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ABSTRACT  

Despite the long-term economic and environmental benefits of cellulosic 

biofuel production, low rates of cellulose utilization and products syntheses 

are major techno-economical barriers to the commercialization. Optimized 

medium composition and low-cost nutrient source could greatly enhance the 

feasibility of large-scale biofuels synthesis by direct cellulose fermentation 

using a consolidated bioprocessing (CBP) approach. This study developed an 

improved growth medium for Clostridium thermocellum, an excellent 

cadidate for CBP that utilizes cellulose to produce ethanol, hydrogen, and 

other value-added biochemicals. An experimental design to determine the 

importance of nutrient components and concentrations on H2 and ethanol 

production from cellulose by C. thermocellum initially considered seven 

growth nutrients. Three most significant components - !-cellulose, yeast 

extract, and magnesium chloride were investigated in detail for their 

influence on rates and yields of H2 and ethanol production during cellulose 

fermentation by C. thermocellum. To explore individual and interactive 

effects of these nutrients on ethanol and hydrogen (H2) production, a central 

composite face-centered design and the response surface methodology was 

applied to predict optimum nutrient compositions for H2 and ethanol 

production. Experimental verification of predicted optima produced about 3-

fold and 4-fold more H2 and ethanol respectively compared with the 

reference medium. These small-scale results were successfully verified in 
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large-volume (7L), atmospheric cultures. Irrespective of culture conditions, 

relative improvement in rates and productivities of H2 and ethanol in 

optimized medium compared with reference medium were consistent with 

small-volume cultures. Various ethanol distillery co-products were tested for 

their potentials to replace expensive medium ingredients. Medium prepared 

with these co-products show excellent ability to suppport cell-growth and 

production of ethanol and H2 at concentrations equivalent to those generated 

from the reagent grade medium. Utilization of these low-cost nutrient 

sources to replace expensive reagent ingredients may potentially contribute 

to the viability of both grain-based ethanol and cellulosic biofuels. With 

medium optimization, scale-up and use of low-cost nutrient sources, this 

study represents one of the very few systematic research approaches to 

improve direct bioconversion of cellulosic biomass into biofuels. 
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CHAPTER I 

LITERATURE REVIEW 

1.1 INTRODUCTION 

Increasing  global demand for energy and our dependence on fossil fuels (oil, gas and 

coal) as the prime source of energy have led to major concerns associated with climate 

change, unbalanced ecosystems, and socio-economic unstability. Growing public 

awareness about the importance of becoming less dependent on fossile fules and 

developing clean and sustainable sources of energy and chemicals has accelerated the 

search for environment-friendly alternatives (Houghton et al. 2001; Ramaswamy et al. 

2001; Kharecha & Hansen 2008). Beside solar, wind, and other alternatives to fossil 

fuels, the conversion of biomass into energy carriers such as, ethanol and hydrogen, are 

receiving considerable attention as cleaner sources of energy.  

Lignocellulosic biomass from plant materials, the most abundant form of 

biopolymers on earth, are readily renewable resources. Major constituents of 

lignocellulosic biomass are cellulose, hemicellulose, and lignin. Low-value or negative-

value lignocellulosic 'waste' materials are generated by agricultural, forestry and 

industrial activities on a daily basis. The total residual biomass in Canada generated 

from forestry, argiculture and municipal sectors was estimated to be approximately 1.45 

x 10
8 

dry ton per year, representing an energy value of 2.28 "10
9 

GJ. Exploitation of this 

unused resource with proper technology could meet significant portion of Canada's 

annual energy needs (Levin et al. 2007).  

The major constraint to the use of these low-cost materials as feedstocks for 

biofuel (such as hydrogen and ethanol) production is their recalcitrant nature. Pre-
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processing for hydrolysis of cellulosic material such as, enzymatic or thermo-chemical 

treatments are being used to release soluble sugars before fermentation (Hamelinck et al. 

2005). However, most of those solubilization processes are expensive, involve the use 

and discharge of chemicals, and also generate toxins that can be inhibitory to process 

microbes. In contrast, microbial depolymerization presents the natural and cost-effective 

alternative to utilize these lignocellulosics with minimum pretreatments such as size 

reduction.  

Biomass derived ethanol and hydrogen from biological processes are superior to 

their non-biological counterparts due to a number of unique features including use of 

low-cost and renewable resources. Bioconversion of biomass into hydrogen is efficient 

and less energy intensive, which make it more attractive than conventional methods such 

as, steam reforming of natural gas or electrolysis of water (Nath & Das 2004; Solomon 

et al. 2007). Biohydrogen generation by dark fermentation is considered more favorable 

to their photosynthetic counterparts for its stability, simplicity, lower production cost, 

and higher production rates (Hawkes et al. 2002). 

One of the major components in microbial conversion process is the growth 

medium. For commercial scale production of a low-value product, the cost of nutrients 

may play a significant role to determine the feasibility and economic viability of the 

bioprocess. The search for low-cost nutrient sources that are able to supply all the 

nutritional requirements for good growth and fermentation activity is already underway, 

as demonstrated by several laboratory studies (Kadam & Newman 1997; Gullón et al. 

2008). Development of an alternative media composed of corn steep liquor to reduce 

nutrient cost for ethanol production was reported (Kadam & Newman 1997). Corn steep 
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liquor and yeast extract have been evaluated as nutrient sources for lactic acid 

production (Gullón et al. 2008). Ethanol distillery by-products, which are rich in 

essential macro- and micronutrients could serve as an economic source of nutrients for 

cellulose fermentation. 

To enhance process efficiency by reducing the cost of water separation, one 

approach is to work with high cellulose concentrations. Fermentation of lignocellulosic 

biomass under high loading conditions has been conducted with simultaneous 

saccharification and fermentation (SSF) processes (Varga et al. 2004; Ohgren et al. 

2006; Um 2007). A trade-off exists between product yields (usually favored by low 

substrate concentration) and product concentration (usually favored by high substrate 

concentrations accompanied by low yields). Therefore, it is desirable to obtain a suitable 

combination of these with the aid of optimization.  

Biological processes involving growth and metabolism of microorganisms are 

very complex due to involvement of a large number of bio-reactions based on 

biocatalysts and highly intercorrelated thermodynamics. In many cases, it is impossible 

to define the true mechanisms of the complete biochemical process with mathmatical 

equations. At best, proper experimental design, based on adequate knowledge on the 

biological processes can identify and estimate the individual and joint effects of factors 

significantly influencing the overall process. Models developed with those factors allow 

optimization of one or more desired responses. Therefore, empirically or statistically 

developed models based on simplification with key assumptions are used to investigate 

process dynamics (Lee & Gilmore 2006).  
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1.2 CELLULOSIC HYDROGEN AND ETHANOL PRODUCTION 

Consolidated bioprocessing (CBP) of cellulosic biomass by fermentative 

microorganisms offers a breakthrough solution by combining three distinct biological 

processes, i) saccharolytic enzyme production, ii) the hydrolysis of carbohydrate 

components present in biomass, and iii) fermentation of released sugars, into a single 

bioreactor (Figure I-1). The projected outcome is enhanced rates of cellulose 

degradation with simultaneous production of biofuels (hydrogen and ethanol) and 

biochemicals (organic acids) at a significantly reduced cost of bioprocessing (Lynd et al. 

2005). Clostridum thermocellum is a well-known cellulolytic microorganism that has 

excellent potential for use in CBP.  

Hydrogen is the cleanest known energy carrier, for its combustion product is 

pure water only. Many mesophilies and thermophiles have been reported as hydrogen 

producers and anaerobic pure bacterial cultures generally produce higher rates and yields 

than mixed cultures. Numerous laboratory-scale studies have been carried out using 

monocultures of Enterobacter, Rhodopseudomonas, Bacillus, Citrobacter, Escherichia 

and Clostridium, or co-coltures such as Clostridium and Enterobacter to degrade 

monosaccharides, disaccharides, cellulose or starch (Zhang et al. 2006). Although the 

theoritical maximum yield from dark fermentation is 4 mol H2/mol glucose when acetic 

acid is the only fermentation end product (Nath & Das 2004), in practice, yield values 

remained below 2 during cellulose fermentation by C. Thermocellum (Lalaurette et al. 

2009; Magnusson et al. 2008; D. Levin et al. 2006; Islam et al. 2009). 
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Figure I-1. Bioconversion of lignocellulosics into H2 and ethanol through multiple-step vs. single-step process. (Copyright-free 

biomass photographs were obtained from pixabay.com)
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Thermophilic processes are more desirable than mesophilic as the former favors 

the kinetics and stoichiometry of H2 evolution. Some challenges to overcome for 

thermophilic processes include low cell densities (Hallenbeck et al. 2009), lower 

conversion rates compared with thermochemical processes, and heat losses due to 

evaporation of water (Van Groenestijn et al. 2002). However, biohydrogen production 

from dark fermentation has a positive energy balance (Van Groenestijn et al. 2002; 

Koskinen et al. 2008) and cellulosic hydrogen production by direct microbial conversion 

has been demonstrated as feasible (Islam et al. 2009; Richard Sparling et al. 2006; Islam 

et al. 2006; Lamed & Zeikus 1980; Magnusson et al. 2008; Levin et al. 2006; 

Magnusson et al. 2009), However, despite many successful laboratory demonstartions, 

biohydrogen technology is still waiting to see commercial scale production.  

Fuel ethanol production from starch and sugar fermentation are now established 

bioconversion technologies in many countries of the world. With expected rise in 

bioethanol production, these feedstocks will have negative impact on food-grain prices 

which emphasise the need to move toward non-food feedstock. Commercial bioethanol 

plants in Brazil use sugarcane, while the major feedstock in the United States is corn. 

These feedstocks account for 40 to 70% of the bioethanol production costs (Claassen et 

al. 1999). On contrary, ethanol production from cellulose feedstock was projected to be 

much more cost effective because feedstock costs are considerably lower (Hamelinck et 

al. 2005). A recent study estimated costs of ethanol production from cellulosic feedstock 

for simultaneous saccharification and co-fermentation (SSCF), featuring dedicated 

cellulase production, and CBP. Cost of biological conversions projected by this analysis 

was 18.9 ¢/gal for the cellulase production and SSCF compared with only 4.2 ¢/gal for 
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CBP. Lost yields as well as capital and related cost were significant (>70%) cost factors 

contributing to the total for SSCF (Hallenbeck & Benemann 2002).  

Verenium built the first demonstration-scale cellulosic ethanol plant in the 

United States (Cambridge, MA) in 2008 with a capacity of 1.4 million gallons of ethanol 

a year and plans to construct commercial plants to produce about 20 to 30 million 

gallons per year. Iogen Corporation, the leading cellulosic ethanol company in Canada, 

produced 0.58 million litres in 2009. Another Canadian company Lignol Energy Co., 

located in BC has constructed a pilot scale biorefinery for the production of biofuels, 

biochemicals and biomaterials from lignocellulosic feedstocks.  

1.3 CELLULOSE UTILIZATION BY Clostridum thermocellum 

The rate-limiting step in cellulose utilization by cellulolytic microorganisms is 

the deconstruction of native forms of cellulose into soluble sugars. In nature, anaerobic 

bacteria commonly form a ternary cellulose-enzyme-microbe (CEM) structure to 

mediate cellulose hydrolysis. Clostridium thermocellum, a strictly anaerobic and 

thermophilic bacterium that forms  CEM complex and displays  one of the highest 

growth rates on crystalline cellulose (Lynd et al. 2005; Lynd et al. 2002). C. 

thermocellum expresses a distinct and complex multisubunit-cellulase structure called 

the ''cellulosome'', which was first described by a research group in 1983 (R. Lamed et 

al. 1983). Specific activities of cellulosomes, tested under various conditions, were 

proved to be remarkably (19-48 fold) higher than noncomplexed cellulase system of the 

mesophilic aerobic fungus Trihcoderma reesei (Lynd et al. 2008). With the aid of 

cellulosomes, present as protuberances on the cell-surface, C. Thermocellum displays 

excellent capability of CBP by optimizing its bioenergetics (Zhang & Lynd 2005; Lynd 
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et al. 2008). During growth on cellulose, cellodextrins with an average chain-length of ! 

4 are preferably assimilated by C. thermocellum that maximizes the net ATP-gain from 

phosphorolytic cleavage of "-glucosidic bonds and minimizes the transport cost (Zhang 

& Lynd 2005). 

Zhang and Lynd (2005) studied the regulation of cellulase synthesis by C. 

thermocellum and found that the presence of insoluble cellulose triggers the production 

of cellulase. They also demonstrated a strong negative correlation between cellobiose 

concentration and cellulase yield in continuous cultures. Despite lower cellulase 

concentrations in growing C. thermocellum cultures as compared to cell-free enzyme 

preparations, 2.7- to 4.7-fold higher specific hydrolysis rates of cellulose in active 

cultures were observed, which suggests that CBP performance is enhanced through the 

synergistic function of CEM complex involving metabolically active cellulolytic 

microbes (Lynd et al. 2005; Lynd et al. 2002; Lu et al. 2006). 

In anaerobic fermentation processes organic substrates are metabolized without 

the involvement of an exogenous (external) oxidizing molecule such as oxygen and 

reduced metabolites act as electron sinks. Previous research demonstrates that C. 

thermocellum ATCC 27405 possesses great potential for efficient bioconversion of 

cellulosic substrates into hydrogen and ethanol with release of organic acids such as, 

acetate, lactate and formate when cultivated on cellobiose and cellulose (Islam et al. 

2009; Richard Sparling et al. 2006; Islam et al. 2006; Lamed & Zeikus 1980). Based on 

the biochemical pathway of cellodextrin metabolism by C. thermocellum, pathways for 

ethanol and H2 production descends from the same acetyl-coA branchpoint  (Rydzak et 

al. 2011), which implies that these reduced end-products compete for the same electron 
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arriving at this joint. A theoretical maximum of 4 moles of H2 or 2 moles of ethanol 

would be generated if one mole of glucose-equivalent is converted only into either H2 or  

ethanol respectively. 

Batch fermentation of a variety of cellulosic waste biomass (Magnusson et al. 

2008; D. Levin et al. 2006), and continuous fermentation of insoluble cellulose 

(Magnusson et al. 2009), by C. thermocellum cultures resulted in stable and significant 

H2 and ethanol production. Continuous hydrolysis of mixed hardwood flour and 

production of ethanol with C. thermocellum was 4 and 2.5 times higher respectively 

compared with the simultaneous saccharification and fermentation (SSF) with 

Trichoderma cellulase, and S. cerevisiae (South et al. 1993). Two C. thermocellum 

strains LQRI and AS39 (a mutant strain of C. thermocellum ATCC 27405), grown on 

cellobiose, produced high ethanol (12 and 22 mM) and hydrogen (28 and 12 mM) 

concentrations.  

1.4 MICROBIAL ENVIRONMENT AND INFLUENTIAL FACTORS 

In a fermentation system, microenvironments are controlled by many process 

parameters that affect the yields and rates of desired products. The activity of the 

microorganism will itself have effects on the microenvironment, both directly and 

through effecting changes in the macro-environment. The direct effects on the 

microenvironment will result from consumption of substrates and output of products and 

change in physico-chemical characteristics of culture. Although, ideally, it would be 

desirable to relate fermenter design and control systems to the microenvironment, in 

practice, only the macro-environment can be influenced directly. Operational and 

environmental parameters that directly impact the overall culture performance, and that 
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can be controlled, include (a) system geometry, (b) aeration or sparging rate, (c) 

intensity of agitation, (d) temperature, (e) pressure, (f) nutrient composition, (g) pH, and 

(h) foaming (Blakebrough 1973). Optimum settings for these parameters can provide a 

favorable environment for pure or mixed cultures of microorganisms for efficient 

production of the target product.  

1.4.1 Growth medium 

A typical nutrient medium for the growth of microorganisms is generally 

formulated by adding nutrients such as carbon, nitrogen, phosphorus, sulfur, minerals, 

and vitamins to water. Some of these nutrients are also included in the form of buffering 

agents (e.g. MOPS) to control acidity or alkalinity of medium, while some serve as 

chelating agents (e.g. sodium citrate) to form soluble compounds with metal ions. 

Concentrations of macro- and micronutrients have profound influence on the final yields 

and rates of fermentative ethanol or hydrogen production (Ma et al. 2008; Pan et al. 

2008; Panda et al. 2007; Wang & Wan 2008), and thus, greatly determine the viability of 

a bioprocess. Magnesium is a co-factor of many glycolytic enzymes such as hexokinase, 

phosphofructokinase, and enolase, as well as components of bacterial cell walls and 

membranes. Thus, magnesium ion concentrations can significantly affect metabolism 

and growth of fermentative microbes (Wang et al. 2007).  

In anaerobic bacteria, NAD(P)H-dependent or ferredoxin-dependent 

hydrogenase enzymes catalyze the hydrogen-evolving reaction: 2H
+
 + 2e! " H2. These 

enzymes have been known to consist of iron-based metal clusters (Adams et al. 1989). 

Several studies suggested that depletion of external iron concentrations have a negative 

impact on the yields of hydrogen production (Junelles et al. 1988; Wang & Wan 2008; 
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Lee et al. 2001; Yang & Shen 2006). Hydrogenase specific activity was reported to be 

decreased by 40% under iron limitation (Junelles et al. 1988). The effect of the Fe
+2

 ion 

concentrations (0 to 1500 mg/L) on the fermentative hydrogen production by mesophilic 

mixed cultures was studied and the maximum hydrogen yield of 311.2 mL/g glucose 

was obtained at the Fe
2+

 concentration of 350 mg/L (Wang & Wan 2008).  Another 

study reported a very similar optimum Fe
2+

 concentration of 352.8 mg/L (Lee et al. 

2001), while some others have observed much lower optimum values of 10 and 55.3 

mg/L (Liu & Shen 2004; Yang & Shen 2006).  

1.4.2 Concentration of cellulosic substrates 

High substrate (cellulose) concentrations can enhance process efficiency by 

reducing the cost of water separation and increasing product concentrations (Kristensen 

et al. 2009; Jørgensen et al. 2007). Fermentation of lignocellulosic biomass under high-

loading conditions (above 5% solids) has been conducted using simultaneous 

saccharification and fermentation (SSF) processes (Varga et al. 2004; Hari Krishna & 

Chowdary 2000; Stenberg et al. 2000), but no investigations have been performed using 

high substrate concentrations with direct cellulose fermentation. To increase ethanol 

concentration, corn-stover (pretreated with wet oxidation) loadings were increased from 

8% to 20% dry matter (DM), corresponding to cellulose concentrations of 4% to 14%. A 

substrate concentration of 17% DM with pretreated corn-stover resulted in the highest 

ethanol concentration of 52.3 g/L. However, ethanol yield abruptly dropped from 78% to 

5% when the substrate concentration changed from 15-17% to 20% DM. At 20% DM, 

reduced mixing due to stirring hindrance resulted in reduced mass transfer, thus reducing 

ethanol yields (Varga et al. 2004). A techno-economic evaluation of simultaneous 
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saccharification and fermentation (SSF) of pretreated softwood for ethanol production 

predicted a 19% decrease in production cost when substrate concentration increased 

from 5% to 8% (Wingren et al. 2003).  

The influence of initial substrate loading on C. thermocellum culture was studied 

with cellobiose and cellulose, and showed that although carbon-excess conditions 

resulted in high rates of carbon consumption, product yields were lower in high cellulose 

conditions (Islam et al. 2009; Islam et al. 2006).  Some other limitations were also 

detected at high solid concentrations. For example, increased concentrations of 

inhibitory end-products from hydrolysis and fermentation can cause enzymes and 

fermenting organisms to function less optimally. Viscosity of the culture broth rises with 

increasing solids content, posing challenges to mixing and mass transfer. Mixing can be 

too energy consuming in conventional stirred-tank reactors, as the viscosity of slurries 

increases over 20% solids (Kristensen et al. 2009; Jørgensen et al. 2007). A linear 

correlation was observed between increasing solids content (2 to 40%) and decreasing 

conversion of cellulose and hemicelluloses (Jørgensen et al. 2007). Despite the issues 

associated with fermentation with high solids, it is an attractive option for the 

improvement of process economy at commercial scale. The best possible trade-off 

condition is desirable between product yields (usually favored by low substrate 

concentration) and product concentration (usually favored by high substrate 

concentrations accompanied with low yields).  
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1.5 MODELING AND OPTIMIZATION  OF NUTRIENT COMPOSITION 

Modeling and optimization techniques are generally useful for the scale-up of an 

existing fermentation system. Experimental designs to optimize a process are chosen 

based on objectives such as: i) maximize or minimize a response or dependent variable; 

ii) number of factors or predictor variables to be investigated; iii) reduce variation by 

locating a region where the process is easier to manage; and iv) explore the 

combinatorial effects of several important factors on the response. Depending on the 

nature of the problem, the term optimize means either maximize or minimize the value 

of the response. The complexity of the problem increases with multiple decision 

variables and complex nature of the relationships between the decision variables.  

Process parameters of fermentation can be categorized into two groups: medium 

components (e.g. substrate, minerals and vitamins) and culture conditions (e.g. 

microorganism, temperature, pH). For process improvement, the ideal method would be 

to start with an open-ended approach to select the best combination where no 

assumptions are made about impacts of components or conditions. Usually for 

simplification, a selected number and types of parameters are selected as a closed-ended 

strategy (Um 2007; Kennedy & Krouse 1999; Panda et al. 2007). 

 Process improvement with non-mathematical strategies, such as borrowing, 

component swapping, biological mimicry, one-at-a-time, are commonly adopted for 

biological processes. Experimental designs apply statistical and mathematical techniques 

to develop a model that is used to optimize desired responses. Full and Fractional 

Factorial, Latin Triangle, Orthogonal Arrays, Hadamard Matrix are some examples of 

experimental designs. The application of optimization techniques for fermentative 
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process improvement such as Response Surface Methodology (RSM), Artificial Neural 

Network (ANN), and Genetic Algorithm (GA) have been reported (Kennedy & Krouse 

1999).  

1.5.1 Statistical optimization of microbial processes 

Improvments of microbial processes by varying only one factor at a time is the 

most widely applied technique. However, process optimization with this traditional one-

dimentional strategy has major drawbacks, such as: i) not taking into consideration the 

interactions among different factors, which cannot guarantee the optimal conditions 

identified by it to be optimal, especially when the interactions among different factors 

are significant; and ii) they are extremely laborious and time-consuming when large 

number for factors are considered. For example, one study investigated five parameters: 

the effect of inoculua size, initial medium pH, initial substrate concentration, 

temperature and dilution rate on hydrogen productivity using one-factor-at-a-time 

design, with around 30 runs of experiments (Chittibabu et al. 2006).  

Factorial designs on-the-other-hand, categorized as full-factorial designs and 

fractional factorial designs, allow investigation of the effects of  multiple factors and 

their interactions at two or more levels. A full-factorial design allows an evaluation of all 

possible combinations of the factors and levels under consideration. However, 

experimentation of every combination of factors and levels are impractical and 

unnecessary in many situations. Fractional factorial designs such as, the Taguchi design, 

Plackett-Burman design, Central Composite design, and Box-Behnken design are some 

examples of fractional factorial designs that are economic options to study large number 

of factors with minimum experimental runs using RSM (Box & Wilson 1951). These 
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designs were very effective to analyze impacts of process variables in fermentative 

hydrogen production processes. Investigation of relationships between influential factors 

and responses with statistically designed methods has been proven to be very efficient 

and economical for screening and optimizing bioprocesses.   

1.5.2 RSM for fermentative processes 

Box and Wilson (1951) introduced a comprehensive method to optimize 

chemical production processes employing factorial designs, which is now known as 

response surface methodology. RSM combines statistical and mathematical techniques 

that are applied to improve a process or a product. In RSM, the influence of a group of 

input variables on a measured quantity or response is represented by as a three-

dimensional surface with rises and falls according to the values of predictor variables. 

