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You can know the name of a bird in all the languages of the world, but when you're
finished, you'll know absolutely nothing whatever about the bird... So let's tidlo& hird

and see what it's doing that's what counts. | learned very early the difference between
knowing the name of something and knowing something.

Richard Feynman (1918988)



ABSTRACT

Bioprocess engineering is a field of scienghich lately has &en experiencing huge
growth. Progress in genetic engineering and microbiology, as well as engineering
improvements, alloed overconing the limits both technical and economicakperienced

by industrial processes as recently as ten years ago. Stillydueps design and scalp

are highly interdisciplinary fields which rely heavily on previous work in the area.
However, for novel processes, there is not much relevant research, which timakes
introduction of new bioprocesses challenging. One such safisei GEOGAS project,
which aims at utilization of sulfur(SOX) and hydrogewoxidizing (HOX) bacteria for
simultaneous abatement of hydrogen sulfide and carbon dioxide from geothermal power
plants and production of singéell proteins (SCP). In th work bioprocess desigtand
engineeriny principles are introduced to provide GEOGASoriented framework for
tackling new process introduction and seae Further onin the case study of tHeroject,

the focus is placedon determining crucial factors andsueswhich could possibly be
encounterediuring scaleup. The obtained results show that the current shape of the design
is not yet satisfactory; however, it presents a possibly big gap folingquakumerous
pollution and waste disposal problems. Finabybrief discussion on possible project
follow-up and development is presented.
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PREFACE

Hardly ever do we realize that bioprocesses were always present in our lives. The topic,
until very recently,stood somewhere on tisglelines. What brought it to the spotlight was
arapid growth inthe genetic engineering and, more recently, biofuels indusioywever
mainly in the context ofliscussions about ethics and environment abuse. Hence, it is not
S0 surprising that there aséll very few well educated people in the topic. The field spans
over an extremely wide scope of different subjects, which does not make it easy for experts
with a narrower field of expertise to communicatgh others of a different proficiengy

not to mention to cover it all by one persafone For that reason | was very reluctant to
undertake this kind of topic.

Behind the whole work lies the GEOGAS project analyzed in the text. The main objective

was to facilitate the scalgp ofthe projecthroughout this study, trying to address some of

the issues which are typical for this kind of activity. The other aim was to use the project as

a base to provide some Kkind -0é&siagnfor apnreavimlIr «
accessible for peopleom bothtechnical and biological backgrouadOnly after trying to

cover the whole range of the subject did | realize that it is virtually impossible. Because of
that, the Aintroductoryo part, even if it
Therefore, at is left are only the most basic topin®reover, onlythoserelevant to the

scope of the projedtnamely, airlift bioreactors and microbial sulfur oxidation.

The study has been divided into two parts. The first introduces the basic concepts and
provides some good practice examples from the field oproicess engineering and
design.The kst two last chapters aimtae use of the previously introduced background to
critically analyze the GEOGAS project.

Finally, even though there are certain flawghe taken approach, it is hoped that the text
will be of use for both practitioners, as well as novices, in such a promisingsietael
bioprocess design
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NOTATION

All the abbreviations and symbols used, if not stated in the textthéefirst use, can be
found below.

If not stated differently, theterafit he pr oject o refers to the

Bioreactor, bioreaction and bioprocess engineering are not the same fields of science, yet
for simplification, all will be referred to in common tesms bioprocess engineering
which has the biggest scope of them all.

Fermenterfor the scope of this worlkwill be regarded as a fermentation bioreactor or
simply (bio)reactor.

Air-lift and bubblecolumn reactors differ slightly in the principd¢ operationdiscussed in
the chapteon airlift reactors, yet the terms will not be strictly distinguished.

