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ABSTRACT 

UV AND CHEMICAL MUTAGENESIS OF NOVEL CLOSTRIDIAL FUSANTS FOR 

ENHANCED GREEN BIOBUTANOL PRODUCTION USING AGRICULTURE 

RESIDUES AND ALGAE IN FEEDSTOCK 

Pallavi Roy 

Master of Applied Science 

Environmental Applied Science and Management 

Ryerson University 

2014 

Biobutanol was produced in the present work through Simultaneous Saccharification and 

Fermentation (SSF) of cellulosic feedstock (i.e. wheat straw (WS)) and algal biomass. Novel 

Clostridial fused strains developed earlier underwent mutagenesis for strain enhancement using 

UV and chemical mutagen (ethyl methanesulphonate). Results for mutated strains showed higher 

biobutanol production of 14.6 g/L, with total acetone, biobutanol and ethanol (ABE) yield of 0.6 

g/g. Moreover, mutated strains showed tolerance to biobutanol toxicity at 15g/L; ~15% increase 

over literature values. Algal biomass was pre-treated using different thermal, chemical and 

enzymatic pre-treatments to define its biobutanol production potential compared to WS. A total 

sugar concentration of 26.4 g/L and glucose concentration of 12.48 g/L was obtained with 

enzymatic pre-treatment. Biobutanol production through SSF of algal biomass showed maximum 

concentration of biobutanol of 7.52 g/L with a total ABE yield of 0.48 g/g.  

Keywords: Biobutanol, Mutation, Wheat Straw, Algae, Simultaneous Saccharification and 

Fermentation (SSF) 
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CHAPTER ONE  

                 INTRODUCTION 
 

Rising fossil fuel and food prices, and increasing international pressure on climate change 

mitigation, have intensified the search for a renewable source of energy (Coyle, 2007). A biofuel 

is a type of renewable and green fuel whose energy is derived from biological carbon fixation. 

Biofuels include fuels derived from biomass conversion, as well as solid biomass, liquid fuels 

like ethanol, soybean oil and various biogases. Biofuels are being looked upon as not only an 

effective alternative energy source but also as a means of lowering greenhouse gas (GHG) 

emissions (Walsh et al., 2003; Sorda et al., 2010). 

A distinction is made between primary and secondary biofuels. Primary biofuels consist of fuel 

wood, wood chips and pellets where organic materials are used in an unprocessed form, 

primarily for heating, cooking or electricity production. Secondary biofuels result from 

processing of biomass and include liquid biofuels such as ethanol and biodiesel that can be used 

in vehicles and industrial processes. Liquid Biofuels are categorised into first, second and third 

generation biofuels (Phillipidis et al., 1993; Carere et al., 2008; Sims et al., 2010; Nigam and 

Singh, 2011). The primary distinction between them is the feedstock used. The classification is 

illustrated in Figure 1.1  



2 

 

 

Figure 1.1 Categorisation of biofuels based on feedstock 

 

The first-generation of secondary biofuels has generally been produced from sugars, grains or 

seeds and require a simple process to convert it into biofuel.  Ethanol from corn (in USA) or 

sugarcane (in Brazil) is the most common and well known of the first generation fuels. It is 

mixed with gasoline in many countries around the world and is very close to being cost 

comparative to gasoline (Balat and Balat, 2009). However, Ethanol was first mixed with gasoline 

in the US in the 1990s as a replacement for methyl-ter-butyl ether (MTBE) as an additive to 

oxygenate gasoline, as MTBE had issues of water contamination (Dewsbury et al., 2003). Then 

seeing the potential for rural development by using agricultural produce (mostly corn) for fuel 

generation, ethanol production and the biofuel mandate received a boost, in terms of government 

programs, investment and subsidies in the US (Tyner and Taheripour, 2008). 

Tyner et al., (2010) comments that the sustainability and ‘green’ nature of this generation is 

questionable due to its conflict with the food supply and changes in land use. Biofuels are 
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technically supposed to reduce GHG emissions. However, the process of growing the crops, 

making fertilizers and pesticides, and processing the biomass into fuel consumes a lot of energy. 

So much energy is used that there is debate about whether ethanol from corn actually provides 

more energy than is required to grow and process it. Also, because much of the energy used in 

production comes from coal and natural gas, biofuels don't replace as much oil as they use. Then 

there is the food vs fuel debate. Converting edible crops into fuel can affect their prices 

(Thompson et al., 2009). Also changes in land use add to indirect GHG emissions (Tyner et al., 

2010). 

The issues with first generation biofuels have led to the development of second-generation 

biofuels. The second generation biofuels are produced from biological or thermochemical 

processing of ligno-cellulosic biomass. This generation has a significant advantage over the 

previous generation as it utilizes the non-edible residues of food crops like wheat and corn. 

However, the production of second-generation biofuels requires not only sophisticated 

processing technologies but also more investment of resources per unit of production 

accompanied by large-scale facilities (Nigam and Singh, 2011).  

1.1 Biobutanol 

 

Butanol formed from plant material is often referred to as biobutanol. It is chemically similar to 

butanol produced from petroleum. Butanol, because of its longer hydrocarbon chain has a 30% 

more energy content than ethanol and is closer to gasoline in properties as apparent in Table 1.1. 

Butanol, in its pure form can be blended in any concentration with gasoline unlike ethanol which 

can only be blended up to 85% (Dürre, 2007). The introduction of butanol into the existing car 

engines as a combustible fuel requires minimal modification to the engine technology. 

Biobutanol has been demonstrated to work in some vehicles designed for use with gasoline 
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without any modification (Savage, 2011). The product’s lower vapour pressure makes it safer to 

handle. Butanol is not hygroscopic (water absorbent) which allows blending with gasoline at a 

refinery way ahead of storage and distribution. This is in stark contrast to ethanol, which requires 

blending to occur shortly before distribution due to its hygroscopic nature (Dürre, 2007). 

Table 1.1 Properties of common fuels (Qureshi et al., 2007) 

Fuel Energy 

density 

Air-fuel 

ratio 

Specific 

energy 

Heat of 

vaporization 

RON
1 

MON
2 

Gasoline 32 MJ/L 14.6 2.9 MJ/kg 

air 

0.36 MJ/kg 91–99 81–89 

Butanol 29.2 MJ/L 11.2 3.2 MJ/kg 

air 

0.43 MJ/kg 96 78 

Ethanol  19.6 MJ/L 9.0 3.0 MJ/kg 

air 

0.92 MJ/kg 129 102 

Methanol 16 MJ/L 6.5 3.1 MJ/kg 

air 

1.2 MJ/kg 136 104 

1 
Research Octane Number: determined with a test engine running at a low speed of 600 rpm

 

2 
Motor Octane Number: determined with a test engine running at a low speed of 900 rpm 

 

1.2 Objectives 

 

From the discussion presented in the earlier section, it is revealed that 2
nd

 generation biobutanol, 

could play a coherent role in achieving sustainable energy management goals. Though cellulosic 

biofuels are renewable, the impact on agriculture, food systems, land use system and the 

environment are potentially significant. Most importantly cellulosic biobutanol is not yet 
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economically competitive with petroleum or first generation ethanol. Thus, the main objective of 

this study is to enhance biobutanol production and yield by investigating metabolic engineering 

of bacterial strains and selection of renewable and sustainable feedstock.  

The main focus of the present study was to determine whether UV irradiation and treatment with 

an appropriate chemical mutagen (ethyl methane sulphonate) are the means of producing 

desirable mutants of a novel fused clostridial strain that was developed in our laboratory at 

Ryerson University.  Following that, production of biobutanol was examined using agriculture 

residues of WS and algae to determine their suitability as feedstocks. Both biomass feedstock 

types were pretreated and hydrolysed using different methods prior to utilization. This thesis, 

detailing the work done in the present study to answer the objectives mentioned above, is 

structured in five chapters as follows: 

Chapter One – introduces the reader to the thesis topic and motivation to conduct the study and 

gives a brief description of the document.  

Chapter Two – presents the literature review on the factors associated with mutagenesis of 

bacterial strains, cellulosic feedstock selection and SSF conducted to produce biobutanol. 

Chapter Three – describes the materials and methods that employed in the experimental work. 

Chapter Four – presents the experimental results and an analysis of the mutation study, growth 

condition study focused on aerotolerance of bacterial strain, algal hydrolysis and SSF of 

cellulosic feedstock using mutated strains. 

Chapter Five – gives general concluding remarks, along with recommendations for future work.  
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CHAPTER TWO LITERATURE REVIEW 
 

2.1 Biobutanol History 

 

Biobutanol is produced using the Acetone Biobutanol Ethanol (ABE) pathway. The ABE 

pathway was discovered by Louis Pasteur and it was the main pathway used for most of the late 

1800s to early 1900s for the production of biobutanol. During prohibition there was an amyl 

alcohol shortage which was an important solvent for the paint industry (Dürre, 2007). Biobutanol 

proved to be a perfect alternative for amyl alcohol and several ABE production plants were 

opened in different countries to fulfill the industrial requirements. Therefore, until 1950 two 

thirds of world’s biobutanol supply came from biological fermentation.  Interest in the 

fermentation process eventually declined, owing to competition from cheaper chemical synthetic 

processes using petrochemical feedstock (Awang et al., 1988). From that point until 2000s, 

biobutanol was produced as an intermediate in petroleum distillation. Recently it has gained 

attention again as an alternative to ethanol as transportation fuel. BP and DuPont have proposed 

to restart an industrial ABE fermentation plant to provide biobutanol to Great Britain (Dürre, 

2007). BP is currently working towards producing more effective microbes that convert both 

corn and other cellulosic feedstocks into biobutanol. Denver based Gevo Inc. is lining up 

financing for five more ethanol plants for to be converted to butanol production. These new 

biobutanol capacities could produce up to 200 million gallons per year if the company succeeds 

in raising finances (Scotia Captial Inc, 2010). As mentioned above, due to an interest in 

biobutanol as a fuel source the ABE process is again gaining research interest. The goal of most 
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researchers now is to improve the process by developing enhanced bacterial strains, increase 

yields and use of novel feedstock. 

2.2 Energy Return on Investment 

 

Energy return on investment (ERoI) is the ratio of the energy delivered by a process to the 

energy used directly and indirectly in that process. The history of the development of human 

civilization and its material standard of living is directly linked to successive access to and 

development of fuel sources with increasingly greater ERoI. The transitions from basic energy 

sources such as plant biomass, and animals, to wind and waterpower, to fossil fuels and 

electricity enabled increases in per capita yield due to increases in the quantity of fuel available 

to produce non-energy goods. The evolution to higher ERoI fuels also aided social and economic 

improvement as increasingly less of the total available energy was used in the energy securing 

process, meaning more fuel was available to support other activities. 

One way to evaluate the production of biofuels is to calculate the energy return on (energy) 

investment (ERoI), which is similar to the net energy ratio (NER), and can be used to assess the 

feasibility and sustainability of an energy source. 

Eout is the energy in a certain amount of biofuel output, and Ein, often from non-renewable 

resources, is energy input to the manufacturing process for that same amount of biofuel. 

 

Figure 2.1 Energy return on investment 
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As this term is a ratio, as long as Eout and Ein, are both of the same unit, the ERoI is unitless. 

ERoI tells us how any energy production technology utilises the non-renewable energy to 

produce it. One is an important threshold value for ERoI. If ERoI < 1, then the total energy in the 

biofuel is less than the non-renewable energy that went into it, and we might as well have made 

direct use of the non-renewable fuels instead. If ERoI > 1, then we have managed to capture at 

least some renewable energy value with our non-renewable investment.  

Since ERoI is the amount of energy produced divided by the amount of energy required for that 

production, it has been used to characterize many resources. For example, the ERoI for 

production of conventional oil and gas, coal, wind energy, and corn ethanol has been estimated 

to be ∼15, ∼80, ∼19, and ∼1, respectively (Shapouri et al., 2002; Cleveland, 2005; Farrell et al., 

2006; Kubiszewski et al., 2010). As is evidenced, biofuels have a long way to go in terms of 

competitive ERoI when compared to conventional sources. This identifies a need for more 

research in the field of renewable energy. 

2.3 Agricultural Biomass as Feedstock 

Recent technologies for agricultural biomass conversion (through their hydrolysate solutions) 

have proven that agricultural wastes have enough carbon sources to produce value-added bio-

based products (Dahman et al., 2010).  

Agriculture biomass is composed mainly of three bio-based chemicals called cellulose (35-48 

%dry wt), hemicellulose (22-48% dry wt) and lignin (15-27% dry wt) (Scurlock, 2001; Sun and 

Cheng, 2005). Together, they are called lignocellulose, a composite material of rigid cellulose 

fibers embedded in a cross-linked matrix of lignin and hemicellulose that bind the fibers. 

Lignocellulose material is by necessity resistant to physical, chemical, and biological attack, but 
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it is of interest to bio-refining because the cellulose and hemicellulose can be broken down 

through a hydrolysis process to produce fermentable, simple sugars. 

Cellulose is a very large polymer molecule composed of many hundreds or thousands of glucose 

molecules (polysaccharide). Unlike starch, the glucose monomers of cellulose are linked together 

through bonds resulting in tightly packed and highly crystalline structures that are resistant to 

hydrolysis. Therefore, pre-treatment of lignocellulosic biomass before enzymatic hydrolysis is a 

vital step. Hemicellulose consists of short, highly branched, chains of sugars. It contains five-

carbon sugars (usually D-xylose and L-arabinose) and six-carbon sugars (D-galactose, D-glucose 

and D-mannose) and uronic acid. Hemicellulose is amorphous and relatively easy to hydrolyze to 

its constituent sugars (Vassilev et al., 2010). Lignin is a polymer constructed of non-

carbohydrate, alcohol units that are not fermentable such as p-coumaryl alcohol, coniferyl 

alcohol, and sinapyl alcohol (Vassilev et al., 2010). While cellulose and hemicellulose contribute 

to the amount of fermentable sugars for ethanol production, products of lignin degradation are 

recognized as a potential source of microbial inhibitors (Ezeji et al., 2007). Figure 2.2 visually 

represents the structure of lingo-cellulosic biomass. 

 

Figure 2.2 Structure of lignocellulosic biomass (USDA Agricultural Research Service) 

Table 2.1 lists the amount of biomass generated from agricultural crop residues in Canada. 

Almost 14.6 Million tonnes of Carbon per year (Mt C/yr) with an energy value of 0.6 EJ 
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(exajoule), is recoverable from the field at the same time preserving soil integrity and accounting 

for losses during harvest process. However, traditional uses reduce the current availability to 8.6 

Mt C/yr with an energy potential of 0.3 EJ (Woods and Layzell., 2003). 

From the Table 2.1, (Woods and Layzell, 2003) we can see the immense energy potential 

associated with wheat straw in Canada. Out of a total production of 26.7 million oven-dried 

tonnes per year (M ODT/yr) of wheat straw, more than 50% of it is recoverable (after harvest) 

contributing to a potential energy contribution of 0.241 EJ/year. However, currently only 7.46 M 

ODT/year is available, contributing to about 0.12 EJ/year, roughly half of its maximum potential. 

The reader might also realize from the table the need to invest in wheat straw as substrate in 

Canada due to large-scale production (of roughly more than a quarter of current crop production) 

coming from wheat crops.  

Also previous attempts at producing biobutanol from Wheat Straw Hydrolysate (WSH) have 

been very successful (Qureshi et al., 2008). WS contains cellulose, hemicellulose, and low 

amount of lignin that makes it noticeable among agricultural residues (Harper and Lynch, 1981). 