(Myers et al. 2009). Figure I-2 presents a common sequence of RSM where a screening 

design is applied at the beginning to identify important process variables. Once a set of 

important predictor variables are identified, full-factorial models are built to check for 

curvatures indicating an optimum close to the design region. If no significant curvature  
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Figure I-2. A sequential schematic of the Response Surface Methodology (RSM). 

 

is present, a steepest ascent path is constructed and followed. Factorial runs are carried 

out in new locations until response stops improving. However, once curvatures are 

detected, the first order design is augmented with axial points to generate second order 

design. Second order relationships are used to approximate true response and optimum 

conditions are developed based on this approximation. 

To date, only a few studies carried out optimization of direct cellulose 

fermentation for ethanol production (Balusu et al. 2005). However, no investigations of 

the interactive effects of medium nutrients on hydrogen production by a pure culture 

during one-step bioconversion of insoluble ligno-cellulosic feedstock have been 

reported. Therefore, direct fermentation of insoluble lignocellulosic substrates for 
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biofuel productions deserves further investigations with a systematic approach of 

modeling and optimization.   

RSM techniques using Box-Behnken and Central Composite design (CCD) have 

been used by a number of early studies on the optimization of fermentative hydrogen 

and ethanol production (Ma et al. 2008; Lin & Lay 2005; Alam et al. 2009).  Most of 

these studies principally used mixed anaerobic cultures and/or involved glucose, 

sucrose, or other soluble substrates as  the carbon source. Only a few studies have 

involved pure or defined cultures for optimization of ethanol or hydrogen production 

processes (Table I-1).  
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  Table I-1. Fractional factorial designs for factor screening and optimization of fermentative hydrogen or ethanol  

production using defined microbial cultures.   

Microorganisms Substrate; 

Product of 

interest 

Factor studied and estimated 

improvement 

Design Reference 

- Concentrations of 7 nutrients and initial pH Plackett–Burman Clostridium sp. 

Fanp2 

Glucose; 

Hydrogen 
- Glucose, phosphate buffer and vitamin 

concentrations 

- H2 production increased from 2248.5 to 

4165.9 ml H2/L 

 Box–Behnken 

 

(Pan et al. 2008) 

Clostridium 

tyrobutyricum JM1 

Glucose; 

Hydrogen 

- Glucose concentration, pH and temperature 

- H2 production increased from 4653 to 5089 

ml H2 (g dry cell h)
 -1

 

Box–Behnken (Jo et al. 2008) 

Enterobacter 

aerogenes ATCC 

29007 

Glucose; 

Hydrogen 

- Substrate concentration, temperature and 

pH 

- H2 production increased from 387.3 to 

425.8 ml H2 (g dry cell h)
-1

 

Box–Behnken (Jo et al. 2008) 
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Co-culture of 

Trichoderma 

harzianum and 

Saccharomyces 

cerevisiae  

 

Palm-oil mill 

effluent 

(POME); 

Ethanol 

 

- Oxygen saturation level, temperature, and 

pH - ethanol production increased from 31.6 

g/L to 51.3 g/L 

 

Low resolution (< 

3) fractional 

factorial 

 

(Alam et al. 2009) 

Saccharomyces 

cerevisiae NRRL-Y-

132 

Pretreated 

Antigonum 

leptopus 

(Linn) leaves / 

Ethanol 

- Cellulase concentration, substrate 

concentration, incubation time, and 

temperature 

- increased from 23 g/l to 30 g/L 

Box–Behnken (Hari Krishna & 

Chowdary 2000) 

Zymomonas mobilis 

10225 

Kitchen 

garbage; 

Ethanol 

- Thirteen process variables including 

enzyme type and dosage, temperature, pH 

and nutrients 

- Solid to liquid ratio, initial pH, incubation 

temperature, inocula size, culture time; Best 

combination resulted 52 g/L 

Plackett–Burman (Ma et al. 2008) 

Clostridium 

butyricum EB6 

POME; 

Hydrogen 

pH, temperature and chemical oxygen 

demand (COD) of POME 

Central composite 

design (CCD) 

(Chong et al. 2009) 
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1.6. ALTERNATIVE SOURCES OF NUTRIENTS 

Cost of growth nutrients could be a major component impacting the overall 

process economy and use of highly pure ingredients would be unrealistic for 

commercial-scale production. Therefore, for a low-value product such as biofuels, the 

cost of fermentation medium may greatly determine the feasibility and economic 

viability of process. Potentials of low-cost nutrient sources to support good growth and 

fermentation activity has been demonstrated by some laboratory (Gullón et al. 2008; 

Kadam & Newman 1997) and pilot-scale (Parekh et al. 1998) studies. Development of 

an alternative media composed of corn steep liquor to reduce nutrient cost for ethanol 

production was reported (Kadam & Newman 1997). Corn steep liquor and yeast extract 

has been evaluated as nutrient sources for lactic acid production (Gullón et al. 2008). A 

pilot scale study utilized corn steep water for solvents production by the Clostridium 

beijerinckii NCIMB to improve the economic competitivness of the process (Parekh et 

al. 1998). 

1.6.1 Distiller's grains 

In dry grind ethanol facilities, after fermentation of corn or wheat by yeast cells, 

various forms of distiller's grains such as whole stillage (WS), thin stillage (TS), and 

dried distiller's grains with solubles (DDGS) are generated as co-products. In North 

America, corn is commonly the raw material for ethanol production except in western 

Canada, where wheat is the primary feedstock. Husky Energy’s ethanol plants in 

Lloydminster, Saskatchewan and Minnedosa, Manitoba began operation in 2006 and 

2007, respectively. Each of these plants produces 130 million litres of ethanol per year 
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with annual discharge of 134,000 tonnes of distillers dried grain with solubles (DDGS). 

Dry-grind ethanol plants produce approximately 1 kg of DDGS per kg ethanol 

(Srinivasan et al. 2007). Current market retail price of DDGS ranges between $120 to 

$170 per tonne. With the rapid growth of dry-grind ethanol plants, supply of DDGS will 

soon saturate the market (Murthy et al. 2006) and alternative uses of DDGS are needed 

to secure the economic viability of ethanol industry.  

A simplified schematic of ethanol production process is presented in Fig. 1-3. 

After ethanol recovery, as the first step of co-product processing, WS as the waste of 

distillation unit  is removed and fractionated into wet cake and TS. Most of the TS is 

then concentrated by multi-effect evaporators from 6-7% to 25-30% solids before 

mixing with wet grains in the dryer into the final DDGS product. Whole stillage 

handling constitutes a major part of ethanol plants management as up to 20 liters of WS 

may be generated for every liter of ethanol produced (Wilkie et al. 2000). Moisture 

content in WS, based on testing multiple samples from two plants of Husky Energy, 

ranges between 85% and 90%. Some stillage is recycled to a hydrolysis chamber to 

offset the water cost. However, drying is required as storage of this high volume slurry 

or distribution beyond 100 kilometer radius of the source is not cost-effective.  



 22 

            

Figure I-3. A schematic of a dry-grind ethanol production process and generation of distillares dried grains with solubles (DDGS)  

as co-product. 
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 Concentration of TS accounts for significant portion of energy used in DG 

processing. Evaporation and drying operations account for 40–45% of thermal energy 

and 30–40% of electrical energy used in a DG facility (Wilkins et al. 2006). On-site or 

local utilization of TS can potentially enhance the economy of dry-grind ethanol 

production. As a overall, 50% of the total energy input in most ethanol facilities is 

consumed to produce distiller’s grains through drying and evaporation. Energy costs 

have doubled in the last five years posing more challenge to the viability of grain based 

ethanol economy. To reduce drying costs a screw press system was developed to use less 

energy and generated higher total solids than centrifuges attain. The filtrate had a high 

soluble chemical oxygen demand (COD) of between 24,000 and 50,000 mg/L and 

anaerobic digestion was used to generate biogas (Hickey 2008).  

1.6.2 Composition of distiller's grains 

A comprehensive evaluation of the nutritive profiles of wheat-based DDGS was 

performed by the Department of Animal Science in the University of Manitoba, 

(Slominski et al. 2007) and from another source as presented in Table I-2. The 

Department of Animal Science at the University of Manitoba analysed wheat DDGS for 

amino acids content as shown in Table-I-3 (Slominski et al. 2007). Samples were 

collected from the Husky ethanol plants located in Lloydminster, Saskatchewan and 

Minnedosa, Manitoba. A large number of essential amino acids (leucine, lysine, 

methionine, phenylalanine, threonine, tryptophan, valine etc.) in significant 

concentrations were also identified in wheat based distillers grains (Slominski et al. 

2007; Kim et al. 2008).   
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Table I-2. Composition of wheat-based DDGS used in ethanol plants in Canada. 

Component (%DM) Lloydminster plant 
Minnedosa 

plant1 

(Widyaratne & 

Zijlstra 2007) 

Crude protein (Nx6.25) 41.3 42.6 44.5 

Non-protein nitrogen - - 10.2 

Fat 4.8 3.7 2.9 

Ash 5.1 4.9 5.3 

Sugars* 0.8 - - 

Starch 1.8 - - 

Phytate P 0.22 0.24 - 

Non-phytate P 0.79 0.75 - 

Acid detergent fiber - - 21.1 

Neutral detergent fiber 

(NDF) 
26.6 

29.8 30.3 

Total Fiber** 33.1 - - 

* Includes glucose, fructose and maltose 
** Includes non-starch polysaccharides, lignin and polyphenols, and glycoprotein 
1(Nyachoti et al. 2005). 

 

Analysis of mineral content in DDGS was performed by several groups, on 

samples collected from ethanol plants located in the northern-central regions of US. 

These studies showed that many minerals, essential for microbial growth, are present in 

significant amounts in DDGS (Batal & Dale 2003; Spiehs et al. 2002; NRC 1998).  
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Table I-3. Amino Acid Composition of wheat DDGS expressed as % dry mass (DM).  

Essential Amino Acids  Lloydminster  Minnedosa  

Arginine  1.67  1.61  

Histidine  0.81  0.81  

Isoleucine  1.27  1.40  

Leucine  2.70  2.64  

Lysine  0.99  0.68  

Phenylalanine  1.85  1.87  

Threonine  1.30  1.43  

Valine  1.90  1.71  

Methionine  0.85  0.42  

Cystine  0.38  0.57  

Non-essential Amino Acids        

Alanine  1.45  1.41  

Aspartate  2.07  2.22  

Glutamate  11.59  12.71  

Glycine  1.64  1.86  

Proline  3.58  3.75  

Serine  1.80  2.12  

Tyrosine  1.18  1.18  

Total  37.01  38.39  
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A comparison of nutritional composition of yeast extract, a source of exogenous 

factors essential for the growth of fastidious microorganisms, and wheat based DDGS is 

presented in Table I-4. This shows the potential of DDGS to replace yeast extract used in 

microbial growth medium with distillers grains.  

Table I-4. A comparison of mineral contents in yeast extract (Grant and Pramer, 1962) 

and DDGS (Canada Food Development Centre). 

Materials Ash Fe Mg Sr Cr Zn Mn Co Cu 

 ug/g per dry weight 

Yeast 

extract 

12.9-

14.8 

121-

185 

980-

1580 

1-

1.4 

9.4-

11.6 

74 1.4-

3.2 

1-6 41.6-

101 

Wheat 

DDGS 

5 149 4096 8 2 78 96 2 14 

 

Variations in the nutrient content of DDGS were detected among ethanol plants, 

even in plants using the same fermentation and processing technologies. These 

differences could arise from differences in corn or wheat crops, and adjustments to 

fermentation processes in the plants during the sampling periods. It is essential to be 

aware of this variability when DDGS is used as nutritional source and routine analyses 

are required for each batch of DDGS to account for differences in nutrient composition 

(NRC 1998).  

An analysis of the chemical composition of wet cake was performed previously 

(Y. Kim, Mosier, et al. 2008), which is very similar to WS, except wet cake is prepared 

after TS, a more watery part, which is separated from WS by centrifugation (Figure I-3). 
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Table I-6 shows a compositional analysis of soluble sugars and end-products in WS from 

wheat-based yeast fermentation in Husky ethanol plant located in Minnedosa, MB.  

Table I-5. Average Mineral content in corn based DDGS.  

Minerals  Source 1 a  Source 2 b  Source 3 c  

0.25 ± 0.15  0.12 – 0.51  0.27  

0.91 ± 0.11  0.69 – 1.06  0.90  

0.68 ± 0.07  0.70 – 0.99  0.83  

0.29 ± 0.27  0.03 - 0.44  0.22  

0.28 ± 0.04  0.25 – 0.40  0.20  

Sodium (%DM)  

Potassium  

Phosphorus  

Calcium  

Magnesium  

Sulfur  0.84 ± 0.21  0.33 – 0.74  0.32  

         

22 ± 12  10.7 – 49.5  26  

149 ± 86  75.3 – 219.2  276  

56 ± 30  -  -  

10 ± 4.3  4.7 – 13.5  61  

(ppm)  

Manganese  

Iron  

Aluminium  

Copper  

Zinc 61 ± 13  52.2 – 312.1  86  

a(Batal & N. Dale 2003), b(Spiehs et al. 2002), c(NRC 1998); Source 2 values are ranges 
from 12 different plants.  

 

1.6.3 Utilization of distiller's grains  

Several approaches were taken to utilize DDGS as a feedstock for additional 

biofuel production (Ezeji & Blaschek 2008; Srinivasan et al. 2007), as well as to enhance 

nutritional value and market value (Srinivasan et al. 2005). A combination of seiving and 

elutriation (air classification) was used to separate fibers from DDGS and hydrolyzate 
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was prepared using acidic and enzymatic treatments for fermentation into ethanol by 

Escherichia coli FBR5. However, significant development for lignicellulosic conversion 

into ethanol is required for this process to be economically feasible (Srinivasan et al. 

2005).  

Table I-6. An analysis of solubles sugars and yeast metabolites present in whole stillage.  

Name Amount (W/V%) 

Dextrin 1.06957 

Maltotriose 5.754e-2 

Maltose 1.971e-1 

Dextrose 1.005e-1 

Lactic acid 1.265e-1 

Glycerol 9.453e-1 

Acetic acid 7.312e-2 

Ethanol (%V/V) 4.446e-2 

 

A number of recent studies have reported on the utilization of WS generated 

primarily from corn-based ethanol plants for biogas and biodiesel production 

(Westerholm et al. 2012; Noureddini et al. 2008; Gao et al. 2007; Ziganshin et al. 2011; 

Eskicioglu et al. 2011). Anaerobic digestion of WS was evaluated as substrate for biogas 

production and addition of cattle manure as a co-substrate improved biogas yield and 

process stability (Westerholm et al. 2012). Noureddini et al. (Noureddini et al. 2008) 

investigated corn-oil extraction from WS and its conversion into biodiesel. Residuals 

from yeast fermentation in TS were characterized and found to be an excellent source of 
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nutrients essential for microbial growth (Kim et al. 2008). For the nutritional content and 

buffering capacity (pH 4-7), the potential of TS as a medium for hot water pretreatment 

of distillers grains was discussed earlier (Kim et al. 2008). Thermophilic anaerobic 

digestion of TS was evaluated for methane production that can displace up to 51% 

natural gas consumed by ethanol plant with reduction of VFA concentration in TS (Agler 

et al. 2008). Utilization of residual salts in TS (CaCl2, NaCl, K2SO4, NaNO3, Mg(OH)2, 

Na2SO4 and KOH) was attempted as an aid for protein extraction from oil seeds 

(Ratanapariyanuch et al. 2012). Xylose, arabinose and glucose obtained from TS-

hydrolyzate with 10-40 g/L of glucose were converted into ethanol by recombinant 

Zymomonas mobilis ZM4 (pZB5) (Davis et al. 2005).  

Since none of the aforementioned studies evaluated distillers' grains as nutrient 

source for direct bioconversion of cellulosic biomass into hydrogen or ethanol, further 

investigation is warranted to explore capabilities of of DDGS, WS, and TS to supply 

growth elements for  cellulolytic organisms during cellulose degradation. Growth media 

used in laboratory scale cellulose fermentations by C. thermocellum are based on reagent 

grade chemical ingredients. A rough estimate based on listed catalog prices of Sigma-

Aldrich Co. shows that this formulation costs between CAD$12 to CAD$15 per liter, 

which is unrealistically expensive to be used in a scaled-up process generating low-value 

products at high volumes. Use of these ethanol distillery co-products as alternative 

nutrients in microbial conversion processes for cellulosic biofuels could translate to 

major savings as they are about 95% less expensive compared with reagent grade 

nutrients. This will also enhance the ethanol economy positively by adding more value to 
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distillers grain products compared with their present market values and by reducing by-

product handling expense. 

1.7 RESEARCH SCOPE AND APPROACH 

The long-term goal of this research is to optimize the growth medium of 

Clostridium thermocellum DSM 1237 for direct conversion of lignocellulosics into 

ethanol and hydrogen under high carbon loadings and utilization of an alternative source 

of nutrients.  

More specifically, the short-term objectives are:  

1) Application of experimental designs to identify medium nutrients that significantly 

affect rates and yields of ethanol and hydrogen production from cellulose fermentation 

under high carbon loadings  

Hypothesis 1): With variation in concentrations of some nutrients, rates and yields of 

ethanol and hydrogen will differ substantially,  

2) Development of optimum nutrient compositions for ethanol and hydrogen production 

by C. thermocellum based on influential nutrients with the aid of Response Surface 

Methodology (RSM)  

Hypothesis 2): Under optimized conditions, product concentrations and conversion rates 

of lignocellulosic substrates in bench scale batch reactions will be significantly higher 

compared with the reference condition. 

3) Verify the small-scale performance of the optimized medium composition in large-

volume (7 L) bioreactors equipped with automated controllers (pH, temperature, stirring, 

N2-sparging) 
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Hypothesis 3): The optimized conditions established in pressurized and small anaerobic 

bottles will produce similar results in scaled-up and open-process cultures 

4) Evaluate the potential of various forms of distillers grains as alternative sources of 

growth nutrients for C. thermocellum during direct fermentation of cellulosic substrates. 

Hypothesis 4): C. thermocellum will be able to utilize distillers grains for growth and 

fermentation of cellulosic substrates equally well or better than the regular growth 

medium. 

1.8 THESIS ORGANIZATION 

The rest of the thesis is organized as follows: 

• Chapter II deals with the identification of influential medium nutrients by the 

application of a screening design. 

• Chapter III presents a modeling approach based on significant nutrients and 

determination of optimum compositions for  ethanol and hydrogen production. 

• Chapter IV presents the verification of the optimum condition in scaled-up 

fermentation. 

• Chapter V focuses on utilization of DDGS and WS as alternative nutrient 

sources. 

• Chapter VI deals with utilization of TS as an alternative growth medium and 

monitoring of cell-growth on TS. 

• Chapter VII summarizes the contributions of this thesis and outlines future 

research directions. 
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CHAPTER II 

ENHANCED CELLULOSE FERMENTATION AND END-PRODUCT 

SYNTHESIS BY Clostridium thermocellum WITH VARIED NUTRIENT 

COMPOSITIONS UNDER CARBON-EXCESS CONDITIONS 

This chapter is based on the following publication: 

Rumana Islam, Serpil Ozmihci, Nazim Cicek, Richard Sparling, and David B. Levin. 

2013. Biomass and Bioenergy. 48, 213-223. 

2.1 INTRODUCTION 

Lignocellulosic biomass, the most abundant form of biopolymers on earth, is 

readily renewable and a promising feedstock for biofuels synthesis (Lynd et al. 1991). 

The major constraint to using lignocellulosic biomass for bioethanol and biohydrogen 

production is its recalcitrant nature. Microbial depolymerization presents the natural and 

cost-effective alternative to expensive and harsh pre-treatments (Hamelinck et al. 2005). 

Among many cellulolytic microorganisms, Clostridium thermocellum, a strictly 

anaerobic and thermophilic bacterium, is known to be one of the fastest cellulose 

degraders (Demain et al. 2005; Lynd et al. 2002). C. thermocellum possesses great 

potential for efficient bioconversion of cellulosic substrates into ethanol and H2 with 

release of organic acids such as, acetate, lactate, and formate when cultivated on 

cellobiose and cellulose (Levin et al. 2006; Islam et al. 2009; Islam et al. 2006; 

Magnusson et al. 2008).  

In fermentation, growth and metabolism of microorganisms is largely determined 

by macro- and micro-nutrient composition of the growth medium including sources of 
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carbon, nitrogen, minerals and vitamins (Sato et al. 1992; Guo et al. 2009; Balusu et al. 

2004). Metal ions have been detected as functional residue of almost one-third of all 

enzymes discovered and cations are known for their role in membrane stability 

(Dedyukhina & Eroshin 1991). In yeast, magnesium deficiency caused declined glucose 

fermentation into ethanol and the addition of 0.5 mM magnesium prolonged the 

exponential growth phase (Geng et al. 2010). Increased iron concentration (12.5 mg/L 

FeSO4.7H2O) during fermentation of xylose by C. thermosaccharolyticum resulted a 

reduced lactate production and improved ethanol titer and yield (Mistry & Cooney 

1989). Ferchichi et al. (2005) evaluated the impact of various carbon and nitrogen 

sources and iron concentration on H2 generation by Clostridium 

saccharoperbutylacetonicum ATCC 27021 using mono- and disaccharides. Organic 

nitrogen sources performed better than inorganic sources and iron promoted both yields 

and rate of H2 production, giving the highest yield at! 25 mg/L of FeSO4.7H2O 

supplementation"!Iron concentrations below 10 !M were found to be growth limiting for 

C. pasteurianum and a shift toward lactic acid fermentation occurred (Dabrock et al. 

1992).  A number of studies have reported the requirement of calcium to enhance 

cellulolytic activity and structural stability of cellulosome in C. thermocellum 

(Chauvaux et al. 1995; Adams et al. 2005; Kristensen et al. 2009). Calcium-binding 

motifs of the dockerin modules in both type I and II interactions of cohesin-dokerin in C. 

thermocellum are thought to be responsible for the strong requirement of calcium in C. 

thermocellum cultures (Kristensen et al. 2009).  

Under high-solid conditions, the viscosity of the culture broth rises sharply, 

posing challenges to mixing and mass transfer. However, fermentation with high solid-
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substrate loading is highly desirable for its improved process efficiency by increasing 

product concentrations, lowering water content leading to a larger system capacity, 

reducing heating and cooling energy requirement, and generating less wastewater 

(Jørgensen et al. 2007; Mohagheghi et al. 1992). As very few studies involving 

fermentation of cellulose for biofuel production utilized high concentrations of insoluble 

substrate (above 1% solid loadings), further investigation is warranted.  

Most studies exploring stimulatory effects of medium nutrients with an aim to 

improve H2 or ethanol production followed one-factor-at-a-time approaches (Sato et al. 

1992; Geng et al. 2010; Dombek & Ingram 1986; Mistry & Cooney 1989). A thorough 

understanding of the interactive nature of medium nutrients in direct cellulose 

fermentation, specifically under high solid conditions, is desirable and may contribute 

significantly to ligno-cellulosic biofuels economy. In this chapter, the relative influence 

of seven medium components including sources of carbon, nitrogen, minerals, and 

vitamins on cellulose fermentation of Clostridum thermocellum DSM 1237 under carbon 

excess conditions (10-50 g/L cellulose) applying a resolution-IV fractional factorial 

design were examined. The objective of this part of work was to develop an improved 

nutrient composition and to distinguish conditions that enhance both cellular growth and 

end-products concentrations from conditions that induce shifting in metabolic flux.  

