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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 look at the bird 

and see what it's doing ð that's what counts. I learned very early the difference between 

knowing the name of something and knowing something. 

 

Richard Feynman (1918-1988) 



i 

 

ABSTRACT 

Bioprocess engineering is a field of science which lately has been experiencing huge 

growth. Progress in genetic engineering and microbiology, as well as engineering 

improvements, allowed overcoming the limits, both technical and economical, experienced 

by industrial processes as recently as ten years ago. Still, bioprocess design and scale-up 

are highly interdisciplinary fields which rely heavily on previous work in the area. 

However, for novel processes, there is not much relevant research, which makes the 

introduction of new bioprocesses challenging. One such case is the GEOGAS project, 

which aims at utilization of sulfur- (SOX) and hydrogen-oxidizing (HOX) bacteria for 

simultaneous abatement of hydrogen sulfide and carbon dioxide from geothermal power 

plants and production of single-cell proteins (SCP). In this work bioprocess design (and 

engineering) principles are introduced to provide a GEOGAS-oriented framework for 

tackling new process introduction and scale-up. Further on, in the case study of the Project, 

the focus is placed on determining crucial factors and issues which could possibly be 

encountered during scale-up. The obtained results show that the current shape of the design 

is not yet satisfactory; however, it presents a possibly big gap for tackling numerous 

pollution and waste disposal problems. Finally, a brief 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 the sidelines. What brought it to the spotlight was 

a rapid growth in the genetic engineering and, more recently, biofuels industry, however 

mainly in the context of discussions about ethics and environment abuse. Hence, it is not 

so surprising that there are still 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 communicate with others of a different proficiency, 

not to mention to cover it all by one person alone. For that reason I 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 scale-up of the project throughout 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 kind of a framework for tackling new ñbio-designò problems, 

accessible for people from both technical and biological backgrounds. Only after trying to 

cover the whole range of the subject did I realize that it is virtually impossible. Because of 

that, the ñintroductoryò part, even if it does not seem so, had to be substantially reduced. 

Therefore, what is left are only the most basic topics; moreover, only those relevant to the 

scope of the project ï namely, 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 of bioprocess engineering and 

design. The last two last chapters aim at the use of the previously introduced background to 

critically analyze the GEOGAS project.  

Finally, even though there are certain flaws in the taken approach, it is hoped that the text 

will be of use for both practitioners, as well as novices, in such a promising field as novel 

bioprocess design.   
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NOTATION  

All the abbreviations and symbols used, if not stated in the text after their first use, can be 

found below. 

 

If not stated differently, the term - ñthe projectò refers to the GEOGAS project. 

Bioreactor, bioreaction and bioprocess engineering are not the same fields of science, yet 

for simplification, all will be referred to in common terms as bioprocess engineering, 

which has the biggest scope of them all.  

Fermenter, for the scope of this work, will be regarded as a fermentation bioreactor or 

simply (bio)reactor.  

Air -lift and bubble-column reactors differ slightly in the principle of operation discussed in 

the chapter on 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 Department of Energy 

FAO Food and Agriculture Organization 

GH Gas holdup 

HOX Hydrogen-oxidizing 

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 Single-cell protein 

SOB Sulfur-oxidizing bacteria 

SOX Sulfur-oxidizing 

 

Superscript  

Ā Flux 

ó Differential 

ï  Mean value, Average 

*  Saturation conditions; whole mixture 

 



x 

 

Subscript  

1, 2 Ordering numbers 

A Component 

aer Aerobic 

anaer Anaerobic 

BM Biomass 

CO2 Refers to CO2 

G Gas 

H2 Refers to H2 

H2S Refers to H2S 

I, i Interface; componentôs index; inhibition 

L Liquid 

M Molar 

m Maximal 

n Exponent in power law 

O2 Refers to O2 

P Product 

Q Energy; heat 

S Solid; substrate 

th Thermal 

 