Other studies by Qureshi et al., (2007) and Qureshi and Ezeji (2008) have shown that not only 

was the fermentation more rapid than the ones in which glucose (as a substrate) was exclusively 

used, but also there was an absence of inhibition due to salts or other inhibitory products. 
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Table 2.1 Yield of crops and crop residues in Canada (Woods and Layzell, 2003) 

 
Yield of Crops and Crop Residues Currently Available Residues 

Crop 
Total 

Production 
Straw/Stover 

Sustainably 

Removable 

Residues 

(SRR) 

Recoverable SRR 

Energy 

Potential of 

SRR 

Amount 

Available 

Carbon 

content 

Energy 

potential 

Units M ODT/yr 
a
 M ODT/yr M ODT/yr M ODT/yr M tC/yr EJ/yr 

b
 M ODT/yr Mt C/yr 

c
 EJ/yr 

Wheat 20.6 26.7 21.4 14.97 6.74 0.241 7.49 3.37 0.12 
Barley 10.8 10.8 8.68 6.07 2.73 0.098 3.04 1.37 0.049 
Oats 2.7 2.7 2.15 1.51 0.68 0.024 0.75 0.34 0.012 
Grain Corn 8.3 8.3 6.65 3.33 1.5 0.054 3.33 1.5 0.054 
Canola 4.9 4.9 3.94 2.76 1.24 0.044 2.76 1.24 0.044 
Soybeans 1.6 1.6 0.33 0.16 0.07 0.003 0.16 0.7 0.003 
Flaxseed 0.72 0.72 0.57 0.4 0.18 0.006 0.2 0.9 0.003 
Rye 0.23 0.23 0.18 0.13 0.57 0.002 0.06 0.29 0.001 
Fodder Corn 5.2 0 0 0 0.26 0.009 0.26 0.12 0.004 
Tame hay 23.1 0 0 0 1.157 0.041 1.16 0.52 0.019 
Totals 78.27 56.09 43.89 29.33 14.62 0.523 17.79 8.64 0.309 

a
 M ODT/yr represents Million Oven dried tonnes per year     

b
 EJ/yr is Exajoule per year. 1EJ =10

18 
J     

c
 MtC/yr represents Million tonnes of Carbon per year 
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2.4 Algal Biomass as Feedstock 

 

Recently algae have been getting a lot of consideration as a potential biofuel feedstock. Interest 

on algae is continuously growing because algae has potential to meet global transportation fuel 

demand (Szulczyk and McCarl, 2010). Moreover, microalgae has high productivity per unit area 

in contrast to other crops and algae do not require field to grow. Algae produce 2,500,000 

Litres/km
2
 of oil whereas soybeans produce 59,000 Litres/km

2 
of oil at medium productivity per 

annum (Pienkos and Darzins, 2009). However, biodiesel production from algae oil is not 

economically competitive, yet. Therefore, taking a bio-refinery approach and refining valuable 

by-products to increase avenues of revenue generation can improve this.  

Algae are autotrophic organism which range from unicellular to multicellular forms. It utilizes 

sunlight to reduce CO2 to biodiesels (main product), foods, fertilizers and other useful products 

i.e. energy, proteins, animal feed, pharmaceuticals etc. Microalgae has various advantages over 

other agricultural raw material. Most significant is, can be grown anywhere and every season 

because algae has variety of spices that have different properties and adaptations. It can grow in 

open ponds, sea water, fresh water, deserts, arid lands etc. For growth of algae some parameters 

such as pH, light, salinity, temperature and quality of ingredients are important (Demirbas and 

Demirbas, 2011). Table 2.2 illustrates the lipid content of different microalgae. The lipid content 

of different microalgae vary substantially, thus the choice of microalgae species as feedstock 

becomes critical. 
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Table 2.2. Lipid content of different microalgae species (Food and Agriculture 

Organisation [FAO], 2009) 

Microalgae Oil content (% w/w) 

Botryococcus braunii 25-75 

Chlorella protothecoides 14-57 

Crypthecodinium cohnii 20-51 

Dunaliella tertiolecta 16-71 

Nannochloris sp. 20-56 

Neochloris oleoabundans 29-65 

Phaeodactylum tricornutum 18-57 

Schizochytrium sp. 50-77 

Skeletonema coastatum 13-51 

 

2.4.1 Uses of Algal Biomass 

 

The importance of exploring new options offered by algae cultivation is driven by the fact that 

different species of algae are very efficient at converting light, water and carbon dioxide (CO2) 

into biomass in a system that does not necessarily require agricultural land. Algae can be grown 

in freshwater as well as seawater and can also grow in wastewater. Depending on the species and 

cultivation conditions, algae can contain extremely high percentages of lipids or carbohydrates 

that are easily converted into a whole range of biofuels including biodiesel or bioethanol and 

biobutanol. Moreover, the remaining biomass, mostly protein and carbohydrate, may be 

processed into many other products such as: foods, chemicals, medicines, vaccines, minerals, 

animal feed, fertilizers, pigments, salad dressings, ice cream, puddings, laxatives and skin creams 

(Subhadra and Edwards, 2011). Algae- based products can serve as an alternative to a wide range 

of products that are currently produced from fossil resources or land-based agriculture, but 

without requiring high quality land and in some cases without requiring fresh water, with CO2 as 

the only carbon input. 
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In recent years, biofuel production from algae has attracted the most attention among other 

possible products. This can be explained by the global concerns over depleting fossil fuel 

reserves and climate change. Furthermore, increasing energy access and energy security are seen 

as key actions for reducing poverty thus contributing to the Millennium Development Goals. 

Access to modern energy services such as electricity or liquid fuels is a basic requirement to 

improve living standards. One of the steps taken to increase access and reduce fossil fuel 

dependency is the production of biofuels. Biofuels are crucial especially because they are 

currently the only short-term alternative to fossil fuels for transportation. The so-called first 

generation biofuels are produced from agricultural feedstocks that can also be used as food or 

feed purposes. The possible competition between food and fuel makes it impossible to produce 

enough first generation biofuel to offset a large percentage of the total fuel consumption for 

transportation. As opposed to land-based biofuels produced from agricultural feedstocks, 

cultivation of algae for biofuel does not necessarily use agricultural land and requires only 

negligible amounts of freshwater (if any), and therefore competes less with agriculture than first 

generation biofuels. Combined with the promise of high productivity, direct combustion gas 

utilization, potential wastewater treatment, year-round production, biochemical content of algae 

and chemical conditions of their oil content can be influenced by changing cultivation 

conditions.  

On the other hand, microalgae, as opposed to most plants, lack heavy supporting structures and 

anchorage organs, which pose some technical limitations to their harvesting. The real advantage 

of microalgae over plants lies in their metabolic flexibility, which offers the possibility of 

modification of their biochemical pathways (e.g. towards protein, carbohydrate or oil synthesis) 

and cellular composition (Tredici, 2010).  



15 

 

2.4.2 Advantages of Using Algal Biomass 

 

Algal biofuel has the potential to be the fuel of the future and meet energy demands. Algal 

biomass is an ideal feedstock due to its attractive properties like high productivity, reduced land 

use etc., which are explained in detail further in this section. 

a) High productivity 

As mentioned earlier, algae have high growth rates. Algae are the fastest growing plants in the 

worlds. They don’t require herbicides and fungicides either, providing a cleaner growing 

environment and fewer emissions (Brennan and Owende, 2010). They have high levels of oil 

production, as evident in the Table 2.3 that lists oil yield for different feedstocks.  

Table 2.3 Productivity of selected oil crops (Singh and Gu, 2010) 

Crop Oil Yield (L/Hectare) 

Corn 172 

Soyabean 446 

Canola 1190 

Rapeseed 1190 

Jatropha 1892 

Oil Palm 5940 

Microalgae (30% oil w/w) 58700 

Microalgae (70% oil w/w) 136900 
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b) Feedstock and land use 

 

One of the main drawbacks of first generation fuels is the use of food crops for energy 

production. Using corn and other food products as a feedstock takes away from the amount of 

food available for consumption. Algae does not require the use of fertile land which could 

otherwise be growing food crops, and therefore has no impact on the food supply or food costs. 

In fact, depending on the cultivation methods, algae could be grown on land which does not 

serve any other purpose, such as brownfields, thereby increasing the carbon density of the land 

upon which it is grown (Zandi et al., 2011). 

c) Water use 

 

Another great advantage of algae is that it doesn’t require huge amounts of fresh water to grow 

in (Pittman et al., 2011). In fact it can be grown in sea water and even waste water. Algae can be 

especially grown in wastewater to remove pollutants like nitrogen and phosphorus which are 

hard to remove (Christenson and Sims, 2011). This not only satisfies the nutritional needs of the 

algae but cleans the water as well. 

d) Waste to energy 

 

There are a number of industries that create large quantities of CO2 as a by-product of operation. 

Efforts have been made to integrate the algae biofuel creation process into these industries to 

stop the CO2 emissions at the source. “The microalgae Botryococcus braunii 765 is one strain 

which has shown that it is able to thrive in flue gas CO2 concentrations ranging from 2% - 20%” 

(Ge  et al., 2011). This makes it feasible for use at industrial plants. For example, Pond Biofuels 

has established an operation that utilizes the CO2 generated during the concrete manufacturing 

process as feedstock for algal growth. As for power plants fuelled by coal, literature states that 
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conjoined algal biofuel production could lead to a net greenhouse gas avoidance of 26.3% 

(Brune  et al.,  2009). 

Even though algae have these advantages, the main barrier to commercialization of algal biofuel 

remains the cost of cultivation. However, algae produce a variety of different products as and a 

good approach is to use the algae left over from fuel generation for co-products. The biomass left 

over after the oil has been extracted could also be used for applications such as livestock feed, 

fertilizer, or electricity production via direct burning or digester gas methane combustion (Brune 

et al., 2009). Also after extraction of lipids, the biomass can be used to produce biobutanol as 

another source of biofuels. 

2.4.3 Cultivation System for Algae 

 

Although not specific to biofuel production from algae, it is important to understand the basics of 

algae cultivation systems as this forms an important consideration in respect to algae costs. 

Systems which use artificial light requirement increase the energy demand, thus reducing the 

ERoI gained only systems using natural light are considered useful for large scale algae growth 

for commercial use. Seaweed has historically been harvested from natural populations or 

collected after washing up on shore. To a much lesser extent, a few microalgae have also been 

harvested from natural lakes by indigenous populations (FAO 2009). However, these practices 

are unlikely to contribute significantly to algal feedstock supply.  

Artificial cultivation systems are mainly of three types: open, closed, and sea based cultivation 

systems.  
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a) Open cultivation system 

 

Cultivation of algae in open ponds has been extensively studied. Open ponds can be categorized 

into natural waters (lakes, lagoons, ponds) and artificial ponds or containers. The most 

commonly used systems include shallow big ponds, tanks, circular ponds and raceway ponds. 

One of the major advantages of open ponds is that they are easier to construct and operate than 

most closed systems. However, major limitations in open ponds include poor light utilization by 

the cells, evaporative losses, diffusion of CO2 to the atmosphere, and requirement of large areas 

of land. Furthermore, contamination by predators and other fast growing heterotrophs have 

restricted the commercial production of algae in open culture systems to only those organisms 

that can grow under extreme conditions. Also, due to inefficient stirring mechanisms in open 

cultivation systems, their mass transfer rates are very poor resulting to low biomass productivity 

(Johnson, 2009). 

The ponds in which the algae are cultivated are usually what are called the “raceway ponds” 

illustrated in Figure 2.3. In these ponds, the algae, water & nutrients circulate around a racetrack. 

With paddlewheels providing the flow, algae are kept suspended in the water, and are circulated 

back to the surface on a regular frequency. The ponds are usually kept shallow because the algae 

need to be exposed to sunlight, and sunlight can only penetrate the pond water to a limited depth. 

The ponds are operated in a continuous manner, with CO2 and nutrients being constantly fed to 

the ponds, while algae-containing water is removed at the other end. 

The biggest advantage of these open ponds is their simplicity, resulting in low production costs 

and low operating costs. While this is indeed the simplest of all the growing techniques, it has 

some drawbacks owing to the fact that the environment in and around the pond is not completely 

under control. Bad weather can stunt algae growth. Contamination from strains of bacteria or 
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other outside organisms often results in undesirable species taking over the desired algae 

growing in the pond. The water in which the algae grow also has to be kept at a certain 

temperature, which can be difficult to maintain. Another drawback is the uneven light intensity 

and distribution within the pond (Khan et al., 2009). 

 

Figure 2.3 Raceway pond schematic (Benemann, 2008) 

 

b) Closed cultivation systems 

 

Many of the issues with an open cultivation system can be resolved by using a closed system. In 

a closed system, the configuration usually consists of transparent containers/tubes through which 

the culture medium flows and since they are transparent, light can be provided to the algae, to 

provide ideal growing conditions. Also CO2 can be supplied from various different sources like 

cement factories etc. 

Photo bioreactor is defined as a closed reactor which is utilized for the inside growth of 

prototroph or photo-biological reactions to occur. In the contrast to open ponds, photo-

bioreactors have better control over the growing environment leading to higher yields (Chisti, 

2007). Photo-bioreactors have various reactor geometry i.e. tubular reactors can be vertical or 
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horizontal and they can also be inclined. Usually flat type photo-bioreactors are preferred 

because of low energy consumption, high mass transfer capacity, reduction of oxygen increases, 

high photosynthetic efficiency compared to other bioreactors. Flat plate bioreactors have 

illuminated surfaces and are made out of transparent materials so it utilizes solid light with a 

maximum degree. Photo-bioreactors can run in a batch or continuous process. For industrial 

approach continuous bioreactors are preferred because it provides more control, growth rates can 

be maintained, in longer periods (Doucha et al., 2005). 

c) Sea based cultivation system 

 

Microalgae cultivation has been discussed in the above two headings, however algae can be 

grown in seawater, which is the traditional mode of growing seaweed. Due to the availability of 

large tracks of seawater, cultivation of seaweed for various bi-product productions could be very 

valuable. Seaweed should be produced in floating cultivation systems across hundreds of 

hectares. Most seaweed need a support to hook to; which in practice means that the cultivation 

system must contain a network of support mostly ropes. The amount of construction material 

could be drastically reduced when free-floating seaweed (like some Sargassum species) is 

cultivated, a structure to contain the colony would then be needed. Sea-based systems are less 

well developed than land based systems, although currently R&D initiatives have been 

undertaken. The system for seaweed cultivation around the world like in China, Chile (a major 

exporter of seaweed) etc. has not changed much, hence there is scope for research and 

development there and options for modernization have been identified (Tseng, 2004). 
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2.4.4 Algae Based Bioenergy Products 

 

There are numerous fuel options that can be produced from algae. Fig 2.4 gives a brief overview 

along with the production technique. 

 

Figure 2.4 Overview of energy products from algae 

 

The most popular of these is biodiesel produced from esterification of lipids. Algae as a source 

of biodiesel have gained a lot of popularity since algae can contain potentially over 80% total 

lipids, (while rapeseed plants, for instance, contain about 6% lipids) (Johnson, 2009). Under 

normal growth conditions the lipid concentration is lower (<40%) and high oil content is always 

associated with very low yields. The various lipids production can be stimulated under stress 

conditions, e.g. insufficient nitrogen availability. Stress conditions do enhance the lipid 

production but also decrease the biomass content, restricting the use for other purposes. (Food 

and Agriculture Organisation, United Nations, 2009). Some of the bioenergy products are 

explained in greater detail as follows: 
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a) Hydrocarbons : Botryococcus species of algae does not produce lipids as other species do, 

making them unsuitable for biodiesel production, but they produce long chain hydrocarbons. 

These can be processed and refined in the same manner as conventional petroleum. 

(Banerjee et al., 2002). The disadvantage of this species is the extremely slow growth rate. 

b) Ethanol: ethanol can be produced from starch containing feedstock as well as the cellulosic 

and hemicellulosic components of algae, present mainly in the cell wall. Algae contain low 

levels of cellulose and hemicellulose as compared to other feedstocks, however, they also 

contain very low amounts of lignin. Also algae are easier to breakdown than other cellulosic 

feedstocks, reducing the energy required for the process (Bush and Hall, 2006). 

c) Biobutanol: cellulosic biomass and starch present in algae can also be converted to 

biobutanol using the Acetone-Butanol-Ethanol pathway. Recent study in this field has 

shown this to be a promising product produced from algae growing mostly in waste water 

(Ellis et al., 2012). 

d)  Biogas: anaerobic digestion converts organic material into biogas that contains about 60%-

70% bio-methane, while the rest is mainly CO2, which can be fed back to the algae. A main 

advantage is that this process can use wet biomass, reducing the need for drying. Another 

advantage is that the nutrients contained in the digested biomass can be recovered from the 

liquid and solid phase (Samson and Leduy, 1982). However, the high cost of feedstock 

makes this not commercially viable, but using algae from wastewater can mitigate this. 

e)  Hydrogen: some green algae can be manipulated to photosynthetically generate H2 gas. This 

is done by a two-stage photosynthesis process in a closed sulfur deprived environment. The 

addition of ferrous hydrogenase caused anaerobiosis in the growth medium, a condition that 

automatically stimulated H2 production by the algae, Chlymadomonas reinhardtii. However 
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this is extremely expensive and not enough yield is shown to be considered for commercial 

use (Melis and Happe, 2001). 