Abbreviation

ALR Airlift reactor

ATP Adenosine triphosphate

CCs Carbon capture and storage

CFD Computational fluid dynamics
CSTR Continuously stirred tank reactor
DOE Departmenof Energy

FAO Food and Agriculture Organization
GH Gas holdup

HOX Hydrogenoxidizing

MIT Massachusetts Institute of Technology
NCG Non-condensable gases

NG Natural gas

NREL National Renewable Energy Laboratory
O&M Operation and maintenance

OTR Oxygen transfer rate

RNA Ribonucleic acid

SCP Singlecell protein

SOB Sulfur-oxidizing bacteria

SOX Sulfur-oxidizing

Superscript

A Flux

o] Differential

) Mean value, Average

* Saturation conditions; whole mixture



Subscript

1,2

Ordering numbers

A Component

aer Aerobic

anaer Anaerobic

BM Biomass

COo2 Refers to CQ

G Gas

H2 Refersto H

H2S Refers to HS

I, i I nterface; componentds index; inhil
L Liquid

M Molar

m Maximal

n Exponent in power law

02 Refersto @

P Product

Q Erergy; heat

S Solid; substrate

th Thermal

Symbol

A Area

a Interfacial area

C Concentration; integration constant
c concentration

c-mol, Gmol Carbonmole substrate

D Diffusivity

d Diameter

E+X Scientific notationx 10

F Force

g Gravitatioral constant

G Gibbs free energy

H Henryds constant; enthal py; height
jy J Molar flux; velocity

k Mass/heat transfer coefficient

k. a Overall mass transfer coefficient
L Length (dimension),



Symbol

m Mass; constant in power law
M Molar mass

p Pressure

ppmv Parts per million, volume

Q Energy; heat

-

Uptake/reaction rate

R Individual gas constant

S Substrate concentration

T Time (dimension); temperature, absolute

t temperature

u velocity

\% Volume; velocity

viv Volumetric ratio

vol. Volume

wt. Weight; weight basis

X Biomass concentration

X, Y,z Coordinates; variables

Y aB Yield/uptake coefficient of component A in respect to component B
a Differential length

d Efficiency

u Specific growth rate

J Density

G Surface tension

U Shaar stress

G Association parameter (in equation for diffusion coefficient)

Xi



1 NOVEL BIOPROCESSES

The end of thetwentieth century experienced huge progress in science especially in

biotechnology. New opportunities opened and mostthefm still lie unused The
underlying causef whichbeingassociated with thdiffusion of knowhow and money.

New bioprocess developmeused to beéedious and long. The timelinefrom initial idea
to product market introductioin expanded to as much aslecadeasillustrated inFigure
1.1 adapted from (Nielsen, Villadsen and Lid2003).

Produce
- ial § Product
Identify Choose/ —_— material for approyal
product construct strain research
\ Design Optimize
production production
process process
>
0 Timeline of process development 5-15 years

Figure 1.1 Timeline of development of a Bpooduct from fermentation

Currently however, tk timeline can be as short ag years (Wesselingh, Kiil and Vigild
2007). However there are still several steps which apply to any new product development:

e Analysis of current market;

e Finding demand or a niche for the product;

e Concept selection and mhoct specification;

e Process design;

e Cost estimation and major cadttermining factors identification;
e Smallscale analysis;

e Scaleup and process optimization;

e Market introduction;

e Process and future product development.

In this framework the GEOGAS pegjt, introduced more thoroughly furtheiill be
analyzed.



1.1 Project background

Geothermal energy is abundant and of high quality in Iceland, thas ibig share irthe
energy portfolio of the countryt is said to be one of the cheapest sources oéwable
energy in the long rurut it isstill not entirely environmentally neutral. Even thougby

are usually not so significant, there are some emissions and environmental impacts
connected with geothermal power plant operatidme nost common are @, emissions

from the boreholesyhich arenot yetaccounted as industrial emissions in the scopenef
Kyoto protocol. However, a bigger concern is hydrogen sulfidgSYHbresence in the
rejected geothermal gas. Apart from being lethal at relatively domcentrations and
causing corrosion and sulfur deposition issues, its odor can be very disturbing for all the
people in the vicinity of the plant.

The nmost common methods of B (and other sour gases as well) removal invalve
mixture of physical and chmical processes typically washing or solving with some kind

of reaction with basic compounds. However the biggest advantage of geothermal power
its exceptionally low O&M costs could be greatly reduced by the need for deployment of
such methods.