Symbol  

A Area 

a Interfacial area 

C Concentration; integration constant 

c concentration 

c-mol, C-mol Carbon-mole substrate 

D Diffusivity  

d Diameter 

E+X Scientific notation, × 10
+X 

F Force 

g Gravitational constant 

G Gibbs free energy 

H Henryôs constant; enthalpy; height 

j, J Molar flux; velocity 

k Mass/heat transfer coefficient 

kLa Overall mass transfer coefficient  

L Length (dimension),  
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Symbol  

m Mass; constant in power law 

M Molar mass 

p Pressure 

ppmv Parts per million, volume 

Q Energy; heat 

r Uptake/reaction rate 

R Individual gas constant 

s Substrate concentration 

T Time (dimension); temperature, absolute 

t temperature 

u velocity 

V Volume; velocity 

v/v Volumetric ratio 

vol. Volume 

wt. Weight; weight basis 

X Biomass concentration 

x, y, z Coordinates; variables 

YA/B Yield/uptake coefficient of component A in respect to component B 

ŭ Differential length 

ɖ Efficiency 

 Specific growth rate 

ɟ Density 

ů Surface tension 

Ű Shear stress 

ɢ Association parameter (in equation for diffusion coefficient) 
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1 NOVEL BIOPROCESSES 

The end of the twentieth century experienced huge progress in science especially in 

biotechnology. New opportunities opened and most of them still lie unused; The 

underlying cause of which being associated with the diffusion of know-how and money.  

New bioprocess development used to be tedious and long. The timeline ï from initial idea 

to product market introduction ï expanded to as much as a decade, as illustrated in Figure 

1.1 adapted from (Nielsen, Villadsen and Liden, 2003).  

 

 

Figure 1.1 Timeline of development of a bio-product from fermentation  

Currently, however, the timeline can be as short as 3-4 years (Wesselingh, Kiil and Vigild, 

2007). However there are still several steps which apply to any new product development: 

 

 Analysis of current market; 

 Finding demand or a niche for the product; 

 Concept selection and product specification; 

 Process design; 

 Cost estimation and major cost-determining factors identification; 

 Small-scale analysis; 

 Scale-up and process optimization; 

 Market introduction; 

 Process and future product development. 

 
 

In this framework the GEOGAS project, introduced more thoroughly further, will be 

analyzed.  
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1.1 Project background 

Geothermal energy is abundant and of high quality in Iceland, thus it has a big share in the 

energy portfolio of the country. It is said to be one of the cheapest sources of renewable 

energy in the long run, but it is still not entirely environmentally neutral. Even though they 

are usually not so significant, there are some emissions and environmental impacts 

connected with geothermal power plant operation. The most common are CO2 emissions 

from the boreholes, which are not yet accounted as industrial emissions in the scope of the 

Kyoto protocol. However, a bigger concern is hydrogen sulfide (H2S) presence in the 

rejected geothermal gas. Apart from being lethal at relatively low concentrations and 

causing corrosion and sulfur deposition issues, its odor can be very disturbing for all the 

people in the vicinity of the plant.  

The most common methods of H2S (and other sour gases as well) removal involve a 

mixture of physical and chemical processes ï typically washing or solving with some kind 

of reaction with basic compounds. However the biggest advantage of geothermal power ï 

its exceptionally low O&M costs ï could be greatly reduced by the need for deployment of 

such methods. 

Taking into account the amount of geothermal power in Iceland and the problematic 

emissions of NCG (Non-Condensable Gases) connected with it, especially hydrogen 

sulfide, different kinds of non-chemical clean-up technologies were (and are) being 

investigated. On 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 bacteria. Making use of those could 

provide simultaneous remediation of geothermal gases ï otherwise vented into the 

atmosphere ï and production of microbial biomass, which is currently referred to as SCP 

(single-cell protein). For that purpose, the GEOGAS project was established. 

 

 

Figure 1.2 The GEOGAS project outline (Copyright, Prokatin ehf., 2008) 
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The concept depicted in Figure 1.2 shows the consecutive research and development parts 

of the GEOGAS project, 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 

microbial biomass produced in such a way becomes the source of valuable products such 

as single-cell protein (SCP), bio-derived fuels and specialty chemicals (Ævarsson, 2008).  

Still, there are many technological hurdles to overcome. There are very few examples of 

successful SCP production and gaseous fermentations on an industrial scale. What is more, 

hydrogen sulfide is an uneasy compound to deal with and sulfur and/or sulfuric acid, which 

are the by-products of the process, have to be properly separated from the main product 

and somehow utilized or disposed of ï adding 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 discrepancies as 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 valuable protein 

content, started to be referred to as single-cell protein (SCP) instead of ñmicrobial proteinò. 