 

2.4.5 Biorefinery of Algae 

 

Although algae possess many potential advantages, such as the ability to produce petroleum fuel 

substitutes without the need for fresh water or arable land (Sheehan et al., 1998; Schenk et al., 

2008; Wijffels and Barbosa, 2010), profitable production has yet to be realized. This is mainly 

due to issues of low energy return on investment (ERoI) and huge resource requirements for 

large scale production facilities (Robertson et al., 2008). The ERoI of biodiesel from algae has 

been calculated to be around 0.22 (Beal et al., 2012). This value is very low and leads to more 

energy used than produced, making it a very inefficient source of energy. Thus, the low ERoI of 

algal fuel makes it unable to compete with other fuels (Beal et al., 2012). 

Continued research and development could yield innovations to address these challenges. We 

propose the use of oil waste, the biomass left after extraction of oil, as feed stock for 

development of transportation fuel such as butanol. The biomass contains cellulose and 

hemicellulose and can be used by microorganisms to produce other products thus increasing the 

ERoI and eventually making the process economically viable (Subhadra and Edwards, 2011). 

This is a great use of the biomass which is normally wasted from the extraction of algal oil. The 

present work studies the carbohydrate concentrations left in the algal biomass after extraction of 

oil and its feasibility to generate transportation fuel, especially biobutanol. 
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2.5 Pre-treatment of Cellulosic Feedstock 

 

The complex intertwined structure associated with the lignocellulosic biomass possesses a 

technological challenge in processing of lignin, cellulose and hemicellulose. The process of 

breaking the bonds between the lignin and other carbohydrates using chemical or 

thermochemical operation is called pre-treatment as illustrated in Figure 2.5. Pre-treatment is an 

important step to increase the bioavailability of sugar monomers from cellulosic biomass. 

Several pre-treatment methods like steam explosion, ammonia fibre explosion, dilute acid 

hydrolysis, lime treatment, carbon dioxide explosion, alkaline hydrolysis, oxidative 

delignification, pulsed-electric-field pre-treatment, biological pre-treatment and many others 

have been employed in past studies (Kumar et al., 2009). 

 

Figure 2.5 Effect of pre-treatment on lignocellulosic biomass (Zhang and Shahbazi, 2011) 

 

If pre-treatment was not performed, the hydrolysis enzymes would face difficulty accessing the 

polysaccharide chains embedded within the lignin polymer. Steam pre-treatment coupled with 

dilute acid constitutes the best strategy to convert all hemicellulose into monosaccharides and 

oligosaccharides. While the wet-oxidation and alkaline methods are relatively more effective in 
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solubilizing lignin, they leave behind insoluble hemicellulose in polymeric form (Bjerre et al., 

1996). It is possible that during acid pre-treatment, a complex mixture of bacterial inhibitors such 

as furfural and hydroxymethyl furfural would be generated; however, the inhibitors could be 

substrate-specific (Ebener et al., 2003). Furfural is not an inhibitor to C. beijerinckii but it affects 

the growth of other microorganisms and the biobutanol yield (Ezeji et al., 2007). Earlier 

experiments in the lab determined that Furfural inhibitor production during the SSF was 

quantified to be in the range of 0.5 to 0.6 g/L for all strains (Syed, 2012). These concentrations 

were significantly lower than the inhibitory levels of 1 g/L, above which furfural activity is 

known to negatively affect fermentation (Modig et al., 2002). The low concentration of furfural 

can be explained by the lower temperature of 120
o
C at which pre-treatment was performed and 

due to the use of dilute acid (Saha et al., 2005). Studies have shown that the concentration of 

inhibitors increases with an increase in pre-treatment temperature (Wei et al., 2012). Therefore, 

this study focussed on the effect of other inhibitors like butanol while neglecting the effect of 

insignificant concentrations of furfural. 

 

2.6 Consolidation of Bioprocesses 

 

Biomass processing schemes involving enzymatic or microbial hydrolysis commonly involve 

four biologically mediated transformations: the production of saccharolytic enzymes (cellulases 

and hemicellulases); the hydrolysis of carbohydrate components present in pretreated biomass to 

sugars; the fermentation of hexose sugars (glucose, mannose and galactose); and the 

fermentation of pentose sugars (xylose and arabinose) (Lynd, 2005). Usually, after pre-treatment, 

enzymatic hydrolysis is used to convert the cellulose and hemicellulose into monomeric sugars. 

The sugars are then fermented to solvents (ethanol, biobutanol and others) using microbes (yeast 
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or bacteria). When enzymatic hydrolysis and fermentation are performed sequentially, the 

process is referred to as separate hydrolysis and fermentation (SHF). However, the two process 

steps can be performed simultaneously, i.e. simultaneous saccharification and fermentation 

(SSF) (Takagi et al., 1977). In a variant of the SSF process, simultaneous saccharification and 

co-fermentation (SSCF), the hydrolysed hemicellulose and the solid cellulose are not separated 

after pre-treatment, allowing the hemicellulose sugars to be converted to ethanol (EtOH) 

concurrently with SSF of the cellulose (McMillan et al., 1999; Teixeira et al., 1999). Kumar et 

al,. (2005) have proposed an interesting way to integrate the feedstock transport with the ethanol 

production facility and the saccharification process named simultaneous transport and 

saccharification. The authors consider that the enzymatic hydrolysis of corn stover can be carried 

out in pipelines during its transport; the hydrolyzed corn stover could directly enter the ethanol 

fermentation plant, saving about 0.2 US cents/L EtOH. This could be a potential method and 

transport for biobutanol production as well. Figure 2.6 depicts a schematic of the different types 

of consolidated bioprocesses. The acronyms used in the figure are as follows: CF: co-

fermentation; SSF: simultaneous saccharification and fermentation; SSCF: simultaneous 

saccharification and co-fermentation; CBP: consolidated bioprocessing. Main stream 

components: C: cellulose; H: hemicellulose; L: lignin; Cel: cellulases; G: glucose; P: pentoses; I: 

inhibitors; EtOH: ethanol 
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Figure 2.6 Diagram of fuel ethanol production from lignocellulosic biomass (Cardona and 

Sanchez, 2007) 

 

Processes in which cellulosic biomass is fermented to desired products in one step without 

adding externally produced enzymes are of obvious appeal. Consolidated Bioprocessing (CBP) is 

widely recognized as the ultimate configuration for low cost hydrolysis and fermentation of 

cellulosic biomass (Olson et al., 2012). However the critical problem with CBP (SSF/ SSCF/) is 

the difference in temperature optima of the cellulases and the fermenting microorganism (Lynd 

et al., 2005). 

 

2.7 ABE Fermentation Process 

 

Several studies have shown that biobutanol can be produced from numerous microorganisms 

belonging to the clostridium family (Schoutens et al., 1985; Formanek et al., 1997). ABE 

fermentation is a two phase process involving acidogenesis (production of acids like acetic and 
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butyric acid) followed by solventogenesis (production of solvents by conversion to acetone, 

biobutanol and ethanol) (Dürre, 1998). The enzymes produced by the strains can consume and 

metabolize sugars into acetone, butanol and ethanol by the ABE pathway as shown the Figure 

2.7. 

 

Figure 2.7 ABE Pathway (Nigam and Singh, 2011) 

 

The process of production of the solvents is very complicated and difficult involving secretion of 

numerous enzymes by clostridia that facilitate the breakdown of polymeric carbohydrates into 

monomers of simple sugars. There are two metabolic units in the stages of organic acid 

formation. The first one is the unit of acetic acid formation from carbohydrate (glucose) and the 

second is the metabolic unit of butyric acid formation from glucose. Both processes are shown in 

the Figure 2.7. For the first unit, Glucose is converted to pyruvate and then to acetyl-CoA, which 

is converted to acetyl-P using the enzyme phosphate trans-acylase and finally to acetate (acetic 

acid) using the enzyme acetate kinase. The second metabolic unit of this acidogenic stage is the 
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conversion of glucose to butyrate. Glucose is converted to pyruvate through glycolysis, which is 

then converted to acetyl-CoA. It then uses the enzyme thiolase to convert to acetoacetyl-CoA. 

The enzyme 3-hydroxybutyryl-CoA dehydrogenase converts acetoacetyl-CoA to 3-

hydroxybutyryl-CoA. Crotonase enzyme then converts the previous product to crotonyl-CoA. 

Butyryl-CoA dehydrogenase converts crotonyl-CoA to butyril-CoA. This product can be then 

converted to butyrate utilizing any of three possible pathways. These units comprise the 

acidogenesis sequence. The solventogenic sequence follows the same sequence as the first 

metabolic unit of the acidogenic sequence until the formation of acetyl-CoA. This product in the 

solventogenic stage is converted first to acetaldehyde using enzyme acetaldehyde dehydrogenase 

and is later converted to ethanol using ethanol dehydrogenase. The same acetyl-CoA is also 

converted to acetoacetyl-CoA using thiolase and then converted to acetoacetate and finally to 

acetone using enzyme acetoacetate decarboxylase. The pathway for the generation of the 

biobutanol is similar to the butyrate acidogenic pathway until the production of butyrl-CoA. 

While in the acidogenic pathway, butyril-CoA is converted to butyrate; in the solventogenic 

pathway the product is converted to butyraldehyde and later to biobutanol using the enzyme 

butyraldehyde dehydrogenase and butanol dehydrogenase respectively (Jones and Woods, 

1986). To render ABE fermentation economically feasible, it is important to integrate pre-

treatment, hydrolysis, fermentation and recovery into a single stage (Hahn-Hägerdal et al., 

2006).  Furthermore, biobutanol toxicity is a major issue in ABE fermentation. A concentration 

of around 13 g/L of n-biobutanol is relatively toxic and will inhibit the bacterial cells from 

producing more solvents (Qurat-ul-Ain Syed et al., 2008). 
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2.8 Clostridial Strain Development for Biobutanol Production  

 

The ABE process has undergone extensive study, thus the biggest potential for optimization lies 

in the metabolic engineering of bacterial species, i.e clostridia (Luque et al., 2011). It is well 

known that cellulolytic and solventogenic (solvent producing) bacterial species such as Clostria 

thermocellum (Ct), C. beijerinckii (Cb), and C. acetobutylicum (Ca) have the potential to ferment 

carbohydrates into acetone, biobutanol, and ethanol (ABE) via consolidated bioprocessing, 

which is attractive for economic and environmental reasons (Formanek et al., 1997). Clostridia 

are obligate anaerobe, gram-positive, sporulating firmicutes that include both pathogenic species 

to humans and animals, and non-pathogenic species relevant to the commercial conversion of 

renewable resources into biofuels and other chemicals (Jones and Woods, 1986). Among them, 

Clostridium beijerinckii (Cb) and Clostridium acetobuylicum are best-known strains for 

biobutanol fermentation and have the ability to produce solvents from lignocellulosic biomass 

via simultaneous saccharification and fermentation (SSF). During the acidogenic stage, acetic 

and butyric acid are produced leading to a drop in the pH; then in the solventogenic stage, 

microorganisms produce acetone, biobutanol, and ethanol. After solvents start forming, the 

butyrate decreases to extremely small levels, and CO2 and H2 are produced as co-products of the 

fermentation (Ladisch and Svarczkopf, 1991). 

As mentioned earlier (see section 2.6) one of the major challenges of SSF and SSCF is the 

different temperatures required for the enzymes to break down the cellulose and the microbes 

fermenting the sugars released. To overcome this hurdle, The Nanocomposites and Biomaterials 

lab, Ryerson University (P.I. Dr. Yaser Dahman) has done work to fuse together Ct with Ca and 
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Cb. This created fused strains where the saccharification and fermentation was done by the same 

strain and the strain was also efficient at handling higher temperatures that are required for 

breaking down of cellulose (Syed, 2012). Previous work in the Nanocomposites and 

Biomaterials Lab focussed on fusing Ct that is an anaerobic cellulolytic (breaks down cellulose 

to produce sugars) thermophilic bacteria that grows at higher temperatures with Ca and Cb, both 

of which are mesophilic bacteria (grow at moderate temperatures) that are saccharolytic (breaks 

down sugars).  

 

2.8.1 Protoplast Fusion Technology 

 

Protoplast fusion is a genetic engineering technology that involves fusion of cells of two 

different varieties being fused together to create a new hybrid variety having desired 

characteristics of both (Kao and Michayluk, 1974). This method, initially used in plant genetic 

modifications, is a great way to change the genetic makeup of cells and imparting desired 

characteristics to a plant species for example imparting resistance to potato leaf roll disease in 

potato plant (Helgeson et al., 1986). 

Protoplasts are cells where cell walls have been removed and the cytoplasmic membrane is the 

outermost layer in such cells. Protoplast can be readily isolated from bacterial cells by digestion 

of cell walls with the help of lysozyme in the presence of osmotic stabilizers (Gokhale et al., 

1993). Chemical fusogens (fusion-inducing) like polyethylene glycol (PEG) can help induce the 

fusion process. However, several other complex, efficient and expensive technologies like 

electro-fusion have reported higher fusion frequencies than PEG induced fusion (Sarkar et al., 

2007). The use of a relatively simple technique of protoplast fusion as a means to produce novel 

strains and new products unobtainable by conventional methods is exciting and has aroused great 
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interest in breeding intra-species, inter-species and inter-genetic hybrids for improving abilities 

of industrial microorganisms like that of the bacillus genera (Syed, 2012). 

Previous study by colleagues in the Nanocomposites and Biomaterials Lab focussed on creating 

fused strains with Cb and Ct and Ca and Ct strains of clostridium respectively using PEG. ABE 

solvent production was examined for SSF using two protoplast-fused strains of the wild 

clostridial species and were compared with co-culture fermentation of the corresponding species. 

Fused strains were further studied for their reproducible stability. The results were contrasted 

with co-cultures of the bacterial strains. The fused strains showed higher yields. Table 2.4 

illustrates Syed’s (2012) results from fusion studies comparing the two fused strains. For the 

present study only the fused CbCt strain which showed higher butanol production has been used. 

Ca has been discussed to give a background of the fusion studies conducted previously and has 

no relevance to the present study. 

Table 2.4 Concentration of ABE and acids produced using the protoplast fused strains at 

45
o
C (Syed, 2012) 

Fused strains 

ABE (g/L) Acids (g/L) 

Acetone  Biobutanol  Ethanol Acetic acid Butyric acid 

CaCt  (fused) 

 
6.11 12.08 2.01 1.78 0.92 

CbCt  (fused) 

 
6.89 13.81 2.28 1.75 0.87 
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2.8.2 Mutagenesis of Bacterial strains 

 

However, even with the fused strains showing better yield than the wild strains and having better 

temperature tolerance, one of the major hurdles limiting biobutanol fermentation is the toxicity 

of biobutanol produced by the microorganisms, which acts as a limiting condition in biobutanol 

production (Liu and Qureshi, 2009). Butanol toxicity to the fermenting microorganisms limits 

concentrations in the fermentation broth, resulting in low butanol yields and a high cost for 

butanol recovery from the dilute solutions. The current toxicity levels mentioned in the literature 

occur at 13 g/L (Lütke-Eversloh and Bahl, 2011; Qurat-ul-Ain Syed et al., 2008). 

Strain improvement has been conventionally achieved through mutation and selection. Research 

has shown that a clostridial strain that is more resistant to biobutanol also becomes more 

productive at producing biobutanol (Lütke-Eversloh and Bahl, 2011; Nochur et. al., 1990). 

Studies have shown that mutated Ct shows higher yield of biobutanol. (Nochur et al., 1990). 