2.2 MATERIAL AND METHODS 

2.2.1 Microorganism and growth medium 

Clostridium thermocellum DSM 1237 (synonymous collection numbers include 

ATCC 27405, JCM 12338, and NCIB 10682) obtained from the German Collection of 
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Microorganisms and Cell Cultures (DSMZ) was used throughout this study. After two 

subcultures, aliquots from the DSMZ culture were stored in glycerol in -80 oC and were 

revived before each experiment. A modified version of the defined MJ (E. a Johnson et 

al. 1981) nutrient medium was prepared by mixing the basal medium (per liter: 1.5 g 

KH2PO4, 2.9 g K2HPO4, 10.0 g MOPS, 150 mg CaCl2.2H2O, 1 g MgCl2.6H2O (g), 1.25 

mg FeSO4.6H2O, 2.1 g urea, 1.0 mg resazurin and 3.0 g sodium citrate, 20 mg biotin, 

200 mg pyridoxamine-HCl, 40 mg p-aminobenzoic acid and 20 mg cyanocobalamin) 

with one gram of yeast extract (YE). The medium was dispensed and capped into 60 mL 

serum bottles for a final working volume of 10 mL. Cysteine-hydrochloric acid was 

added to 1 g/L final concentration after making bottles anaerobic by repeated gassing 

with nitrogen and degassing cycles as described previously (Daniels et al. 1986).  

A 100-fold concentrated urea solution and vitamin solution were prepared 

separately and filter-sterilized into pre-sterilized and anaerobic bottles. These solutions 

were added aseptically to each experimental bottle to desired final concentrations before 

inoculation. 

2.2.2 Experimental set-up 

For all experiments, serum bottles (60 mL) with 10 mL working volume were 

used in batch anaerobic fermentation at 60 oC, starting pH at 7.4 and an agitation rate of 

100 rpm was used in the water bath. The working-volume and shaking rate were selected 

(based on several experimental observations) such that cellulose particles did not settle 

at the bottom or splash out from medium during the agitation.  
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2.2.3 Design with altered medium  

From an exponentially growing culture, inocula (10%) were added to each 

experiment unit and incubated for 24 h. Seven components of the modified MJ medium, 

with "-cellulose as carbon source, were studied with a resolution-IV design. Each 

component from this nutrient mixture was chosen to study at two different levels, with 

their concentrations as presented in Table II-1. These levels were selected based on 

recipes of several media used for growing cultures of C. thermocellum 1237 (Johnson et 

al. 1981; Zhang & Lynd 2005; Sato et al. 1992) and our previous experience. High 

concentration stock solutions of urea, vitamins and mineral salts were prepared and 

added to the growth medium before or after autoclaving (depending on the component) 

to achieve final desired concentrations as specified in the experimental design (Table II-

1).  

In the present study, seven components of growth medium were tested with 

sixteen combinations and each variable had a high-level coded as +1, a low-level coded 

as -1. Coding of factors were obtained using equation (1): 

, i = 1, 2, 3, ..., k    (1) 

where Xi is the dimensionless value of the i-th independent variable, xi is the 

corresponding natural value of that variable, xi0 is the natural value of that variable at the 

center of the design region and !xi is the increment of xi  - i.e. 1 unit of Xi. To define the 

relationship among the responses of interest and the independent or explanatory 

variables, a linear model with interaction was applied, as expressed in equation (2): 
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where Y is the response measured, !  represent regression coefficients of main effects 

interactions between main effects, and e is the random error term.  

All design points were executed as independent biological triplicates and the 

mean values of responses were considered for analysis of variance (ANOVA). For all 

data sets, ANOVA was performed with the Design Expert 8.0.1 (Stat-Ease, Inc.). Coded 

values of co-efficient estimates and significance levels for all main effects from fitted 

models of responses are presented in the following section. 
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Table II-1. Level settings of seven medium components varied for sixteen design combinations with high or low level of each 

factor equally distributed. 

Levels* 

 
Combinations 

Components 

 

 
Unit 

 

High 

(+) 

Low 

(-) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Urea  g/L 4.2 2.1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 

MgCl2 .6H2O  g/L 2 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 

CaCl2 .2H2O  mg/L 300 150 -1 -1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1 1 1 

Yeast extract (YE) g/L 2 1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1 

Vitamin mix *   1X 2X -1 1 1 -1 1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 

!-cellulose  g/L 50 10 -1 -1 1 1 1 1 -1 -1 1 1 -1 -1 -1 -1 1 1 

FeSO4 .7H2O  mg/L 5 1.25 -1 1 -1 1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 1 

 

* Levels of vitamins (1x and 2x) refer to the original and doubled concentrations of vitamins in the MJ medium respectively 

(as defined in method Section 2.1).
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2.2.4 Analysis of end-products and growth 

Product gas (H2 and CO2) concentrations were measured using a gas 

chromatograph (SRI Instruments, Model 8610C) with correction for dissolved product 

gases as detailed previously (Islam et al. 2009).  Organic acids (lactate, acetate, and 

formate) were measured with a high performance anion-exchange column (AS11-HP) 

and conductivity detector installed in an ion-chromatography system (Dionex ICS-

3000). Ethanol was quantified with the same system using an Aminex HPX 87H (300 x 

7.8 mm) ion exclusion column (Bio-Rad) fitted with Cation-H, micro-guard cartridge 

(40 x 4.6 mm) and a refractive index detector. Mobile phase of the liquid 

chromatography was 0.004 N H2SO4 and the flow rate was maintained at 0.75 mL/min.  

As an indirect measurement of growth, cellular protein was measured with 

Coomassie blue reagent by the method of Bradford (Bradford 1976) after processing and 

extraction as described previously (Sparling et al. 2006). Absorbance of protein samples 

loaded in 96-well plates was measured at 595 nm wavelengths using a microplate reader 

(Biotek Synergy 2, Hamilton Robotics). Cell dry weight was estimated based on cellular 

protein content measured from each sample (Islam et al. 2009). 

2.2.5 Estimation of specific yields and O/R 

Substrate specific yields of ethanol and H2 were expressed as the ratio of each 

product to the total glucose-equivalents (Gp) converted into final end-products of 

fermentation. Total moles of Gp in end-products was calculated with the aid of the 

following relationship:  

Gp (moles) = moles of (lactate + acetate + ethanol)/2     (3) 
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The molar percentage of cellulose in end-products was obtained by dividing Gp 

with molar concentration of initial cellulose present in each combination. The molecular 

formula of cellulose  being (C6H10O5)n, the weight of  the anhydrous glucose units is 

162 g/mole. Based on this, molar concentrations of glucose-equivalents in 10 and 50 g/L 

cellulose were calculated to be 61.73 and 308.64 mmoles/L (mM). Cell-specific yields 

for each combination was estimated based on cumulative moles of ethanol or H2 

generated with respect to total cell dry-weight measured. Oxidation/reduction (O/R) 

balance was calculated according to the method described previously (M. J. Johnson et 

al. 1931). 

2.3 RESULTS AND DISCUSSION 

The resolution IV design used in this study is a balanced and orthogonal design 

where all factors were varied at high and low level for equal number of times and same 

is true for factor-interactions (Joglekar & May 1987; Myers et al. 2009). Seven 

components of growth medium were tested with sixteen combinations that provided 

estimation of main effects without confounding them with any 2-factor interaction and 

degree of confounding was reduced by aliasing additional factors with appropriate 

design generators (Hou & Regenstein 2006; Margolin 1969; Joglekar & May 1987). For 

various responses, estimates of all main factors were presented as part of ANOVA 

results. A few sets of confounded 2-factor interaction sets were detected significant (not 

shown) and were composed of one or more significant factors. They were disregarded at 

this level of analyses as their effects are most possibly due to contributions from 

influential main factors (Lalaurette et al. 2009). 
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2.3.1 Cell-Growth and productions in the basic medium 

C. thermocellum was grown in the basic medium to observe its growth and 

production kinetics when all nutrients were present at their original concentrations 

(combination 1). These preliminary data allowed for selecting a suitable time point from 

the growth curve for further investigation with varied concentration of nutrients. Growth 

of C. thermocellum was observed for 40 h in batch cultures without controlling pH 

(Figure II-1a). Exponential growth occurred between 5 and 30 hours post-inoculation, 

with stationary phase extending beyond 30 h.  

Ethanol and H2 synthesis were observed throughout the exponential phase and 

continued well into the stationary phase (Figure 1b). Ethanol and acetate were the major 

liquid end-products with minor amounts of formate and lactate production. The arrow in 

Figure 1a indicates the sample time-point selected (24 h post-inoculation = late-log 

phase) for the nutrient screening experiment described in following sections. The late-

log phase was chosen for the screening experiment to allow maximum production in 

high-cellulose medium by exponentially growing cells, before pH values dropped below 

6.5 (i.e. before the triggering of lactate production). 
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Figure II-1. Batch cultures of C. thermocellum ATCC 1237 in the basic medium. a) 

Growth of C. thermocellum as a function of total protein (!) concentration and 

corresponding in pH values (") at each time-point; b) Accumulation of ethanol (!), 

acetate (#), formate ($), lactate ("), H2 (%) and CO2 (&) and product gases during the 

fermentation reactions. The arrow indicates the sample time-point (24 h post-inoculation 

= late-log phase) selected for screening experiments. 
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2.3.2 Production in altered media  

The composition of the MJ medium was varied according to the sixteen 

combinations as presented in Table II-1, to observe the relative influence of seven key 

components: urea, MgCl2, CaCl2, YE, FeSO4, vitamin mixture, and a-cellulose on 

fermentation end-product synthesis by C. thermocellum. In this arrangement, 

combination-1 represents the original MJ medium with 1 g/L YE added. The major 

fermentation end-products synthesized by C. thermocellum within 24 h were ethanol, 

acetate, H2, and CO2 (Figure 2a and 2b). Final pH values never fell below 6.8 in any 

combination and thus had no effect on shifting metabolic pathways. Lactate and formate 

synthesis were detected in all combinations, but their concentrations remained 

comparatively low at the sample time-point and varied mostly between 1 and 5 mM. 

Altered levels of nutrients strongly stimulated the growth as represented by up to two-

fold increase (638.6 mg/L) in total cell-protein of C. thermocellum (Figure 2c). 

Conditions with higher total cell-protein, in general, resulted higher final concentrations 

of major fermentation end-products including ethanol and H2. Cultures with 

combination-15 produced 70.0 mM of ethanol and 71.2 mM of H2 per L of culture, 

which were 235% and 205% higher, respectively, compared with those produced by C. 

themocellum in basic medium (combination-1). 

On average, the growth of cells and total end-product concentrations were higher 

in cultures containing high levels of YE. In addition, combinations with high a-cellulose 

(50 g/L) resulted in higher total ethanol and H2 than combinations with low cellulose 

concentrations (10 g/L) when levels of YE were high. The ANOVA (Table II-2) for the  
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final biomass, ethanol and H2 concentrations (mM) confirms the enhancement of growth 

as well as volumetric yields of products as presented by above data.  

 

Table II-2. ANOVA for volumetric yields of ethanol, hydrogen and cell mass.  

Factors Ethanol model H2 model Cell-biomass model 

 

Coeff. 

Estimate 

p-value, 

Prob > F 

Coeff. 

Estimate 

p-value, 

Prob > F 

Coeff. 

Estimate 

p-value, 

Prob > F 

Urea 1.1 0.2819 0.27 0.6983 -12.39 0.0698 

MgCl2.6H2O  -2.41 0.0239 -1.29 0.0771 2.59 0.6941 

CaCl2.2H2O  3.77 0.001 0.38 0.5934 6.53 0.3254 

Yeast extract  11.4 < 0.0001 8.91 < 0.0001 65.85 < 0.0001 

Vitamins -1.36 0.1837 0.85 0.2370 -7.64 0.2518 

!-cellulose 6.6 < 0.0001 2.63 0.0011 44.89 < 0.0001 

FeSO4 .7H2O  1.38 0.1781 -1.05 0.1443 -0.72 0.9122 

R-squared  0.911 0.933 0.930 

 

Note: Numbers in bold indicate factors with high level of significance (p ! 0.01)  
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Figure II-2. Comparative production of fermentation end-products by C. thermocellum. 

a) Product gases, H2 (black) and CO2 (white); b) Organic acids, acetate (white), formate 

(light grey), lactate (black) and ethanol (grey); and c) growth of cells in terms of total 

protein, in cultures of all sixteen medium combinations after 24 hours of fermentation.  

Factor level settings for each combination are presented in Table II-1. 
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All models showed adequate fit to the data with a high R-squared values. Low p-

values (> 0.01) and positive regression coefficients confirmed that high levels of YE and 

"-cellulose enhanced production of both ethanol and H2 as well as the growth of C. 

thermocellum under carbon excess conditions. These findings are in line with previous 

studies reporting increased concentrations of fermentation end-products from cultures 

with higher amounts of cell-mass (Islam et al. 2009; Balusu et al. 2004). For enhanced 

ethanol production only, high calcium had a positive effect while magnesium showed 

minor negative impact (0.05 > p-value > 0.01) on total accumulation. None of the factors 

showed significant negative impacts on total H2 accumulation or growth. 

2.3.3 Cell-specific yields 

All combinations remained in carbon excess condition with 20-53% and 80-90% 

of substrate unused in cultures containing 10 and 50 g/L of cellulose respectively. 

Overall cellulose utilization was improved by up to 25% (49.81 mmol Gp/g cellmass) 

compared with the basic composition (Table II-3; combination 1 vs 16). Cell-specific 

yields of major fermentation end-products of C. thermocellum for all combinations are 

listed in Table II-3. Compared with the unaltered medium, specific yields were 

improved up to 36% (67.2 mmol/g-cell mass) for ethanol  (combination 14) and up to 

29% (70.43 mmol/g-cell mass) for H2 (combination 2) for H2. As expected, specific 

yields of acetate were generally in agreement with those of H2.  

Fitted models for these yields revealed that urea and YE at their high levels and 

magnesium at its low level enhanced synthesis of ethanol, acetate, and H2 (Table II-4). 

However, low a-cellulose and high vitamins specifically enhanced acetate and H2 yields, 

while high calcium was favorable for ethanol (and for all fermentation products to a 
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lower extent). These results demonstrated that subsets and levels of nutrients that were 

responsible to stimulate cellular yields of ethanol or H2 are not identical, and suggest 

that nutrient concentrations can influence the intracellular flow of electrons to reduced 

products (ethanol vs. H2). 
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Table II-3. Cell-specific yields of fermentation end-products by C. thermocellum 1237.  

Total products Ethanol (stdev) H2 (stdev) Acetate (stdev)  

Combination mmol Gp/g cell mmol/g cell 

1 32.92 (1.45) 49.54 (1.06) 54.62 (1.79) 26.09 (1.37) 

2 41.54 (2.04) 45.54 (3.74) 70.43 (0.90) 35.62 (1.03) 

3 29.20 (0.87) 34.02 (2.10) 43.01 (2.68) 22.09 (0.51) 

4 41.38 (3.40) 51.57 (4.59) 44.02 (5.81) 27.87 (2.41) 

5 36.83 (1.39) 46.71 (1.65) 37.66 (5.14) 24.87 (1.13) 

6 36.78 (1.16) 45.40 (1.84) 39.21 (0.12) 23.53 (2.14) 

7 33.70 (1.28) 39.89 (3.02) 40.05 (0.45) 26.23 (0.81) 

8 32.15 (7.54) 40.56 (3.80) 48.54 (3.24) 30.88 (0.99) 

9 40.65 (4.74) 53.16 (8.67) 49.61 (1.34) 26.24 (0.76) 

10 44.37 (1.55) 57.90 (2.25) 53.28 (5.36) 28.86 (1.14) 

11 33.11 (6.09) 38.75 (6.78) 42.83 (4.86) 25.87 (1.98) 

12 35.82 (2.48) 40.40 (4.34) 56.91 (3.42) 29.03 (0.90) 
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13 46.24 (3.30) 58.81 (7.33) 61.42 (3.34) 28.84 (0.98) 

14 48.50 (1.01) 65.94 (1.72) 55.44 (1.13) 28.79 (2.09) 

15 43.20 (1.44) 56.12 (1.85) 55.04 (1.03) 27.10 (0.08) 

16 49.81 (2.33) 60.89 (5.45) 56.30 (1.11) 29.08 (0.32) 

 

 

 

 

 

 

 

 

 

 

 



 50 

  Table II-4. ANOVA for cell-specific yields of fermentation end-products.  

Factors Total G Ethanol  H2 Acetate 

 

Coefficient 

Estimate 

p-value, 

Prob > F 

Coefficient 

Estimate 

p-value, 

Prob > F 

Coefficient 

Estimate 

p-value, 

Prob > F 

Coefficient 

Estimate 

p-value, 

Prob > F 

Urea 1.72 0.0042 1.95 0.0202 2.49 0.0004 1.65 < 0.0001 

MgCl2.6H2O  -2.28 0.0004 -3.80 0.0001 -2.18 0.0013 -0.29 0.2060 

CaCl2.2H2O  1.33 0.0215 2.72 0.0024 -1.32 0.0324 -0.15 0.5170 

Yeast extract  3.14 <0.0001 4.92 < 0.0001 3.33 < 0.0001 0.42 0.0793 

Vitamins -0.42 0.4379 -1.18 0.1402 1.16 0.0555 0.70 0.0056 

!-cellulose 0.70 0.2003 1.65 0.0449 -3.26 < 0.0001 -1.36 < 0.0001 

FeSO4 .7H2O  1.11 0.0490 1.23 0.1238 -0.98 0.0998 0.51 0.0347 

R-squared  0.863 0.890 0.938 0.911 

 Note: Numbers in bold indicate factors with high level of significance (p ! 0.01)  



 51 

2.3.4 Product ratio and O/R index 

The distribution of glucose equivalents into ethanol and H2 (mole/mole hexose), 

the ethanol to acetate (E/A) ratios, and the ethanol to H2 (E/H2) ratios are presented in 

Table II-5. It is evident from Table II-5 that the ranking of E/A and E/H2 ratios mirror 

the ranking of ethanol yields (ordered from high-to-low), while the rankings of acetate 

and H2 yields are inverse to the ranking of ethanol yields. Table II-5 also includes values 

for calculated redox (O/R) values for all combinations (Islam et al. 2009; Chauvaux et 

al. 1995). Abnormally high O/R ratios were found for some combinations from which 

high final pH values (7.18-7.37) were recorded. This indicated possible urea 

decomposition by bacteria and release of CO2 and ammonia during fermentation. 

Varied combinations of seven nutrients resulted about 2- and 1.8-fold difference 

in E/H2 and E/A ratios, respectively. ANOVA confirmed that an identical subset of four 

nutrients including YE, a-cellulose, CaCl2, and MgCl2, primarily controlled the 

distribution of electrons and carbon among ethanol and H2, and consequently altered the 

E/A ratios (Table II-6). YE, !-cellulose, CaCl2 at their high levels and MgCl2 at its low 

level were most influential to improve ethanol yields and E/A while their opposite levels 

were stimulatory for H2 yields. Additionally, high vitamin concentration was observed to 

negatively impact E/A values, and to a lesser extent ethanol yields, which is in 

agreement with the minor (p > 0.01) positive effects of vitamins on yields of H2 (Table 

II-6). This observation is also in agreement with the stimulatory effects of vitamins on 

cell-specific yields of acetate as presented in Section 3.3. 

As expected, stimulatory levels of influential nutrients for yields of ethanol and 

E/A were exactly opposite to those for yields of H2. Also, changes in yields were 
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consistent, as levels of most significant nutrients that increased ethanol yields and E/A 

ratio also decreased yields of H2. This observation supports the competing nature of 

metabolic pathways present in C. thermocellum. As both ethanol and H2 pathways flow 

from the acetyl-CoA branch-point (from whence these carbon fluxes are distributed), 

increases in molar yields of ethanol result in simultaneous decreases in molar yields of 

acetate and H2 (Islam et al. 2006; Zhang & Lynd 2005).  
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Table II-5. Yields
1
 of  ethanol, acetate and H2 and the ethanol:H2 (E/H2) and ethanol:acetate (E/A) ratios and O/R index for 

all combinations. 

Combina 

-tion 
E/A  (st dev) Ethanol  (st dev) H2  (st dev) Acetate (st dev) 

E/H2 (st dev) O/R 

14 2.30 (0.13) 1.36 (0.06) 1.06 (0.11) 0.59 (0.06) 1.30 (0.08) 1.39 

16 2.23 (0.06) 1.30 (0.02) 1.14 (0.01) 0.59 (0.01) 1.15 (0.11) 1.14 

15 2.07 (0.12) 1.30 (0.06) 1.27 (0.06) 0.63 (0.07) 1.02 (0.10) 1.20 

13 2.04 (0.10) 1.27 (0.04) 1.25 (0.07) 0.63 (0.04) 0.93 (0.09) 1.50 

9 2.02 (0.05) 1.30 (0.00) 1.26 (0.05) 0.65 (0.01) 1.04 (0.07) 1.24 

10 2.01 (0.14) 1.30 (0.08) 1.20 (0.03) 0.65 (0.07) 1.09 (0.05) 1.18 

6 1.93 (0.15) 1.23 (0.07) 1.07 (0.10) 0.64 (0.07) 1.16 (0.09) 1.16 

1 1.90 (0.02) 1.24 (0.00) 1.37 (0.01) 0.65 (0.01) 0.91 (0.04) 1.24 

5 1.88 (0.10) 1.27 (0.01) 1.02 (0.03) 0.68 (0.04) 1.25 (0.04) 1.18 

4 1.85 (0.15) 1.25 (0.09) 1.06 (0.05) 0.67 (0.07) 1.17 (0.08) 1.10 

3 1.54 (0.12) 1.16 (0.07) 1.47 (0.08) 0.76 (0.08) 0.79 (0.09) 1.34 

7 1.52 (0.06) 1.18 (0.04) 1.19 (0.04) 0.78 (0.01) 1.00 (0.08) 1.35 

11 1.48 (0.04) 1.17 (0.01) 1.30 (0.02) 0.79 (0.01) 0.90 (0.06) 1.55 

8 1.40 (0.11) 1.12 (0.05) 1.44 (0.05) 0.81 (0.07) 0.78 (0.10) 1.76 

12 1.39 (0.11) 1.13 (0.04) 1.59 (0.07) 0.81 (0.03) 0.83 (0.11) 1.85 

2 1.28 (0.07) 1.10 (0.04) 1.77 (0.04) 0.86 (0.02) 0.62 (0.04) 1.24 

1
Yields are expressed as moles of products per mole of glucose equivalent utilized.
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Table II-6. ANOVA for yields of ethanol and H2 and for the ratio of ethanol to acetate 

(E/A). 

Ethanol H2 E/A 

Factors Coefficient 

Estimate 

p-value, 

Prob > F 

Coefficient 

Estimate 

p-value, 

Prob > F 

Coefficient 

Estimate 

p-value, 

Prob > F 

Urea -0.007 0.2994 0.012 0.4218 -0.005 0.8650 

MgCl2.6H2O  -0.029 0.0003 0.051 0.0028 -0.12 0.0008 

CaCl2.2H2O  0.024 0.0016 -0.054 0.0015 0.12 0.0007 

Yeast extract 0.037 < 0.0001 -0.078 < 0.0001 0.13 0.0002 

Vitamins -0.018 0.0110 0.041 0.0124 -0.071 0.0059 

!-cellulose 0.035 < 0.0001 -0.109 < 0.0001 0.14 0.0002 

FeSO4 .7H2O  0.011 0.1193 -0.011 0.4848 0.017 0.5650 

R-squared  0.883 0.910 0.891 

Note: Numbers in bold indicate factors with high level of significance (p ! 0.01).   

 

2.3.5 Effects of nitrogen source 

Urea and YE represent different organic nitrogen sources. The enhancing effects 

of urea were confined to cell-specific yields, while the YE had strong influence on every 

aspect of fermentation. This implies a general contribution of high nitrogen on 

productivity of cells and cellulose degradation (Murray 1985). Beside nitrogen, YE also 

provides many anabolic building blocks such as amino acids, vitamins, along with trace 

elements essential growth of microorganisms (Smith et al. 1975; Vuillet et al. 1986). At 

a concentration of 4 g/L, YE was determined to be superior to other nitrogen sources: 

namely, ammonium sulphate, corn steep liquor, peptone, soybean meal, and casein 
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hydrolysate, tested for acetic acid production by Clostridium lentocellum SG6 (Ravinder 

et al. 2001). 