Even though over forty years have passed since then, there are very few examples of SCP 

being used as food ï for human consumption ï rather than feed. Numerous concepts for the 

development of the technology and the provision of a cheap protein source, so badly 

needed, still have not yet reached the stage of full commercial availability. Thus, this 

chapter will mainly focus on the general characteristics and uses of SCP, examples of 

industrial scale processes for single-cell 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 ever-increasing resource consumption, 

scarcity of food gains more importance as a global problem (Gilbert, 2002). The trial of 

improving the situations of millions of impoverished people calls for a search for cheaper, 

alternative protein sources. Microbes, due to their rapid, in comparison to other, higher 

organisms, growth rate are now thought to become the possible solution for the problem. 

Though having microbes as a food source may be very unappealing for most, humans have 

already utilized this source for millennia. A very good example can be found in the 

seafood-rich 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 the biomass which was used for its production (Tuse, 1984), 

(Anupama, 2000). Some cultures even used to harvest the microorganisms for 

consumption directly, like Aztecs did with the algae Spirulina (Anupama, 2000), (Singh, 

1998). Yet, the current population is still very reluctant to agree on the consumption of 

SCP. The main reasons for that are: 

 

 Distrust in safety of single-cell protein consumption by humans; 

 Lack of general public acceptance and bias against bioengineered products; 
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 Appropriateness of nutritional value and the amino acid composition for human 

consumption; 

 The final product is not as appealing and its characteristics are less desirable 

compared to common staple foods.  

 

1.2.2 SCP production - substrates 

All different types of substrates and microorganism were shown to be suitable for the 

production of SCP (Litchfield, 1978), yet for current industrial production the main focus 

is on inexpensive substrates and bacteria and fungi as the biological producer, for their 

high growth rate and protein content. The most 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 source. The main bacteria strains that were 

reported in literature to grow on NG, and that were suitable for single-cell protein 

production, belong to genera like Methylococcus, Methanomonas and Pseudosomonas 

(Litchfield, 1978). A continuous operation mode was preferred as higher productivities 

(wt. biomass/L
3
T) are obtainable and recirculation of non-utilized substrate is possible. 

High productivities and yield coefficients could be achieved if the problem of limiting 

oxygen and methane mass transfer to the bacterial cells could be handled. Other typical 

issues met by plants operating on methane are the requirement for explosion hazard 

prevention and high heat generation during bacterial growth, both of which sharply raise 

capital investment costs. Another economical problem lies in the NG itself, as there are 

few places left where it can be found for cheap with the means to use it on-site or transport 

it. One example of a successful process was the Bioprotein process developed by Norferm 

and, more recently, UniProtein® made by UniBio A/S and described in (UniBio A/S, n.d.) 

and (Villadsen, n.d.). 

Liquid hydrocarbons 

Out of all the different types of hydrocarbons, n-alkanes utilized aerobically seem to have 

the biggest potential for industrial scale application. Crude oil, fuel oil, kerosene and other 

liquid oil derivates were studied, but their results were not as promising (Litchfield, 1978). 

Contrarily to gaseous hydrocarbons, liquid hydrocarbons used as substrates were quite 

often utilized in batch mode, especially when operated on yeast culture (Litchfield, 1978). 

As in the previous case, general issues which need to be addressed involve: oxygen 

transfer, mass transfer of the substrate to the cell and heat generation. Apart from that, the 

hydrocarbons are poorly miscible with water and the obtained product has to be purified 

(Israelidis, n.d.). 

Methanol 

Methanol was a substrate of special interest for SCP production in the 1970s and 1980s. 

The main advantage over other potential carbon sources is its high miscibility with water, 

which removes the need for protein purification (Rai University, n.d.). However, there are 

also some issues connected with the use of methanol as a substrate. Most of all, microbial 

tolerance for methanol is rather low (in the range of a percent) and its oxygen demand and 

heat generation are high. The Pruteen process running on this substrate deployed one of the 
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biggest airlift fermenters, yet it was shut down due to a rise in the price of methanol, which 

accounted for over the half of the running cost of the plant (Rai University, n.d.). 