Similarly solvent tolerant mutated C. beijerinckii strains also showed higher biobutanol yield 

(Thomas et al., 2014). Mutagenesis of strains is an established way to identify stronger strains 

(Kenyon, 1983). Mutagenesis of Clostridia can be conducted using different mutagens, for 

example UV or chemical mutagenesis (using mutagens like Ethyl methane sulphonate). UV and 

Ethyl methane sulphonate (EMS) have been used with success in numerous mutagenesis studies 

(Bowring and Morris, 1985; Qurat-ul-Ain Syed et al., 2008; Rogers and Palosaari, 1987) and 

thus were chosen for the present study. The mutagenesis process involves the exposure of 

mutagens to cultures of bacteria at different concentrations and time periods. These cultures are 

then analysed for cell count in the presence of high levels of biobutanol to determine selectivity. 

The strains that survive in the highest concentrations of biobutanol can then be isolated from 

their cultures and studied further as a potentially useful strain (Bowring and Morris, 1986). 
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This study focuses on mutation of the fused CbCt strain produced by colleagues at The 

Nanocomposites and Biomaterials lab, Chemical Engineering Dept. at Ryerson University. The 

CbCt strain was chosen for further enhancement because it showed the highest biobutanol yield 

during SSF using WS as feedstock. 

2.8.3 Oxygen Tolerance 

 

Anaerobic bacteria are those that don’t require oxygen for their growth. Anaerobes are of two 

types: 

o Facultative anaerobes that are able to grow either with or without free oxygen 

o Obligate anaerobes that are able to grow only in the absence of oxygen and are inhibited by 

the presence of oxygen. 

Clostridial species used in this study belong to those bacteria that are considered obligate 

anaerobes where oxygen is harmful or lethal to these bacteria. Thus the whole SSF process is 

conducted in anaerobic conditions, which is expensive to handle. Nevertheless, it is known that 

they can survive with limited exposure to air, and often eliminate oxygen or reactive derivatives 

via NAD(P)H-dependent reduction. This system does apparently contribute to survival after 

oxidative stress, but is insufficient to establish long-term tolerance of aerobic conditions 

(Hillman et al, 2008). 

Different oxidative stress protein systems are found in various anaerobicanaerobic bacteria 

which help them survive exposure to oxygen, for example Rubrerythrin oxidative reductase 

(Lumppio et al., 2001; May et al., 2008), Superoxide dismutase (SOD) (Brioukhanov et al., 

2002) etc. 
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Previous studies showed that manipulation of the regulatory mechanism of the oxidative stress 

defence mechanism could trigger aerotolerance in the obligate anaerobe Clostridium 

acetobutylicum (Hillman et al., 2008). Deletion of a peroxide repressor (PerR)-homologous 

protein resulted in prolonged aerotolerance, limited growth under aerobic conditions and rapid 

consumption of oxygen from an aerobic environment. The mutant strain also revealed higher 

resistance to H2O2 and activities of NADH-dependent scavenging of H2O2 and organic peroxides 

in cell-free extracts increased by at least one order of magnitude. Several genes encoding the 

putative enzymes were up-regulated and identified as members of the clostridial PerR regulon, 

including the heat shock protein Hsp21, a reverse rubrerythrin that was massively produced and 

became the most abundant protein in the absence of PerR. This multifunctional protein is 

proposed to play the crucial role in the oxidative stress defence. Studies also showed that 

clostridium exhibits a typical adaptive response to oxidative stresses: cells treated with a sub-

lethal dose of a stress agent can subsequently withstand higher doses of the same agent or 

products generating identical reactive oxygen species (Sies, 1986). 

Oxidative stress is an important consideration during the life cycle and production capabilities of 

the clostridium strains involved in biobutanol production. Currently the ABE pathway is 

conducted in absolute anoxic conditions, leading to use of expensive machinery and chemicals to 

create an anaerobic environment. This is an energy and cost intensive part of the whole process. 

If the bacterial strains are able to function with complete efficiency in presence of air, the costly 

practice of maintaining anoxic conditions wouldn’t be required and regular industrial fermenters 

can be employed. Thus studying the oxygen tolerance of the bacterial strains and improvements 

to the process are an important step in making biobutanol a viable commercial fuel (Kato et al., 

2004). 
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CHAPTER THREE                     

MATERIALS AND METHODS 
 

3.1 Materials and Chemicals 

The main bacterial strain that was used in this study is a fusant of two clostridia species namely 

Clostridium beijerinckii (ATCC BA101) (Cb) and Clostridum thermocellum (ATCC 27405) (Ct) 

that were both purchased initially from American Type Culture Collections. The fused strain 

CbCt was prepared in the Nanocomposites and Biomaterials lab at Ryerson University (P.I. Dr. 

Yaser Dahman)  (Syed, 2012). The CbCt strain showing the highest ABE concentration (see 

Table 2.5) was chosen for further mutagenesis and biobutanol production study. All chemicals 

were purchased from Sigma-Aldrich, and were used as received without any further purification. 

Table 1 in appendix A summarizes all chemicals that were used in the current study.  

3.2 Experimental Procedure and Method 

 

Figure 3.1 Flow chart of experimental procedure 

Mutation of  fused 
clostridia 

• UV mutagenesis 

• Chemical 
mutagenesis 
using EMS 

Hydrolysis 

• Algal Biomass 

• Wheat Straw 

SSF 

• Algal Biomass 

• Wheat Straw 

Aerotolerance 
study of clostridia 

•Fused mutated 
clostridia 
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Figure 3.1 explains the sequential nature of the experiments conducted in this study. At first, 

fused clostridial strains were enhanced using mutation. The fused strains were mutated using UV 

radiation and chemical mutation using Ethyl methane sulphonate (EMS). Algal biomass left over 

after extraction of lipids was analysed for its cellulose and hemicellulose content. The algal 

biomass was hydrolysed using different thermal, chemical and enzymatic methods of hydrolysis. 

Wheat straw was hydrolysed as well.  Following the hydrolysis study, SSF of the algal biomass 

was conducted using mutated bacterial strain. These strains were examined for their biobutanol 

producing capabilities during SSF of wheat straw as well.  Results were compared for algal 

biomass with wheat straw and other cellulosic feedstocks using literature values and results 

generated in this study. Finally the bacterial strain was studied for its aero-tolerant capabilities. 

3.2.1 Culture Conditions and Medium Preparation  

The fused strain that was prepared earlier from the fusion of protoplast derived from Cb and Ct 

(i.e., CbCt) and showed the highest biobutanol concentration was selected for mutation studies 

(Syed, 2012). Generally, the fusion process consists of three steps; formation of protoplast, 

fusion and regeneration of cell wall around the fused protoplast (Bjerre et al., 1996). This 

protoplast-fused strain used throughout the current study is referred to as the fused parent strain.  

All the mutagenesis and other microbiological practices were carried out in an anaerobic glove 

box (Terra Universal, Canada) under sterile conditions at a mean temperature of 25 ± 2°C. In 

order to create an anaerobic environment inside the glove box (Terra Universal, Canada), a 

vacuum pump was used for 10 minutes to extract the air from the chamber. Then N2 gas was 

purged thorough the box for 10 minutes to create a sterile anaerobicanaerobic environment. The 

N2 gas was stitched off after all the microbiology techniques were performed in the 
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anaerobicanaerobic glove box and all the serum bottles were properly sealed using a crimper. 

The glove box was cleaned routinely by wiping the work surface with 70% ethanol before and 

after the work. In addition, the work surface was exposed to the ultraviolet light to be sterilized 

for 20 minutes before inoculation of the bacteria (Wedum et al., 1956). 

The parent fused clostridium strain CbCt was inoculated in a Clostridial Basal Medium (CBM) 

overnight to bring them out of their sporulation state (Qureshi and Blaschek, 2001). Prior to 

inoculation of the strains, their spores were heat shocked at 80°C for 5 minutes and then the heat-

shocked spore suspensions were grown overnight in a Clostridial Basal Medium (CBM) under 

severe anaerobic conditions (Qureshi and Blaschek, 2001). The CBM was created by mixing 

Glucose 10g/L, MgSO4.7H2O 0.2g/L, MnSO4.5H2O 0.01g/L, FeSO4.7H2O, 4'-Para amino 

benzoic acid (PABA) , 0.001g/L, Biotin 0.2g/L, Thiamine hydrochloride 0.001g/L, Casein 

hydrolysate 4g/L into distilled water. After autoclaving for 20 minutes at 121°C sterile potassium 

phosphate buffer pH 7.0 was added aseptically to a final molar concentration of 0.05. (Bowring 

and Morris, 1986). The agar plates were prepared by mixing nutrient agar 23g/L of distilled 

water. A pour plate technique was used to create petri dishes containing nutrient agar. These 

plates were used to grow bacterial colonies and determine the colony count.  The 2% Ethyl 

methane sulphonate (EMS), a chemical mutagen, was created for chemical mutagenesis 

(Bowring and Morris, 1986). All media was autoclaved at 120 °C for 60 minutes in the autoclave 

(Qureshi et al., 2008). The bacterial cells were incubated overnight in the CBM. A bacterial 

culture of 3 ml was inoculated in 50 ml of CBM media and left over night in 45 °C in a CO2 

environment. After 18 hours of incubation, the bacterial culture was subjected to mutation by 

exposing the culture to UV radiation and EMS, a chemical mutagen.   
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3.2.2 Mutagenesis Study 

A mutagenesis study was conducted on the fused clostridium strain CbCt using UV light 

mutagenesis and EMS chemical mutagenesis. All mutated strains were later analysed for their 

tolerance to biobutanol toxicity by growing them on agar plates infused with 15 g/L and 16g/L of 

butanol. The mutated strains were then studied for their biobutanol production capabilities during 

SSF of WS. 

a. UV- Mutagenesis 

 

The culture medium with 18 hours of bacterial growth was placed in a flat petri dish of size 100 

cm
2
 X 15 mm (i.e., surface area X depth), inside the anaerobic glove box (Terra Universal, 

Canada). The surface of the media was placed at a distance of 6 cm from the UV-light source 

(245 nm) (Bowring and Morris, 1986). A control sample of 100 microliters was plated on 2% 

agar plates of size 100 cm
2
 X 15 mm. Then the sample was placed below the UV-light tubes and 

exposed for time intervals of 5 minutes for a total time of 30 minutes. In order to analyse the 

mutated strain tolerance to biobutanol toxicity, a sample of 100 microliters was taken after each 

interval of 5 minutes, and were plated on nutrient agar plates in addition to agar plates containing 

15 g/L and 16g/L of butanol. These plates were incubated overnight and next day the cell count 

was determined.  

b. Chemical Mutagenesis 

 

A control sample was taken initially and plated on an agar plate. 2% EMS was added to the 

media and samples were taken at time limits of 20, 40, 50 and 60 minutes. Each time a sample 

was taken, it was washed with buffer (25 mM potassium phosphate with 1 mM magnesium 

sulphate at pH 7.0) twice by centrifuging it at 2000 g for 5 minutes. This was done to remove the 
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EMS and then the remaining cells were re-suspended in buffer and 100 microliters of the 

solution was plated on agar plates and 15g/L and 16 g/L of butanol-infused agar plates. These 

were incubated and cell count was determined the next day (Bowring and Morris, 1986). 

The cell count method was used to calculate the surviving fraction, which is the fraction of cells 

that survive exposure to the mutagen.  The relative induced mutation frequency (RF) was 

calculated as the proportion of a mutant strain present in a cell population that had survived a 

recorded period of exposure to a potential mutagen, divided by the proportion of the same mutant 

strain that was present in the cell population not exposed to the mutagen (Bowring and Morris, 

1986). The mutated strains showing the highest relative frequencies and tolerance to butanol 

were selected and the biobutanol production from SSF of WS was investigated. Table 3.1 depicts 

the strains selected for further study. 

 

Table 3.1 Strain nomenclature for further study 

Strain nomenclature Mutation parameters 

S1 Fused parent strain 

S2 10 min UV 

S3 15 min UV 

S4 20 min EMS 

S5 40 min EMS 

S6 50 min EMS 

S7 60 min EMS 

 

3.2.3 Biobutanol Production in Batch SSF using WS as Feedstock  
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a. Hydrolysis of WS 

Prior to using it as a substrate for fermentation, WS was ground into fine particles using a 1 mm 

Sieve screen in a hammer mill (Retsch GmbH Inc., USA). Acidic pre-treated WS was obtained 

by suspending 4.5 g (dry) in 50 mL of 1% dilute sulphuric acid (H2SO4) in 250 ml Wheaton 

serum bottles (Talebnia et. al., 2010). The dilute sulphuric acid (1%) solution was prepared by 

adding 1ml of 99.99% sulphuric acid to 99 ml water. The WS-acid solution was autoclaved at 

121°C for 60 minutes. The pH of the culture medium was adjusted to 7.0 using NaOH and the 

volume was increased to 50 ml using autoclaved water to make up for the water lost during 

autoclaving process. The serum bottles were removed from the autoclave and allowed to cool 

down to room temperature prior to inoculation (Qureshi et al., 2008). A blank sample was taken 

before inoculation and analysed for initial individual and total sugars present. 

b. Biobutanol Production in Batch SSF 

Production of biobutanol was examined using the mutated strains showing the highest growth 

and relative frequency of mutation. Cells were taken from each chosen strain and incubated for 

18 hours in CBM for inoculation in pre-treated WS medium. The pre-treated WS was inoculated 

with the mutated strains and the SSF was carried on for 120 hours. Previous studies conducted 

beyond 120 hours showed no change in solvent concentration after 120 hours (Liu and Qureshi., 

2009), thus in the present study the SSF was carried out upto 120 hours. Samples were taken 

initially and then every 24 hours until 120 hours. All samples were stored at -82°C in Eppendorf 

tubes inside an ultra-low freezer prior to being analysed. All samples were analyzed to obtain the 

concentration of sugars, solvents and acids, in addition to bacterial cell growth rates. These 

samples were quantitatively analysed using High Performance Liquid Chromatography (HPLC).  
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3.2.4 Biobutanol Production in Batch SSF using Algal Biomass  

a. Hydrolysis of algal biomass 

The algae were obtained from Pond Biofuels Inc. (located in Markham, Ontario). 2grams of 

algae was used for each hydrolysis experiment. All hydrolysis experiments were conducted with 

2grams of algae suspended in solution with total volume of 25 ml. The dried algae were treated 

with different methods as follows: 

1) Physical pre-treatment: The dried algae were crushed using a ball mill (Retsch GmbH Inc., 

USA). The final algae powder had a particle size smaller than 75 micrometers.  

2) Thermal treatment: The sample was subjected to temperature of 121 °C for 30 minutes. 

3) Chemical treatment: In acidic pre-treatment the sample was subjected to 1% and 2% H2SO4 

(v/v). In alkaline pre-treatment the samples were treated with 1% and 2% NaOH (v/v). 

4) Enzymatic treatment: The effects of a combination of xylanase, cellulase, and β-glucosidase 

were examined during saccharification. The samples were treated with either two enzymes 

(i.e., Cellulase and β-glucosidase) or all three enzymes (i.e., Xylanase, Cellulase, and β-

glucosidase) to understand the effect of the combination of enzymes on breakdown of 

lignocellulosic material. The samples were incubated for three days when undergoing 

enzymatic degradation.  

A combination of physical, chemical, enzymatic and thermal treatments was employed for the 

hydrolysis of algal biomass as detailed in Table 3.2. 