Sato et al. (1992) examined effects of YE (1 to 20 g/L) on fermentation products 

by three different strains of C. thermocellum (strains I-1-B, ATCC 27405, and JW20) 

after 7 days of cultivation on 1% cellulose. Maximum ethanol production by C. 

thermocellum ATCC 27405 reached about 30 mM as YE concentrations increased from 

1 to 6 g/L, with no further improvement at higher YE concentrations. C. thermocellum 

strain I-1-B produced about 87 mM ethanol at its optimum YE concentration of 14 g/L 

and strain JW20 produced less than 30 mM of ethanol. Final optical densities of cultures 

increased 2- to 3-fold with increased YE, however, end-products ratios are not 

comparable as they were measured long after exponential growth was over. In an 80 h 

batch experiment, co-cultures of C. thermocellum and a non-cellulolytic, H2-producing 

bacterium Clostridium thermopalmarium DSM 5974 were used to degrade filter paper. 

H2 production increased from 83 to 396 ml/L (3.7 to 17.0 mmol per liter) as the YE 

concentration increased form 0.56 to 4.50 g/L. Also, the extent of cellulose utilization 

and H2 production was found to increase linearly in the co-culture with a logarithmic 

increase in YE concentration (Geng et al. 2010), which aligns with our finding of 

increased cellulose utilization at high levels of YE (Section 3.3). 

Within 24 h, we observed up to 69.31 (±0.97) mM of ethanol production and the 

highest average H2 concentration of 68.06 (±3.8) mmol per liter of culture when YE 

concentration was only 2 g/L in high cellulose (50 g/L) cultures.  
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2.3.6 Effects of cellulose concentration 

Cellulose fermentation with high-solid loadings without liquefaction or 

hydrolysis has rarely been studied (Varga et al. 2004; Ohgren et al. 2006). Strong 

stimulatory effects of high level of cellulose on total accumulation of ethanol and H2 

suggests that increased solid loadings within the range applied was not limiting to the 

overall process efficiency (Table II-2). Cultures of C. thermocellum ATCC 27405 with 

excess cellulose (5 g/L) produced higher concentrations of end-products and displayed 

accelerated growth  (22% higher) compared with low-cellulose (1 g/L) cultures (Islam et 

al. 2009). The observation that low cellulose levels were beneficial for cell-specific 

yields of H2 and directed carbon flux toward acetate and H2 (Section 3.3) is not 

surprising since production rates and specific productivities were higher in low-cellulose 

cultures (Levin et al. 2006; Islam et al. 2009).  

A significant positive effect of high cellulose concentration on the E/A ratio 

(Table II-4) could be attributed to rising partial pressure of H2 in fermentation broth 

inducing shift in metabolic pathways towards ethanol production. An increased E/A 

ratio from 1.3 to 1.7 was observed when 100% N2 headspace of C. thermocellum ATCC 

27405 cultures was replaced with 100% H2 (Rydzak et al. 2011). Unstirred cultures of C. 

thermocellum YS containing 20 g/L Avicel produced a three-fold higher E/A value 

compared with those grew under vigorous shaking at 150 rpm (Chauvaux et al. 1995).  

2.3.7 Effects of metal ions and vitamins 

Calcium and magnesium showed strong influence on major metabolites of C. 

thermocellum. Many studies related the dependency of cellulosomes on divalent cations 

as demonstrated earlier.  We saw a moderate correlation (0.01> p < 0.05) between high 
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calcium and increased cellulose utilization (Table II-4), however, high calcium strongly 

favored yields of ethanol over H2. Stimulation of cellulolytic activity of C. thermocellum 

by added calcium ions was observed in a number of earlier studies (Morag et al. 1991; 

Yaron et al. 1995; Chauvaux et al. 1995; Adams et al. 2005). Addition of calcium (15 

mM) strongly enhanced the labeling pattern of CBD-Coh3 construct, meaning improved 

cohesin-dockerin interaction of the cellulosome (Yaron et al. 1995). Lamed et al. (1985) 

reported the calcium-dependent activity of purified cellulosome and crude cellulase of 

C. thermocellum, confirming similar observations by Johnson et al. (Johnson et al. 

1982). Both expressed approximately six-fold higher enzymatic activity compared to 

Ca
2+

-depleted assay conditions.  

Effects of MgCl2 was studied within a range of 0.1 to 1 g/L and concluded that 

was a significant factor to enhance ethanol concentration in C. thermocellum culture 

(Balusu et al. 2004). Strong positive influence of MgCl2 varied from 100 to 800 mg/mL 

was revealed on yields of H2 during glucose fermentation by Ethanoligenens harbinense 

B49 (Guo et al. 2009). In our experiments, high MgCl2 (2 g/L= 9.84 mM) had strong 

negative impact on both cell- and substrate specific yields of ethanol and the E/A ratio 

stimulating the substrate-specific yields of H2 production. This could be related to 

increased acetate kinase activity with rising concentration of MgCl2.6H2O , which was 

observed to peak at around 20 mM (Lin et al. 1998). 

For vitamin mix, variation within a moderate range (high to low ratio = 2) 

revealed its stimulatory role on acetate yield (Table 4) and the opposite was predicted for 

the E/A ratio. Using a formulation identical to MJ media with 2 g/L YE and 10 g/L 

cellulose, Sato et al. (1992) investigated vitamin-effect on fermentation product ratios of 
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C. thermocellum I-1-B. A 10-fold more vitamins did not have any influence on the 

ethanol production or E/A ratio. Sample collection long after log-growth could be 

responsible for that. 

2.3.8 Comparative yields of ethanol 

Table II-7 presents a comparison of ethanol yields and E/A ratios reported 

previously with current study when direct cellulose conversion by C. thermocellum was 

considered. Ethanol yield for the strain SS19 was obtained from an optimized medium 

with 8 g/L of corn steep liquor, 10 mg/L FeSO4.7H2O and 2 g/L of MgCl2.6H2O. For 

strains SS21 and SS22, molar yields obtained from reported values of gram ethanol 

produced per gram substrate (1st yield-column) were found substantially lower than 

yields calculated using total end-products (ethanol and acetate) as reported (2nd yield-

column), which represented 70-86% of hexose utilized. When the only major competing 

pathway is the production of acetate plus H2, the molar E/A ratio should increase as 

yields of ethanol increase. However, E/A values would not reflect yields when lactate 

becomes a major end product of C. thermocellum while fermentation is continued in 

stationary phase (until day 5 or 8). 

Ethanol plants in Lloydminster, Saskatchewan and Minnedosa, Manitoba 

(Canada) produce 260 million liters of ethanol from over 700,000 tonnes of grain 

composed of corn and wheat. On the basis of starch content in corn (70% to 72%) 

(Huskeyenergy.com) and wheat (65% to 71% ) (Bothast & Schlicher 2005), estimated 

yield for these full-scale plants is about 0.42 gram ethanol per gram of starch (1.47 mole 

ethanol /mole hexose) and the rest is primarily biomass and glycerol. A recombinant 

strain of Saccharomyces cerevisiae co-displaying amylolytic enzymes on the cell surface 



 59 

was reported to produce 0.44 gram of ethanol per gram sugar (1.55 mole ethanol/mole 

hexose) from direct fermentation of corn starch (Shigechi et al. 2004). The highest 

ethanol yield of 1.36 moles ethanol/mole glucose-equivalent was obtained from 

combination-14 (2.80 grams of ethanol from 7.18 grams of cellulose utilized). Based on 

a theoretical yield of 1.99 mol ethanol/mol glucose, this semi-optimized ethanol 

production via direct cellulose fermentation is approx. 68% (1.36/1.99) of the theoretical 

maximum yield.  

2.3.9 Yields of hydrogen  

Only a limited number of studies involved direct cellulose fermentation for 

hydrogen production and yields of H2 ranged between 1.27 and 1.65 mol/mol hexose 

under substrate excess conditions (Table II-8). In the current study, the yield was 

improved upto 1.77 mol H2/mol hexose by varied composition of nutrients, which was 

29% higher than that obtained from the unaltered composition. This was a significant 

improvement since substrate specific yields generally drops with increase in substrate 

concentrations and production rates (Levin et al. 2006; Islam et al. 2009; Geng et al. 

2010). 
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Table II-7. Comparative ethanol yields by different C. thermocellum strains after direct fermentation of cellulosic substrates 

under substrate excess conditions. 

 

Ethanol yield 

 

E/A ratio 

 

C. thermocellum 

Strain 

 

Substrate (g/L) 

 

Duration of 

fermentation 

(Day) 

 

Ethanol 

(g/L) *mol/mol 

glucose utilized 

**mol/mol 

(E+A) 

(mole basis) 

 

Reference 

SS19 Filter paper (50) 5 13.66 1.43 1.55 3.46 
(Balusu et al. 

2005) 

SS21 

 

Filter paper (10) 

(50) 

5 

8 

3.49 

14.34 

1.27 

1.13 

1.48 

1.42 

2.83 

2.42 

SS22 

 

Filter paper (10) 

(50) 

5 

8 

3.13 

13.34 

1.13 

1.02 

1.52 

1.45 

3.14  

2.61 

 

(Sudha Rani et 

al. 1998) 

LQRI MN300 (8) 

Solka floc (10) 

5 

5 

1.44 

1.42 

1.05 

1.00 

1.16 

1.06 

1.39 

1.13 

 

(Ng et al. 1981) 

1237 a-cellulose (10) 

(50) 

1 

1 

2.80 

3.20 

1.36 

1.30 

1.39 

1.38 

2.30 

2.23 

 

This study 

*Moles of ethanol produced per mole of substrate consumed were calculated from reported values of grams of ethanol 

produced per gram substrate. Mole of substrate was obtained by dividing grams of substrate with162 (molar weight of 

cellulose). 

**Moles of ethanol produced per mole of total glucose equivalent in end-products (ethanol and acetate) reported, assuming 

ethanol and acetate were the sole soluble end-products.
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Table II-8. Comparative hydrogen yields by C. thermocellum strains during direct 

fermentation of cellulosic substrates under substrate excess conditions. 

 

Microorganisms 

 

Substrate 

(g/L) 

Mode of 

operation 

Yield 

(mol/mol 

glucose) 

Reference 

C. thermocellum 

ATCC 27405 

Pretreated corn 

stover (2.5) 

Batch 1.67 Lalaurette et al. 

(2009) 

,, Distiller’s 

grain (5) 

Batch 1.27 Magnusson et al. 

(2008) 

,, Delignified 

wood fibers 

Batch 1.6 Levin et al. 

(2006) 

,, a-cellulose (5) Batch 1.36 Islam et al. (2009) 

,, a-cellulose (4) Continuous 1.29 Magnusson et al. 

(2009) 

C. thermocellum 

DSM 1237 

a-cellulose 

(10) 

Batch 1.76  This study 

 

2.4 CONCLUSIONS 

This study efficiently identified significant medium nutrients applying 

experimental design. Among seven nutrients examined, YE, !-cellulose, CaCl2, MgCl2 

were identified as most influential on cellulose fermentation by Clostridium 

thermocellum DSM 1237 and first two at their high levels stimulated cell growth and 
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concentrations of both ethanol and H2. All four nutrients at their opposite levels 

enhanced either ethanol or H2 yields by C. thermocellum suggesting shifts in carbon and 

electron flux. High ethanol yields and E/A ratios were obtained when YE, !-cellulose 

and CaCl2 were present at their high levels, with magnesium at its low level setting, 

however, acetate and H2 yields were negatively impacted by these conditions.   

Influential components determined in this study are being considered for further 

improvement in nutrient compositions. A common approach for optimization is to apply 

response surface methodology (RSM), which involves construction and fitting of a 

quadratic or cubic model to each response of interest. 



CHAPTER III 

OPTIMIZATION OF DIRECT CELLULOSE FERMENTATION FOR 

ETHANOL AND HYDROGEN PRODUCTION BY Clostridium thermocellum 

DSM 1237 

This chapter is based on the following publication: 

Islam R., Ozmihci S., Cicek N., Sparling R., and Levin D.B. 2011. Optimization of 

nutrient composition for hydrogen production from direct fermentation of cellulose by 

Clostridium thermocellum. World Hydrogen Energy Conference 2012, Toronto, Ontario, 

June 3-7. (Oral presentation).  

A manuscript is in preparation to be submitted to the ''Biofuels for Biotechnology'' 

Journal. 

3.1 INTRODUCTION 

Culture suspensions with high solids allow enhanced process efficiency by 

reducing water separation cost, increasing product concentration and lowering energy 

input. Fermentation of lignocelluloses under high loading conditions was attempted 

featuring simultaneous saccharification and fermentation (SSF) processes (Varga et al. 

2004; Ohgren et al. 2006; Um 2007). Consolidated bioprocessing (CBP) is able to 

outcompete SSF as it offers the most economic route to produce fuels and chemicals by 

direct bioconversion of cellulosic biomass (Lynd et al. 2005). However, current low 

product concentration by CBP microorganisms impose major bottlenecks to 

commercialize cellulosic ethanol or H2. Optimized culture conditions can potentially 

enhance the feasibility of large-scale biofuels synthesis from direct cellulose 
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fermentation and very limited work to date involved direct bioconversion of high-solid 

feedstock (Balusu et al. 2005) demanding more research attention in this field.  

In the preceding chapter, screening experiments were performed considering 

seven nutrients used in the growth medium of C. thermocellum 1237 during cellulose 

fermentation and four nutritional components, yeast extract, magnesium, calcium and 

cellulose, were identified as most influential components. Initially, a full-factorial design 

with  centre-points was carried out with these four factors and first order interaction 

models were developed for final ethanol and H2 concentrations after 18 hours of 

incubation. Results and data analysis are included in Appendix-I. Both models consisted 

of highly significant interaction terms, which is most possibly due to the requirement of 

quadratic terms. ANOVA for a fitted H2 model revealed negative impacts of  calcium on 

H2 concentration. Although lac-of-fit were significant for the ethanol model, calcium 

showed high negative effect. Experimental values were obtained along a steepest accent 

path constructed based on the hydrogen model and concentration of H2 improved 

significantly (~ 70%). This was in agreement with the model prediction since the 

concentration of calcium gradually decreased along this path from the centre-value (225 

mg/L) approaching the original level (150 mg/L) of MJ medium.  Based on this 

observation, it was concluded that calcium concentration in the basic medium is close to 

the optimul level. Thus a new design was constructed with three remaining factors 

(detailed in following sections) while level of calcium was fixed at its original level. 

 

In the current study, individual and joint effects of these influential components 

were investigated with the aid of a Central Composite Face-centered (CCF) design and 
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Response Surface Methodology (RSM). To improve the one-step conversion of cellulose 

into ethanol and hydrogen, optimum compositions were obtained based on rates and 

yields models developed with RSM .  

3.2 MATERIAL AND METHODS 

3.2.1 Microorganism and growth medium 

Clostridium thermocellum DSM 1237 obtained from the German Collection of 

Microorganisms and Cell Cultures (DSMZ) was used throughout this study. Culture 

maintainance, inocula and the basic medium preparation were performed according to 

the procedures described in Chapter II, Section 2.1.  

3.2.2 Experimental set-up 

For all experiments, serum bottles (160 mL) with 20 mL working volume were 

used in batch anaerobic fermentation at 60 
o
C. Starting pH values ranged between 7.35-

7.45 and a shaking rate of 100 rpm was maintained in a water bath (The Thermo 

Scientific Shaking Water Bath -SWB25). The working-volume and shaking rate were 

selected based on trials preformed with 10 to 40 ml of work-volume and 50 to 200 rpm 

so that cellulose particles do not settle at the bottom or splash out from medium during 

the agitation. From an exponential phase culture grown on the unaltered composition, 

inocula (5%) were added to each experiment unit and incubated at 60 
o
C for 20 hours. 

3.2.3 Experimental design and optimization 

 Three components of the nutrient medium, magnesium chloride, yeast extract 

and cellulose were studied with a central composite face centered (CCF) design (Myers 

et al. 2009). These components and their levels were selected based on a screening 
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experiments previously conducted on seven medium components. Coded factor levels 

representing the high (1), the low (-1), and the center-point (0) are specified in the 

experimental design (Table III-1).   

Table III-1. Actual values and coded levels of factors considered for CCF design. 

Factors Actual values 

Coded levels 

Unit 

Low (-1) Centre (0) High (1) 

A: !-Cellulose g/L 10 30 50 

B: Yeast Extract     (YE) g/L 1 1.5 2 

C: MgCl2.6H2O g/L 1 1.5 2 

 

Coding of factors were obtained by using equation (1): 

 , i = 1, 2, 3     (1) 

where Xi is the dimensionless value of the i-th independent variable, xi is the 

corresponding natural value of that variable, xi0 is the natural value of that variable at the 

center of the design region and !xi is the increment of xi  - i.e. 1 unit of Xi.  

 

To define the relationship among the responses of interest and the independent or 

explanatory variables, a polynomial model with interactions and quadratic terms was 

applied, as expressed in equation (2): 

      (2) 

where Y is the response measured and !  represent regression coefficients of main 
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effects, squared effects, interactions between main effects, and e is the random error 

term. Based on relative significance (p-values) estimated for each model terms, stepwise 

elimination was performed to improve the model-R
2
 until no further improvement could 

be achieved. Models obtained for each response were optimized for maximum values 

applying the optimization toolbox of Design Expert software version 8.0.1 (Stat-Ease, 

Inc. Minneapolis, USA) and corresponding values of predictor variables were taken as 

optimum conditions. All design points were executed as independent biological 

triplicates and the mean values of responses were considered for analysis of variance 

(ANOVA).  

3.2.4 Optimization with Desirability  

 The desirability function is applied to combine multiple responses into a single 

response to obtain the best possible trade-off  (Wang and Wan 2009). In this method, 

each estimated response (yi) is transformed to a desirability function (di) as shown in 

equation (4) below, where 0 ! di ! 1: 

     di = 0,     if    

or     ,  if    

 

 or     di = 1,  if    (4) 

where ymin is the minimum acceptable value of the response yi, ymax is the maximum 

value and w is a weight factor. Through the desirability approach, individual desirability 

of multiple responses is combined using the geometric mean (equation (5)) to formulate 

! 

yi " ymin

! 

di = (
yi " ymin
ymax " ymin

# 
$ 
% 

)
w

! 

y
min

< yi < y
max

! 

yi " ymax
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the overall desirability (D) as follows:  

          (5) 

where k denotes the number of responses being optimized. The Design-Expert software 

follows the numerical optimization routine and the overall desirability value is closer to 

unity the better all goals are met. Generally, the maximum value of response is stretched 

beyond the highest response observed. 

3.2.5 Quantification of end-products and growth 

Product gas (H2 and CO2) concentrations were measured using a gas 

chromatograph (SRI Instruments, Model 8610C) with corrections for dissolved product 

gases as detailed in Islam et al. (2009). Procedures for organic acids (lactate, acetate, and 

formate) and ethanol quantification were detailed in Chapter II, Section 2.4.. Total 

cellular protein were quantified through the Bradford (1976) assay after processing and 

extraction as described previously (Islam et al. 2009).  

3.2.6 Product yield estimation 

Substrate specific yields (mol/mol glucose) were obtained by deviding the total 

H2 or ethanol  produced by the total glucose-equivalents (Gp) converted into final end-

products of fermentation. Total moles of Gp in end-products was calculated based on the 

following relationship:  

Gp (moles) = moles of (lactate + acetate + ethanol)/2   (3) 

Cell-specific yields were estimated based on cumulative moles of ethanol or H2 

generated for each combination with respect to total cell dry-weight measured.  

 

! 

D = (d
1
" d

2
" ..." d

k
)
1/ k
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3.3 RESULTS AND DISCUSSION 

3.3.1 Experimental design with three factors 

Combinatorial effects of three nutrients, magnesium chloride, yeast extract, and 

cellulose, on concentration and yields of ethanol and hydrogen production were studied 

with a central composite face centered (CCF) design (Table III-2) to develop efficient 

and economic medium compositions that allow high concentration of products with 

moderate yields during direct fermentation of cellulose. Soluble (acetate, ethanol, lactate 

and formate) end-products of cellulose fermentation by C. thermocellum 1237 are 

presented in Table III-3.  

Other fermentation end-products and cell-specific yields for ethanol and H2 

obtained for the CCF design are presented in Table III-3. A common trend observed for 

both reduced end-products was an inverse relationship of yields to cellulose levels in 

cultures. Magnesium further enhanced yield values however, carried more weight 

toward ethanol compared with H2. 
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Table III-2. Design matrix of the 2
3
 full-factorial central composite face-centered (CCF) 

design with actual factor levels and production of H2 and ethanol. 

Ethanol H2 

A: 

cellulose 

B: 

yeast 

extract 

C: 

MgCl2. 

H20 Run 

 g/l 

mmol/L mol/mol 

glucose 

mmol/L mol/mol 

glucose 

1 10 1 1 12.8 0.91 15.81 1.41 

2 50 1 1 7.9 0.94 9.60 1.37 

3 10 2 1 11.71 0.95 17.71 1.34 

4 50 2 1 9.86 0.95 13.83 1.22 

5 10 1 2 35.21 1.27 31.82 1.25 

6 50 1 2 24.92 1.21 21.40 1.23 

7 10 2 2 50.4 1.35 41.32 1.11 

8 50 2 2 45.17 1.22 38.68 1.13 

9 10 1.5 1.5 35.6 1.17 41.14 1.35 

10 50 1.5 1.5 32.74 1.15 38.06 1.28 

11 30 1 1.5 26.9 1.28 34.84 1.34 

12 30 2 1.5 39.8 1.16 47.03 1.23 

13 30 1.5 1 17.1 1.05 16.81 1.27 

14 30 1.5 2 45.3 1.24 40.10 1.16 

30 1.5 1.5 37.06 1.19 40.22 1.34 

30 1.5 1.5 40.82 1.19 37.76 1.33 

15-20 

Centre 

points 30 1.5 1.5 41.9 1.21 42.80 1.36 
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Table III-3. Fermentation end-products and cell biomass of C. thermocellum 1237 

obtained for the CCF design. 

Cell-specific yields 

Acetate Ethanol Formate Lactate Ethanol H2 

 

Run 

no. milimoles/l mmol/(g protein) 

1 10.65 10.6 1.89 3.86 72.07 89.13 

2 6.98 7.9 2.33 1.96 48.35 59.42 

3 10.94 11.71 3.16 3.79 64.41 98.46 

4 9.10 9.86 3.93 2.36 44.14 68.67 

5 18.30 35.21 3.36 3.91 130.17 117.71 

6 13.84 24.92 3.36 2.56 86.08 73.96 

7 22.22 50.40 5.35 1.96 148.85 118.78 

8 24.10 45.17 5.68 4.95 89.94 86.50 

9 21.04 35.60 3.19 3.98 87.71 102.96 

10 22.65 32.74 1.97 1.47 88.56 113.74 

11 13.37 26.90 3.04 2.80 95.87 124.02 

12 25.43 39.80 2.00 3.34 67.43 79.92 

13 11.16 17.10 3.44 4.30 58.62 72.68 

14 24.34 45.30 6.44 3.39 95.29 84.37 

27.81 37.06 6.32 5.54 97.40 105.65 

22.49 40.82 5.18 2.62 99.44 96.71 

21.94 41.90 5.27 1.95 99.22 102.87 

29.85 40.33 6.39 2.32 96.53 99.59 

 

15-20 

Centre 

points 

 22.72 38.71 5.82 3.97 99.08 107.68 

3.3.2 H2 concentration model 

Table III-4 summarizes quality of fits of various model options for volumetric 

production (mmol/L culture) of H2 with lack-of-fit and R-squared values for each model. 
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Based on highest R-squared value and p-value, the quadratic polynomial model was 

considered for further analysis. 