Other substrates 

There were many other trials that used organic substrates (like whey in the Bel process), 

industrial waste streams (spent sulfite liquor ï Pekilo process) or different microorganisms 

(mainly fungi) for SCP production. More 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 based on its composition. SCP is 

especially rich in proteins, but there are also other components present, such as: 

 

 Carbohydrates; 

 Fats; 

 Amino acid profile; 

 Nutrients and vitamins; 

 Cell wall components, nucleic acids, nitrogen. 

 

All of the above should be carefully analyzed before using SCP as a food/feed source or 

supplement. Special attention has been given by FAO to the referenced amino acid profile. 

Examples of SCP complying with those can be found in (Single Cell protein, n.d.). 

Rules of thumb state that bacterial SCPs (in comparison with algae and yeast) have the 

highest protein content by dry weight, but also the highest nucleic acid content. A table 

taken from (Anupama, 2000) shows the typical composition of different kinds of SCP in 

accordance with the abovementioned characteristics: 

 

Table 1.1 SCP composition by microorganism type 
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1.2.3 Issues to overcome in bioprotein production 

If the protein is to either be fed to animals or used as food for people, it has to be safe. For 

bacterial SCP this means a reduction of RNA content from 10-15% to, at most, 2% (wt.) 

(Rai University, n.d.). However, in most cases this is an insufficient amount of processing. 

Possible product contamination, which includes toxins (bacterial and fungal), pathogens 

and sometimes even the substrates (i.e. hydrocarbons) has to be controlled and avoided 

(Litchfield, 1978). Moreover, there are technical issues connected with production ï 

mainly high oxygen demand and heat generation, substrate handling issues and some 

others (Rai University, n.d.). All of them put a lot of strain on proper reactor design.  

The economics also play a major role, as most of the processes ceased operation due to 

economic problems (Lee, 2008). Several options for reduction of cost-related issues were 

proposed (Rai University, n.d.): 

 

 Cheaper process in the upstream part, i.e. inexpensive substrates; 

 Genetic modification of microorganisms for higher process efficiency; 

 Use of the product for human consumption rather than just for feed; 

 Multi -product processes, preferably with some high-value products;  

 Lowering downstream processing costs ï reduction of RNA levels, removal of 

necessity for final product purification. 
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2 BIOPROCESS ENGINEERING PRINCIPLES 

The terms bioprocess design and bioprocess engineering are both a result of insufficiency 

of, and progress in the field of chemical engineering. Currently all the industrial and 

microbial processes requiring constantly improving yields, productivity and cost reduction 

cannot be handled anymore by chemical engineers alone. Also for biochemical engineers, 

who are usually employed to tackle the introduction of novel processes, the area of 

biological process engineering is not a main focus (Nielsen, Villadsen and Liden, 2003). 

Thus, the need for joint venture of the two abovementioned groups resulted in the creation 

of a new field on the border of microbiology, chemistry and engineering ï namely ï 

bioprocess engineering. 

Because of the expansive scope of the subject, this chapter will focus only on the 

introduction of major concepts necessary in an analysis of the project.  

2.1 Bioprocess design ï introduction to economics 

Economics always provides the final test for any process and, as in the saying ï it is better 

to prevent than cure ï careful planning and anticipation of possible issues from the very 

beginning is necessary.  

For bio-production, 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 

the prices of different bio-products, adapted from (Doran, 1995), is shown in Figure 2.1. 

 

 

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

On the other hand, there are several factors determining the production cost which 

diminish the final profit. These can be divided into four major groups according to the part 

of process development and operation, which has the biggest impact of unit production 

cost, as shown in Figure 2.2, adapted from (Doran, 1995). 
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Figure 2.2 Contribution of different production aspects to the final product cost 

 

There are several strategies to reduce the costs, some of which are put together in Figure 

2.3 taken from (Doran, 1995). However there are many other possible means. Currently, 

especially because of the boom for biofuels, there are many efforts being made to use 

cheap substrates for fermentations. On the other hand, there is much work put into the 

genetic engineering of strains to obtain recombinant organisms with higher yields and 

substrate utilization (Yang, et al., 2007). The latter comes into play because separation 

technologies like distillation (for liquid-liquid separations) or spray drying (reducing water 

content) are very energy-intensive and can easily overrun the advantage gained by the use 

of cheap substrates.  