Table 3.2 Hydrolysis of algae under different conditions 

Sample Chemical Thermal Enzymatic Treatment 
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Treatment Treatment  

Algae1 1% H2SO4 (v/v) No No 

Algae 2 2% H2SO4 (v/v) No No 

Algae 3 1% H2SO4 (v/v) 121 °C for 30 min No 

Algae 4 2% H2SO4 (v/v) 121 °C for 30 min No 

Algae 5 Water 121 °C for 30 min No 

Algae 6 1%NaOH (v/v) No No 

Algae 7 2%NaOH (v/v) No No 

Algae 8 Water No Cellulase and β-glucosidase 

Algae 9 Water No Xylanase, Cellulase, and β-glucosidase 

Algae 10 Water 121 °C for 30 min Cellulase and β-glucosidase 

Algae 11 Water 121 °C for 30 min Xylanase, Cellulase, and β-glucosidase 

Algae 12 1% H2SO4 (v/v) 121 °C for 30 min Cellulase and β-glucosidase 

Algae 13 1% H2SO4 (v/v) 121 °C for 30 min Xylanase, Cellulase, and β-glucosidase 

 

b. Biobutanol production in batch SSF  

 

Following the hydrolysis of algal biomass, the production of biobutanol from algal biomass was 

studied and yield calculated. A total of 2 grams of algal biomass was used per sample in this 

experiment. The algal biomass was subjected to physical pre-treatment to create particles with 

larger surface area, thus enhancing the effects of the subsequent pre-treatments (Mosier et al., 

2005). In this study the physical pre-treatment was followed by thermal, chemical and enzymatic 

pre-treatment methods as detailed in Table 3.3. 
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Table 3.3 Different pre-treatment methods selected before SSF 

Sample Chemical treatment Thermal treatment Enzymatic treatment 

A1 Water 121 °C for 30 min No 

A2 Water + 1% Acid (v/v) 121 °C for 30 min No 

A3 Water + 1% Base (v/v) 121 °C for 30 min No 

A4 Water + 1%Acid (v/v) 121 °C for 30 min Xylanase, Cellulase, and β-glucosidase 

 

The pretreated samples were then adjusted for pH using an acid (H2SO4) or base (NaOH) to 

create a pH of 7.0. These samples were inoculated with the mutated clostridium strains showing 

the highest biobutanol yield. A sample was taken initially and then every 24 hours upto 120 

hours. These samples were stored at -82°C in Eppendorf tubes inside a freezer and analysed in a 

High Performance Liquid Chromatography (HPLC) to determine the yield of biobutanol and 

other solvents. 

 

3.2.5 Oxygen Tolerance Study 

The strain showing the highest biobutanol yield was selected to investigate the oxygen tolerance 

of the mutated strain. The mutated strain was grown in CBM overnight, under both 

anaerobicanaerobic and aerobic conditions. Samples were taken initially, then every 8 hours upto 

24 hours and were plated on agar plates to analyze growth rates and cell counts. Then, the 

mutated strain was used to produce biobutanol from WS in batch SSF, in both aerobic and 

anaerobic conditions to compare the effects of oxygen on solventogenic properties. The flask 

exposed to air was incubated at 45 
o
C in a shaking incubator (Thermo Scientific, USA) while the 

other flask was incubated in 45 °C in a CO2 environment. Samples were taken initially and 
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subsequently every 24 hours upto 120 hours. These samples were evaluated using the HPLC to 

determine the ABE and acid concentrations (Kato et al., 2004). 

 

3.3 Analytical Methods 

3.3.1 High Performance Liquid Chromatography (HPLC)  

Sugar and solvent concentrations were analyzed using pre-calibrated High Performance Liquid 

Chromatography (HPLC) (Perkin Elmer). This instrument was equipped with an Ion Exchange 

column, a pump Series 200 (Perkin Elmer), Auto sampler Series 200 (Perkin Elmer) and a 

Refractive Index Detector (HP1047A, Hewlett Packard). Two HPLC columns were used: 

Shodex KC811 for measuring sugar concentrations, and Aminex HPX-87H to measure ABE 

solvent and acid concentrations.  The samples were initially centrifuged at 15,000g for 15 min 

and double filtered through 0.2 μm PTFE- filters (Whatman, USA). The solvent (mobile phase, 5 

mM H2SO4) was filter-sterilized and autoclaved at 121°C for 15 minutes. Following that, solvent 

was degassed using vacuum filtration. A blank sample with only double distilled water was 

applied in the first sample vial tray of HPLC. Samples of 100 µL were diluted 20-fold with 

deionized water and filtered (0.45 µm -Gelman Acrodisc CR PTEF, Millipore). Total of 10 µL 

from each diluted sample was injected into the column and circulated for 30 min at a flow rate of 

0.6 mL/min using filtered (0.2 µm nylon Millipore) and degassed mobile phase of 5 mM H2SO4. 

The column temperature was maintained at 60°C using the column heater CH-30 controlled by 

an Eppendorff TC 50 (Buday et al., 1990). Data were processed by the computer software 

(Turbochrom Navigator). It was important to fill the HPLC testing vials to a minimum headspace 

to reduce the loss of solvents in the vapor phase. The reliability of HPLC column, and testing 

parameters were confirmed by running solvent, acid, and sugar standards in triplicate. Sugar and 
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solvent concentrations were quantified from calibration curves that were constructed from 

standard compound of known concentration and are displayed in Appendix B. 

3.3.2 Cell Count and Growth Rate Calculations 

The cell concentration in the culture was measured using a pre-calibrated UV/Vis scanning 

spectrophotometer. The Beer-Lambert Law, as applied to spectrophotometric turbidity studies, 

correlates the concentration of bacterial growth in a solution to the absorption of visible light 

(Dominguez et al., 2001). Light of wavelength 450 nanometer, in the visible spectrum is passed 

through a dilute sample of the cultured medium kept in plastic disposable cuvettes. The resulting 

change light intensity due to the different samples is used to determine the growth. A plot of 

absorbance over time tracks the bacterial growth curve.  

The cell concentration in culture was also measured using the traditional Petri dish counting 

technique. The initial culture was diluted to a factor of 10
5
. A 0.1 ml sample of culture was 

added to 0.9 ml of autoclaved water, creating a dilution of factor 10. This was repeated 5 times to 

create a sample diluted to a factor of 10
5
 of the initial culture. A sample of 0.1 ml or 100 

microliters of the final dilution was plated onto agar plates. The plates were marked with the 

appropriate strain name and the dilution rate. The plates were left overnight for colonies to form. 

Each colony represents one cell in the original sample. The numbers of colonies were counted 

and multiplied by the dilution rate and expressed in cells /ml. Results were compared with the 

ones obtained from the UV/Vis. spectrophotometer. 

The cell count method was used to calculate the surviving fraction, which is the fraction of cells 

that survived exposure to the mutagen. The relative induced mutation frequency (RF) was 

calculated as the proportion of a mutant strain present in a cell population that had survived a 
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recorded period of exposure to a potential mutagen, divided by the proportion of the same mutant 

strain that was present in the cell population not exposed to the mutagen (Bowring and Morris, 

1986). 

3.4 Biomass Composition Calculation 

Since the algal biomass used in the study is a mix of micro-algae harvested from ponds, the sugar 

profile for the algal biomass as a result of pre-treatment and saccharification is essential in 

determining the cellulose and hemicellulose concentrations present in the biomass.  In the 

present study cellulose and hemicellulose contents of algal biomass were quantified. Four 

samples of air dried, ground (75 µm) algal biomass (2 grams each) were boiled with 10 mL of 

72% w/w H2SO4 solution for 4.5 hours in order to hydrolyse the cellulose and hemicellulose. 

The suspension remaining after the above treatment was filtered through a crucible and the solid 

residue dried at 105 °C for 24 hours and weighed (W1). The residue was then transferred to a 

pre-weighed dry porcelain crucible and heated at 600 °C for 5 h. After cooling down, it was 

weighed (W2) and the ash content (%) was determined. Glucose (C1) and reducing sugar (C2) 

concentrations were determined from HPLC data (Ververis et al., 2007). Following these 

measurements, the cellulose content in the starting material was calculated using the following 

equation (Ververis et al., 2007): 

                                
   

    
      

 

 
        

 

(3.1) 

where 0.9 is the coefficient that results from the molecular weight ratio of the polymer and the 

monomer hexose. The saccharification yield was taken as 0.96, C1 as the glucose concentration 
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(g/L), V the total volume of sugar solution (L), M the dry weight of the algal biomass sample (g) 

and α the dilution of the sample (if any). The percentage of hemicellulose content was calculated 

from the following equation (Ververis  et al., 2007): 

                           
    

    
           

 

 
         

 

(3.2) 

where 0.88 is the coefficient that results from the molecular weight ratio of the polymer and the 

monomer pentose, 0.93 is the saccharification yield of xylane to xylose, C2 is the determined 

reducing sugars concentration (g/L) from the HPLC results, C1 the glucose concentration (g/L) 

from HPLC results, V the total volume of sugar solution (L), M the dry weight of the algal 

biomass sample (g) and α the dilution of the sample (if any) (Ververis  et al., 2007). 

3.5 Error Analysis 

In order to calculate the error and ensure repeatability of the results, SSF was repeated three 

times for each strain and samples were collected and stored for final analyses. Tables in 

Appendix C, D and E present raw data for concentrations of total sugars and produced 

biobutanol. These tables also show the averages of concentrations, standard deviation and 

Percent Relative Standard Deviation (%RSD) for the repeated triplicates. Equation 3.3 was used 

to calculate standard deviations.  

   
        

     
        (3.3) 

Where, 
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σ = Standard deviation Error 

  = Sample mean value; X = data point n = sample size; 

 

Percent Relative standard deviation (%RSD) was calculated by taking a ratio of the standard 

deviation with the mean and multiplying it with 100 as illustrated in equation 3.4 

RSD (%) =  
         

  
 (3.4) 

 

To calculate standard deviation and %RSD, Equations 3.3 and 3.4 were used respectively. 

Appendix C, D and E list the raw data for total sugar concentrations and biobutanol 

concentrations determined from three SSF experiments and the error calculations. The percent 

error (%RSD) for total sugar concentrations in Tables 1-7 in Appendix D is below 2% and within 

acceptable range of error for all strains used in the current study. The standard deviation for 

biobutanol produced from WS was in the range of 0.004 to 0.03 and the percent error was in the 

range of 0.03% to 0.28%. The %RSD for total sugar concentration from algal hydrolysis in Table 

1 of Appendix E and highest error was 2.1 %. The error percentage for biobutanol production 

from algal biomass range was under 2% as well and well within acceptable levels of error.  
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CHAPTER FOUR                            
RESULTS AND ANALYSIS 

 

4.1 Mutagenesis of Bacterial Strains and Production of Biobutanol  

 

The fused bacterial strain CbCt was mutated using UV radiation and EMS (see Section 3.2.2). 

The cell count after the mutagenesis study was used to calculate surviving fractions and relative 

induced mutation frequency (RF) (see Section 3.3.2). Table 1 and 2 in Appendix C show the raw 

data results from the mutagenesis study. Figure 4.1 shows cell count after chemical mutagenesis 

of fused clostridia strain CbCt after different mutation periods, while Figure 4.2 gives the cell 

count of mutated strains on exposure to 15 g/L of butanol. As shown in Figure 4.1, the cell count 

from the agar plates showed a gradual decrease (from 27 x 10
6
 cells/ml to 7 x 10

6
 cells/ml), 

indicating cell death due to contact with EMS (Rogers and Palosaari, 1987). However, the cell 

count stabilises at 50 min indicating a decrease in cell death rates caused by DNA repair 

(Bowring and Morris, 1986). Furthermore Figure 4.2 shows that bacterial cell concentrations 

were generally lower in the presence of butanol (i.e., 2 x 10
5 

cells/ml to 5 x 10
4 

cells/ml)  

indicating the toxicity effect of butanol on the bacterial strains. However, some cells showing 

growth in the presence of butanol exhibited tolerance. These strains were then selected for 

further study. The cells at 40 min of EMS mutation showed the highest cell count at 15g/L 

concentration of Butanol (i.e., 2.4 X 10
4 

cells/ml).  
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Figure 4.1 Cell count after mutagenesis 

with EMS 

 

Figure 4.2 Cell count of EMS mutated cells in 

contact with 15g/L of Butanol 

 

Figure 4.3 shows results for the surviving factor and relative frequencies calculated, and plotted 

for the strains mutated with EMS. For strains exposed to EMS, an initial decrease in cell count 

was observed, then surviving fraction value stabilised and there was no further decrease observed 

between the values obtained at 40 min and 50 min, indicating adaptation to the mutagen. This is 

followed by a drastic decrease at 60 min of EMS contact indicating higher cell death and loss of 

viability. The relative induced mutation frequency (RF) value increased up to 40 min and then 

decreased at 50 min and 60 min. This indicates an initial increase in desirable mutants that 

represents tolerance to butanol followed by a decrease in the butanol tolerance.  This is in 

agreement with previous study conducted by Bowring and Morris (1986).  
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Figure 4.3 Surviving fraction and Relative frequency of induced mutation from EMS 

contact  

 

Similarly, Figure 4.4 and 4.5 illustrates the cell count after UV mutagenesis. The mutated sample 

after exposure to UV radiation was plated on nutrient agar plates, and on 15g/L butanol-infused 

agar plates. The resulting colonies were used to determine the cell count. The strain exposed to 

10 minute of UV radiation showed the most resistance to 15g/L of butanol as evident from the 

highest cell count (i.e., 1.4 X 10
5 

cells/ml). The cell count decreased continuously with increase 

of UV exposure due to cell death as a result of prolonged UV radiation. Also, cells irradiated 

with longer exposure of UV failed to show any butanol tolerance, indicating a lack of vigour due 

to excessive damage of DNA (Ikehata and Ono, 2011). 
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Figure 4.4 Cell count after mutagenesis with UV 

radiation 

 
 

 

Figure 4.5 Cell count of EMS mutated cells in 

contact with 15g/L of Butanol 

 

 

 

Figure 4.6 elucidates the surviving fraction and RF for cells mutated by exposure to UV 

radiation. The surviving factor decreased significantly with exposure to UV radiation above 15 

minutes and a high relative induced mutation frequency was evident from the Figure. There was 

a sudden increase in RF, from fused parent strain to strain exposed to UV for 10 minutes 

followed by a lag as exposure time to UV increased, indicating a reduction in the rate of relative 

frequency of mutations induced.  
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Figure 4.6 Surviving fraction and Relative frequency of induced mutation from UV 

exposure 

 

The cell count trend obtained after mutation with UV and EMS indicated that the loss of cell 

viability was lower for prolonged (60 minutes) EMS mutation (70% cell death) when compared 

with UV exposure (30 minutes) where it was significant (93% cell death). The RF however, was 

much higher for UV than EMS. A similar trend was noticed in previous studies (Bowring and 

Morris, 1986) This was explained by the different mechanism of mutations caused by UV and 

EMS, where UV mutation is an indirect mutation caused by misrepair of DNA thus causing 

heavy DNA damage, whereas EMS causes direct point mutation without as a heavy collateral 

DNA damage (Ikehata and Ono, 2011). The mutated strains showing the highest relative 

frequencies and tolerance to butanol for both UV and EMS mutagenesis were selected and the 

biobutanol production from SSF of WS was investigated. SSF was conducted for a total of 120 

hours. 

Figure 4.7 displays individual sugars’ concentration profiles obtained during butanol SSF 

experiments using the non-mutated CbCt parent strain of fused clostridia. According to Figure 

0.01 

0.1 

1 

0  5  1 0  1 5  

F
ra

ct
io

n
 (

ce
ll

 c
o
u

n
t/

ce
ll

 c
o
u

n
t)

 

Time (min) 

Surviving 

fraction 

RF 



55 

 

4.7, results demonstrated that the sugar concentrations increased in the first day of fermentation. 

This can obviously be observed for glucose, xylose, and arabinose, and while the increase in the 

concentration of mannose was relatively minor, while there was no increase in galactose 

concentration. The increase in total sugar is a result of the continuous saccharification of non-

hydrolyzed polysaccharides that release monomers like glucose, xylose, mannose, galactose and 

arabinose by action of the enzymes released from the fused strains (Qureshi et al., 2008). It is 

important to note that no external enzymes were added during the SSF and all enzymes were 

generated after inoculation with the fused strains. Figure 4.7 shows a rise in sugar concentrations 

in the first 24 hours followed by a decrease upto the end of the 120 hours, where most of glucose 

(98%), arabinose (100%) and mannose (100%) was consumed. While individual sugars 

concentrations rise during the first 24 hours due to the cellulolytic action of the cells, they start to 

drop significantly afterwards due to their consumption and metabolism into solvents and acids 

through the ABE process (Qureshi et al., 2007). Figure 4.7 also indicates that hemicellulotic 

pentose sugars such as xylose (56%) are not completely consumed at the end of the fermentation. 