Table III-4.  Statistical summary of various model options for concentration of H2. 

Source 

Sequential 

p-value 

Lack of Fit 

p-value 

Adjusted 

R-Squared 

Predicted 

R-Squared 

 

Linear 0.0240 < 0.0001 0.331 -0.025 

2FI 0.8281 < 0.0001 0.229 -2.775 

Quadratic < 0.0001 0.1640 0.975 0.851 

Cubic 0.1699 0.2215 0.984 -0.759 

  

The selected models were subjected to the stepwise process of model 

construction maintaining appropriate hierarchy of terms. ANOVA were performed along 

with diagnosis of the fit-quality. The fitted models were then applied to obtain optimum 

combinations of predictor variables. ANOVA indicated a good fit (p < 0.0001) of the 

reduced quadratic model selected with a high F-value of 67.04 and an insignificant p-

value for the lack-of-fit (Table III-5). Highly significant main effects and interactions 

were evidenced by ANOVA. Significant contribution from second order terms indicates 

influence of quadratic effects of cellulose and magnesium. Strong stimulatory influence 

of magnesium and yeast extract was reflected by this model while high cellulose 

concentrations exerted a relatively minor negative effect. Negative coefficients of 

quadratic terms indicate the presence of a unique maximum zone close by. 
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Table III-5. ANOVA for a reduced quadratic model for concentration of H2. 

Source Co-efficient F -value p-value (Prob > F) 

Model 41.03 67.04 < 0.0001 

A-cellulose -2.64 13.94 0.0047 

B-yeast extract 4.48 40.17 0.0001 

C-MgCl2 9.96 198.34 < 0.0001 

AB 1.22 2.39 0.1566 

BC 2.61 10.85 0.0093 

A^2 -2.93 5.18 0.0489 

C^2 -14.03 119.02 < 0.0001 

Lack of Fit 0.72 0.688 

R
2 

=0.987, R
2 
(predicted) = 0.931, R

2 
(adjusted) = 0.94; CV= 5.36 %; Adequate 

precision = 29.15 

 

Figure III-1 illustrates the quality of fitness and adequacy of the regression 

model for H2 concentration to navigate the design space. Here, the predicted vs. actual 

plot (1A) showed a good agreement between predicted and actual values of response. 

The residual vs. predicted plot (1B) was used to check for constant variation and zero 

mean of errors. The plot displayed no systematic trend of residuals but a fairly well-

scattered pattern around the horizontal axis.  

3.3.3 Interactive effects of nutrients on H2 concentration 

Contour plots were generated from 2-factor interactions when the third factor 

was held at a constant level (Figure III-2). For factors involved in interaction, the 
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response improves unequally for the change in levels of one factor with respect to the 

change in levels of another factor.  Connecting equal elevation of the surface or identical 

response values creates individual contour lines. 

Figure III-1. Diagnostic plots for the H2-concentration model: (A) Correlation between 

measured and predicted response and (B) scatterings of residuals against predicted 

values of response. 

The H2 concentration model (Table III-5) indicated high positive effects of 

cellulose and YE interaction (AB), which is supported by the corresponding contour plot 

(Figure 2A), where the magnesium concentration was held constant. Plot 2B shows that 

high YE produced better response only with elevated magnesium levels in culture 

depicting a strong interactive effect of these two factors on hydrogen accumulation. The 

cellulose concentration was non-interactive with magnesium added to the medium and 

therefore the corresponding term (AC) was excluded to improve the model.  

!" #"
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Figure III-2. Contour plots of factor interactions:  (A) Interaction between cellulose and 

YE when MgCl2 level was constant at 1.5 g/L, (B) Interaction between MgCl2 and YE 

when cellulose level was constant, at 30 g/L. 

B 

A 
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As the final model was subjected to the numerical optimization routine, a 

combination of 25.2, 2.00 and 1.72 g/L of cellulose, MgCl2, and YE, respectively was 

predicted by the model for a maximum hydrogen concentration of 47.55 mmol of H2 per 

liter of culture. 

3.3.4 Hydrogen yield model 

A reduced quadratic model was found to show the best fit for substrate specific 

yields of hydrogen. ANOVA (Table III-6) presents significance of model terms and 

quality of fit to the experimental data. 

Table III-6. Reduced Quadratic Model for molar yields of H2. 

Source Co-efficient F-value p-value (Prob > F) 

Model 1.318 25.01 < 0.0001 

A-cellulose -0.023 5.68 0.0364 

B-yeast extract -0.058 36.50 < 0.0001 

C-MgCl2 -0.074 58.96 < 0.0001 

AC 0.020 3.36 0.0940 

C^2 -0.068 20.55 0.0009 

Lack of Fit  7.62 0.1214 

R
2 

= 0.92, Adj. R
2 
= 0.88, Pred. R

2 
= 0.85; Adequate Precision: 17.1 

 

High magnesium and cellulose were detected to have suppressing effect on 

hydrogen yield and no interaction was identified as significant model term. Figure III-3 

depicts a contour plot of magnesium-cellulose interaction along with the predicted 



 77 

optimum yield. The model predicted an optimum yield of 1.43 mmol/hexose when 

medium contains 10 g/L cellulose, 1 g/L yeast extract, and 1.16 g/L MgCl2. 

 

 

Figure III-3. The contour plot of interaction between cellulose and MgCl2. The level of 

yeast extract was held constant at 1.8 g/L. 

3.3.5 Cell-specific hydrogen yield model 

Negative impact of high cellulose concentration was the most prominent main 

effect on the cell-specific yields of H2 while enhancing effect of magnesium added two 

other most contributing terms to the model (Table III-7). All 2-factor interactions were 

found insignificant for this model. 
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Table III-7. Model coefficients and fit-quality for the cell-specific yields of H2. 

Source Co-efficient F-value p-value Prob > F 

Intercept 99.71 25.01 < 0.0001 

A-cellulose -17.15 5.68 < 0.0001 

B-yeast extract 0.037 36.50 0.8838 

C-MgCl2 11.63 58.96 < 0.0007 

B^2 6.62 3.36 0.1734 

C^2 -19.82 20.55 0.0011 

Lack of Fit  7.62 0.1214 

R
2 
= 0.89, Adj. R

2 
= 0.84, Pred. R

2 
= 0.72 

 

Model diagnostic plots (Figure III-4A and B) represent a good correlation between 

experimental data and model predictions. The model predicted optimum yield was 125.2 

mmol/g protein, when the medium contains 10 g/L cellulose, 2 g/L yeast extract and 

1.59 g/L MgCl2. 
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Figure III-4. Diagnostic plots for the cell-specific-H2-yield model: (A) Correlation 

between measured and predicted response and (B) scatterings of residuals against 

predicted values of response. 

3.3.6 A balanced optimum  

A trade-off exists between product yield, favored by low substrate concentration, 

and product concentration, favored by high substrate concentrations. To obtain a suitable 

combination of yields and rates, the desirability function was applied to H2 models for 

!"

!"
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these responses.  Constraints were given so that volumetric H2 production is maximized 

keeping the molar yields and cell-specific productivities within acceptable ranges. An 

overall optimum condition was predicted by applying the overall desirability function to 

maximize volumetric production. The range of yields restricted between 1.2 and 1.4 

mmol/hexose and cell-productivity ranged within 100 and 125 mmol/g protein. The 

solution produced by desirability function was 48.84 mmol H2/L with 1.39 mmol H2/mol 

glucose and 111.41 mmol/g protein when cultures contained 25.15 g/L cellulose, 2 g/L 

YE, and 1.75 g/L MgCl2.6H2O.  

3.3.7 Ethanol concentration model 

Table III-8 presents a comparison among various models generated for ethanol 

concentration in C. thermocellum cultures. The quadratic model was chosen for further 

analysis since it provided with the best quality of fit. ANOVA indicated high 

significance for this model (Table III-8) with non-significant lack of fit and high R
2 

values. Two out of three interaction terms and all quadratic terms were detected to be 

significantly contributing to the model. 

Table III-8. Statistical summary of various models for ethanol concentration.  

Sequential Lack of Fit Adjusted Predicted Source 

p-value p-value R-Squared R-Squared 

Linear 0.0002 0.0007 0.6476 0.4562 

2FI 0.4823 0.0006 0.6387 -0.7238 

Quadratic < 0.0001 0.4011 0.9811 0.9584 

Cubic 0.7398 0.12 0.9763 -2.7959 
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Diagnostic plots generated for ethanol concentration model (Figure III-5A and 

B) presents good agreement between actual and predicted values of response.  In the 

normal plot of residual, alignment of data points with the straight line indicates that the 

assumption of normality of random errors was appropriate. ANOVA for the resultant 

concentration model is shown in Table III-9. 

Table III-9. ANOVA for a reduced quadratic model developed for ethanol 

concentration.  

Source Co-efficient F-value p-value,  

Prob > F 

Intercept 38.86 110.39 < 0.0001 

  A-cellulose -2.31 15.86 0.0026 

  B-yeast extract 4.97 73.51 < 0.0001 

  C-MgCl2 14.38 616.36 < 0.0001 

  AB 0.93 2.06 0.1821 

  AC -1.38 4.53 0.0592 

  BC 4.25 43.13 < 0.0001 

  A^2 -3.64 10.87 0.0081 

  B^2 -4.44 16.17 0.0024 

  C^2 -6.59 35.61 0.0001 

Lack of Fit  1.27 0.4011 

R
2 
= 0.99, R

2 
(predicted) = 0.96, CV= 5.8 %; Adequate precision = 33.44 

 



 82 

 
(A) 

 

 
(B) 

Figure III-5. Diagnostic plots of ethanol concentration model: A) the predicted vs. 

actual plot displays the accuracy of model prediction; B) a normal probability plot of 

residuals depicts a normal distribution of error terms. 

Figure III-6 (A and B) show the contours and surface plots for the ethanol 

concentration model. This model was subjected to numerical optimization procedure 

which predicted an optimum combination of 22.41 g/L cellulose, 2 g/L YE, and 2 g/L 

magnesium chloride to result 51.95 mM ethanol.  
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    (A) 

 

    (B) 

Figure III-6. Contour plots for ethanol concentration model:  A) Joint effect of cellulose 

and yeast extract on ethanol production while magnesium chloride level was held 

constant, B) Joint effect of magnesium chloride and yeast extract while cellulose level 

was held constant.  
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3.3.8 Molar yield model for ethanol 

Table III-10 presents the ANOVA for a quadratic model developed on the basis 

of molar yields of ethanol obtained for the CCF design (Table III-2). Listed model 

coefficients define the relationship of each predictor variable with the response. Only 

magnesium as a main effect (C) displayed a stimulatory effect on ethanol yields. On the 

contrary, the joint influence of magnesium-cellulose (AC) showed a relatively low 

negative impact.  

Table III-10. ANOVA for a reduced quadratic model developed for ethanol yield.  

Source Co-efficient F-Value p-value Prob > F 

Intercept 1.21 36.41 < 0.0001 

C-MgCl2 0.16 135.88 < 0.0001 

AC -0.036 5.43 0.0353 

BC 0.023 2.22 0.1586 

A^2 -0.059 5.84 0.0299 

C^2 -0.076 9.76 0.0075 

Lack of Fit  4.99 0.05 

R
2 
=0.93, R

2 
(adjusted) = 0.90, R

2 
(predicted) = 0.83, CV= 3.8 % 

 

3.3.9 Cell-specific yield of ethanol 

No model was found with an adequate fit for specific yields of ethanol. However, 

a few 2-factor interactions were visible once data were analyzed manually (Figure III-7). 

Among the four plots of interactions, plot-7B displayed the cellulose-magnesium 

interaction while YE level was kept constant at 2 g/L. In this plot, elevation in ethanol 
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concentration due to high magnesium is not parallel to the line for low magnesium 

showing a comparatively larger impact of magnesium at low cellulose concentration 

compared with high cellulose concentration. All other interactions showed marginal 

effects on ethanol yields.   

 

 

 

Figure III-7. Interaction plots for cell-specific yields of ethanol: A) cellulose-Mg 

interactions while YE was constant at 1 g/L, B) cellulose-Mg interactions while YE was 
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constant at 2 g/L, C) cellulose-YE interactions while Mg was constant at 1 g/L and D) 

cellulose-YE interactions while Mg was constant at 2 g/L. 

3.3.10 Verification of model predictions 

Predicted optimum compositions for both H2 and ethanol were experimentally 

verified along with the reference condition that produced similar or better results than 

predictions (Table III-11). These two individually obtained optima displayed very 

similar performance except concentration of  H2. This is not surprising since there is 

only minor difference between these two compositions and both were designed to 

maximize concentration which is governed by a common factor, cell-growth. 

Table III-11. Comparative productions of H2 (OptH) and ethanol (OptE) from optimum 

and reference compositions. Rates and yields were calculated for first 20 hours of 

fermentation period. 

Medium  Product concentration 

(mmol/L) 

Specific rates 

(mmol/g protein.h) 

Yields 

(mol/mol hexose) 

 H2 Ethanol H2 Ethanol H2 Ethanol 

OptH 56.33±4.7 44.58±4.6 20.18±2.4 9.94±0.8 1.51±0.18 1.12±0.09 

OptE 47.39±1.8 49.79±2.7 18.09±0.4 12.32±0.9 1.47±0.09 1.18±0.05 

Reference 19.44±2.9 11.84±1.7 14.12±1.4 8.53±0.6 1.41±0.07 1.11±0.06 

 

A common characteristic of fermentative hydrogen production is that with the 

rise in substrate concentration, the rate of end-product formation usually increases, but is 

accompanied by decreasing molar yields. This phenomenon was demonstrated for both 

soluble and insoluble carbon sources (Islam et al. 2006; Islam et al. 2009). Compared 
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with a previously observed yield of 1.28 mol H2/mol glucose with 5 g/L cellulose (Islam 

et al. 2009), the optimum composition resulted substantially higher molar yields with 

more than 5-fold initial cellulose concentration.  

Experimental trials with the composition for optimum ethanol resulted about 4-

fold more ethanol concentrations and 1.4 fold higher specific rates than those obtained 

from the reference medium. Interestingly, this composition also resulted similar rates 

and yields of H2 as obtained from the composition developed to optimize H2 production. 

3.3.11 Acetyl-CoA branch point 

Ethanol and acetate (accompanying H2 release) production pathways of C. 

thermocellum originate from the same acetyl-coA branch point, and rise in H2 partial 

pressure (> 50 kPa) directs metabolism from acetate plus hydrogen toward other reduced 

end-products such as ethanol (D. B. Levin et al. 2004). Metabolic shifts were observed 

due to change in operational parameters, such as shaking vs. non-shaking conditions or 

in co-cultures through interspecies H2 transfer (Weimer & Zeikus 1977). Low agitation 

(25 strokes/min) resulted in degradation of 20% more cellulose and produced ethanol 

preferentially to hydrogen, compared with higher shaking rates (75 or 200 strokes/min) 

or non-shaking mode (Freier et al. 1988).   

We intended to formulate nutrient compositions that support concentration 

and/or yields of either H2 or ethanol production. For the models we developed, 

magnesium was identified as a common factor that preferably improved both 

concentration and yields of ethanol production. On the contrary, only the concentration 

of H2 increased under high magnesium while yields decreased. This implies that under 

high magnesium condition, the flow of carbon toward acetyl-coA was increased and 
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comparative distribution from this branch-point favored ethanol over the acetate-H2 

pathway. In addition, cell specific yields of both H2 and ethanol were enhanced by 

magnesium. YE, a source of complex nitrogen (amino acids and nucleotides) and many 

micronutrients was also determined to be equally responsible for the reduced molar yield 

of H2 (Table III-6). 

3.3.12 Effects of nutrients 

During model development, we have identified a few 2-factor interaction terms 

with significant contributions to models providing deeper insights into the direct 

celluloce fermentation by C. thermocellum. The interactive effects of magnesium-YE 

showed large positive influence on ethanol concentration in C. thermocellum culture as 

depicted by corresponding model term (Table III-8). This is possibly due to an 

interdependent growth stimulation effect induced by these two nutrients, which can be 

inferred from the cell biomass data (Table III-3). The only report on multifactor 

optimization of biofuels production from direct cellulose fermentation considered five 

medium nutrients (Balusu et al. 2005), filter paper (10–50 g/L), corn steep liquor (2–10 

g/L), cysteine HCl (0.1–0.5 g/L), FeSO4.7H2O (0.01–0.05 g/L), and MgCl2.6H2O (0.5–

2.5 g/L) for ethanol production by C. thermocellum SS19. They concluded that two main 

factors, cysteine and magnesium including all of the 2-factor interactions are 

insignificant. Level-settings of the experimental design is crucial as main and interactive 

effects could be highly dependent on ranges applied for each factor. For example, if 

levels of one nutrient are set at excessively high or low values, it can diminish or 

amplify the effect of others. 
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Stimulatory effect of Mg observed in the present study is not surprising as it is an 

essential macronutrient for carbohydrate metabolism and synthesis of proteins, lipids 

and nucleic acids.  In addition, Mg is the most abundant divalent cation in living cells, 

which plays the role of co-factors for many enzymes involved in glycolysis. A number 

of previous studies reported positive effects of elevated magnesium (Dombek & Ingram, 

1986; Guo et al., 2009; Thanonkeo et al. 2007) and YE (Geng et al. 2010; Ravinder et al. 

2001; Sato et al., 1992) concentrations on hydrogen or ethanol production.  It was 

reported that YEPD medium supplemented with 0.5 mM magnesium exhibited 40% 

higher rate of fermentation than the control (Dombek & Ingram 1986). Ethanol 

fermentation under heat and ethanol stress by Zymomonas mobilis showed dramatic 

improvement after 10-20 mM magnesium was added (Thanonkeo et al. 2007). However, 

excessive high concentration (125 mM MgCl2) was found to be totally inhibitory to the 

growth of C. thermocellum JW20 (Freier et al. 1988). In the present study, Magnesium 

ions concentration examined by the CCF design, ranged between 4.9 and 9.8 mM, which 

were much less to induce any growth inhibition. Beside a small amount of magnesium, 

YE also brings other metal ions such as iron, copper, zinc (Grant & Pramer 1962). With 

varied concentrations of YE, availability of these cations also varied in the medium and 

might have collectively influenced enzyme activities and/or growth of cells. 

3.4 CONCLUSIONS 

Experimental design combined with RSM was successfully applied to develop 

optimum nutrient compositions for direct conversion of cellulose by C. thermocellum 

1237 into ethanol and hydrogen. Compared with the reference composition, significant 

improvement in ethanol (3.8-fold) and H2 (2.9-fold) concentration was achieved. Cell-
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productivity also increased by 1.43-fold for H2 and 1.44-fold for ethanol while molar 

yields of both remained close to that in the unaltered condition. This study represents 

one of the first few reports on optimization of nutrient composition during direct 

bioconversion of cellulose. These conditions were developed in small scale cultures and 

require to be verified in scaled-up fermentation process for their consistency and 

robustness. 
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CHAPTER IV 

ETHANOL AND HYDROGEN PRODUCTION BY Clostridium thermocellum 1237 

FROM THE OPTIMIZED NUTRIENT COMBINATION: SMALL VIALS VS. 

LARGE BIOREACTORS 

A manuscript in preparation to be submitted to the ''Bioresource Technology'' Journal. 

4.1 INTRODUCTION 

Culturing in shake flasks allows economic and efficient experimentation with 

numerous conditions to develop optimum conditions. However, once optimum 

conditions for microbial processes are developed in small culturing vessels, the next 

logical step is to test these conditions in large volume bioreactors. Dissimilarities 

between small and large suspension of cultures may originate from a number of 

operational and environmental parameters such as mass and heat transfer, pH, agitation 

and headspace pressure (closed vs. open) (Charles, 1985; Lonsane et al., 1992; Schmidt, 

2005). Mixing imparts major challenges in fermentation broths containing high-solids 

resembling non-Newtonian rheology (Oolman et al. 1986), which impose stresses like 

gradients of temperature, nutrients, and metabolic end-products resulting in below-

optimum performance. Gas hold-up is more severe in larger volumes due to the abrupt 

drop in the surface-to-volume ratio of the culture suspension, introducing the issue of 

product-gas super-saturation in anaerobic fermentation (Pauss et al. 1990; Logan et al. 

2002). Also, automated pH adjustment in the bioreactor introduces a major 

environmental change compared with small cultures where pH drops freely with organic 

acids production. Characterizing issues that arise with scale-up will allow devising 
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appropriate techniques to address them and in turn will ensure robustness and efficiency 

of the process. 

To date, many research efforts have been directed to develop optimum 

conditions to improve rates and yields of ethanol or H2 production (Balusu et al., 2005; 

Elumalai & Thangavelu, 2010; Ezhumalai & Viruthagiri, 2008, 2010; Ghosh & 

Hallenbeck, 2010; Hari-Krishna & Chowdary, 2000; Jo et al., 2008; Ma et al., 2008; 

Palukurty et al., & Mulampaka, 2008; Pan et al., 2008). Although significant 

improvements over the unaltered conditions have been reported, most optimization 

studies were conducted with culture volumes well below one liter, in sealed vials, and 

were not tested further in larger volume, open system. Moreover, most of these studies 

did not consider direct conversion of cellulose. Therefore, very limited information is 

available on how similar (or different) the performance would be if these optimized 

conditions were tested in a larger volume, open processes where culture suspension with 

high solid concentration could bring new challenges.  

An optimum nutrient combination was developed for enhanced cellulose 

degradation by Clostridium thermocellum 1237 to produce ethanol and hydrogen at 

higher rates (Chapter III). For efficient use of time and resources, all these optimization 

experiments were performed in small (160 mL) and pressurized glass vials and without 

pH control. With an objective to evaluate the performance of the optimized medium 

composition in large-volume fermentation reactions, we conducted experiments in 

scaled-up (7 L) bioreactors equipped with automated controllers (pH, temperature, 

stirring, N2-sparging) and sampling systems. In this study, the scale-up ratio for the 

culture volume was 1:200 and for the total reactor volume was 1:44. In large-volumes, 
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performance of the optimized medium was compared with a reference culture grown 

simultaneously in a second bioreactor and with the relative improvement achieved in 

small-scale experiments. 

4.2 MATERIALS AND METHODS 

4.2.1 Microorganism and growth medium 

All chemical ingredients used in these experiments were obtained from Sigma-

Aldrich Co. Details of the microorganism and growth medium used are described in 

Chapter II (Section 2.1). Components of the optimum medium (OM) that were different 

in concentrations compared to the reference medium (RM) are listed in Table 1.  

Table IV-1. Concentration of three nutrients in optimum medium (OM) relative to the 

reference (RM). 

!C Yeast Extract MgCl2.6H2O Condition 

g/L 

RM 10 1 1 

OM 25 2 1.75 

4.2.2 Experimental set-up  

Small-scale batch fermentations were carried out in 160 mL serum bottles with a 

20 mL working volume. This culture volume was selected to reduce the settling of 

cellulose, based on a set of trial runs. Optimum medium was prepared with N2 

pressurized (~ 7 psi) headspace and incubated in a shaking (100 rotations per minutes = 
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rpm) water bath as described in Chapter II, Section 2.1. All time-points were collected in 

biological triplicates. 

Two 7 L glass bioreactors (Applikon Boitechnology), equipped with automated 

controls of pH, temperature (heating jacket), stirring and nitrogen sparging were 

operated to test scaled-up fermentation (Figure IV-1). Inocula preparation and medium 

formulation were same as those described in the method section of Chapter II, Section 

2.1. The agitation rate was maintained at 100 rpm throughout and was raised to 200 rpm 

during gas and liquid sampling to obtain representative samples. After autoclaving and 

until inoculation a continuous flow of N2 (50-55 ml/min) was maintained to eliminate 

dissolved oxygen from the medium. Concentrated solutions of filter sterilized urea, 

vitamins and cysteine were added 30 min prior to inoculation. Exponentially growing 

(5% v/v) inocula were used in both reactors. To ensure inoculation with similar amount 

of cells, inocula were subjected to gas and protein analyses before adding to reactors. 