Presently outsourcing, especially when scale-up and genetic manipulation is made, is a 

common practice. Chemical conversion methods are still based mainly on well-proven 

technologies introduced decades ago. This provides a competitive edge for biological 

processes, which evolve and develop at an astounding rate.  

 

 

Figure 2.3 Typical solutions for reduction of production costs 
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2.2 Bioprocess design ï general guidelines 

A bioprocess can 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 

predictable manner, major interactions between design parameters should be identified. 

Hence, a certain order on the undertaken steps is forced, as is shown in the diagram below, 

adapted from (Asenjo and Merchuk, 1995).  

 

 

Figure 2.4 Componentsô interaction network in bioprocess design 

2.3 Bioprocess scale-up 

Scale-up is a set of activities aimed at the successful increase of the scale of operation of a 

process, usually by orders of magnitude. In the engineering communities it is often 

regarded as more of an art than pure science (Nielsen, Villadsen and Liden, 2003). Many 

different, often unpredictable, phenomena have to be taken into account, while many 

inherently conflicting but desirable characteristics need to be carefully weighted for a  
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satisfactory final result. Still, there are some fundamental problems always encountered 

during scale-up. A brief revision of those issues shall be discussed throughout this chapter. 

One can distinguish three fundamental phases of a bioprocess project ï from the concept 

stage to product market introduction. These are: 

 

 Lab scale; 

 Pilot scale/plant; 

 Industrial scale/commercial plant. 

 

The biggest transition is made between the first and second scale, for many different 

reasons which will be discussed further, but the most important groups of issues to be 

integrated into the design of a pilot plant can be represented by a diagram adapted from 

(Nielsen, Villadsen and Liden, 2003). 

 

 

Figure 2.5 Basic approach to scale-up 

Bioreactor modeling 

Nowadays bioreactor 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, which 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 (Jakobsen, 2008). 

For a further, simplified analysis Table 2.1, adapted from (Jakobsen, 2008), which is useful 

for energy and mass balancing, is presented. 
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Table 2.1 Typical values of energy and mass yield coefficients 

Type of yield coefficient Dimension Typical value 

YX/S,aer c-mol / c-mol 0.4-0.7 

YX/S,anaer c-mol / c-mol 0.1-0.2 

YX/O2 (glucose) c-mol / c-mol 1-2 

YX/ATP  c-mol / c-mol 0.35 

YQ/O2  kJ / mol 380-490 

YQ/CO2 kJ / mol 460 

YQ/X,aer (glucose) kJ / c-mol 325-500 

YQ/X,anaer kJ / c-mol 120-190 

 

Scale-up methodology 

In a way the methodology for scale-up does not differ much from the general approach to 

bioprocess design. The main difference lies, however, in the main focus of the process ï 

not the whole system, but 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 that requirement 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 such a way that it will provide similar 

conditions to those under which the cell factory operation was investigated. A box diagram 

shown in Figure 2.6, adapted from (Si-Jing Wanga, 2007), presents a good practice 

iterative approach to scale-up. 

 

 

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

This section focuses on the breakdown of different aspects and processes important for 

process design and successful scale-up. Please note that it is still just a highlight of the 

problems associated with data gathering rather than a complete to-do list.  

Cell factory 

To ensure successful scale-up, the biological system has to be intensively studied during 

lab scale operation and further on. The basic parameters which need to be determined are 

cellsô growth characteristics and metabolism. However, under those terms there are many 

aspects hidden. A short listing of factors which should be checked is as follows: 

 

 Biosystem identification (metabolic pathways, genetic studies); 

 Optimum growth conditions (pH, temperature, salinity etc.); 

 Meta- and catabolic activity (as a function of process parameters); 

 Specific growth rate, doubling time; 

 Product/substrate yields and uptake rates (maintenance requirements, substrate(s) 

consumption, product(s) synthesis, by-product(s) formation for calculations of mass 

and energy balances); 

 Shear stress resistance; 

 Stress-causing factors (substrate/product inhibition and toxicity); 

 Culture stability (over period of time, contamination risk). 