At 120 h, the concentration of xylose stood at 5.76 g/L. However very small traces of glucose 

(0.56 g/L) were found suggesting a nearly complete consumption of glucose. High levels of 

galactose (62%) were left after the 120 hours. This has been explained in the literature by the 

different uptake mechanism associated with the different sugars. The transport of sugars into the 

cell through the cell membrane uses the phosphoenolpyruvate-dependent phosphotransferase 

system (PTS), which is involved in the transfer of a phosphate group from phosphoenolpyruvate 

(PEP) to the sugar. While glucose uptake is associated by PTS, galactose transport was supported 

by a non-PTS mechanism, as the phospohorylation of this sugar was supported by adenosine tri-

phosphate and not PEP (Ezeji et al., 2007). 
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Figure 4.7 Individual sugar consumption profile of strain S1 during SSF of WS  

 

Figure 4.8 illustrates individual sugar concentration profiles obtained with strain S2, which was 

exposed to UV for 10 minutes (see Table 3.1). It follows a similar pattern of sugar production as 

strain S1. Similarly, consumption of sugar was due to cellulolytic action of the enzymes 

produced by the clostridial strain until the first day of SSF (i.e., 24 hours). This was followed by 

sugar consumption and metabolism to biobutanol and other solvents and acid though the ABE 

fermentation process.  
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Figure 4.8 Sugar concentration profile by strain S2 during SSF of WS 

 

Figures 4.7 to 4.13 also shows individual sugar consumption patterns during SSF of WS. It is 

clear that all profiles followed similar patterns for all mutated strains. Strains S2, S4 and S5 

showed higher sugar production and consumption compared to all other and were the best 

performing of all mutated strains in terms of sugar produced and consumed. It is also interesting 

to note that the hemi-cellulosic pentose sugars such as xylose were not completely consumed at 

the end of the fermentation, whereas Mannose and Arabinose were completely consumed. The 

sugar consumption data for all the strains is displayed in Table 3 to 9 in Appendix C.  
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Figure 4.9 Sugar concentration profile by 

strain S3 during SSF of WS 

Figure 4.10 Sugar concentration profile by strain 

S4 during SSF of WS 

 

Figure 4.11 Sugar concentration profile by strain 

S5 during SSF of WS 

 

Figure 4.12 Sugar concentration profile by strain 

S6 during SSF of WS 

 

Figure 4.13 Sugar concentration profile by strain 

S7 during SSF of WS 
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Table 4.1 lists initial and final individual and total sugar concentrations during SSF of WS. In the 

current study, it was found that total sugars produced during the hydrolysis of WS were around 

45 g/L. This value is almost equivalent to the total sugars concentration reported from previous 

studies (i.e., range of 40-45 g/L by Qureshi et al. (2007). Examining Table 4.1 reveals that the 

highest total sugar consumption was observed with strain S2 (i.e., consumption of 41.26 g/L). S2 

was closely followed by strains S5 (i.e., 40.11 g/L). A total of 85.4 % of sugar conversion was 

noticed with strain S2 that was the highest value, amongst all the strains mutated by either UV or 

EMS. The highest glucose consumption was exhibited by strain S2 (i.e., 26.6 g/L). Glucose, 

arabinose, mannose were consumed near to completion, however larger amounts of xylose and 

some galactose were left at the end of 120 hours. In previous studies, it was found that in either 

batch or fed-batch cultures xylose utilization was inhibited at higher glucose concentrations. This 

was attributed to glucose mediated catabolic repression (Fond et al., 1986; El Kanouni et al., 

1998; Ounine et al., 1985; Xiao et al., 2011). This is evident also in Figures 4.7 to 4.13 as well. It 

was noticed that the presence of higher concentrations of glucose (above 15g/L) inhibited 

utilization of xylose leading to invariably higher percentages of xylose left during the SSF time 

period, as well as galactose whereas glucose, arabinose and mannose were completely utilized. 

The values of total sugar consumed by all strains examined in this study can be found in Table 

10 in Appendix C along with the values of percentage sugar conversion. Percentage sugar 

consumption is calculated as the value of sugar consumed for conversion to solvents and acids 

through the ABE process, divided by the highest value of sugar present in the solution. Strain S2 

had the highest percentage of sugar utilisation at 85.4 %. 
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Table 4.1 Individual sugar concentrations produced by mutated strains during SSF of WS  

 

Strain Glucose Xylose Arabinose Mannose Galactose Total Sugar 

  
Initial

[a]
 Final 

(g/L) 

Initial Total 

(g/L) 

Initial Final 

(g/L) 

Initial Final 

(g/L) 

Initial Final 

(g/L) 

Initial Final  

(g/L)  (g/L)  (g/L)  (g/L)  (g/L) (g/L)  (g/L) 

S1 16 0.52 10 5.76 1.5 0 1.65 0 2.2 0.87 31.35 7.15 

S2 16 0.5 10 5.71 1.5 0 1.65 0 2.2 0.88 31.35 7.11 

S3 16 0.6 10 5.74 1.5 0.01 1.65 0 2.2 0.89 31.35 7.14 

S4 16 0.56 10 5.74 1.5 0.02 1.65 0 2.2 1.02 31.35 7.3 

S5 16 0.52 10 5.73 1.5 0.03 1.65 0.01 2.2 1.05 31.35 7.33 

S6 16 0.51 10 5.77 1.5 0.01 1.65 0.01 2.2 0.9 31.35 7.15 

S7 16 0.53 10 5.91 1.5 0.02 1.65 0.01 2.2 1.04 31.35 7.51 
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Bacterial cell concentration for both parent CbCt and mutated strains were evaluated during SSF. 

Figure 4.14 displays the changes in cell concentration for the mutated strains over 120 hours of 

SSF. During the first few hours all bacteria experienced a lag phase. In this phase the cell 

concentration remained approximately constant because strains were adjusting themselves to the 

medium, temperature, and pH levels. After this phase, a sharp increase in cell concentration was 

seen, where the cells grew rapidly by feeding on the nutrients present in the culture medium. 

After the initial sugars present in the culture were utilised, we can see another decrease in the cell 

growth rate. In this phase the cells started breaking down the cellulosic biomass available to form 

sugar monomers, which were then utilized to produce solvents and acids. The acids are produced 

first (see Section 2.7), leading to a reduction in pH, which in turn affects the growth rate. Once 

the strains adjusted to the new levels of pH they show an increase in growth again. This effect 

has been documented in previous studies and attributed to an injury – recovery process exhibited 

by clostridium strains (Baronofsky et al., 1984; Shoemaker and Pierson, 1976). The growth rate 

increased following this period and stays stationary till 96h. During the whole log phase (24h – 

96h) strains showed an average increase in cell concentration 500% of the initial value. This 

phase ended after 96 h when the cell concentration decreased slowly by entering the decay phase. 

This phase corresponds to the solventogenic phase in the SSF process, where sugar levels are 

minimal and biobutanol toxicity is increasing, thus inhibiting the cell growth. 

As described before, the mutated fused strains are capable of tolerating higher biobutanol 

concentrations. This was clearly seen until 96 h when there was no decline in cell concentration. 

Moreover, the strains exhibited a wider stationary phase until 96 h, in which the biobutanol 

concentration kept increasing. This was followed by a decay phase at 96 h, when the sugars were 

mostly consumed and the cell concentration decreased slowly due to rising biobutanol toxicity. 
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Strain S7 differed from this pattern showing a prolonged phase, from 0 to 96 h, followed by a lag 

upto 120 hours. 

 

Figure 4.14 Cell concentrations of different strains over 120 hours of SSF 

 

The growth rates for the different bacterial species were calculated. Strain S5 showed the highest 

overall growth rate (5.3 x 10
5 

cell/ml.hr). The highest growth rate was in the log phase in the first 

96 hours for strains. The highest growth rate for the log phase wass shown by strain S2 (5.5 x 10
5
 

cells/ml. h) and the average cell growth rate for the log phase was 3 X 10
5
 cells/ml.h. The 

average cell growth rate for the acidogenic phase from was 2.3 X 10
5 

cells/ml.h. The average cell 

growth rate for the lag phase showed after 96 hours was 1.72 X 10
5
 cells/ml.h 
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Table 4.2 shows the final ABE produced concentration, as well as the acid production obtained 

for both the non mutated parent strain and mutated strains (Strain S1 to S7) from SSF of WS. As 

presented in Table 4.2, the highest ABE solvents and acids production was achieved by strain S2, 

which was exposed to UV radiation for a duration of 10 minutes. The strain was able to produce 

24.8 g/L of total ABE and 14.8 g/L of biobutanol at 45°C. According to the previous study done 

by Parekh et al., (1999), using the wild Cb strain (BA101) produced lower amounts of ABE 

solvents (i.e., 24 g/L) at a pilot plant scale using a corn steep water medium, not a cellulosic 

feedstock. In the current study, strains S4 and S5 (chemically mutated by exposure to EMS) 

showed similar levels of butanol concentration to strain S2 (mutated by UV radiation) at 14.7 g/L 

and 14.6 g/L respectively.  

Table 4.2 ABE and acid concentrations produced by mutated strains during SSF of WS 

Strain 

Acetone 

(g/L) 

Butanol 

(g/L) 

Ethanol 

(g/L) 

Acetic 

Acid 

(g/L) 

Butyric 

Acid 

(g/L) 

Total 

ABE 

(g/L) 

S1 6.8 13.6 2.3 1.8 0.8 22.7 

S2 7.2 14.8 2.8 1.9 1 24.8 

S3 6.8 14.2 2.6 1.7 0.9 23.6 

S4 6.8 14.7 2.4 1.7 0.9 23.9 

S5 6.9 14.5 2.5 1.8 0.9 23.9 

S6 6.9 14.2 2.4 1.8 0.9 23.5 

S7 6.4 13.2 2.4 1.8 0.9 22 
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Acetone and ethanol toxicity are not as great of a concern when compared to butanol due to the 

higher concentrations required. Cell growth inhibition was previously observed by other 

researchers for acetone at 70 g/L and for ethanol at 50g/L to 60 g/L (Cost and Moreira, 1983; 

Leung and Wang, 1981). In the current study, ethanol and acetone concentrations do not reach 

above 10 g/L and therefore do not contribute to solvent toxicity and cell inhibition. However, in 

the case of butanol, it can be concluded that the mutation of fused strains has been able to create 

robust strains exhibiting higher tolerance to butanol toxicity and a higher butanol production 

capability. 

The butanol concentration that was achieved by strain S2 is higher than previous studies 

(Qureshi et al., 2007; biobutanol production was examined from wheat straw using clostridium 

strains with an initial sugar concentration of 62 g/L). Several processes were examined in 

Qureshi’s study including two that utilize SSF at 35
o
C. However, one particular process that 

employed SSF coupled with gas stripping to remove biobutanol from the batch system recorded 

the highest biobutanol production of 12.7 g/L. although this value is lower than the one obtained 

with S2, gas stripping is essential to reduce the effect of toxicity by accumulated biobutanol and 

thus expected to improve the productivity of the bacterial strains. The higher values achieved in 

the present study are without gas stripping and show higher tolerance of the mutated novel fused 

strains to butanol toxicity. This demonstrates a significant potential to enhance production of 

biofuel by utilizing the enhanced mutated strains at industrial scale. 

Table 4.3 shows the analysis of the ABE yield developed through the mutagenesis study and 

compares it to the data generated by the CbCt strain data collected during previous studies. The 

total ABE yield was calculated for total production with respect to total sugar consumption; it 
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was determined by dividing the final total ABE as well as acetone, biobutanol and ethanol 

concentrations with total sugars consumed in 120 h of fermentation. Strain S2 shows the highest 

sugar consumption and ABE yields during the SSF experiment with WS as a feedstock. 

According to Table 4.3, the total solvent yield was for strain S2 (UV mutated) was 0.59 g/g, with 

an acetone yield of 0.17 g/g, a biobutanol yield of 0.36 g/g, and an ethanol yield of about 0.06 

g/g. Strains S5 and S6, (chemically mutated using EMS) showed comparable biobutanol yield 

values at 0.36 and 0.35 respectively and total solvent yield of 0.59 g/g each.  

Furthermore, the total ABE yield obtained from mutated strain S2 was almost 6% higher than the 

ABE yield obtained by colleagues with a fused CbCt strain. It exceeds the results observed in the 

literature where the total ABE yield of 0.49g/g has been reported (Qureshi et al., 2007). 

However, it should be mentioned that in the literature reported gas stripping method and 

bioreactor were used to increase the solvent production. Table 9 in Appendix C lists the yields of 

all solvents and acids from SSF of WS. 

Table 4.3 illustrates that the mutated bacterial strains show improvement over the fused strains. 

There is a 6% increase in total ABE production. This is due to the biobutanol tolerance of the 

strains that has increased to 15g/L. This is a significant increase over literature value of 13 g/L 

(Qurat-ul-Ain Syed et al., 2008). Strain S7 shows a general lack of vigour that can be attributed 

to mutation damage due to long contact with the mutagen (Friedberg et al., 1995). 

 



66 

 

Table 4.3 Comparison of sugar consumption and ABE yield for all strains during SSF of 

WS 

Strain 

 

Total Sugar Consumed 

 

ABE Yield 

Total 

ABE 

yield 
Concentration 

(g/L) 

Percentage 

Acetone 

yield 

Butanol 

yield 

Ethanol 

yield 

CbCt  39.3 84.75 0.15 0.33 0.06 0.54 

S1 39.77 84.76 0.15 0.33 0.05 0.55 

S2 41.26 85.4 0.17 0.36 0.06 0.59 

S3 39.88 84.82 0.17 0.34 0.06 0.57 

S4 39.53 84.4 0.17 0.35 0.06 0.58 

S5 40.11 84.54 0.17 0.35 0.06 0.58 

S6 39.77 84.7 0.17 0.34 0.06 0.56 

S7 38.47 84.6 0.17 0.32 0.06 0.53 

 

 

4.2 Algal Hydrolysis and Biobutanol Production Studies  

Table 4.4 lists the individual and total sugar concentrations produced from algal biomass 

subjected to different methods of chemical, thermal and enzymatic hydrolysis (13 different pre-

treatment methods were used). The pre-treatment using enzymatic hydrolysis of the algal 

biomass in the presence of enzymes showed the highest glucose concentrations at 12.48 g/L and 

12.16 g/L. 
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Table 4.4 Sugar concentrations for different pre-treatment conditions from Algal 

hydrolysate 

Sample 

Glucose 

(g/L) 

Xylose 

(g/L) 

Galactose 

(g/L) 

Mannose 

(g/L) 

Arabinose 

(g/L) 

Total 

(g/L) 

Algae1 8.64 5.6 1.84 4.08 2.4 22.56 

Algae 2 8.16 5.92 1.68 4.84 2.48 22.08 

Algae 3 8.88 5.68 1.68 4.76 2.8 22.8 

Algae 4 9.36 5.76 1.68 4.76 2.72 24.28 

Algae 5 7.12 5.68 1.6 4.68 2.96 21.04 

Algae 6 8.24 6 1.68 4.6 2.64 22.16 

Algae 7 8 6.08 1.76 4.6 2.48 21.92 

Algae 8 12.48 6.56 1.6 4.68 2.08 26.4 

Algae 9 12.16 6.4 1.84 4.52 2.16 26.08 

Algae 10 10 6.24 1.84 4.92 2.32 24.32 

Algae 11 10.16 6.24 1.76 4.76 2.56 24.48 

Algae 12 11.2 6.8 1.68 4.28 1.76 24.72 

Algae 13 11.36 6.72 1.68 4.2 1.92 24.88 

 

Table 4.4 shows that glucose concentrations changed in the presence of xylanase. Xylanase is 

used to break down xylan from hemicellulose into xylose. In Table 4.4, the results illustrate that 

xylose was produced without the application of xylanase as evident from samples Algae 8 and 

12. Cellulase alone was sufficient to produce a high concentration of xylose. This has been 

noticed in previous studies of enzymatic hydrolysis of cellulosic materials (Qing et al., 2010). 
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This occurred because hemicellulose could also be attacked by cellulase and result in xylose 

production (Gilbert & Hazelwood, 1993; Girio et al., 2010). Studies show that xylo-oligomers 

produced from hemicellulose lead to competitive inhibition of cellulase (Qing et al., 2010; 

Thirmal and Dahman, 2012). In Table 4.4 sample Algae 8 (treated with two enzymes) showed a 

total sugar concentration of 26.4 g/L which was slightly higher than sample Algae 9 (treated with 

all three enzymes) which showed a sugar concentration for 26.08 g/L, this can be credited to the 

competitive inhibition of cellulase. 