Fifteen minutes after inoculation, N2 sparging was reduced to 10 mL/min with a mass 

flow meter to keep the culture headspace under positive pressure. This flow rate also 

allowed measuring the gas composition leaving the reactor headspace through a 

condensing unit. The condenser was installed on the gas-outlet port of the reactor to 

minimize ethanol loss due to evaporation. All inlets and outlets were connected to sterile 

filters to avoid any risk of contamination. 
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Figure IV-1. Bioreactor (7L) set-up for scaled-up batch fermentation with 4L working 

volume. 

A 4 L working volume (including 5% inoculum, filter sterilized medium 

ingredients and !-cellulose particles) was used for all batch cultures. Culturing in OM 

and RM were conducted simultaneously with two independent sets of reactors and 

controllers. Starting from the time of inoculation (t = 0 hours) gas and liquid samples 

were collected at 3 to 5 hours (h) intervals during log-growth and less frequently for the 

rest of the fermentation period. The increase in headspace volume with liquid sample 

withdrawal was taken into account for calculation of gas volume at each time-point. 

4.2.3 Sample analyses 

Headspace gas samples (0.5 mL) were collected with gastight syringes and were 

immediately analyzed by gas chromatography as detailed previously (28). Liquid 

N2 sparge line 

Purge 
gas 

3L 
Headspace 

4L 
Culture 

volume 

KOH 

N2 
tank 

Culture sampling Line 

pH 
control 

Condenser 

Heating 
jacket 
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samples (15 ml) were centrifuged for 30 min at 8000 rpm in a Sorvall RC-6 Plus 

(Thermo Scientific) to separate pellets and supernatant. Cell-growth was determined by 

pellets protein assay and fermentation end-products were quantified by high 

performance liquid chromatography as described in Chapter II, Section 2.4. Residual 

cellulose were measured according to the procedure described elsewhere (Weimer & 

Zeikus 1977) except  for cell-protein extraction, pellets were treated with NaOH instead 

of formic acid. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Small scale OM 

Production and growth profiles of C. thermocellum in small-scale RM were 

presented in Chapter II, which will be further discussed along with small-scale OM 

results presented in this chapter. The OM composition developed using small and 

pressurized vials was first verified in same size cultures. Growth kinetics of C. 

thermocellum during !-cellulose fermentation and consequent accumulation of end-

products were recorded until final pH values remained above 6.0 (Figure IV-2). As 

displayed by the plots, gaseous and liquid end-products synthesis continued even after 

cell-growth leveled-off after 20 h. With an initial cellulose concentration of 25 g/L, C. 

thermocellum produced 107.9 ±7 mmol H2/L and 4.27 ±0.3 g/L of ethanol at the end of 

36 hours of fermentation. Ethanol to acetate ratio ranged from 1.23 to 1.50 during this 

time. Formate production was always at low levels compared to ethanol and acetate. 

Lactate synthesis became significant only after cells reached the stationary phase of 

growth. The average cell growth rate was estimated to be 0.22 ± 03 h
-1

.  
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Figure IV-2.  Growth and fermentation end-products of C. thermocellum cultured with 

optimum medium in small-vials: A) Gas production and cell-protein synthesis, B) 

Ethanol and organic acids production and corresponding pH drop. 
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Table IV-2 presents the carbon recovery for the small-scale OM cultures based 

on liquid end products (acetate, ethanol, lactate and formate), residual cellulose, soluble 

sugars and cell biomass, which accounted for about 90% of initial cellulose measured.  

For recovery at this range it was assumed that no major product remained unaccounted 

and is in agreement with our previously published data (Islam et al., 2009). 

Table IV-2. Carbon recovery for conversion of !-cellulose by C. Thermocellum in 

smale-scale optimized medium. 

Sample 

timepoint 

Initial 

cellulose 

Total End-

products 

Cell 

biomass 

Residual 

cellulose + 

soluble sugars 

Carbon 

recovery 

(hour) Mole of glucose equivalent 

O/R 

( % ) 

20 37.74 8.39 95.19 1.06 91± 0.02 

36 

 

156.25 56.78 7.66 45.13 1.12 87± 0.05 

 

4.3.2 OM and RM in large volume cultures 

4.3.2.1 Cell-growth kinetics and gas production 

Batch cultures of C. thermocellum were grown simultaneously in both OM and 

RM in two 7 L glass bioreactors. Cells of C. thermocellum grew without any lag in both 

media as displayed in Figure IV-3A. In OM, the stationary period was relatively shorter 

(less than 12 h) and cell-mass experienced an initial rapid decline after 35 h. This is 

probably due to toxicity effects originated from an end-product of fermentation such as 

ethanol. At 38 h, ethanol concentration was 4.7 g/L and it was reported that the addition 
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of ethanol at 5 g/L induced a period of growth arrest to a log-phase culture of C. 

thermocellum (Herrero & Gomez 1980). Alteration in cell membrane composition was 

detected in the presence of ethanol, which is thought to be responsible for reduced 

activities of glycolytic enzymes and consequent growth retardation (Embuscado et al. 

1996). 

At the end of growth in OM, the cell-protein concentration was approximately 2-

fold higher than that in RM. During exponential phase, the maximum growth rate of C. 

thermocellum in OM was measured to be 0.37 h
-1

 with an average of 0.29 ± 0.04 h
-1

, 

which was faster than the maximum growth rate in RM (22 ± 0.02 h
-1

) or in small-scale 

cultures. These growth rates of C. thermocellum observed in the OM culture was 

significantly higher than previously reported rates on cellulosic for this strain, which 

ranged from 0.1 to 0.16  h
-1 

(Dror et al., 2003; Islam et al., 2009; Zhang, & Lynd, 2004). 

The kinetics of fermentation gas (H2 and CO2) production by C. thermocellum 

cultures for 96 hours post-inoculation are presented in Figure IV-3B. The data were 

presented in a semi-log plot to observe the production profile with respect to the cell-

growth (plot 3A). Similar to cell-growth, hydrogen production levelled off earlier in RM 

compared with the OM. At the end of fermentation period, in OM C. thermocellum 

synthesized approximately 95 mM H2, which was approximately 2.5-fold higher than 

that produced in the RM. 
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Figure IV-3. Gas production (panel a) and growth (panel b) of Clostridium 

thermocellum DSM 1237 during direct fermentation of !-cellulose in optimum (OM) 

and reference (RM) media. 
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4.3.2.2 Ethanol and organic acid production 

The kinetics of liquid end-product formation by C. thermocellum cultures in both 

OM and RM are presented in Figure IV-4. Semi-log plots were created to improve 

visualization of rates of production corresponding to growth during log growth. The 

final ethanol concentration in the OM culture reached 142.42 mM after 96 h (4 days), 

which was 2.4-fold higher than that obtained from the RM culture. The ethanol to 

acetate (E/A) ratio ranged from 1.6 to 3.3 for OM and RM cultures, which are much 

higher than previously reported E/A values that were below 1 (Islam et al. 2009). 

Comparatively higher solid content (2- to 10-fold) of the medium and product gas 

concentrations (4- to 10-fold) possibly allowed more H2 trapping in the fermentation 

broth resulting more electron flow toward ethanol than acetate.  

Formate and lactate appeared in both OM and RM cultures during the mid-log 

phase of growth. Lactate level stayed very low in OM cultures until growth approached 

stationary phase when a steady rise of lactate level was observed. This diverted carbon 

flow away from ethanol to lactate such that the yield of lactate doubled (0.3 mole 

lactate/ mole glucose) by the end of the fermentation reaction. This metabolic shift to 

lactate production is a characteristic of wild type C. thermocellum unless the strain is an 

ethanol tolerant mutant where this shift was only delayed (Tailliez et al., 1989). 
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Figure IV-4. Kinetics of fermentation end-products accumulation by Clostridium 

thermocellum DSM 1237 during growth on A) reference medium (RM) and B) optimum 

medium (OM). 
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4.3.2.3 Cellulose consumption 

Figure IV-5 displays consumption of cellulose in the OM and the RM by C. 

thermocellum cultures with concomitant build-up of total glucose equivalents in end-

products (Gp). Gp leveled off in RM at around 50 h with 2 g/L residual cellulose while 

in the culture with OM, Gp formation slowed down after 40h but continued till the end. 

 

 

Figure IV-5. Accumulation of total fermentation end-products (Gp) and corresponding 

residual cellulose (Gr) concentrations by C. thermocellum cultures on the reference 

(RM) and the optimum (OM) cultures.  

With approximately 8 g/L of residual cellulose, a fall in total production rate was 

observed in OM after 38 hours, which coincided with a 25% drop in cellular proteins. At 

the end of 24 h, the OM culture converted about 49% of cellulose initially present in the 

medium. More specifically, this translates into a conversion rate of 8.55 mM Gp/g 

protein.h, which is approximately 83% higher than that supported by the RM culture.   
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4.3.2.4 Carbon recovery of fermentation 

Approximately 18% of the initial cellulose remained unaccounted for in the 

carbon recovery of the scaled-up fermentation reaction (Table IV-3). This could be due 

either to underestimation of end-products or the presence of unidentified metabolites as 

indicated by Ellis et al. (2012) or a combination of both. It is possible that some ethanol 

vapor escaped with purged gases, however should be insignificant as the gas outlet were 

equipped with a condenser. Also, cellulosomes could account for some of the lost 

carbons at very low (<1%) amounts.  

Cellmass accounted for up to 6.4% of utilized substrate and cell yields estimated 

at the end of log growth were 0.11 and 0.17 g dry cell/g glucose for OM and RM 

cultures respectively. Such reduction in cell yields with increased cellulose 

concentration is consistent with previous reports on C. thermocellum and C. 

cellulolyticum (Desvaux, Guedon, & Petitdemange, 2000; Islam et al., 2009; Zhang & 

Lynd, 2005). Very small amounts of soluble sugars were detected that resembled 

efficient substrate utilization of C. thermocellum. Estimation of the oxidation-reduction 

(O/R) balance does not resemble severe underestimation of any end-products.  

Table IV-3. Carbon recovery based on initial cellulose concentration in cultures. 

Condition Initial 

cellulose 

* Gp Cell 

biomass 

Soluble 

sugars 

O/R ** Carbon 

recovery 

 mmol glucose equivalents   % 

OM 163.83 115.7 7.4 1.3 1.05 82.9 

RM 64.81 43.5 4.4 1.1 0.94 81.3 

*Total glucose equivalents in gaseous and liquid end-products  

**Carbon recovery includes 4% residual cellulose and upto 2% xylose 
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At the end of 96 h of fermentation, almost equal fraction (~ 4%) of the initially added 

cellulose remained unused in OM and RM cultures. Xylose (~ 2%) and traces of glucose 

were detected in the cellulose substrate by the high performance liquid chromatography 

(HPLC) analyses, but these remained unused by C. thermocellum during the 

fermentation reaction. These “impurities” have been reported previously in commercial 

sources of a-cellulose (Embuscado et al. 1996; Ellis et al. 2012).  

4.3.3 Small vs. large scale processes  

Despite keeping medium compositions identical to the small-scale, some 

differences were unavoidable due to the characteristics of open, scaled-up systems, such 

as surface-to-volume ratio, headspace pressure, and agitation. These parameters 

introduced some changes in the culture environment, including changes in liquid-gas 

mass transfer limitation, which could be significant. Another difference could be a less 

severe pH drop in open fermentation, where CO2 leaves continuously with the sparging 

gas (N2), thus reducing carbonic acid accumulation in the culture broth. This is an 

advantage of operating in open systems over closed ones, where pH drop occurs 

primarily due to organic acids produced by cells. 

4.3.3.1 Productivity and yields 

A relative scenario of specific productivities and yields of ethanol and H2 during 

log and stationary phase of OM and RM is presented in Table IV-4, along with results 

from small-scale cultures. Specific rates were expressed in terms of grams of cellmass 

based on the fact that typically total cellular protein accounts for 50% of cell dry mass 

(Zubkov et al., 1999). Since there are some changes in the culture environment as 

discussed above, it was not expected that OM in scaled-up fermentation would precisely 



 106 

replicate the results obtained from small-volume cultures. However, irrespective of 

culture volume, productivities of both ethanol and H2 greatly improved in OM cultures 

compared with RM cultures and relative improvements were consistent.  

Reduced productivities of H2 in large volume cultures could not be due to 

significant loss of  H2 due to inaccurate sampling technique, since acetate productivities 

(considering formate production) were found in reasonable agreement with measured 

H2. Instead, lowered yields of H2 accompanied by increased ethanol yields indicated that 

electron flow was directed away from H2 production. This can be attributed to an 

elevated headspace pressure of H2 that was held responsible for an increase in the 

ethanol/acetate ratio from 2.0 to 2.5 in C. thermocellum cultures (Lamed & Zeikus 

1980). Hydrogen partial pressure in C. thermocellum cultures was not found inhibitory 

to cell growth or to the fermentation process (Weimer & Zeikus 1977). 

Table IV-4. Comparative productivity and yields of H2 and ethanol in optimum (OM) 

and reference (RM) medium in small and large volume cultures.  

Productivity Yield 

Acetate H2 Ethanol H2 Ethanol 

Condition, 

scale 

mmol/g dry cell.h mol/mol hexose 

OM, small 5.18± 1.06 9.79± 1.60 5.11±0.40 1.48± 0.12 1.08 ± 0.02 

RM, small 3.50± 0.52 6.21± 0.72 4.26±0.46 1.54± 0.07 1.12 ± 0.02 

OM, large 3.65 ± 0.41 6.97 ± 0.48 5.16 ± 0.68 1.11±0.05 1.35 ± 0.06 

RM, large 2.15± 0.33 2.99 ± 0.47 3.56± 0.56 1.02± 0.15 1.29 ± 0.06 
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4.3.3.2 Biphasic pattern of productivity 

Estimated H2 and ethanol productivities displayed interesting biphasic patterns in 

both OM and RM during logarithmic growth as shown in Table IV-5. Regardless of the 

medium composition, exponential growth could be divided into two distinct phases. In 

OM, ethanol synthesis per unit cell mass increased by 65% in the latter half of 

exponential growth phase (Phase 2) than that in the first half (Phase 1). In contrast, H2 

productivity dropped by 38% in Phase 2. The sensitivity of H2-acetate pathway to H2 

partial pressure (van Niel et al. 2003) is possibly responsible for this rapid transition 

from acidogenesis toward solventogenesis as in the headspace of OM culture, partial 

pressure of H2 sharply increased from 0.5 to 15 kPa by mid-log phase of growth.  

Table IV-5. Biphasic production of ethanol and H2 during the logarithmic growth of C. 

thermocellum in 7L bioreactors. 

Condition H2 Ethanol 

 (mmol/g dry cell.h) 

 
a
Phase 1 

b
Phase 2 

a
Phase 1 

b
Phase 2 

OM 7.57±0.48 5.10±0.27 4.06 ±0.80 6.77 ±1.02 

RM 3.83±0.44 2.72±0.64 3.14 ±0.24 4.57 ±0.68 

 

a
Phase 1: up to mid-log phase of growth 

b
Phase 2: from mid-log to stationary phase of growth 

 

Such biphasic pattern was not detected in small-scale fermentation most possibly 

due to i) significantly higher (~24 times) surface to volume ratio facilitating larger 

liquid-gas interface and ii) N2-pressurized headspace contributing toward less H2 partial 

pressure initially.  In present work, bioreactors were baffled and well mixed by marine 
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impellers with contineous flow of N2. However, H2 was measured to be excessively 

overconcentrated than equilibrium values in completely mixed (Pauss et al., 1990) and 

highly purged reactors (Kraemer & Bagley 2006). 

4.3.4 Comparative improvements 

A comparative scenario of specific H2 production rates from cellulose 

fermentation by cellulolytic Clostridia is presented in Table IV-6. Among all of them, C. 

thermocellum displayed the highest productivity, which was further improved by the 

OM composition as evaluated in the present study. To our knowledge, these rates are 

better than all other rates reported to date from direct cellulose conversion by pure 

cultures. 

A mutant strain of C. thermocellum impaired in lactate production was found to 

be more tolerant to ethanol and produced 0.23 gram ethanol per gram of cellulose 

(Tailliez et al., 1989). By using only one-fifth of the yeast extract added in that study to 

the medium (10 g/L), we obtained a 65% increase in ethanol yield (0.38 g ethanol/g 

cellulose) from this large volume fermentation. A diploid yeast strain was constructed 

with enhanced cellulsae expression which produced 7.6 g ethanol per liter culture in 72 

hours utilizing phosphoric acid swollen cellulose (Yamada et al. 2011). In the present 

study we have achieved about 8.2 g/L ethanol after 96 hours with 68% of the maximum 

theoritical yield. 
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Table IV-6. A comparative analysis of H2 productivity from direct fermentation of 

cellulosic substrates. 

Substrate, 

conc. 

Mode, work 

volume 

Specific rate Microbial culture 

(g/L)  mmol/g dry cell.h 

Reference 

Clostridium. 

thermocellum DSM 

1237  

Cellulose, 

25 

Batch; 20 ml 9.76 

Clostridium 

thermocellum DSM 

1237  

Cellulose, 

25 

Batch; 4L 6.93 

 

 

This study 

Clostridium 

thermocellum ATCC 

27405 

Cellulose, 

5 

Batch; 10 ml 3.99 (Islam et 

al. 2009) 

 

Mesophilic 

cellulolytic clostridia 

Cellulose, 

25 

Batch; 80 ml 0.46
a
 (Lay 

2001) 

 

Clostridium 

acetobutylicum, 

ATCC 824 

MN301
b
, 

5 

Batch; 20 ml 1.86 (Ren et al., 

2007) 

 

a
mmol/g vss.h 

b
a combination of amorphous and microcrystalline cellulose 

4.4 CONCLUSIONS 

Despite of suboptimal operating conditions, the large-scale OM culture was 

successful to accomplish substantially higher rates of cell-growth and production of H2 

and ethanol accompanied by good yields compared with the RM. The maximum growth 

rate of C. thermocellum on OM (0.37 h-1) was higher than all previously reported rates 
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on cellulose. Maximum productivities observed for H2 (6.93 mmol.g dry cell
-1

.h
-1

) and 

ethanol (5.16 mmol.g dry cell
-1

.h
-1

 or  0.12  g.L
-1

.h
-1

) are significantly higher than those 

reported to date on pure cultures H2: Ethanol: On the basis of these findings, various 

approaches can be taken for further improvements in production rates and yields such as 

optimization of operational parameters and mode of culturing.  
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CHAPTER V 

POTENTIALS OF DDGS AND WHOLE STILLAGE AS ALTERNATIVE 

NUTRIENT SOURCES FOR DIRECT BIOCONVERSION OF CELLULOSE 

INTO ETHANOL AND HYDROGEN 

 

This chapter is based on the following publications: 

1) Islam R., Cicek N., Sparling R., and Levin D.B. 2010. Optimization of 

fermentative hydrogen production using whole stillage (WS) as a low-cost 

nutrient source. In NSERC Hydrogen Canada (H2CAN) Strategic Research 

Network, Winnipeg, MB, Canada, January 19!20. 

2) Islam R., Cicek N., Sparling R., and Levin D.B. 2009. Potentials of distiller’s 

dried grains with solubles (DDGS) to replace yeast extract used in cellulose 

fermentation media for bio-fuels production. In Proceedings of Sixth Annual 

World Congress on Industrial Biotechnology & Bioprocessing, Montreal, 

Canada, July 19-22.  

3) Islam R., Cicek N., Sparling R., and Levin D.B. 2009. Distiller’s dried grains 

with solubles (DDGS): an alternative cellulose fermentation media for biofuels 

production. In Proceedings of 31st Symposium on Biotechnology for Fuels and 

Chemicals, San Francisco, CA, May 3-6.  
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5.1 INTRODUCTION 

In laboratory settings, the prime purpose of growth medium is to provide a 

suitable growth environment. Reagent grade media components such as yeast extract, 

vitamin and mineral mix and other salts are being used in bench-scale experiments for 

cellulose fermentation. At commercial scale, however, other constraints such as 

productivity and cost of nutrients must be considered and it would be impractical to use 

such expensive formulations, which imposes utilization of low-cost nutrient sources.  

Whole stillage (WS) is the remains of bioethanol distillation processes after 

ethanol is separated from yeast-fermented grains. The water content of WS is high (85-

90%) and to prevent spoilage during storage it is processed to form distiller’s dried 

grains with solubles (DDGS). Many micro-nutrients (protein, minerals, vitamins and 

amino acids) essential for the growth of microorganisms were detected in DDGS and 

WS (Kim et al. 2008) at levels similar to the reagent grade medium used in cellulose 

fermentation for biofuels (ethanol and hydrogen) and other microbial-based biochemical 

production processes. DDGS is essentially the dried form of WS that containes all 

nutrients, unless heat sensitive components such as vitemins, which are destroyed due to 

high temperature (90-95 
o
C) drying. Use of DDGS and WS as growth nutrients in dark-

fermentation process could serve the duel purpose of making cellulosic biofuels more 

cost-competitive and eliminating the expense for co-product handling in grain-based 

ethanol industries.  

Lignocellulosic residues generated from agricultural and forestry activities 

represent renewable feedstock that can be efficiently utilized by cellulolytic 
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microorganisms for ethanol and H2 production. Mild pretreatments such as 

delignification and size reduction improve the exposure of cellulose present in 

lignocelluloses to biocatalysts. Hemp fibres, high in cellulose content (65-75%) were 

evaluated as an attractive bioenergy crop based on screening parameters such as 

carbohydrates yield per hectare and need for weeding and fertilizers (Pakarinen et al. 

2011). After various physico-chemical pretreatments Simultaneous Saccharification and 

Fermentation (SSF) of hemp fibers were carried out for ethanol and methane 

productions (Sipos et al. 2010; Kreuger et al. 2011). Dark-fermentation of delignified 

wood fibres proved to be promising for H2 production (D. Levin et al. 2006). Potentials 

of biofuels production from direct fermentation of these native forms of celluloses using 

low-cost nutrient sources is largely unexplored.  

This study investigated: 1) the potential for DDGS and WS to be utilized as 

alternative sources of nutrients that partially or completely replace expensive medium 

ingredients used in lab scale cellulose fermentation process for ethanol and H2 

production; 2) the combinatorial effects of substrate (de-lignified hemp) concentration, 

WS concentration, and incubation time on hydrogen and ethanol production with a 2-

level full factorial design; and 3) large volume fermentation of delignified wood by C. 

thermocellum grown on WS medium. 

5.2 MATERIALS AND METHODS 

5.2.1 Source of chemicals and microorganism 

All chemicls were obtained from Sigma Chemicals Co. unless otherwise stated. 

DDGS and WS samples were kindly provided by the Husky ethanol plant located in 
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Minnedosa, MB, Canada. Delignified wood fibers (pretreated softwood) was kindly 

provided by the Lignol Innovations (Burnaby, British Columbia). Hemp fibers were 

provided by the Emerson Hemp Distribution Company (MB, Canada), which was 

pretreated for delignification by Lignol Innovations. 

The bacterial strain Clostridium thermocellum 27405 was obtained from the 

American Type Culture Collection (ATCC) and was used in all experiments. Detail 

descriptions for the preparation of the basic growth medium and routine subculturing 

(based on ATCC 1191 medium) procedure can be found elsewhere (Islam et al. 2006). 

5.2.2 Experimental set-up and analyses 

All batch cultures of Clostridium thermocellum were performed at 60 
o
C under 

anaerobic condition with 20-50 mL working volumes. In all cultures, pure !-cellulose 

were added at 5 g/L concentration unless otherwise stated. Delignified wood (DW) and 

hemp (DH) fibers were subjected to size reduction treatment and 0.5 mm particle size 

was used in this study. All end-products of fermentation were analyzed according to 

procedures described in Chapter II, Section 2.4. The Design Expart software (details 

presented in Chapter III, Sections 2.3 and 2.4) was used for all statistical analyses.  

