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Abstract

This thesis presents a generic and systematic model-based framework to design
intensified enzyme-based processes. The development of the presented methodology
was motivated by the needs of the bio-based industry for a more systematic approach to
achieve intensification in its production plants without an excessive investment in
experimental resources. Process intensification has recently gained a lot of attention
since it is a holistic approach to design safer, cleaner, smaller, cheaper and more
efficient processes. This dissertation proposes a methodological approach to achieve
intensification in enzyme-based processes which have found significant application in
the pharmaceutical, food, and renewable fuels sector. The framework uses model-based
strategies for (bio)-chemical process design and optimization, including the use of a
superstructure to generate all potential reaction(s)-separation(s) options according to a
desired performance criterion and a generic mathematical model represented by the
superstructure to derive the specific models corresponding to a specific process option.
In principle, three methods of intensification of a bioprocess are considered in this
thesis: 1. enzymatic one-pot synthesis, where, for example, the combination of two
enzymatic reactions in one single reactor is examined; 2. chemo-enzymatic one pot
synthesis, where, for example, one enzymatic reaction and one alkaline catalytic
reaction occur simultaneously in a single reactor; and 3. in-situ product
recovery/removal (ISPR), where, for example, a separation step is integrated with the

reaction step.

Often, enzyme-based processes have limited productivity and yield, which may be due
to the unfavorable reaction equilibrium, product inhibition to the enzyme and/or product
degradation. Additionally, downstream processing for enzyme-based processes is
difficult and a way to simplify it is by reducing the reaction and separation steps by for
example, combining the reaction and separation in a single processing step. The
implementation of intensification methods usually involves experiment-based

investigation which causes limitations in the search space of process options leading to
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a high risk of implementing sub-optimal processes. Therefore, applying the framework
presented in this thesis, all possible process options can be considered, and using a
hierarchical decomposition approach for optimization, the search space is reduced to
locate the candidate process options, giving an optimal design where further

experimental efforts can be focused on.

The application of a generic and systematic model-based framework is illustrated
through a case study involving the production of an important intermediate
pharmaceutical: N-acetyl-D-neuraminic acid (Neu5Ac). A second case study is added

and deals with the enzymatic production of biodiesel.



A model-based framework for design of intensified enzyme-based processes

Resume pa dansk

Denne afhandling omhandler et generelt og modelbaseret framework til design af
intensiverede enzymbaserede processer. Udviklingen af den prasenterede metodik var
motiveret af biotekindustriens behov for en mere systematisk metode til intensivering i
sin produktion, uden at behgve at investere ungdvendige midler i eksperimentelle
undersggelser. Procesintensivering har pa det seneste faet meget opmeerksomhed, fordi
det er en holistisk metode til at designe sikrere, renere, billigere og mere effektive
processer. Denne afhandling foreslar en metodisk fremgangsmade til at opna
intensivering af  enzymbaserede  processer, som har  fundet vigtige
anvendelsesmuligheder inden for leegemiddel-, fadevare- og biobrandselsindustrien.
Dette framework bruger modelbaserede strategier til (bio)kemisk procesdesign og

optimering, herunder brugen af en superstruktur til dannelse af alle muligheder for
reaktion(er)  separation(er) i forhold til enskede ydelseskriterier, og en generel
matematisk model, repraesenteret af superstrukturen, til at udlede de specifikke
modeller, som hgrer til en specifik procesmulighed. Der er tre metoder at finde i denne
afhandling: 1. enzymatisk one-pot syntese, hvor for eksempel kombinationen af to
enzymatiske processer i én reaktor er undersggt; 2. kemo-enzymatisk one-pot syntese,
hvor for eksempel en enzymatisk reaktion og en basisk katalytisk reaktion finder sted
samtidig i én reaktor; og 3. in-situ produkt genindvinding/fjernelse (ISPR), hvor for

eksempel et krystalliseringstrin er integreret i reaktionstrinnet.

Ofte har enzymbaserede processer begraenset produktivitet og udbytte, hvilket kan
skyldes en ufavorabel reaktionsligeveegt, enzymets produktinhibering og/eller
nedbrydning af produktet. Herudover kan deres senere behandlingstrin veere svaere, og
en made at simplificere dem pa er ved at fjerne separationstrinnet, ved for eksempel at
kombinere reaktions- og separationstrinnet i ét procestrin. Implementeringen af
intensiveringsmetoderne omfatter som regel eksperimentelt arbejde, hvilket er arsag til

begraensninger i omrader der bliver undersggt som mulige processer, hvilket igen farer



A model-based framework for design of intensified enzyme-based processes

til implementering af suboptimale processer med hgj risiko. Ved anvendelse af dette
framework bliver alle muligheder for proceskombinationer genereret, og ved at bruge en
hierarkisk nedbrydningsmetode til optimering, vil undersggelsesomradet blive
reduceret, mulige kandidater til den bedste proceskombination kan lokaliseres, og et

optimalt procesdesign, som kan undersgges yderligere eksperimentelt, kan findes.