It can be seen in Table 4.4 that the thermal pre-treatment had positive effect on the carbohydrate 

extraction as evidenced from samples Algae 3 and Algae 4. Total sugar concentrations in the 

hydrolysate have generally higher values in the thermally pre-treated samples than for samples 

where no heat was applied. Amongst samples treated with heat and other pre-treatments, acid 

pre-treatment with enzymatic treatment of three enzymes along with heat showed the highest 

glucose and total sugar concentrations (which samples). The alkaline treatment (samples Algae 6 

and 7) showed results similar to samples treated with acid. The higher concentration of NaOH 

produced lower sugar concentrations, indicating lower concentrations work better for algal 

hydrolysis. 

The sugar concentrations from samples hydrolysed by acid (samples Algae 1, 2, 3, 4, 12 and 13) 

illustrates that acid hydrolysis by itself (samples Algae 1 and 2) without any other pre-treatments 

is quite efficient in conversion of hemicellulose to xylose. Within the biomass, hemicellulose is 

connected to lignin and cellulose by covalent bonds, but because few hydrogen bonds are 

involved, it is much more readily broken down into smaller chain oligomers than crystalline 

cellulose (Jacobsen and Wyman, 2000). Unlike homogeneous cellulose, the heterogeneity of 

hemicellulose and the resulting variety of hydrolysis reaction mechanisms involved, challenge 
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understanding of the hydrolysis process (Brigham et al., 1996). In this study the highest sugar 

concentrations when treated with acid were observed for sample treated with acid and heat and 

three enzymes. This would indicate that the pH, which inhibits cellulase, does not affect xylose, 

which has been known to be active in different optimal pH and temperature conditions. (Thukral 

et al., 1989) The data also indicates that 2% acid treatment is not as effective as 1%. This can be 

attributed to the less rigid structure of algae, which gets partially oxidised on treatment with 

higher concentrations of sulfuric acid (Nguyen et al., 2009).  

The total sugar concentrations for all the 13 different pre-treated samples were calculated. Thus 

samples Algae 8 and Algae 9, which used enzymatic pre-treatment, show the best total sugar 

production, 26.4 g/L and 26.08 g/L respectively from the breakdown of cellulose and 

hemicellulose present in algal cell walls. This indicates that for the algal biomass enzymatic pre-

treatment is essential for breakdown of the cellulosic structure and increasing the bioavailability 

of sugar monomers thus signifying the important role played by enzymes in breaking down 

cellulose and hemicellulose.  

Traditionally hydrolysis studies have produced higher sugar concentration with acid pre-

treatment and enzymatic hydrolysis together than only enzymatic pre-treatment. (Volynets and 

Dahman, 2011) However, the lower total sugar concentration of sample Algae 9 than Algae 8 in 

this experiment could be accounted for by the reduction in enzymatic activity due to non-optimal 

pH. All individual sugar and total sugar yields are listed in Table 10 in Appendix C. 

The highest sugar values from algal hydrolysis (Sample 8) were compared to pre-treated Wheat 

Straw hydrolysate (WSH) obtained from WS hydrolysed under similar conditions derived from 

the literature (Thirmal and Dahman, 2012). The individual and total sugar yield is calculated and 
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represented in Table 11 in Appendix C. While the total sugar yield from WSH is 0.69 g/g, it is 

only 0.33 g/g for algal hydrolysate.  

Table 4.5 compares the sugars obtained from WS and algal biomass during pre-treatments. The 

values form two different pre-treatments are compared, one with acidic and thermal pretreatment 

and the other with acidic, thermal and enzymatic pre-treatment. WS showed higher 

concentrations with and without the use of enzymes for hydrolysis. The algal hydrolysis has 

shown higher values for both mannose and galactose than WS.  

 

Table 4.5 Sugar concentrations from WS and algal biomass  

Feedstock Pre-treatment 

Glucose 

(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

WS Acid +Thermal
[a] 

16 10 1.5 0.1 2.2 29.8 

Algae Acid + Thermal
[a] 

8.88 5.68 1.68 4.76 2.8 22.8 

WS* 

Acid + Thermal+ 

Enzymatic
[b] 

25.5 13.5 4.8 2.8 2.2 

48.8 

Algae 

Acid + Thermal+ 

Enzymatic
[b]

 

12.48 6.56 1.6 4.68 2.8 26.4 

[a] 1% Acid (v/v) + 121 °C for 30 min 

[b] 1% Acid (v/v) + 121 °C for 30 min + Xylanase, Cellulase, and β-glucosidase 

* Study conducted previously at the Nanocomposite and Biomaterials Lab, Ryerson University 

(Thirmal and Dahman, 2012) 

 

Table 4.6 displays the cellulosic makeup of algal biomass. The values for algae were calculated 

from sugar values derived from the algal hydrolysis study and calculated according to the 
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method in Chapter 3.5 (Ververis et al., 2008). This is compared with WS and corn stover values 

from literature. Amongst WS, algal biomass and corn stover, the latter has the highest cellulose 

value at 64.1% of the weight of a stover as shown in Table 4.5, whereas WS has the highest 

hemicellulosic content at 32.8%. The algal values are corresponding closely with those reported 

previously in the literature (Harun and Danquah, 2011; Ververis et al., 2007). The clorococum 

species of algae studied had about 10% of xylose and 15% of glucose (Ververis et al., 2007). 

 

Table 4.6 Composition of algal biomass in the present study compared to WS and Corn 

Stover compositions from literatures 

Feedstock Cellulose (%w/w) Hemicellulose (%w/w) Reference 

Algae 16.6 11.8 Present study 

WS 38 32.8 Bjerre et al., 1996 

Corn Stover 64.1 24.6 Zhao & Xia, 2010 

 

As can be observed from Table 4.6, the amount of cellulose and hemicellulose in algae is about 

half of that of wheat straw and corn stover. Thus algae has less potential to generate sugars 

which can be converted to biofuel, polymers and the like.  However, an advantage is that algae 

are easier to break down than wheat straw and corn stover thus requiring less energy. Also the 

absence of an inhibitor is attractive, which is due to lack of furfural releasing lignin in algal 

biomass (Ververis et al., 2007). Additionally, the sugars being extracted from the biomass are in 

addition to the lipids that has been extracted from them, which are also used to produce biofuel. 

Thus the energy content of algae is quite high. 

Following the algal hydrolysis study, SSF of algal biomass was conducted with the mutated 

strain showing the highest biobutanol yield. Four different pre-treatments were used. (see Section 
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3.2.4). SSF was carried for the four samples and sample A3 showed the maximum ABE yield as 

presented in Table 13 in appendix C (i.e. 0.48 g/g). The solvents produced during the SSF were 

analysed and Table 4.7 details the different concentrations of ABE solvents produced. The 

values of butanol and total ABE concentrations (7.52 g/L and 12.68g/L) are higher than the ones 

reported in the literatures (5.61 g/L and 9.74 g/L, respectively). This when xylanase and cellulase 

enzymes were supplemented to the pre-treated algae media and the bacterial species used was 

clostridium saccharoperbutylacetonicum (Ellis et al., 2012).  

 

Table 4.7 ABE production values using algal biomass as feedstock at 120 hours of SSF 

Sample Total Sugar 

consumed 

(g/L) 

Acetone 

(g/L) 

Butanol 

(g/L) 

Ethanol 

(g/L) 

Acetic 

Acid 

(g/L) 

Butyric 

Acid 

(g/L) 

Total 

ABE 

(g/L) 

A1 21.26 2.8 6.2 0.9 0.54 0.5 9.9 

A2 24.96 4.58 7.3 1.18 0.8 0.7 12.06 

A3 26.76 4.77 7.52 1.39 1 0.86 12.68 

A4 24.3 4.5 7.2 1.08 0.7 0.7 11.78 

 

As can be grasped from Table 4.7 the sample with acid treatment and enzymatic treatment, 

sample A3 showed the best production of butanol. This is comparable to sample A2 which was 

pre-treated with acid along with thermal treatment. The concentration of ABE products 

generated during the SSF of algal biomass are approximately similar for the different pre-treated 

samples of SSF. Samples pre-treated with enzymes show concentration of ABE at 12.06 g/L 

while production of 11.78 g/L was observed without the use of enzymatic pre-treatment. This 

illustrates that the fused cells produced enzymes to break down cellulose and hemicellulose and 
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don’t require additional enzymes in pre-treatment step of the SSF. The yield of biobutanol, 

acetone, ethanol and acids produced during SSF of the algal biomass is presented in Table 11 of 

Appendix C.  

Table 4.8 compares the butanol and ABE yields generated from SSF of algal biomass with WS. 

The lower levels of yield for algal biomass indicate the presence of possible inhibitors (Ezeji et 

al., 2004). A previous study conducted suggests the removal of algal solids after hydrolysis 

increases productivity (Potts et al., 2011). This indicates possible inhibition from the substrate or 

presence of other inhibitors. 

 

Table 4.8 Butanol and ABE yield comparison from SSF experiments using WS and algal 

biomass as feedstocks 

Feedstock Biobutanol (w/w) ABE (w/w) 

WS 0.36 0.6 

Algal 0.28 0.48 

 

 

Wheat straw produced higher biobutanol and ABE yield when compared to algal biomass. The 

algal SSF process needs to be optimised to achieve similarly high yields as of WS and possible 

inhibitors investigated. Nonetheless, when productivity is calculated in terms of land use, 

realistic estimates for productivity for algae are in the order of magnitude of 40-80 tons of dry 

matter per year per hectare, depending on the technology used and the location of production 

(Chisti, 2007). This is still substantially higher than almost all agricultural crops as detailed in 

Table 4.9. Thus on a productivity basis, algal biomass would produce more butanol per hectare 

of harvest. 
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Table 4.9 Productivity of cellulosic feedstock as determined from literature 

Feedstock Productivity (dry Mg/ha yr) Reference 

Corn 7 Dismukes et al., 2008 

Switch grass 4.5-15 David and Ragaukas, 2006 

Wheat Straw 44 Woods and Layzell, 2003 

Algae (Chlorella species) 40 – 80 Chisti 2007 

 

The high per hectare productivity along with useful characteristics like less water use, less land 

use, and ease of growing makes algal species a lucrative feedstock. Technological advances are 

required to harness the energy available in algae and make them the feedstock of the future. 

Surpassing yields of 80 tons per year per hectare will likely require genetically improved strains 

or other technologies able to counteract photo-saturation (light induced plateau-ing of photo 

synthetic activity) and photo-inhibition (light-induced reduction in the photosynthetic capacity) 

(Tredici 2010). 

 

4.3 Oxygen Tolerance Studies  

Clostridia are obligate anaerobes, showing aerotolerance (Kato et al.,2004).The clostridia strain 

was further subjected to aero-tolerance studies. Figure 4.14 represents the cell count of the 

mutated species grown aerobically and anaerobically. It is evident that the aerobic conditions 

inhibit growth; however, the minimal growth observed in aerobic conditions indicate some 

tolerance to oxygen, albeit the growth was much slower in comparison with the sample grown in 

anaerobic conditions. As seen in Figure 4.15, the sample exposed to air showed less growth and 

were inhibited due to the presence of oxygen. The bacterial cell count went down (23% of initial) 

in the first 8 hours as cells died due to being exposed to oxygen, but then revived showing 
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adaptation and aerotolerance. (Hillman et al., 2008). The final cell concentration after 24 h in 

cells grown aerobically was 1.3 x 10 
5 

cells/ml. This was very low as
 
compared to cells grown 

anaerobically (2.4 x 10
6
 cells/ml). The cell colony morphology was compared with other mutated 

CbCt strains to ascertain the identity of the species and was found to be in accordance with 

clostridium fused strains. 

 

Figure 4.15 Cell count for samples grown in aerobic conditions compared with sample 

grown in anaerobic conditions 

 

SSF capabilities of the strain were investigated under aerobic and anaerobic conditions. This was 

done to eliminate the possibility of contamination by common aerobic bacterial species and to 

ascertain the effect of oxygen on SSF capabilities of the mutated strain. SSF with WS and the 

resulting solvent production proved that the possibility of contamination by other aerobic species 

was minimal. The study also examined the effect of oxygen on SSF capabilities of the mutated 

strain. The results indicate that whereas the sample grown in anaerobic conditions showed the 
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usual biobutanol concentration (13.9 g/L), the ones incubated in presence of oxygen were not as 

effective, but showed some minor production (1.73 g/L of butanol). Figure 4.16 shows the 

concentration of various products produced during SSF of WS conducted in presence of oxygen 

and in strict anaerobic conditions. 

 

Figure 4.16 ABE production for SSF in aerobic conditions compared to SSF in anaerobic 

conditions  

 

Figure 4.16 demonstrates that there was no contamination with other aerobic strains as the cells 

grown in presence of air did show solvent production by the ABE method. Sugar was utilised 

and acetone, biobutanol, ethanol as well as acetic acid and butyric acid were produced. This 

indicated aerotolerance of the bacterial strains. This has great potential for future production, if 

the strains can be trained to be fully functional in presence of air, anaerobic conditions need not 
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be maintained. This has the potential to reduce the cost of the whole process associated with 

maintaining anaerobicanaerobic conditions, making it economically more attractive. 
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CHAPTER FIVE  

CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusion 

 

The present study focussed on enhancing biobutanol production from cellulosic feedstocks. WS 

and algal biomass were both studied for their suitability as feedstocks. The fused bacterial strains 

were mutated using UV radiation and EMS, a chemical mutagen to increase resistance to 

biobutanol toxicity. The biobutanol toxicity resistance of the strains was raised to 15 g/L an 

increase of 15 % from literature value of 13 g/L (Qurat-ul-Ain Syed et al., 2008). ABE studies 

on wheat straw were conducted with these enhanced bacterial strains. Moreover, mutated strains 

in general showed superiority in terms of biobutanol production compared to parent strains of 

fused CbCt. As described in the text, fused strains showed biobutanol concentration of 14.6 g/L a 

minor increase over fused parent strain of CbCt which produced a maximum of 13.8 g/L. An 

increase in biobutanol production yield of 5.8% was observed from the fused strains developed 

in the lab previously, indicating that the mutated strains were better able to handle biobutanol 

toxicity and thus showed higher yield of biobutanol. The growth condition for the mutated strain 

was studied to determine the aero-tolerance of strains. Strains were found to be slightly aero 

tolerant. Following the enhancement of bacterial strains, further analysis of cellulosic algal 

biomass as a feedstock was conducted to determine its cellulosic makeup and suitability as a 

potential feedstock. 

A bio-refinery approach was applied and the cellulosic makeup of the algal biomass was studied. 

The algal biomass was processed using different methods of chemical, thermal and enzymatic 

hydrolysis.  This pre-treated biomass was then processed using simultaneous saccharification and 
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fermentation (SSF) using the mutated strain, which showed the best results during the mutation 

studies. The ABE yield of 0.48 g/g was calculated. This is higher than literature value of 

0.311 g/g (Elli et al., 2012), obtained with the addition of enzymes during the pre-treatment of 

algal biomass.  

 

5.2 Future Study Recommendations 

 

Evaluating the mutated strains to understand their full potential, the author suggests performing 

SSF studies using the mutated strain on a scaled up reactor that would mimic industrial 

production. Pilot scale batch reactors pose additional advantages such as continuous removal of 

toxic biobutanol, pH and acid control during SSF when compared to laboratory scale batch 

processes. Hence, the author believes that the true potential of the strains developed in this study 

can be thoroughly examined in a pilot scale reactor.  

While performing SSF in a batch reactor using the novel mutated strains, the author also suggests 

the use of gas stripping and pH control to further reduce the effect of biobutanol toxicity on these 

strains. A combination of gas stripping, pH control and genetically improved protoplast fused 

strains has the potential to produce high levels of biobutanol.  

Butanol production from algal biomass has not been investigated heavily, thus an important step 

would be further investigation of butanol production from algal biomass (Jang et al., 2012). 

