Sample Calculation for Yield and  

Productivity 431



xii Contents

 13. Biological Wastes Treatment Processes 445
 13.1 Activated Sludge Process 446
 13.1.1 Nature and Morphology of Mixed  

Microbes 447
 13.1.2 Settling Characteristics of the Sludge 447
 13.1.3 Process Parameters 448
 13.1.4 Calculation of Oxygen Uptake Rate 449
 13.1.5 Design of Activated Sludge Process 450
 13.1.6 Kinetic Models 451
 13.1.7 Effect of Temperature and pH 452
 13.1.8 Sedimentation Tanks or Separator 453
 13.2  Biological Wastewater Treatment Process by 

Immobilized Whole Cell Reactor 459
 13.2.1 Rotating Disk Biological Reactor 459
 13.3 Anaerobic Digestion Process 465
 13.3.1 Process Design 465
 13.4  Development of Overall Kinetic Model for AD  

of Organic Biomass (A) 470
 13.4.1 Two-Step Anaerobic Digestion Process 471

Index   479



xiiiForeword

The importance of biotechnology has been increasing due to the  
manipulation of DNA for the production of several new bioproducts 
that are useful in chemical, pharmaceutical, 
agricultural, and environmental manage-
ment. Through research work, it is possible 
to produce new products useful for man-
kind.
 A book on biochemical engineering 
would certainly help not only the 
undergraduate and postgraduate students 
but also researchers and process engineers 
involved in developing and applying 
bioprocesses to get all the necessary 
information for designing and operating 
bioreactors, which are the heart of any biochemical process. I 
congratulate the authors, Prof. Debabrata Das and Dr. Debayan 
Das, for seeing the need for such a book and bringing it out in a 
timely manner. The present book titled Biochemical Engineering: 
An Introductory Textbook comprehensively covers all aspects of the 
applications of bioprocesses. The objective of this book is to carry 
out the mathematical analysis of the processes in simplified forms in 
order to be understandable and utilizable by most of the biologists. 
Derivation of mathematical equations is explained in details so that 
the majority of the students can understand the meaning of the 
equations.
 I strongly recommend this excellent book to the undergraduate 
and postgraduate students in biotechnology, biochemical 
engineering, chemical engineering, food technology, biochemistry, 
and related fields and also to the researchers and process engineers 
involved in the production of bioproducts so that they can enrich 
their knowledge in the area of application of biosciences and benefit 
mankind.

Prof. Roberto De Philippis

Department of Agrifood Production and Environmental Sciences
University of Florence, Italy

Foreword





Education is not the learning of the facts,  
but training of the mind to think.

—Albert Einstein

All engineering disciplines have been developed from basic sciences. 
Science gives us the knowledge to develop new products whereas 
engineering applies science to scale up production for commercial 
purposes. Biological processes involve different biomolecules, 
which come from living sources. It is now possible to modify DNA to 
get desired changes in biochemical processes. Developments in gene 
expression, protein engineering, and cell fusion have significantly 
affected product development in biotechnology industries. Chemical 
processes deal with different reactions to get desired products. 
Biochemical reactions in nature are mostly reversible and chain 
reactions. To understand biochemical engineering, it is necessary 
to know the principles of chemical engineering, which involves not 
only mathematical modeling but also scaling up of processes for 
commercial applications. Any biochemical industry can be divided 
into three major steps. The first step is upstream processing, which 
involves medium preparation, medium and air sterilization, etc. The 
second step involves the bioreactor where biochemical reactions 
lead to the desired products. The third and crucial step is purification 
of the products, known as downstream processing.
 This book begins with the identification of the differences 
between conventional chemical reaction engineering and 
biochemical reaction engineering. It gradually makes readers 
conversant with the rate laws and their applications to help them 
understand reaction engineering behavior and give them the 
expertise to apply the acquired knowledge in designing bioreactors. 
It discusses the stoichiometry of bioprocesses for materials and 
energy analysis and the transport phenomena that are important 
for the operation of bioprocesses. The book also enables students 
to contribute their knowledge in various professional fields like 
bioprocess development, modeling and simulation, environmental 
engineering, etc.

Preface



xvi Preface

 The chapters are organized in broad engineering sub-disciplines 
such as mass and energy balances, reaction theory using chemical 
and enzymatic reactions, microbial cell growth kinetics, and 
transport phenomena. Other chapters such as different control 
systems used in the fermentation industry, case studies of some 
industrial fermentation processes, different downstream processes, 
and effluent treatment are also included. Each chapter begins with a 
fundamental explanation for general readers and ends with in-depth 
scientific details suitable for expert readers. The book also includes 
solutions of more than 100 problems. It is written in a manner so 
that it can be useful to senior and graduate students of biotechnology 
and those studying courses in food and environmental engineering. 
It is also appropriate for chemical engineering graduates, 
undergraduates, and industrial practitioners.
 We would like to acknowledge help of Ms. Jhansi L. Varanasi and 
Mr. Chandan Mahata at various stages of manuscript preparation. 
We are also thankful to Mr. Tapas Mohanty for his help in creating 
most of the book’s illustrations using computer graphics.
 We hope this book will be useful to our readers!

Debabrata Das

Debayan Das

Summer 2019
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