Anvendelsen af det generelle og modelbaserede framework er illustreret gennem to
cases. Den farste case omhandler produktionen af et vigtigt mellemprodukt i
legemiddelproduktionen: N-Acetylneuraminsyre (Neu5Ac). Den anden case handler

om enzymatisk produktion af biodiesel.
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CHAPTER ONE
Introduction

1.1 Research Motivation

Enzyme-based production processes are processes that use enzymes, in one or more of
their processing steps, to obtain desired products. They are an essential part, at different
development stages, of many chemical, pharmaceutical and food production processes
(Table 1.1). Due to sustainability and environmental concerns, substitution of chemical
routes by enzymatic routes has been recently the subject of investigation and the
replacement of petrochemicals with renewable products is a desired trend. Hence, there
is an interest in seeking more environmentally benign alternatives. Enzymes are a
promising option since they offer mild reaction conditions (physiological pH and
temperature), a biodegradable catalyst and environmentally acceptable solvent (usually
water), as well as chemo-, regio- and stereo-selectivities. Furthermore, the use of
enzymes generally obviates the need for functional group protection and/or activation,
affording synthetic routes which are shorter, generating less waste and hence, are both
environmentally and economically more attractive than conventional organic synthesis.
One important factor that has allowed new enzyme-based processes to be implemented
is the recent advance in enzyme production for industrial applications in chemical
synthesis. Industrial enzyme sector is growing rapidly due to improved production
technologies, engineered enzyme properties and new application fields. Over the next
few years, an increasing number of chemicals and materials will be produced using

enzymes in one or more of the processing steps.

- 22 -



A model-based framework for design of intensified enzyme-based processes

Table 1.1
The application of enzyme technology in the chemical industry (modified from
Schmid et al., 2002)

Impact (estimate)*

Industry sector Today  Near Distant
Future  future

Organics
Food and feed additives T+ 4 T+
Fine chemicals + ++ T4+
Drugs (antibiotics, intermediates) ++ ++ +++
Plastic materials and synthetics + ++ ++
Soaps, cleaners, personal care products (lipases, proteases) — + ++ +++

Inorganics - + ++
Miscellaneous chemical products (adhesives, pulp, textile ~ + ++ +++

and oil processing, waste water treatment)
Agricultural chemicals (herbicides, intermediates)
Renewable sources of energy (biodiesel, bioethanol)
*+++, very high; ++, high; +, moderate; -, low.

+

+ ++
++ +++

+

In general, enzyme-based processes are cleaner and greener compared to chemical
alternatives. They offer novel, high-selective, shorter processing routes and lower
temperature and pressure conditions. In many cases, the enzymes and the raw materials
used are renewable and the generation of mass and energy waste is considerable
reduced. It has been reported, as outlined in Table 1.2, that some of these processes
have contributed to the sustainability of the chemical industry. Process improvements
such as increase in yield and reductions in raw material demand, emissions (e.g. carbon
dioxide emissions) energy consumption, water use and waste result in process cost
savings and can give enzyme-based processes advantages over traditional chemical
routes (Schmid et al., 2002).

Nevertheless, there are some limitations that make enzyme-based process
implementation difficult and not straightforward (Table 1.3). Usually, they have limited
reaction productivity and yield due to the unfavorable reaction equilibrium and product
inhibition to the enzyme. Because of their resultant low product concentrations and
product specifications of high purity, especially in the pharmaceutical industry, the

downstream processing (DSP), e.g., the separation and purification stages of a process,

- 23 -
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is difficult and thus, expensive. For many of these processes, the major cost in
manufacture lies in the downstream process operations where product separation and
purification is carried out (Schiigerl and Hubbuch, 2005). Another limitation is the high
cost of the enzyme compared to chemical catalysts which limit a replacement to the
catalytic route. In addition, these types of processes have been designed and partially
developed in laboratories, and are designed on a case-by-case basis, leading to a high
risk of implementing sub-optimal processes, and using considerable experimental

resources and time for development.