Taking into account the amount of geothermal power in Iceland thagroblematic
emissions of NCG (Nofondensable Gasegpnnected with jt especially hydrogen
sulfide, different kinds of noewhemical clearup technologies were (and are) being
investigated. @ the other hand, there can also be a significant amount of hydrogen and
carbon dioxide present in the gas stream rejected from the geothermal power plants. Those
in turn are a perfect energy and carbon source for bachMalking useof those could
provide simultaneous remediation of geothermal gakestherwise vented into the
atmospheré and production of microbial biomasshich is currently referred to as SCP
(singlecell protein). For thapurposethe GEOGAS project was established.

GEOGAS
Natural resource ‘

™, Geothermal gas

CO, H, HS

Less COy
emission Single-cell protein

Enzymes -

Biological plastics

1.step

g

Hydrogen
oxidation

Cleaning

Hydrogen sulfide

S-ox
- oxidation

kel
Q
2
°
o
1
2

exhaust Single-cell protein

5° 2.step

Cleaning . 7 Elemental sulfur
exhaust Single-cell protein oxidation

Green Biodiesel A 3.step

fuet Spec.chemicals Orp_ Photosynthesis

by microalgae

°
Q
2
&

ik
o
3
A

Glycerol
Substitute op
for oil Polymers binding

Products Reaction

4.

Figure 1.2 The GEOGAS project outlif€opyright, Prokatin ehf., 2008)



The concept depicted ihigure 1.2 shows the consecutive research and development parts
of the GEOGAS projt, which focuses on the biological use of geothermal gas. The final
aim of the project is to develop technology for a stepwise utilization of the components of
the geothermal gas for the growth of microorganisms such as bacteria and microalgae. The
microbal biomass produced in such a way becomes the source of valuable products such
as singlecell protein (SCP), biderived fuels and specialty chemicals (Avarsson, 2008).

Still, there are many technological hurdles to overcome. There are very few examples
successful SCP production and gaseous fermentatioasindustrial scale. What is more,
hydrogen sulfide is an uneasy compound to deal with and sulfur and/or sulfuriwlaicial

are the byproducts of the proceskave tobe properly separated fronné main product
and somehow utilized or disposedi aidding up to the complexity of the process.

The following chapters are intended to shed more light on possible issues in process
development, with focus on issues relevant to the project.

1.2 Single-cell protein

Even thought there are discrepancess to when exactly the term was first coined
(Anupama 2000) (Litchfield, 1978), it was around the end of the sixties at MIT when
nonviable microorganism cells grown for consumption, because of their valuatdenp
content, started to be referred to as skgle | | protein (SCP) instead
Even thouglover forty years have passsithicethen, there are very few examples of SCP
being used as foddfor human consumptionrather than feed. Nmerous concepts fahe
development of the technology atige provision of a cheap protein source, so badly
needed, still havaot yet reachedhe stage of full commercial availability. Thus,igh
chapter will mainly focus orthe general characteristics édruse of SCP, examples of
industrial scale processes for singkdl protein production and the hurdles that have to be
overcome to allow for free and full scale market introduction.

1.2.1 Human SCP consumption

Because of the rapidly growing population and émereasing resource consumption,
scarcity of food gains more importance as a global problem (Gilbert, 2002)tidl of
improving the situatios of millions of impoverished people calior a searchfor cheaper,
alternative protein sources. Microbes.edio theirrapid in comparison to other, higher
organisms, growth rate are now thought to become the possible solution for the problem.
Though having microbes afood source may be very unappealing for most, humans have
already utilized this sourcefor millennia. A very good example can be found in the
seafoodrich Japanese and Pacific region cuisine, in the form of algae. Furthermore,
alcoholic beverages, cheese, yogurt, soya sauce, bread and more have been, intentionally
or not, consumed along with tlomass which was used for its productiongé, 1984),
(Anupama, 2000). Some cultures even used to harvest the microorganisms for
consumption directly, like Azteadid with the algaeSpirulina (Anupama, 2000), (Singh,
1998). Yet, thecurrentpopulation § still very reluctant to agree dhe consumption of
SCP.The main reasosfor that are:

e Distrust in safety of singteell protein consumption by humans;

e Lack of general public acceptance and bias against bioengineered products;



e Appropriateness of nutiitnal value and the amino acid composition for human
consumption;

e The final product is not as appealing and its characteristics are less desirable
compared t@ommon staple fosl