In terms of metabolic improvement to strains and feedstock improvement, this work can be 

further extended by 

1. Direct genetic manipulation of bacterial strains to increase yields (Lee et al., 2008) 

2. Enhancing oxygen tolerance of strains through genetic engineering (Luque et al., 2010) 
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3. Genetic manipulation of plants to increase cellulose yields (Fu  et al.,  2011; Sticklen 2008) 

The ability to engineer novel methods to produce these high value products from an abundant 

and renewable feedstock such as algae and wheat straw could have significant implications in 

stimulating domestic energy production.  It is being estimated that by 2022 eight percent of the 

global fuel volumes consumed by transportation will be biofuels. (Kagan, 2010). A lot of this 

will be met by first generation biofuels. First generation biofuels are cheaper and easier to 

produce right now, but use food and arable land to produce energy which would prove to be 

unsustainable in the future. Thus there is a need for more sustainable, cellulosic fuels to be more 

readily adopted as the future of biofuels. To achieve this, cellulosic fuels need to be cheaper and 

thus commercially attractive. By increasing yields we are making the product biobutanol, 

commercially viable by increasing the ERoI. This would make it competitive with first 

generation biofuels and help with its adoption by the market as a transportation fuel.  

Algal biodiesel is often referred to as the 3
rd

 generation of biofuels. Algae produce triglycerides 

that are extracted and converted in a refinery to produce bio-diesel. Producing biodiesel from 

algae is widely regarded as one of the most efficient ways of generating biofuels and has great 

potential to replace gasoline/diesel demand in transport (Pabbi et al., 2011). 

Biodiesel can not only be produced from Algae, but also once the oil is extracted the remaining 

biomass of algae can be utilized as a renewable and sustainable resource for carbon that can 

replace agriculture residues to produce biofuels such as ethanol and biobutanol. (Potts et al., 

2012). Algae are known to produce biomass faster and on reduced land areas as compared with 

lignocellulosic biomass (Lee and Lavoie, 2013). Algae can be further modified genetically to 

increase yields of biofuels (Radakovits et al., 2010). 
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Recently a 4
th

 generation biofuel has been proposed where the biofuels are created using 

petroleum-like hydroprocessing or advanced biochemistry. The 4th generation of biofuels has 

introduced the concept of cell factory” (Lu et al., 2011). Studies on metabolic engineering of 

algae to increase the photosynthetic ability of the cell to produce higher yield of fuel faster has 

shown promise (Lu et al., 2011). Joule Biotechnologies solar-to-fuel model uses sunlight, waste 

CO2 and engineered microorganisms in a "solar converter" to create fuel (Kagan, 2010). Also 

with the ultimate aim of developing renewable sustainable fuel for the future, research needs to 

be conducted in 3
rd

 and 4
th

 generation biofuels.  
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APPENDICES 

Appendix A Chemicals used in the current study 

 

Table A.1 List of chemicals used in the current study 

Product Company Catalogue No. 

Glucose Sigma-Aldrich (St. Louis, MO) G8769 

D-biotin Sigma-Aldrich (St. Louis, MO) B4501 

PABA Sigma-Aldrich (St. Louis, MO) 6930 

Thiamine- HCl Sigma-Aldrich (St. Louis, MO) T4625 

FeSO4.7H2O Sigma-Aldrich (St. Louis, MO) F8048 

MnSO4.4H20 Sigma-Aldrich (St. Louis, MO) M7634 

MgSO4.7H20 Sigma-Aldrich (St. Louis, MO) 63138 

H2SO4 Sigma-Aldrich (St. Louis, MO) 339741 

KH2PO4 Sigma-Aldrich (St. Louis, MO) 322431 

K2HPO4 Sigma-Aldrich (St. Louis, MO) GO139 

NaOH Sigma-Aldrich (St. Louis, MO) S5881 

Poly ethylene glycol (PEG) Sigma-Aldrich (St. Louis, MO) X2753 

Casein hydrolysate Sigma-Aldrich (St. Louis, MO) 22090 

(NH4)2SO4 Sigma-Aldrich (St. Louis, MO) 7783202 

Agar Sigma-Aldrich (St. Louis, MO) 05038 

Xylanase  Sigma-Aldrich (St. Louis, MO) X2629 

Cellulase Sigma-Aldrich (St. Louis, MO) C11184 

β-glucosidase Sigma-Aldrich (St. Louis, MO) G4511 
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Appendix B Sugars, ABE, and acids Standard Calibration Curves (HPLC) 

 

 

 

Figure B.1 HPLC calibration curve for Glucose
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Figure B.2. HPLC calibration curve for Galactose 

 

Figure B.3. HPLC calibration curve for Xylose 
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Figure B.4. HPLC calibration curve for Mannose 

 

Figure B.5. HPLC calibration curve for Arabinose 
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Figure B.6. HPLC calibration curve for Acetone 

 

Figure B.7. HPLC calibration curve for Biobutanol 
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Figure B.8. HPLC calibration curve for Ethanol 

 

Figure B.9. HPLC calibration curve for Acetic acid 
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Figure B.10. HPLC calibration curve for Butyric acid 

 

Appendix C Raw data for mutagenesis, sugar profile, ABE and acids produced 

during SSF of WS and algal biomass 

 

Table C.1 Cell count associated with EMS mutation 

Time (min) 

Cell count (X10
5 

cells/ml) 

Cell count in 

presence of  15g/l 

butanol (X10
5 

cells/ml) 

Cell count in 

presence of  16g/l 

butanol (X10
5 

cells/ml) 

0 27 0.2 0 

20 23 0.23 0 

40 18 0.24 0 

50 17 0.178 0 

60 7 0.055 0 

 

Table C.2 Cell count associated with UV mutation 

Time (min) 

Cell count (X10
5 

cells/ml) 

Cell count in 

presence of  15g/l 

butanol (X10
5 

cells/ml) 

Cell count in 

presence of  16g/l 

butanol (X10
5 

cells/ml) 

0 28 2 0 

5 26 9 0 

10 19 14 0 

15 14 12 0 

20 9 0 0 

25 5 0 0 

30 2 0 0 
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Table C.3 Sugar concentration profile by non-mutated strain S1 

Time 

(hours) 

Glucose 

(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 26.6 12.9 4.2 1.65 2 46.92 

48 9.31 8.31 2.42 1.24 1.54 22.82 

72 2.41 6.73 0.76 0.54 1.46 11.9 

96 0.85 6.18 0.04 0.04 1.41 8.50 

120 0.52 5.76 0 0 0.87 7.15 

 

Table C.4 Sugar consumption profile by strain S2 

Time 

(hours) 

Glucose 

(g/L) 
Xylose(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 27.1 13 4.6 1.67 2 48.37 

48 9.32 8.29 2.39 1.23 1.5 22.74 

72 2.38 6.73 0.66 0.47 1.39 11.63 

96 0.77 6.02 0.04 0.03 1.24 8.1 

120 0.52 5.71 0 0 0.88 7.11 
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Table C.5 Sugar consumption profile by strain S3 

Time 

(hours) 

Glucose 

(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 27 12.6 4.3 1.5 1.62 47.02 

48 9.3 8.33 2.4 1.23 1.55 22.82 

72 2.41 6.75 0.65 0.49 1.36 11.66 

96 0.77 6.02 0.04 0.03 1.24 8.1 

120 0.50 5.74 0.01 0 0.89 7.14 

 

Table C.6 Sugar consumption profile by strain S4 

Time 

(hours) 

Glucose 

(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 26.4 14.2 4.29 1.36 1.58 46.83 

48 9.61 8.31 2.42 1.21 1.52 24.07 

72 2.44 6.73 0.86 0.47 1.39 11.89 

96 0.77 6.02 0.05 0.02 1.22 8.08 

120 0.52 5.74 0.02 0 1.02 7.3 
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Table C.7 Sugar consumption profile by strain S5 

Time 

(hours) 

Glucose 

(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 26.9 14.3 4.3 1.35 1.59 47.44 

48 9.52 8.3 2.39 1.22 1.53 22.96 

72 2.43 6.78 0.82 0.46 1.38 11.87 

96 0.81 6.09 0.06 0.04 1.24 8.24 

120 0.51 5.73 0.03 0.01 1.05 7.33 

 

Table C.8 Sugar consumption profile by strain S6 

Time 

(hours) Glucose(g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total 

sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 26.7 13 4.21 1.64 2.1 46.92 

48 9.29 8.32 2.43 1.34 1.55 22.82 

72 2.43 6.76 0.8 0.59 1.48 11.9 

96 0.87 6.2 0.04 0.04 1.42 8.5 

120 0.52 5.77 0.01 0.01 0.9 7.15 
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Table C.9 Sugar Consumption profile by strain S7 

Time (hours) Glucose (g/L) 

Xylose 

(g/L) 

Arabinose 

(g/L) 

Mannose 

(g/L) 

Galactose 

(g/L) 

Total sugars 

(g/L) 

0 16 10 1.5 0.1 2.2 29.8 

24 25.9 12.9 4.19 1.4 1.59 45.98 

48 9.3 8.34 2.4 1.25 1.56 22.85 

72 2.7 6.77 0.85 0.59 1.47 12.38 

96 0.83 6.11 0.05 0.05 1.27 8.31 

120 0.53 5.91 0.02 0.01 1.04 7.51 

 

Table C.10 Total sugars consumed by different strains of bacteria over 120 hours 

Strain Total Sugar Consumed (g/L) 
% age 

conversion 

S1 39.77 84.76 

S2 41.26 85.4 

S3 39.88 84.82 

S4 39.53 84.4 

S5 40.11 84.54 

S6 39.77 84.7 

S7 38.47 84.6 

 



93 

 

Table C.11 Individual and total sugar yields in w/w percentage for algal biomass samples 

Sample Glucose 

%  

Galactose% Mannose% Arabinose% Xylose% Total 

Sugar 

% 

Algae 1 10.8 2.3 5.1 3 7 28.2 

Algae 2 10.2 2.1 4.8 4.1 7.4 27.6 

Algae 3 11.1 2.1 4.7 4.5 7.1 28.5 

Algae 4 11.7 2.1 4.7 4.4 7.2 29.1 

Algae 5 8.9 2 4.6 4.7 7.1 26.3 

Algae 6 10.3 2.1 4.5 4.3 7.5 27.7 

Algae 7 10 2.2 4.5 4.1 7.6 27.4 

Algae 8 15.6 2 4.6 2.6 8.2 34.0 

Algae 9 15.2 2.3 4.4 2.7 8 32.6 

Algae 10 12.5 2.3 4.9 2.9 7.8 30.4 

Algae 11 12.7 2.2 4.7 4.2 7.8 30.6 

Algae 12 14 2.1 4.1 2.2 8.5 30.9 

Algae 13 14.2 2.1 4 2.4 8.4 31.1 

 

Table C.12 WS vs Algae sugar yields 

Feedstock 
Glucose 

(w/w) 

Xylose 

(w/w) 

Arabinose 

(w/w) 

Mannose 

(w/w) 

Galactose 

(w/w) 

Total  

Sugar 

(w/w) 

WSH 0.32 0.24 0.063 0.027 0.03 0.69 

AH 0.156 0.2 .046 .026 .0082 0.33 
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Table C.13 ABE yield for different pre-treated samples of algal biomass after 120 hours of 

SSF 

Algal 

biomass 

sample 

ABE 

yield Acetone yield Biobutanol yield Ethanol yield 

A1 0.465 0.131 0.291 0.042 

A2 0.483 0.143 0.292 0.047 

A3 0.473 0.140 0.281 0.051 

A4 0.484 0.144 0.296 0.044 
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Appendix D Error calculation for SSF study raw data 

 

Strain S1: Non- mutated, parent CbCt strain 

Table D.1 Total sugar concentration profiles for strain S1 for three SSF experiments 

Time (hour) 

Total sugars (g/L) 

Avg 

 

std dev 

 

%rsd 

 
#1 #2 #3 

0 29.8 29.5 29.7 29.7 0.124 0.420 

24 46.92 46.8 47 46.90 0.082 0.175 

48 22.82 22.5 22.6 22.64 0.133 0.590 

72 11.9 12 11.8 11.9 0.081 0.686 

76 8.5 8.5 8.3 8.43 0.094 1.117 

120 7.15 7.2 7.1 7.15 0.040 0.570 

 

Strain S2: UV 10 min 

Table D.2 Total sugar profile for strain S2 over three SSF experiments 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 
#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.124 0.420 

24 48.37 48.2 48.35 48.306 0.075 0.157 

48 22.74 22.73 22.77 22.746 0.016 0.074 

72 11.63 11.58 11.6 11.603 0.020 0.177 

96 8.1 8.03 8.09 8.0733 0.030 0.382 

120 7.11 7.1 7.11 7.1066 0.004 0.066 
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Strain S3: UV 15 min 

Table D.3 Sugar profile for strain S3 over three SSF experiments 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 

#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.124 0.420 

24 47.02 47 47 47.007 0.009 0.0200 

48 22.82 22.8 22.7 22.773 0.052 0.230 

72 11.66 11.6 11.5 11.586 0.065 0.569 

96 8.1 8 8.1 8.066 0.047 0.584 

120 7.14 7.15 7.1 7.13 0.021 0.302 

 

Strain S4: EMS 20 min 

Table D. Sugar profile for strain S4 over three SSF experiments 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 

#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.124 0.42 

24 46.83 46.82 46.8 46.817 0.0124 0.026 

48 23.07 23 23 23.023 0.032 0.143 

72 11.89 11.9 11.85 11.88 0.021 0.181 

96 8.08 8.05 8.05 8.06 0.014 0.175 

120 7.3 7.28 7.25 7.277 0.021 0.283 
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Strain S5: EMS 40 min 

Table D.5 Sugar profile for strain S5 over three SSF experiments 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 
#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.124 0.420 

24 47.44 47.45 47.4 47.43 0.021 0.045 

48 22.96 22.95 22.9 22.937 0.026 0.114 

72 11.87 11.87 11.85 11.863 0.009 0.079 

96 8.24 8.2 8.23 8.223 0.017 0.207 

120 7.33 7.29 7.25 7.29 0.032 0.448 

 

Strain S6: EMS 50 min 

Table D.6 Sugar profile for strain S6 over three SSF experiments 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 

#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.125 0.42 

24 46.92 46.9 46.9 46.906 0.009 0.02 

48 22.82 22.82 22.83 22.823 0.004 0.020 

72 11.9 11.85 11.9 11.883 0.023 0.198 

96 8.5 8.46 8.45 8.47 0.021 0.255 

120 7.15 7.11 7.14 7.133 0.016 0.238 
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Strain S7: EMS 60 min 

Table D.7 Sugar profile for strain S7 over three SSF experiments 

 

Time 

(hour) 
Total sugars (g/L) 

Avg std dev %rsd 
#1 #2 #3 

0 29.8 29.5 29.7 29.667 0.124 0.420 

24 45.98 45.96 45.95 45.963 0.012 0.027 

48 22.85 22.8 22.76 22.803 0.036 0.161 

72 12.38 12.35 12.34 12.356 0.017 0.137 

96 8.31 8.25 8.27 8.2766 0.025 0.301 

120 7.51 7.52 7.48 7.503 0.017 0.226 
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Appendix E Error calculation for Algal Bio-refinery study  

 

Table E.1 Total sugar concentration for all samples over three hydrolysis experiments with 

algal biomass as feedstock 

Sample 
Total Sugar (g/l) 

Avg Std dev %rsd 

#1 #2 #3 

S1 22.56 22.55 22.5 22.537 0.026 0.117 

S2 22.08 22 22.1 22.06 0.043 0.196 

S3 22.8 22.77 22.8 22.79 0.014 0.062 

S4 23.28 23.3 22.25 22.943 0.490 2.137 

S5 21.04 21 20.9 20.98 0.059 0.281 

S6 22.16 22.15 22.12 22.143 0.017 0.077 

S7 21.92 21.9 21.83 21.883 0.039 0.176 

S8 26.4 26.33 26.34 26.357 0.031 0.117 

S9 26.08 26.1 26 26.06 0.043 0.166 

S10 24.32 24.32 24.3 24.313 0.009 0.0388 

S11 24.48 24.47 23.45 24.133 0.483 2.002 

S12 24.72 24.7 24.59 24.67 0.057 0.232 

S13 24.88 24.85 24.83 24.853 0.021 0.083 
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Table E.2 Biobutanol concentration profile for all samples at 120 hr over three SSF 

experiments with algal biomass as feedstock 

Sample 

Biobutanol (g/L) 

Avg Std dev % rsd #1 #2  #3 

S1 6.2 6.1 6.05 6.117 0.062 1.020 

S2 7.52 7.5 7.48 7.5 0.016 0.218 

S3 7.3 7.25 7.23 7.26 0.029 0.405 

S4 7.2 7.1 7.11 7.137 0.045 0.630 
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