 

Reactor choice 

The decision regarding the reactor choice is one of the most important in the whole process 

design. Hence the following factors should not be neglected by decision-makers: 

 Mode of operation (i.e. continuous vs. batch, suspended vs. immobilized system); 

 Reactor type (CSTR, airlift, biofilter); 

 Mass transfer characteristics (oxygen transfer rate, product removal capacity etc.); 

 Mixing characteristics (power input, mixing time); 

 Shear (distribution, average/maximum values); 

 Operation reliability (possible operation issues, foaming, maintenance ease); 

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

 Scalability; 

 Cost (initial and of operation). 

 

Control and measurement 

 Control of pH, dissolved oxygen, temperature, mixing, supplementation of 

nutrients. 
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Media (substrates) requirements and choice 

 Provision of substrates at optimal concentrations (based on stoichiometry, 

metabolism and mass transfer); 

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

inhibiting concentrations).  

Downstream processing 

 By-product disposal; 

 Rhelogy of the fluids. 

2.4 Microbiology 

2.4.1 Sulfur bacteria in bioprocesses 

Bacteria are involved in all the biogeochemical cycles. For sulfur, they are involved in all 

the steps, as presented in Figure 2.7. The sulfur compounds can be either reduced or 

oxidized in the cycle. The most common reduction step is encountered in wastewater 

treatment. As a result, H2S is created, causing considerable problems for the facilities. The 

project aims at the oxidation of reduced sulfur compounds (i.e. hydrogen sulfide) by 

bacteria, which can use it as an energy source, thus changing its form into one less harmful 

or easier to handle. 

 

Figure 2.7 Sulfur cycle as in (Robertson and Kuenen, 2006) 
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Sulfate reducing and sulfide oxidizing bacteria have great potential for industrial and 

environmental use. Still, just until recently, there was not much interest in harnessing the 

bacterial ability to use sulfur compounds for growth.  

While biogenic production of H2S by sulfate reducing bacteria creates severe processing 

and environmental problems for the petroleum industry and agriculture sector, when used 

in a well-designed process  the bacteria could play a pivotal role in the bioremediation of 

acid mine drainage (Tang, Baskaran and Nemati, 2008).  The biological oxidation of 

reduced and intermediary sulfur compounds can be well applied in coal desulfurization and 

bioleaching of refractory minerals. Moreover, sulfide oxidizing bacteria are known for 

their ability to remove H2S from the oil reservoirs and can be used in biological treatment 

of sour gases and sulfide laden waters (Lee and Sublette, 1993). Having great potential for 

environmental and industrial applications, the bacteria of the sulfur cycle have been the 

subject of numerous studies and extensive overviews, which can be found in the literature:  

(Cline, et al. 2003), (Tang, Baskaran and Nemati, 2008). 

 

 

Figure 2.8 Sulfur cycle and the microorganisms involved (Perego and Fabiano, 1999) 

 

Chemolitotrophy 

Sulfur bacteria are a wide group of organisms characterized by the ability to use sulfur 

compounds for growth, which makes most of them chemolitotrophs. On the other hand 

some of them can use inorganic carbon sources, which proves their autotrophic ability. 

Therefore sulfur oxidizers can be categorized according to their metabolic mode. Figure 

2.9, taken from (Robertson and Kuenen, 2006), shows 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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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 the Thiobacteriaceae, Beggiatoaceae and 

Achromatiaceae are commonly called the colorless sulfur 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 population (Robertson and 

Kuenen, 2006).  

 

 
Figure 2.10 Sulfur oxidizers in aquatic habitat (Sievert, et al. 2008) 

Bacteria belonging to the group can oxidize a variety of inorganic compounds, like 

hydrogen and hydrogen sulfide, but also use nitrogen and iron compounds during oxidation 

(Lengeler, Drews and Schlegel, 1999). Most of the colorless sulfur bacteria can synthesize 

all cell material from CO2 and use oxygen as the electron acceptor. Details can be found in 

the literature:  (Lengeler, Drews and Schlegel, 1999), (Robertson and Kuenen, The 

Colorless Sulfur Bacteria, 2006), (Robertson and Kuenen, The Genus Thiobacillus, 2006). 






























































































