1.2.2 SCP production - substrates

All different types of substrates and microangsm were showmo be suitable forthe
production of SCP (Litchfield1978), yet for current industrial production the main focus
is on inexpensive substrataad bacteria and fungi as the biological producer, for their
high growth rate and protein conteifhe nost common choices for substrates will be
investigated subsequently.

Gaseous hydrocarbons

Natural gas used to be of interest as a substrate for fermentation in SCP production for its
favorable characteristics as a carbon and energy sdureerain bacteria strainthat were
reported in literature to grow on NG, aridat weresuitable for singlecell protein
production, belong to gema like Methylococcus Methanomonasand Pseudosomonas
(Litchfield, 1978). A continuous operation mode was preferredhégher productivities

(wt. biomass/ET) are obtainable and recirculation of raiilized substrate is possible.
High productivities and yield coefficiemttould be achieved if thproblem of limiting
oxygen and methane mass transfer to the bacterialamlild behandled. Other typical
issuesmet by plants operahg on methaneare the requirement for explosion hazard
prevention and high heat generation during bacterial grdvatin of whichsharply raise
capital investment costs. Another economical moblies in the NG itself, as there are
few placedeft where itcan be foundor cheapwith the means to useon-site or transport

it. One example ad successful process was the Bioprotein process developed by Norferm
and more recentlyUniProtein® maé by UniBio A/Sanddescribed in (UniBio A/S, n.d.)

and (Villadsen, n.d.).

Liquid hydrocarbons

Out of all the different typesf hydrocarbonsn-alkanes utilized aerobically seem to have
the biggest potential for industrial scale application. Crude al,dil, kerosene and other
liquid oil derivates were studied, bilteir resultswere not as promising.itchfield, 1978).
Contrarily to gaseous hydrocarbons, liguigdrocarbonsused as substrates were quite
often utilized in batch mode, especially wheregted on yeast culture (Litchfieltio78).

As in the previous case, general issuebich needto be addressd involve: oxygen
transfer, mass transfer of the substrate to the cell and heat generation. Apart frtime that
hydrocarbons are poorly miscibletlv water and the obtained product has to be purified
(Israelidis, n.d.).

Methanol

Methanol was a substrate gibecialinterest for SCP production in the 1970s and 1980s.

The main advantage over other potential carbon sources is its high miscibility atéh w

which removes the need for protein purification (Rai University, n.d.). However, there are
also some issues connected witk use of methanol as a substrate. Most of all, microbial
tolerance for methanol is rather low (in the range of a percentsaoxygen demand and

heat generation are high. The Pruteen process running on this substrate deployed one of the
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biggest airlift fermentex yet it was shut down due &orise in the price ahethanol, which
accounted for over the half of the runningtaafsthe plant (Rai University, n.d.).
Other substrates

There were many other trialbat used organic substrates (like whey in the Bel process)
industrial waste streams (spent sulfite liqud?ekilo processpr different microorganisms
(mainly fungi)for SCP productionMore information regarding those can be found in the
literature: (Lee, 2008), (Rai University, n.d.), (Litchfield, 1978).

Nutritive value

As in the case of any source of food or feed, its value is basets somposition. SCP is
especidly rich in proteins, but there are also other components presatft as:

e Carbohydrates;

o Fats;

e Amino acid profile;

e Nutrients and vitamins;

e Cell wall components, nucleic acids, nitrogen.

All of the above should be carefully analyzed befoiequSCPasa food/feed source or
supplement. Special attention has bgmenby FAO to thereferencd amino acid profile.
Examples of SCP complying with those can be four(@&ingle Cell proteinn.d.)