5.2.2.1 DDGS and WS replacing medium components 

Medium components were replaced with DDGS or WS in two steps: first, yeast 

extract was removed from the growth medium and then all other ingredients except 

buffering agents were removed from the growth medium containing various amounts of 

DDGS or WS.  

5.2.2.2 Production from WS solubles 
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Three types of WS media were prepared: i) the soluble fraction of 50 g/L WS 

(WSS); ii) 5 g/L cellulose added to 50 g/L WS (WSC); and iii) and 50 g/L WS with no 

added cellulose (WNC). The WSS medium was prepared from 50 g/L WS media by 

separating the supernatant from the solids, by centrifugation (20 min, 15000 g) and then 

filtering through a 0.45 um filter. Only phosphate buffers were added to these media 

excluding all other ingredients of the basic growth medium.  

5.2.2.3 Hemp fermentation 

A two-level full factorial experimental design was applied to investigate effects of three 

independent variables: 1) concentration of DH (x1); 2) concentration of WS (x2); and 3) 

incubation period (x3) and possible interactions among them. Each combination was run 

in duplicate cultures in 150 mL serum bottles.  

5.2.2.4 Fermentation of DW in large volume 

A 7 L bioreactor with 3.5 L working volume was used for large volume batch 

fermentation. The operational condition was identical to the one described in Chapter 

IV, except that the sparging rate was set at 5 mL N2/min. DW fibers at a cocentration of 

50 g/L, were used as carbon source and the medium was composed of 50 g/L WS in 

phosphate-buffer solution. 

5.2.3 Composition of WS  

For compositional analysis, WS was dried in oven at 55 °C until a constant 

weight was attained and then the  homogenized samples, in powder form, were shipped 

to the Forage laboratory of Dairy One (New york, USA) for compositional analysis. 

Table V-1 shows a compositional analysis of soluble sugars and end-products in WS 

generated from a mixed grain (wheat : corn = 1:1) yeast fermentation.  Table V-2 
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presents a comparisonal analysis of WS medium and the reagent grade medium (control) 

used to grow C. Thermocellum. 

Table V-1. Composition of whole stillage (50% wheat + 50% corn) expressed as 

percentage of dry mass (%DM). 

Components ppm %DM 

Crude Protein (CP)  36.7 

Acid Detergent Fiber (ADF)  14.8 

Neutral detergent Fiber (NDF)  26.5 

Lignin  5.5 

Starch  0.2 

Water soluble carbohydrate  9.1 

Calcium  0.11 

Phosphorus  1.08 

Magnesium  0.48 

Potassium  1.18 

Sodium  0.456 

Iron 184 0.184 

Zinc 67 0.067 

Copper 9 0.009 

Manganese 68 0.068 

Molybdenum 2.2 0.0022 
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Table V-2. Nutrients in media containing 50 g/L WS compared with the reagent 

medium 1191. 

Components WS (g) 1191 (g) 

CP 2.7525 2 (YE) 

Cellulose 0.6975 - 

Hemicellulose 0.8775 - 

Lignin 0.4125 - 

Starch 0.015 - 

WSC 0.6825 - 

Ca 0.00825 0.0005 

P 0.081  

Mg 0.036 0.0215 

K 0.0885  

Na 0.0342  

S 0.02775 - 

Fe 0.0138 0.000434 

Zn 0.005025 0.000480 

Cu 0.000675 0.000162 

Mn 0.0051 0.000278 

Mo 0.000165 0.000198 
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5.2.4 Vitamins in WS 

WS was analysed to determine the presence of Vitamin B complex (B1 B2 B3 

etc.). Supernatant was collected after centrifugation at 15000 g for 20 minutes. Methanol 

was added to the pellet and homogenized to extract Vitamin-B compounds from solids. 

HPLC analyses were performed with methanol as the carrier solution, and with both 

Ultra violet (UV) and Flurocent (FLD) detectors. The UV detector applied 260 nm 

wavelength. The chromatogram in Figures V-1 and V-2 show that vitamins B1, B2, B3, 

B6, B9, and B12 are present in measurable amounts. However, these are all qualitative 

analyses and provide no information about quantities. 

 

Figure V-1. HPLC chromatogram of analysis of vitamin B's using UV detector.  Peak 1: 

B3 (Niacin), Peak 2: B6 (Pyridoxine), Peak 3: B12, Peak 4: B2, Peak 5: B9, Peak 6: B1. 
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Figure V-2. HPLC chromatogram of analysis of vitamin B's using FLD detector. Peak 

1: B6, Peak 2: B2. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 DDGS and WS replacing yeast extract (YE) 

Batch experiments were performed with DDGS or WS added to the growth 

medium of C. thermocellum as replacements of expensive medium ingredients during 

cellulose fermentation. Since DDGS and WS are generated from yeast fermented grains 

containing substantial amounts of yeast cells, it is expected that they would be good 

replacements for yeast extract. Therefore, priliminary batch fermentations were 

conducted with DDGS and WS to replace 2 g/L yeast extract (YE) used in the basic 

growth media (BM) of C. thermocellum. All other standard medium ingredients were 

included at their original levels.  

Based on contents of protein and minerals present in DDGS compared with yeast 

extract (Chapter I, Section 6.2) an equivalent amount of DDGS (5 g/L) was added to the 

BM media replacing 2 g/L YE. Since 16% of DDGS dry-mass consists of cellulose (Kim 

et al. 2008), YE-free DDGS media, with (BMDC), and without (BMD) added cellulose 

was cultured simultaneously to check whether the added cellulose was utilized by C. 

thermocellum for cell growth. BM with !-cellulose (BMC), was also inoculated as a 

control. All cultures were incubated for approximately 30 h before end-point analyses 

were conducted. Final pH values remained around or above 6.5 in all cultures. The total 

H2 accumulation (Figure V-3) from BMDC cultures were 35% less compared with those 

from BMC cultures. The cellulosic biomass present in DDGS allowed BMD cultures to 

produce more H2 than the BM cultures.  
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Figure V-3. Ethanol and H2 productions and final pH values in cultures of C. 

Thermocellum on DDGS and control media. Samples were analyzed after 30 hours of 

batch fermentation.  

 

In a separate set of batch cultures, 50 g/L WS was added to the BMC replacing 2 

g/L YE (BMWC) to grow C. Thermocellum and were cultured simultaneously with the 

BMC. Accumulation of hydrogen and ethanol with respect to time is presented in Figure 

V-4 (A and B) for both culture conditions. The H2 production pattern in the BMC 

cultures, which generally follows the growth of C. thermocellum, was very similar to 

that in BMWC cultures. However, total amount of H2 and ethanol accumulation was 

approximately 71% and 55% higher in the BMC cultures. After 98 h of growth, the final 

pH values remained close to neutral (6.82) in BMWC cultures, while the pH in BMC 

cultures dropped down to as low as 5.25. WS possibly imparted some additional 
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buffering effect as noted earlier (Kim et al. 2008) that kept the pH values from dropping 

severely. 

 

Figure V-4.  Production of A) H2 and B) ethanol by C. thermocellum in WS media 

without yeast extract (BMWC) compared with the control media (BMC). 
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slower rates of H2 synthesis, it was suspected that starch hydrolysate and/or yeast 

metabolites may have impacted cell-growth in cultures containing WS resulting a below 

standard performance.  

5.3.2 DDGS with buffers 

Batch cultures of Clostridium thermocellum were conducted with six different 

DDGS media beside the BMC as follows: 

1) BMC+ (2, 5)D: 2 or 5 g/L of DDGS were added to the complete 

BMC, 

2) (2, 10, 15, 20)D+BFC: 2 to 20 g/L of DDGS were added replacing all 

ingredients in BMC except buffers, reducing agent and cellulose (5 

g/L).  

3) (2, 10, 15, 20)D+BF: media described in (2) prepared with no added 

cellulose 

Time profiles of H2 and ethanol productions from BMC+2D and BMC+5D 

cultures were very similar to those from BMC (Figure V-5), which implies components 

in DDGS did not have adverse effects on growth and products syntheses. In cultures 

with various concentrations of DDGS, productions initiated without any lag period as 

depicted by H2 data. Similar to WS, DDGS has some buffering capacity since less 

severe pH drops were observed in cultures containing DDGS compared with the BMC.  
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Figure V-5. Production of  A) H2  and B) ethanol on DDGS media by C. thermocellum ; 

C) the corresponding drop in pH values. (2, 5) D+BFC: medium with 2 or 5 g/L of 

DDGS and cellulose; (2, 5) D+BF: DDGS media with no cellulose; (BMC): the control 

medium.  
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At the end of incubation period, final H2 and ethanol accumulations were 

significantly higher in BMC than (2,5) D+BFC. With higher concentration (10, 15 and 

20 g/L) of DDGS added to media, production of H2 increased (Figures V-6 and V-7) and 

exceeded productions from BMC. However, production profiles from 15D+BFC and 

20D+BFC were almost overlapping, which implies no further improvement with 

additional DDGS. Because of high cellulose background, productions from (5-20) D+BF 

media were very similar to their with-cellulose counterparts. 

 

Figure V-6. Production of  H2  by C. thermocellum and concomitant pH drop in 10 g/L 

DDGS media. 
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Figure  V-7: Production of  H2  by C. thermocellum and concomitant pH drop in 15 and 

20 g/L DDGS media. (15, 20) D+BFC: medium with 15 or 20 g/L of DDGS and 

cellulose; (2, 5) D+BF: DDGS media with no cellulose; (BMC): the control medium.  
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5.3.3 WS with buffers  

Three concentrations of WS (50, 75 and 100 g/L) were used to prepare WSC 

media where all ingredients of BMC except buffers, reducing agent and cellulose (5 g/L) 

were excluded.  Cultures of C. thermocellum on all three WS media produced similar or 

greater amounts of hydrogen than cultures on the BMC (Figure V-8) and all WSC media 

performed much better than BMWC (Figure V-4) where only yeast extract was absent. 

 

Figure V-8. Hydrogen production and pH drops in whole stillage (WS) cultures 

compared with the control medium. (50, 75 100) WSC: medium with 50, 75 or 100 g/L 

of WS and cellulose; (BMC): the control medium.  
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required to indentify the underlying cause. The lowest concentration of WS used (50 

g/L) produced equal or higher amounts of hydrogen compared with those produced by 

higher WS containing cultures (Figure V-4). WS medium showed excellent capability to 

replace the complete growth medium used in cellulose fermentation by C. thermocellum 

and supported better H2 production. At 50 g/L concentration, WS medium would be 

approximately 98% cheaper than the reference medium.  

5.3.3.1 Background production from WS media 

To check whether WS is a significant source of carbon for C. thermocellum, 

batch fermentation were conducted with three versions of 50 g/L WS media, WSS, 

WSC, WNC as presented in Figure 9.  As expected, production of  H2 from WSS 

medium was similar to productions from BM without cellulose (not shown), which was 

almost over by 24 h, representing 33% and 22% of H2 produced from WNC and WSC 

respectively. At the end, WNC cultures produced about half of H2 generated by WSC 

cultures. These data are in agreement with the fact that full concentration of WS contains 

about 0.7 g/L of cellulose that C. thermocellum is capable to consume as a carbon 

source. For all sample timepoints, cultures on WSC produced significantly higher 

amounts of H2 compared to others resembling substantial utilization of added cellulose.  
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Figure V-9. H2 production from cultures grown on three different version of 50 g/L WS 

media. The soluble fraction of 50 g/L WS (WSS); 5 g/L cellulose added to 50 g/L WS 

(WSC); 50 g/L WS with no cellulose added (WNC). 

5.3.4 Fermentation of hemp with WS media: A 2
3
 design  
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Figure V-10. Fermentation of hemp by C. Thermocellum grown on whole stillage 

medium.  

  

 Individual and joint effects of substrate (DH) loading, concentration of WS and 

incubation time (IT) were studied with a 2
3
 design. Table V-3 presents the original and 

coded values of predictor variables along with measured responses for hydrogen and 

ethanol concentration and substrates utilization. Total substrate utilization was expressed 

in terms of total glucose equivalents converted into end-products (Gp) as described in 

Chapter II, Section 2.5. 

 Table V-4 presents analysis of variance (ANOVA) of first order models fitted to 

each set of responses and factors with p-values less than 0.05 was considered to be 

significant. ANOVA showed strong (P-value < 0.05) influence of DH and IT at their 

high  levels that supported higher H2 concentrations in cultures. Also high levels of  WS 

and IT were found favorable for improving ethanol concentration, while DH showed no 

significant effect. Moreover, the interaction between DH and WS (x12) was detected to 

have important  contribution to the ethanol model. All main factors at high levels 

showed strong positive influence to enhance the Gp. Interestingly, the 3-factor 

interaction was found to have significant influence on Gp. 
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Table V-3. Level settings of delignofied hemp (DH), whole stillage (WS) and incubation time (IT) for the 2
3
 design. Concentrations 

of H2 and ethanol and total glucose equivalents in end-products (Gp) concentrations were response variables. 

Run no. 

DH 

(x1) 

WS 

(x2) 

IT 

(x3) 

H2 

 

Ethanol Gp 

 

 g/L Coded g/L Coded hours Coded   (mmol/L) 

1,2 10 -1 25 -1 65 -1 9.4 ± 0.58 7.5 ± 0.45 8.128 ± 0.60 

3,4 20 1 25 -1 65 -1 11.8 ± 0.78 8.3 ± 0.64 10.698 ± 0.82 

5,6 10 -1 50 1 65 -1 8.6 ± 0.20 10.9 ± 0.68 10.613 ± 0.55 

7,8 20 1 50 1 65 -1 11.2 ± 0.63 9.5 ± 0.81 12.141 ± 1.04 

9,10 10 -1 25 -1 95 1 12.4 ± 0.16 8.3 ± 0.37  9.740 ± 0.74 

11,12 20 1 25 -1 95 1 17.2 ± 0.42 10.3 ± 0.90 13.764 ± 1.11 

13,14 10 -1 50 1 95 1 12 ±  0.21 12.2 ± 1.44 12.799 ± 0.88 

15,16 20 1 50 1 95 1 15.2 ± 1.30 11.5 ± 1.07 14.683 ± 1.05 
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Table V-4. Analysis of variance (ANOVA) for H2 and ethanol production and  cellulose 

utilization. 

H2 Ethanol Gp Factors                   

                Coefficients P -value Coefficients P -value Coefficients P -value 

Intercept 12.22  9.81  11.57  

x1 1.63 0.0086 0.088 0.2965 1.25 0.0060 

x2 -0.48 0.0890 1.21 0.0026 0.99 0.0095 

x3 1.98 0.0059 0.76 0.0067 1.18 0.0067 

x12   -0.61 0.0103 -0.40 0.0547 

x31 0.38 0.1325 0.24 0.0628 0.23 0.1450 

x123 -0.23 0.2771   11.57 0.0113 

Model 

 

R2=0.994; F =60.18; 

P = 0.016 

R2=0.997; F =127.53; 

P = 0.0078 

R2=0.996; F =87.82; 

P = 0.0113 

  

Diagnostic plots of predicted versus actual responses for H2 and ethanol 

concentrations and substrate utilization (Figure V-11) showed close alignments of 

experimental data to model predictions.  
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 (A)      (B) 

 

      (C) 

Figure V-11. Diagnostic plots of predicted vs. actual response for: A) H2 concentrations, 

B) ethanol concentrations, and C) substrate utilization models. 

Model R2 values were very close to 1, high F-values (compared with the F-table) 

and a low P-value (< 0.05) are also confirming high significance of all three models. 

Based on fitted models, optimum settings of predictor variables were estimated for each 
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response (Table V-5). Contour plots of responses are displaying 2-factor interactions 

with predicted optimum points (Figure V-12).  

Table V-5. Optimum factor settings obtained for H2, ethanol and Gp. 

Response D-hemp 

x1 

WS 

x2 

Inc. time 

x3 

Optimum 

concentrations 

 g/L g/L Hour mmol/L 

H2  20 25 95 16.90 

Ethanol 10 50 95 12.08 

Gp 20 50 95 14.81 

 

 

Figure V-12. Contour plots based on A) hydrogen concentrations, B) ethanol 

concentrations, and C) cellulose utilization (G-utilization) models.  

The location of optima on boundaries of design region suggest that further 

improvement in responses could be possible by moving the current design centre along a 

steepest accent path. However, steepest accent is only feasible when model equation 

DH DH 

IT
 

IT
 

DH 

W
S

 

C) Substrate  

Utilization =14.82 mmol/L B) EtOH=12.1 mmol/L A) H2 =16.9 mmol/L 
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contains no significant interaction terms. In this case, only H2 model is eligible for that 

and a steepest accent path can be constuted based on linear terms. 

5.3.5 Large volume fermentation of de-lignified wood (DW) with WS  

 To study the direct bioconversion of lignocellulose under high-solid loading, 

fermentation of DW (50 g/L) by C. thermocellum was carried out in a 7 L bioreactor for 

90 hours. DW was used as substrate instead of DH as flotation of hemp particles to the 

culture surface might cause nutrient limitation and product inhibition. A photograph of 

the culture in the bioreactor is included in the Appendix-2 (Figure A2-2).  

 WS at 50 g/L combined with phosphate buffers was the prime source of nutrients 

(other than carbon) for the growth of C. thermocellum. Figure V-13 (A and B) presents 

the accumulation profile of gaseous and liquid end-products with the progress of 

fermentation. During this period, H2 accumulation profile was similar to what was 

observed in the large-volume reference culture (Chapter IV, Section 3.2.1) except high 

values of H2/CO2 ratio (3.22 -1.05), which is in agreement with low values of ethanol-to-

acetate ratio (0.4 to 0.8) estimated. Production of lactate increased rapidly after 20 h and 

kept rising until the end. Formate, however, remained at negligible levels for the entire 

culturing period. 
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Figure V-13. Production profiles from degradation of delignified wood by C. 

Thermocellum on WS medium. 

 

 About 23 milimoles of glucose equivalents were converted into end-products 

representing a small fraction of initially added substrates. Due to incomplete 
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lower growth rate of C. thermocellum on DW accompanied by slower H2 accumulation 

rates. For the first 25 hours, high H2 yields of 2.22 ± 0.08 mol/mol glucose were 

obtained, which gradually dropped down to 1.72 mol/mol glucose by the end of 

culturing period. Ethanol yields, on the other hand rose from a low value of 0.65 to 0.8 

mol/mol glucose during this period of fermentation. 

5.4 CONCLUSIONS 

DDGS and WS displayed significant potentials to replace regular growth medium 

ingredients of  C. thermocellum. Under high-substrate loading environment, WS was 

able to support growth of C. thermocellum for direct conversion of lignocellulosics (DH 

and DW) into H2 and ethanol. However, the slow rate of conversion are not desirable as 

it translates into poor productivities and further investigations are required to identify 

and address underlying causes. 
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CHAPTER VI 

POTENTIAL OF THIN STILLAGE AS A LOW-COST MEDIUM FOR DIRECT 

BIOCONVERSION OF CELLULOSE INTO ETHANOL AND HYDROGEN 

6.1 INTRODUCTION 

Biologically derived fuels and chemicals such as ethanol and hydrogen using 

lignocellulosic feedstock represent cleaner, more economic and most importantly, a 

sustainable supply of energy (Kapdan & Kargi 2006; Solomon et al. 2007). Single-step 

conversion of lignocellulosics into biofuels by cellulolytic microbes offers major savings 

over multistep non-cellulolytic processes (Lynd et al. 2005; Lynd et al. 2002). In 

microbial conversion processes, growth nutrients introduce a major cost factor, which 

can account for about 30% of overall process cost (Rodrigues et al. 2006). Minimization 

of medium cost can potentially contribute to establish cellulosic biofuels as a viable 

alternative to petroleum refinery by improving the overall process economy. An ideal 

fermentation medium for commercial-scale production should support good microbial 

growth, be low in cost, and be readily available. Alternative nutrient sources for 

microbial processes have been investigated by numerous studies (Kadam & Newman 

1997; Gullón et al. 2008; Qureshi & Blaschek 2001; Parekh et al. 1998).  

 

Alternative nutrient sources for microbial processes have been investigated by 

numerous studies (Kadam & Newman 1997; Gullón et al. 2008; Qureshi & Blaschek 

2001; Parekh et al. 1998). Development of an alternative media composed of corn steep 

liquor (CSL) to reduce nutrient cost for ethanol production was reported (Kadam & 
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Newman 1997) and CSL with yeast extract has been evaluated as nutrient sources for 

lactic acid production (Gullón et al. 2008).  

In dry-grind ethanol facilities, processing of distiller’s grains is an energy 

intensive operation that is responsible for over half of the thermal energy requirement. 

After distillation, the bottom stream passes through a centrifuge to separate the most 

watery part  (moisture >90%) called thin stillage (TS), and a typical dry-grind ethanol 

plant generates about 2.5 gallons of TS per gallon of ethanol (Schill 2012). TS is then 

concentrated by multi-effect evaporators from 6-7% to 25-30% solids, which consumes 

more than 25% of the total heating potential (Schaefer & Sung 2008). On-site or local 

utilization of TS for cellulosic biofuels production would be beneficial to the grain 

ethanol production.  

Residuals from yeast fermentation in TS were characterized by Kim et al. (2008), 

who found that TS could be an excellent source of complex nitrogen, minerals, and 

amino acids essential for microbial growth, which also provided good buffering capacity 

(pH 4-7). Thermophilic anaerobic digestion of TS was evaluated for methane production 

that can displace up to 59% natural gas consumed by ethanol plant with reduction of 

VFA concentration in TS (Agler et al., 2008). Utilization of residual salts in TS (CaCl2, 

NaCl, K2SO4, NaNO3, Mg(OH)2, Na2SO4, and KOH) was attempted as an aid for protein 

extraction from oil seeds (Ratanapariyanuch et al. 2012). Xylose, arabinose, and glucose 

obtained from TS-hydrolyzate with 10-40 g/L of glucose were converted into ethanol by 

recombinant Zymomonas mobilis ZM4 (pZB5) (Davis et al. 2005). Since, none of the 

aforementioned studies considered insoluble substrates, further investigation is 
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warranted to explore the capability of TS as a nutrient source for direct bioconversion of 

cellulose. 

In this study, the potential of TS from ethanol distillation were investigated as an 

alternative nutrient medium for Clostridium thermocellum DSM 1237 during direct 

fermentation of cellulosic substrates into ethanol and hydrogen.  C. thermocellum 

growth and fermentation end-product production from TS media were compared to those 

from laboratory medium prepared with purified (generally 99%) chemical ingredients. 

6.2 MATERIALS AND METHODS 

6.2.1 Microorganism and growth medium 

Origin and medium formulation for stock culture and maintainance of C. thermocellum 

were detailed in section 2.2.1. 

6.2.2 The source of TS 

The Husky Ethanol plant situated in Minnedosa, MB (Husky Energy Inc., 

Canada) generously provided all TS used throughout this study. Three batches of TS 

were obtained and were preserved in -20 °C freezer for the experiments for up to 90 

days after collection. 

6.2.3 Experimental setup 

Serum bottles (160 mL) with 60 mL working volume were used for the batch 

experiments conducted at 60 °C water bath shaking at 100 rpm. Maintenance of 

Clostridium thermocellum DSM 1237 culture, Inocula preparation and the medium 

composition of control cultures used in all experiments are detailed in Chapter II, 

Section 2.1. Inocula were always grown on !-cellulose and were directly transferred to 
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TS medium during inoculation. Reduced inocula volume (4-5%) was used to minimize 

carryover nutrients to the experimental bottles. Nutrient components were eliminated 

from original media containing TS in two phases of batch cultures. In first phase, yeast 

extract (YE) and vitamins were excluded and in the second phase, only buffering agents 

were added to TS media. As carbon source, !-Cellulose at 10 g/L concentration was 

added to all cultures except cultures that were tested for productions from TS medium 

only. All TS concentrations are expressed as wet weight (as obtained from Husky 

ethanol plant) dispensed per liter of media. A photograph of some prepared TS medium 

in serum bottles is included in the Appendix-2 (Figure A2-1). 