Different solutions have been proposed and applied to tackle the above mentioned
difficulties. Concerning the enzyme development, one strategy to overcome the loss of
enzyme activity and the optimal conditions of pH and temperature is the alteration of
the enzyme (e.g, via recombinant DNA and directed evolution technologies). Another
strategy is the engineering design of novel enzymes and the characterization and
application of new enzymes to catalyze reactions with commercial potential and

industrial applications (Kirk et al., 2002).
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Table 1.2

Enzyme-based processes increasing the sustainability of the chemical industry

(Griffiths, 2001).

Product

Ammonium acrylate

Polyester

(S)-Chloropropionic
acid

7-ACA

50,2 removal

Removal of
hydrogen peroxide
from textiles

Removal of fatty
acid esters from ail

Enzyme*

Nitrilase

Lipase

(R)-Specific
dehalogenase

D-Amino acid
oxidase, glutaryl
amidase

Sulfate-reducing
microbe

Catalase

Phospholipase

Comparison with
conventional process
High yield
Easy quality control of
product
No emission of toxic
vapour

High-quality of product
No alternative
conventional process

Simple one-step process
High-quality of product
No involvement of toxic
raw materials

No involvement of toxic
raw materials

Mild reaction conditions
Tenfold reduction of waste

S0,% and F load in waste
water is very low
Reduction of gypsum in
waste water from 18
tons/day to essentially 0
tons/day

High-quality of product
Simple process
Decrease of waste water

Simple process

Tenfold reduction of waste
water

Eightfold reduction of
sludge

Reduction of raw materials

Company

Ciba

Baxenden

Avecia

Biochemie

Budel Zink

Windel

Cereol

*QOrigin of enzymes: nitrilase, Rhodococcus sp.; lipase, Candida Antarctica; (R)-specific
dehalogenase, Pseudomonas sp.; D-amino acid oxidase, not mentioned; glutaryl amidase, E.
coli; catalase, not mentioned; phospholipase, Hyphozyma sp.
Abbreviation: 7-ACA, 7-aminocephalosporanic acid.
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Table 1.3

Main limitations in enzyme-based processes

Process element Limitation

Substrate Non-availability
Variable composition and source
Inhibition to the enzyme
Limited solubility in water
Limited dissolution rate

Enzyme Non-availability in bulk
quantities
High cost
Substrate/product inhibition
Deactivation
Different optimal conditions than
ones of the reaction medium

Bioconversion Unfavorable equilibrium
Low conversions
Slow reaction rates
Low yields

Product Limited solubility
Inhibition to the enzyme
Diluted concentrations

Downstream processing Difficult, many steps
Loss of product yield
High cost

Concerning the structure and operating mode of the processing steps of an enzyme-
based process, the combination of operations (reaction(s) and/or separation(s)) in a
single-pot operation using new processing techniques have been proposed: (1) The
direct removal of product while the reaction is progressing, named in situ product
removal (ISPR), which has two main purposes, to avoid the inhibition of the enzyme
activity due to high product concentrations and to overcome the limitation of
thermodynamically unfavorable reactions to achieve a substantial product
concentrations (Woodley et al., 2008); and (2) The complete or partial combination of
the reactions (enzymatic and/or chemical) occurring in the process in a single reactor,

named one-pot synthesis, (enzymatic one-pot synthesis EOPS, and chemo-enzymatic
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one-pot synthesis CEOPS) with the purpose of reducing the total number of steps to
avoid the isolation of intermediate products after the initial conversion (Dalby et al.,
2005). These methods of reaction/reaction and reaction/separation integration (methods
for process intensification) in enzyme-based processes have as a consequence the
reduction of the total number of processing steps and therefore the overall process
yields can be increased by the omission of associated handling losses in each piece of a

plant process.

Process System Engineering (PSE) approaches, methods and tools, which have been
widely applied in chemical process systems, are now becoming of particular interest in
industrial biotechnology to design and operate processes effectively and efficiently. PSE
is concerned with understanding and development of systematic procedures for design
and operation of (bio)-chemical process systems, ranging from micro systems to
industrial-scale continuous, fed-batch and batch processes (Grossman and Westerberg,
2000). PSE can contribute to the design, development and improvement of enzyme-
based processes providing process modeling and analysis, process simulation and
optimization, and process integration and intensification, applied in a systematic manner

with supporting methods and tools.

To overcome the difficulties presented using the approaches mentioned above, with less
time and 