Rules of thumb state that bacterial SCPs (in comparison \g#e and yeast) have the
highest protein content by dry weight, but also the highest nucleic acid content. A table
taken from (Anupama, 2000) showe typical composition of different kinds of SCP in
accordane withtheabovementioned characteristics:

Table 1.1 SCP composition by microorganism éyp

Component Percentage composition of weight

Algas Fung Bactena
True proteins 40-50 i0-T0 S0-83
Total nitrogen (Protein + nucleic acids) 4565 35-50 GO0
Lysine 4.6-7.0 6.5-7.8 43-58
Methioning 1.4-2.6 1.5-1.8 2230
FatsLipids 5-10 5-13 g&—-10
Carboliydrate 4 NA MNA
Bile pigment and Chlorophyl] [ NA A
Nucleic acids 4-5 0,70 15-16
Mineral salts 7 6.6 2.6
Amino acids MNA 54 635
Ash 3 WA MA
Molsture 6.0 4.5-6.0 28

Fiber 3 NA NA



1.2.3 Issues to overcome in bioprotein production

If the protein is teeitherbe fed to animals or used as food for pepipleas to be safe. For
bacterid SCPthis meansa reduction of RNA content from 105% to, at most, 2% (wt.)

(Rai University, n.d.)However, h most cases this aninsufficient amount of processing.
Possible product contamination, which includes toxins (bacterial and fungal), pathogens
and somBmes even the substrates (i.e. hydrocarbons) has to be controlled and avoided
(Litchfield, 1978). Moreover, there are technical issues connected with production
mainly high oxygen demand and heat generation, substrate handling issues and some
others (RaUniversity, n.d.). All of then put a lot of strain oproperreactor design.

The economics also play major role, as most of the processes ceased operation due to
economic problems (Lee, 2008). Several options for reducfi@ostrelated issues were
proposed (Rai University, n.d.):

e Cheaper process theupstream patrt, i.e. inexpensive substrates;

e Genetic modification of microorganisms for higher process efficiency;
e Use of the product for human consumption rather thariquéted;

e Multi-product praesses, preferably with some higdlue products;

e Lowering downstream processing costgeduction of RNA levels, removal of
necessity for final product purification



2 BIOPROCESS ENGINEERING PRINCIPLES

The terms bioprocess design and bioprocess engigemm@toth a result of insufficiency

of, and progress in the field of chemical engineeri@grrently all the industrialand
microbial processes requiring constantly improving yields, productivity and cost reduction
cannot be handled anymore by chemicalieeersalone Also for biochemical engineers,
who areusually employed to tackle the introduction of novel processes, the area of
biological process engineering is rmain focus (Nielsen, Villadsen and Lidez003).
Thus, the need for joint venture thie two abovementioned groups resdin the creation

of a new field on the border of microbiology, chemistry and engineéringmelyi
bioprocess engineering.

Because of theexpansive scopef the subject, tis chapter will focus only orthe
introductian of major concepts necessary inaamalysis of the project.

2.1 Bioprocess design 1 introduction to economics

Economics always provides the final test for any processaanidthe sayingi it is better
to prevent than curé careful planning and anticipati of possible issues from the very
beginning is necessary.

For bioproduction, the revenue comes from product sale. Thus, it is very important to first
analyze the market and choose a niche in which there will still be potential demand for the
product. Market size, however, depends also on the sale price. An exemplary hierarchy of
theprices of different bieproducts, adapted from (Doret995), is shown ifrigure 2.1

Price per ton (US S) Product

100,000,000 Proteins from mammalian cell culture
Vitamin B12
1,000,000
Penicillin
10,000
Bakers’ yeast

100
SCP

1 Treated wastewater

Figure 2.1 Selection of products fro bio-processes and their price per ton

On the other hand, there are several factors determining the production cost which
diminish the final profit. Thesecan be divided into four major groups according to the part

of process development and operationjcivhhas the biggest impact of unit production
cost, as shown iRigure2.2, adapted from (Doran, 1995).



TOTAL PRODUCTION COST

[1
r T T 1
Researchand BT e s Downstream Administration &
Development Processing Marketing

Materials, Labor,
utilities, waste
disposal,

depreciation,

Labor, utilities, insurance

depreciation,
insurance

Figure 2.2 Contribution of different production aspects he tfinal product cost

There are several strategies to reduce the costs, some of which are put todetnaein

2.3 taken from (Doran, 1995). However there are many other possible means. Currently,
especially beause of the boom for biofuels, there are many effoeing made to use
cheap substrates for fermentations. On the other hand, there is much work gbe into
genetic engineering of strains to obtain recombinant organisms with higher yields and
substrate tilization (Yang, et al., 2007). The latter comes into play because separation
technologies like distillation (for liquitiquid separations) or spray drying (reducing water
content) are very energgtensive and can easily overrun the advangaeed bythe use

of cheap substrates.

Presentlyoutsourcing, especially when scalp and genetic manipulation is made,a

common practice. Chemical conversion methadsstill based mainly on wejbroven

technologies introduced decades ago. This provalesnpetitive edge for biological
processes, which evolve and develop at an astounding rate.

COST-DETERMINING FACTOR

Bioreactor
operation

Raw Materials

| 1
Research and Downstream
Development processing

s )
MBNI:;:I:_?:E‘] of Maximize Maximize Maximize product Use cheaper Optimize r_eactur: Maximize product
Minimiz; reproducibility of substrate yield substrate Strain concentration
contamination risk reactor operation, conversion imp;:\,gdmgnt, leaving the reactor
edia
improvement,
Maximize catalyst
concentration,
product yield,
specific
productivity
|

Figure 2.3 Typical solutions for reduction of production costs



2.2 Bioprocess design i general guidelines

A bioprocess an be treated as a complex system combining different biological, chemical,
physical and mechanical operations into one entity. This implies a very dense network of
not always obvious relations between different components. To make it work in a
predictablemanner, major interactions between design parameters should be identified.
Hence a certain order othe undertaken steps is forceas isshown in the diagram below
adapted from (Asenjo and Merchul995).

Product Requirement

v

Biological system
identification

l

Stechiometry and
medium design

R

Upstream s Heat and mass
. Kinetics .
constraints transfer constraints

~.

Shear Sensitivity ——» Bioreactor Type Selection |[«—— Plasmid stability

¥

Mass and heat B R e eI Downstream
transfer rates

constraints

/ ‘

- Product separation and
Instrumentation . .
purification
and control
Mixin Sterilization and
e Containment
Figure24Component s6 interaction network in bio

2.3 Bioprocess scale-up

Scaleup is a set of activities arad at the successful increase tife scale of operation of a
process usually by orders of magnitude. In the engineering communitiess often
regardedasmore of an art than pure science (Nielsen, Villadsen and L&(#8). Many
different, often unpredictable, phenomena have to be taken into account, while many
inherently conflicting but desirable characteristics need to be dgrefeighted fora



satisfactory final result. Still, there are some fundamental problems always encountered
during scaleup. A brief revision of those issues shall be discussed throughout this chapter.

One can distinguish three fundamental phases of adwegs project from the concept
stage to product market introduction.esbare

e Lab scale
e Pilot scale/plant

¢ Industrial scale/commercial plant

The biggest transition is made between the first and second scale, for many different
reasonswhich will be discussedurther, but the most important groups of issues to be
integrated intathe design of a pilot plant can be represented by a diagram adapted from
(Nielsen, Villadsen and Lide2003).

Transport
phenomena
{mixing, heat and
mass transfer)

Microbial
kinetics

. -Energy balances
Bioreactor £y

modeling

-Mass balances

- Economic balance

Scale-up

Figure 2.5 Basic approach to scalep

Bioreactor modeling

Nowadaysbioreactor modeling can be greatly facilitated using CFD software or complex
mathematical modeling. However, in most cases, there are many parameters to include in
the model for sufficient accuracy,heh are hardly ever obtained even at the pilot plant
scale stage. For that reason, bioreactor modeling and the mathematical approach behind it
goes far beyond the scope of this work. More details about the subject are included in work
by (Jakobse2008).

Forafurther, simplified analysiable2.1, adapted from (Jakobse?008),which isuseful
for energy and mass balancjngpresented.
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Table2.1 Typical values oénergy and mass yield coefficients

Type of yield coefficient Dimension Typical value
Y x/s aer c-mol / cmol 0.40.7

Y x/s.anaer c-mol / cmol 0.1-0.2

Y x/02 (glucose) c-mol / cmol 1-2

Y x/aTP c-mol / cmol 0.35

Y oi02 kJ / mol 380490

Y qico2 kJ / mol 460

Y aix aer(glucose) kJ / cmol 325500

Y Qix,anaer kJ / emol 120190

Scale-up methodology

In a waythe methodology for scalep does not differ much from the general approach to
bioprocess design. The main difference,lieswever in the main focs of the process

not the whole systentut the reactor. If the biological system has already been identified
during the lab scale experiments, it can be assumed that, provided the conditions are the
same, its behavior is already known. To fulfill thatjugement the pilot and industrial

scale reactors have to reproduce the same environment as in the small scale lab. The key
problem thus comes down to designing the reactor in su@y ¢hat it will provide similar
conditions to thseunder which the ceflactory operation was investigated. A box diagram
shown in Figure 2.6, adapted from (SJing Wanga 2007) presents a good practice
iterative approach to scaig.

Biclogical Reaction Svatem Identification

}

Crenetic expression and metabolic manipulation, pathway identification

¥ h 4 k4 ¥

Stodcliometry and mednun Phivsical enviromment requireiments
desig, Kinetics shudiss (oxvzen wansfer, shea, nuxing, temperature, pH.

| :

Bacreactor type selection (brological requirement. upsiremm
constraints, downstream constraints)

L4 * *

Bioreactor operation mode selactiom Bioreactor chametenzation (hvdroadynamass,
(hatch, fed-batch, continmons, mass and heat transfer, mising, pewer
perfission) consTmption)

> L

Bioreactor system design and scale up including control and support system

Figure 2.6 An example of scalep approach
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Factors to consider in scale-up

This section focuses athe breakdown of different aspects and processes important for
process design and successful scglePlease note that it is still just a highlight o th
problens associated witbata gatheringatherthan a complete tdo list.

Cell factory

To ensure successful scalp, the biological system has to be intensively studied during
lab scale operation and further on. The basic parametech need to beleterminel are
cells growth characteristics and metabolism. Howevader those terms there are many
aspects hiddem short listing of factors which should be checked is as falow

e Biosystem identification (metabolic pathways, genetic studies);

e Optimumgrowth conditions (pH, temperature, salinity etc.);

e Meta and catabolic activity (as a function of process parameters);
e Specific growth rate, doubling time;

e Product/substrate yields and uptake rates (maintenance requirements, gglbstrate
consumption, prauci(s) synthesis, byproducts) formation for calculations of mass
and energy balances);

e Shear stress resistance;
e Stresscausing factors (substrate/product inhibition and toxicity);
e Culture stability (over peod of time, contamination risk).

Reactor chize

The cecision regarding the reactor choice is one of the most important in the whole process
design. Hencéhefollowing factors should not be neglected by decisitakers:

¢ Mode of operation (i.e. continuous vs. batch, suspended vs. immobilized system);
e Reactor type (CSTR, airlift, biofilter);

e Mass transfer characteristics (oxygen transfer rate, product removal capacity etc.);
e Mixing characteristics (power input, mixing time);

e Shear (distribution, average/maximum values);

e Operation reliability (possibleperation issues, foaming, maintenance ease);

e Operation stability (response to transients, control and monitoring possibility)

e Scalability;

e Cost (initial and of operation).

Control and measurement

e Control of pH, dissolved oxygen, temperature, mixing, ptementation of
nutrients
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Media (substrates) requirements and choice

e Provision of substrates at optimal concentrations (based on stoichipmetry
metabolismand mass transfer)

e Compliance with upstream constraints (i.e. sterilization requirements, avoiding
inhibiting concentrations)

Downstream processing
e By-product disposal
¢ Rhelogy of the fluids

2.4 Microbiology

2.4.1 Sulfur bacteriain bioprocesses

Bacteria are involved in all the biogeochemical cycles. For sulfur, they are involved in all
the steps, as presented Figure 2.7. The sulfur compounds can be either reduced or
oxidized in the cycleThe nost common reduction step is encountered in wastewater
treatment. As a result,J8 is created, causing considerable problanshe facilities. The
project aims athe oxidation of reduced sulfur compounds (i.e. hydrogen sulfide) by

bacteria, which can use it amenergy source, thus changitgform into oneless harmful
or easier to handle.

organic
sulfur
corpounds

assimilatory mineralization

sulfate processes
reduction

sulfidic
minerals
(e.g. pyrite)

sulfate
reserves
(seawater)

dissimilatory
sulfate reduction

biological oxidation
with O, or NO;

dissimilatory

sulfur spontaneous
reduction oxidatign
biological
oxidation
O, or NO;

‘ biological oxidation
with O, or NOy

anaerobic

oxidation by /
phototrophic apaerobnc
bacteria oxidation by
phototrophic
bacteria

sulfur
deposits

Figure 2.7 Sulfur cycleas in(Robertson and KuengR006)
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Sulfate reducing and sulfide oxidizing bactehave great potential for industrial and
environmental use. Still, just until recently, there was not much interest in harnéngsing
bacterial ability to use sulfur compounds for growth.

While biogenic production of $$ by sulfate reducing bacteria creates severe processing
and environmental problems for the petroleum industry and agriculture sector, when used
in a welldesigned praess thebacteria could play pivotal role in the bioremediation of

acid mine drainage (Tang, Baskaran and Nen2ft08). The hological oxidation of
reduced and intermediary sulfur compounds can be well applied in coal desulfurization and
bioleaching ofrefractory minerals. Moreover, sulfide oxidizing bacteria are known for
their ability to remove k5 from the oil reservoirs and can be used in biological treatment
of sour gases and sulfide laden waters (Lee and Sylleid). Having great potential for
environmental and industrial applications, the bacteria of the sulfur cycle havehieeen
subject of numerous studies and extensive overyiesvieh can be found in the literature
(Cline, et al. 2003), (Tang, Baskaran and Nenza08).

s

Escherichia
aerobacter

S in amino acid
Protein p s
synthesis roteolysis

S in protein

Figure 2.8 Sulfur cycle and the microorganisms involved (Perego and Fapi®89)

Chemolitotrophy

Sulfur bacteria are a wide group of organisms characterized by the ability to use sulfur
compounds for growth, which makenost of them chemolitotrophs. On the other hand
some of them can use inorganic carbon sounebsch proves their autotrophic ability.
Therefore sulfur oxidizers can be categorized according to their metabolic Rigdee

2.9, taken from (Robertson and Kuenen, 20@Bows categorization of all four groups of
colorless sulfur bacteria, with bars showing most likely ratio of inorganic to organic
substrates favoring each of them.
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inorganic organic

100% 50:50 100%
ogllgate autotroph

L )
facultative autotroph (mixotroph)
chemolithoheterotroph

obligate heterotroph

Figure 2.9 Categorization of sulfur oxidizers according to their metabolic mode

2.4.2 Colorless sulfur bacteria

The bacteria belonging to the families of tA&iobacteriaceae Beggiatoaceaeand
Achromatiaceaeare commonly called the colorless fsul bacteria. High temperature
and/or low pH environments, such as hot acid sulfur springs, sulfide ores, sulfur deposits
and some acid soils allow their development as a major populé®ohertson and
Kuenen, 2006)

Figure 2.10 Sulfur oxidizers in aquatic habité§Bievert, et al. 2008)

Bacteria belonging tdhe group can oxidize a variety of inorganic compoyniiee
hydrogenandhydrogen sulfide, but alagsenitrogen and iron compoundsiring oxidation
(Lengeler, Drews and Schleg&P99). Most ofthe colorless sulfur bacteria can synthesize
all cell material from C@and use oxygen as the electron acceptor. Details can be found in
the literature: (Lengeler, Drews and SchlegE999), (Robertson and I€nen, The
Colorless Sulfur Bacterj2006), (Robertson and Kuenen, The Genus ThiobacilB6).
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