6.2.3.1 TS without yeast extract and vitamins  

TS at 50 to 400 g/L concentrations were added to medium containing no YE or 

vitamins of the growth medium. Samples were collected after 20 and 40 hours of 

inoculation. A lower range of 5 to 50 g/L was also examined in a separate batch test. 

6.2.3.2 TS with only buffering agents  

All components of regular MJ medium except buffers (KHPO4, K2HPO4, 

MOPS) and rezazurin (redox indicator) were added to the TS media. Cellulose (10 g/L) 

was added to all cultures and incubated for 40 hours. 

6.2.3.3 Fermentation end-product profile on TS medium  

A batch experiment was conducted for 65 h with six sampling time-points. TS 

concentrations of 50 g/L and 200 g/L were added to buffer solutions with cellulose and 

without cellulose. Analyses of fermentation end-products were performed according to 

the procedures detailed in Chapter II, Section 2.4. 
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6.2.4 Composition of TS 

TS was collected in May 2011 when the Husky Energy ethanol plant was 

operating with a feedstock that consisted of 85% corn and 15% wheat. TS samples were 

placed in aluminum pans and dried at 50° C in oven before shipping to the Forage lab of 

Dairy One Cooperative Inc. (New York, USA) for compositional analysis. Table VI-1 

displays the composition of TS on a % dry mass (DM) basis. The last column indicates 

the amount of each ingredient in culture medium per 100 g/L of TS added.  

Table VI-1. Composition of thin stillage (TS) obtained from the Husky Energy ethanol  

plant located in Minnedosa, MB, Canada.  

Components % Dry 

mass 

g/L 

(per 100 g of TS added) 

32.3 2.49 

28.7 2.21 

Crude protein (CP) 

               Available protein 

               Soluble protein 9.4 0.72 

Lignin  5.6 0.43 

Cellulose 3.4 0.26 

Hemicellulose  10.5 0.81 

Sugar, starch, pectin, and fermentation acids 35.7 2.75 

Water soluble carbohydrates 8.6 0.66 

Crude fat 16.5 1.27 

Ash 6.2 0.40 

Moisture content of TS = 92.3% ± 0.37 
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Analysis revealed that crude protein constituted nearly one-third of TS and the 

rest of the DM is comprised of carbohydrates, fiber, fat, minerals, and ash. Water-

soluble carbohydrates included soluble sugars, such as glucose, xylose, arabinoase and 

their polysaccharides, and fermentation acids (acetic acid and lactic acid).  

6.2.5 Monitoring growth of C. thermocellum on TS  

6.2.5.1 Preparation of cell-suspension 

C. thermocellum cultures were grown on 5 g/L cellobiose in balch tubes with 10 

mL work volume and growth of cells was monitored with a spectrophotometer 

(Biochrom, Novaspec II) at 600 nm. When growth reached at an optical density (OD) 

600 nm of approximately 0.85, cultures were centrifuged (14,000 x g, 10 min) and the 

supernatant containing all solubles was removed. Pellets were washed with phosphate-

buffered saline (PBS) contained 10 mM phosphate buffer and 150 mM NaCl at a pH of 

7.4 and then re-suspended in PBS again for flow-cytometry work.  

6.2.5.2 Cell count with flow-cytometry 

Serial ten-fold dilutions of PBS cell suspension were prepared in rows of sterile 

96-well plates (10 µL of sample diluted in 90 µL sterile PBS, vigorously stirred, and 

mixed by pipetting and 10 µL transferred to next well, etc. for up to 7 wells depending 

on initial sample OD600), stained with 100 µL SYTO-BC (fluorescent green) stain (10 

µL diluted in 9.99 mL PBS to stain an entire plate). For cell counting, approximately 

3600 fluorescent green-yellow microparticles (ie. 10 µL of a tenfold dilution in PBS of 

microparticles with a known concentration of 3.6 x 106/mL) were added to each well. 

Plate was loaded into a FACS Array bioanalyzer (Becton-Dickinson) with standard 
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sheath fluid, flow rate set to 2 mL/s for 50 s or 10,000 total events (laser signals 

captured).  

Raw counts of cells and visualizations of cell populations were generated using 

FlowJo software (TreeStar Inc.). A bright yellow sub-population was identified as total 

micro-particles (TMP) while a green sub-population was defined as total cell-units 

(TCU). TCU concentrations were estimated by multiplying TCU counts by the known 

number of TMP in each well (3600) and dividing by the TMP count (4), then adjusting 

for dilutions as described above for plate counts. Counts with 1-10% TMP were 

considered valid and the mean of duplicate samples was used to calculate final 

concentrations expressed as log10 TCU/ml (ie. a value of 7.1 is equal to 107.1 TCU/ml). 

A total count of 3.98x109 TCU/ml was obtained for the C. thermocellum cell-

suspension.  

6.2.5.3 Primer design 

For quantitative polymerase chain reaction (qPCR), two genes of C. 

thermocellum were chosen for primer designing, the chaperonin60 (cpn60) and the 

scaffoldin gene (cipA) encoding the cellulosomal surface layer (SL)-protein. NCBI 

(National Centre for Biotechnology Information) primer design tool and BLAST 

program was applied to obtain some specific primer sets. Agarose gel elecgrophoresis 

was performed after the PCR to test the specificity of these primars as shown in Figure 

VI-1. All PCR amplicons based on cpn60 gene showed a single bright band near 

between 200 base pair (bp) and 100 bp regions. Multiple bands were seen for the PCR 

amplicon based on the cipA gene. 

 



 145 

Table VI-2. Minerals in TS medium compared with the reagent grade chemical 

medium. 

TS media - 100 g/L  Chemical medium 

 

 

Metal ions 

(mg/L) (mg/L) 

 

µg/g of YE 

(Grant & Pramer 1962) 

Mg 50.31± 5.0 119.57 1.27 

Ca 7.0 ± 4.8 40.89 - 

K 175.82 ± 42.5 (+1732.37) 1732.37 - 

P 152.46 ± 31.8 (+856.94) 856.94 - 

S 37.73 ± 10.7  (+182.6) 182.6 (+1532.5) - 

Na 58.49 ± 15.25  249.93  

Fe+ 1.13± 0.2 0.27 150 

Zn 0.55± 0.07 - 74 

Mn 0.32± 0.17 - - 

Cu 0.06± 0.01 - 71 

Ni - - 18.2 

Mo 0.02 - - 
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Table VI-3. Primers designed for the qPCR work. The length of PCR products varied 

from 162 to 164 bp. 

Gene Forward Primers  Reverse Primers 

cpn60 5'-CCAGGACATTCTCCCATTGCTGGA-3’  5'-TCTGTCACCAAAGCCAGGTGCT-3’  

cpn60 5'-TCCAGGACATTCTCCCATTGCTGG-3’ 5'-TCTGTCACCAAAGCCAGGTGC-3’  

cpn60 5'-CCAGGACATTCTCCCATTGCTGG-3’ 5'-CTGTCACCAAAGCCAGGTGCT-3’ 

cpn60 5'-CCAGGACATTCTCCCATTGCTGGAA-3’ 5'-TTCTGTCACCAAAGCCAGGTGCT-3’ 

cipA 5'-AGGAGCACCTAACGGACTCAGTGT-3’ 5'-GTCGGCTCTGGCGGTGTTGT-3’ 

 

 

Figure VI-1. Agarose gel electrophoresis of qPCR primers. PCR products resulting 

from amplification of C. thermocellum genomic DNA templates with four sets of cpn60 

primers and one set of cipA primers. Band sizes in the ladder are indicated in basepairs 

(bp). 

6.2.5.4 Standard curve with quantitative polymerase chain reaction (qPCR) 

An identical stock of C. thermocellum cell suspension in PBS buffer was used to 

develop a qPCR calibration curve. Eight standards (10-1 to 10-8) were prepared by ten-
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fold serial dilutions (PBS as diluent) starting from the original stock suspension. Pellets 

were obtained after centrifuge (14000 x g, 10 min) and removal of PBS supernatant. 

Genomic DNA extracted and purified with the InstaGene matrix (#732-6030EDU, 

BioRad Laboratories Inc.) was used as template in qPCR. The DNA concentration in 

each standard was determined spectrophotometrically. Same kit was used to prepare 

DNA template from experimental samples. Duplicate qPCR reactions for the standard 

curve, test samples, and no template controls were prepared with the SsoFast 

EvaGreen® supermix (BioRad) with 2x PCR mix as shown in Table VI-4 below, 

Table VI-4. qPCR reaction composition and primer sequences for the cpn60 gene of C. 

thermocellum. 

Total reaction volume = 25 µL Primer sequence (amplicon length = 164) 

Components µL/tube  

Master mix 12.5  

Forward primer 1 5'-TCCAGGACATTCTCCCATTGCTGG-3'  

Reverse primer 1 5'-TCTGTCACCAAAGCCAGGTGC-3'  

Water 8.5  

DNA template 2  

  

Real time qPCR was performed with the BioRad MiniOpticon System (48-well) 

equipped with CFX Manager software control. Real-time PCR was initiated with a 

denaturation step (95 °C for 3 min) followed by amplification of target DNA in 40 

cycles. Each cycle consisted of denaturation (10 s at 95 °C), annealing (10 s at 55 °C) 

and extension (30 s at 70 °C). 
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6.3 RESULTS AND DISCUSSION 

Growth nutrients were gradually eliminated from the reagent grade chemical 

medium to observe if TS is able to replace them partially or completely. Time-profile of 

batch experiments were conducted using a suitable range of TS concentrations 

determined from preliminary screening. Background ethanol, acetate and lactate (yeast 

metabolites) in TS media and all carryovers with inocula were always subtracted from 

the total products measured to estimate original productions by C. thermocellum.  

6.3.1 TS media without YE and vitamins 

Hydrogen productions from cultures containing 50 to 400 g/L TS were compared 

to that from control cultures with equal amounts of added cellulose. In Figure VI-2A and 

B, cultures with 50 g/L TS were found to produce the highest amount of H2 and ethanol 

among all tested concentrations of TS and were very close to replace the regular media 

used as control. Average H2 concentrations from cultures containing 50 g/L TS 

represented around 85-89% of H2 from controls at 20 and 40 hour, respectively. Ethanol 

produced from 50 g/L TS were similar to control cultures at both 20 h and 40 h. Values 

of pH in all test cultures remained above 7.0, suggesting a negligible impact of pH on 

the ratio of fermentation end-products. It was assumed that one or more components in 

media became excessive with higher amounts of TS and were inhibitory to growth and 

production.  
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 Figure VI-2.  A) H2 and B) ethanol production by C. thermocellum cultures grown on 

TS media with no added vitamins (V) and yeast extract (Y). Ctrl: control culture with 10 

g/L cellulose and regular medium ingredients; TS (50/200/500)-YV: culture containing 

50, 200 or 400 g/L TS with no Y and V added; TS (50/200/500)-YVC: culture 

containing 50, 200 or 400 g/L TS with no Y, V and cellulose added. 

Based on the initial experimental trial, which indicated that the lowest 

concentration of TS (50 g/L) resulted in ethanol and H2 concentrations that were 

comparable to the Control, a second experiment with a lower range of TS concentrations 
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(5 to 50 g/L) was examined. The results showed that all cultures produced significantly 

lower H2 and ethanol compared with those from 50 g/L TS after 40 h. As H2 production 

resembles cell growth it was inferred that medium containing TS below 50 g/L were 

deficient in nutrients to support growth.  

 

Figure VI-3. Gas production by C. thermocellum 1237 cultures grown on low thin 

stillage (TS) concentrations. TS were added at 5, 10, 20, 35 and 50 g/L to vitamins (V) 

and yeast extract (Y) free media.  

 

6.3.2 TS media on buffers 

Fermentation end-products after 24 h of incubation are shown in Figure VI-4, 

when all nutrients except buffering agents (phosphates and MOPS) were excluded from 

media with 50 to 400 g/L of TS. Relative utilization of added cellulose by C. 
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media with no added substrate. Overall, more total products were produced compared 

with previous batch cultures where only vitamins and yeast extract were excluded from 

TS media. Figure VI-4A shows that H2 concentration dropped significantly after TS 

addition exceed 50 g/L, while ethanol concentration remained unchanged. Only a small 

amount (< 2 mM) of lactate production was detected in TS medium. Also formate 

production was insignificant in all TS concentrations tested.  

A small amout of cellulose is present in TS (Table VI-1), which represents 

substrates fermentatble by C. thermocellum and corresponds to about 0.8 mM of glucose 

equivalents when 50 g/L of TS is added to the medium. So it is not surprising that 

production from cultures with no added cellulose became more significant with 

increasing amount of TS in media. Productions from cultures with 400 g/L TS without 

added cellulose represent up to 83% and 72% of the H2 and ethanol, respectively, 

produced by cultures containing same amounts of TS and added cellulose. Utilization of 

cellulose seems to be the highest in cultures with 50 g/L TS, since total productions from 

no-cellulose (50TS) media were comparatively lower than those from other 

concentrations.  

 Fair amounts of soluble sugars are present in full concentration of TS including 

maltose and glucose (Kim et al. 2008), which are not metabolizable by C. thermocellum 

under regular conditions. However, growth of C. thermocellum on glucose was 

evidenced by some early studies (Patni & Alexander 1971; Hernandez 1982; Gomez & 

Hernandez 1981). It was suggested that media low in yeast extract limits glucokinase 

activities and a positive correlation between the specific activity of glucokinase, the 

enzyme that catalyze glucose metabolism, and concentrations of yeast extract in the 
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growth media was discovered (Patni & Alexander 1971). Based on these findings, it was 

expected that glucose would be utilized in TS media where yeast residues are present in 

abundance, however, our analysis did not show any glucose consumption. 

Figure VI-4. Relative production of A) gaseous and B) liquid end-products by C. 

thermocellum 1237 grown on TS media with and without added cellulose (aC). 

(50/100/200) TS: cultures with TS and without cellulose; (50/100/200) TS + aC: cultures 

with TS and cellulose; Ctrl: control culture with regular medium and cellulose. 
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Lower H2 production translates into less growth, as these two are closely tied. 

Media with TS above 50 g/L are possibly due to some adverse effects on cells imposed 

by a combination of various environmental conditions. As outlined in the Table V-1, TS 

is a complex suspension of grain residues, yeast metabolites, and mineral salts, and 

concentrations of all of these increase with greater amounts of TS in the medium, 

making the fermentation broth more viscous with an oily surface. It is possible that poor 

mass transfer rate created over-concentration of product gases and raised H2 partial 

pressures, inhibiting H2 production. In addition, salts may accumulate from pH 

adjustment of the acidic TS media (pH range 5.5-6.0) as higher concentrations of TS are 

added, which might impart some osmotic stress on cells of C. thermocellum.  

6.3.3 Time profiles of production on TS medium 

Batch fermentation were carried out with 50 and 200 g/L TS (with and without 

added cellulose) to observe time profiles of H2 and ethanol production by C. 

thermocellum (Figure VI-5).  Final pH values remained around 6.5, so the culture pH 

drops did not effect product profiles. For first 25 h of incubation, carryovers or 

background carbon in TS accounted for up to 50% of H2 produced in cultures with 200 

g/L TS. After that, production from TS only cultures leveled off and the added cellulose 

started to be utilized in cultures with cellulose. TS at 50 g/L produced H2 at rates equal 

to the control media, but faster compared to cultures with 200 g/L TS despite of similar 

total accumulation at the end. Ethanol produced at similar rates in all cultures except in 

50 g/L TS it leveled off earlier than others resulting a 35% less total accumulation than 

the 200 g/L TS. 
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6.3.3.1 Growth of C. thermocellum on TS 

Growth kinetics of microorganisms on TS was monitored by OD measurement 

when medium was free of insolubles (Davis et al. 2005). In anaerobic digestion, volatile 

suspended solids (VSS) were used as the indicator of growth of microorganisms 

(Schaefer and Sung 2008). In the present study, it was not possible to quantify cell-

growth by optical density or protein assay due to suspended solids and high external 

proteins (< 30%) content of TS media. Therefore, a qPCR technique was adopted as an 

alternative approach. Based on the qPCR amplification of DNA templates (Figure A2-3) 

obtained from cellobiose grown cells of C. thermocellum 1237, a standard curve (Figure 

A2-4) was developed. Cell-number in a master stock was pre-estimated with the 

flowcytometry as detailed earlier (Section 2.5.1). Growth of C. thermocellum on TS 

media was monitored in terms of log10 of cell-numbers based on copies of cpn60 gene 

amplicons in each sample (Figure VI-6). 
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Figure VI-5. Synthesis of a) H2 and b) ethanol during batch fermentation by C. 

thermocellum on TS media. Three categories of cultures include standard medium with 

cellulose (control), TS media with (50TS+aC, 200TS+aC) and without (50TS, 200TS) 

added cellulose. 
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Figure VI-6. Quantification of cell-growth of C. thermocellum 1237 on TS media. Time 

profile of the growth of C. thermocellum 1237 in 50, 100, 200 and 400 g/L thin stillage 

(TS) cultures. Number of cells is based on copy number of cpn60 gene of C. 

thermocellum 1237 estimated from qPCR. 
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also reported 4% spore formation in absence of vitamins. Vitamins were added to the 

control media by filter sterilization while TS was autoclaved after preparation. This 

might have caused severe heat inactivation of vitameric components present in TS as 

detected earlier (Moreau & Hicks 2006). 

Up to this point TS showed excellent capability to replace reagent grade mineral 

salts (magnesium, calcium, iron), vitamins, urea and yeast extract that are used to 

prepare a rich growth medium. The total production of ethanol and H2  by C. 

thermocellum from 50 g/L TS media was similar to the control media and higher 

concentrations did not perform better. However, this production represented only a 

fraction (25-30%) of production by the optimum medium composition developed earlier 

(Chapter-IV). Therefore, we selected this concentration to examine whether its 

performance can be further improved.  

6.3.4 Magnesium supplementation of TS medium 

Compared with the control medium, TS media are significantly deficient in some 

divalent cations (Mg++ and Ca++) when added below 200 g/L concentrations. To check 

whether an increase in concentrations of divalent cation can improve total production, 

0.5 and 1.0 g/L of magnesium chloride (Mg) were added to 50 g/L TS media and 

cultured for 40 hours with controls with no added Mg (Figure VI-7).  
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Figure VI-7. Fermentation end-products synthesized by C. termocellum in 50 g/L TS 

media with or without added magnesium. Cellulose was added at 10 g/L to all cultures. 

 

Supplementation with 0.5 and 1.0 g/L of Mg resulted 35% and 60% of average 

increase in ethanol production, respectively, relative to the medium with no added Mg. 
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medium formulation should be closely monitored for levels of nutrients, toxic chemicals 

or inhibitory substances. Several strategies can be approached to further improve the 

performance of TS as a media such as: 1) removal of fats and glycerol from TS to reduce 

viscosity and improve mass transfer; 2) removal of soluble sugars, which might shorten 

or eliminate lag time; and 3) incorporation of a fraction of TS by filter sterilization to 

save activities of B-vitamin components. Utilization of glycerol and lactic acids in TS 

for butanol production (Ahn et al. 2011) could be a viable pretreatment option that pays 

off for itself. Proposed extraction of other valuables such as corn germ oil and corn fiber 

oil (Singh et al. 2007) that don't serve as nutrients for fermentative organisms could 

improve the performance of TS as alternative growth medium. 

6.3.5 Additional advantages of TS medium 

In existing ethanol facilities, highly watery TS is recycled as backset to make-up 

between 20% and 40% of the process water. In this study, the incorporation of TS to C. 

thermocellum growth medium compensated for up to one-fourth of water volume with 

1% cellulose present in the medium. Another useful property of TS is its content of 

grain-oil which could serve as a natural antifoaming agent during fermentation. In our 

culturing bottles with TS foaming were very little or none compared to cultures with the 

standard medium.  Thereby, TS would not only potentially replace the cost of nutrients, 

but also could substantially save cost of process water and anti-foaming chemicals in 

high-scale operations. 
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6.4 Conclusions 

Results discussed above depicted TS as an attractive source of low-cost nutrients, 

which is able to support the growth of C. thermocellum and production of biofuels from 

cellulose. Final product concentrations from TS-media were comparable with those from 

the reference medium despite of slower growth-rates of C. thermocellum on TS. Mg 

supplementation of TS-media enhanced ethanol production while no improvement in 

hydrogen production was achieved. 
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"I have not failed. I've just found 10,000 

ways that won't work." 

~ Thomas Edison 
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CHAPTER VII 

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

7.1 GENERAL CONCLUSIONS 

This research presents a systematic effort dedicated to improve direct 

bioconversion of cellulosic biomass, the most promising route to a sustainable supply of 

fuels and chemicals. With very few exceptions, almost all studies on cellulosic biofuels 

involved pre-hydrolysis or saccarification, which bypassed potential challenges posed by 

single-step fermentation of cellulosic biomass at high concentrations. The present work 

provided some new and important insights to the original concept of consolidated 

bioprocessing of lignocelluloses that are vital to realize the commercialization of 

cellulosic biofuels. 

We have identified growth medium components that have significant influences 

on cell-growth and rates and yields of H2 and ethanol production during cellulose 

fermentation by C. thermocellum under high concentration of solids (10-50 g/L). Varied 

nutrient compositions improved cellulose fermentation conditions for C. thermocellum 

and displayed two major types of effects: a general growth enhancement effect and a 

carbon-flux shifting effect. Volumetric yields for ethanol and H2 were improved by 2.3-

fold (76.5 mM) and 2.04-fold (71.22 mmol per liter), respectively, compared with the 

basic combination. The highest hydrogen yield (1.64 mol/mol glucose) was 

accompanied by the lowest ethanol yields while the lowest hydrogen yielding 

combination had the highest ethanol yield of 1.36 mol/mole glucose, representing 68% 

of the theoretical maximum for ethanol. 
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With the aid of experimental design and response surface methodology (RSM), 

models were developed for production rates and yields of H2 and ethanol as functions of 

those nutrients concentration. Application of the desirability function revealed the best 

trade-off between volumetric H2 production and H2 yield that resulted in 56.33 mmol 

H2/L with 1.47 mmol H2/mol glucose equivalent when cultures contained 28 g/L 

cellulose, 2 g/l YE, and 1.58 g/l MgCl2.6H2O. The optimum nutrient composition for 

ethanol production was 22.41 g/L cellulose, 2 g/L YE, and 2 g/L MgCl2.6H2O, which 

resulted in production of 51.95 mmol ethanol/L. The optimized medium composition 

established in small vials was successfully verified in a 7L bioreactors with 4L culture 

volumes, which could be considered as an important step forward to realize cellulosic 

biofuels. 

Various forms of distillers grains (DDGS, WS and TS), processing of which 

consumes a major share of ethanol-plant energy were evaluated as low-cost nutrient 

alternatives to the reagent grade medium. Our experimental results revealed that DDGS 

added at 5 g/L and WS or TS added at 50 g/L concentrations were able to replicate 

production of H2 and ethanol from the original medium. These alternative media, 

however, resulted substantially lower products compared with optimum combinations 

developed. Supplementation with magnesium resulted better performance of TS medium 

and other modifications were suggested for further improvements. Utilization of these 

low-cost nutrient sources to replace expensive reagent ingredients may potentially 

contribute to the viability of both grain-based ethanol and cellulosic biofuels. 
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Major findings originated from this work are readily applicable to the 

advancement of biotechnology toward the economy of an integrated biorefinery and key 

contributions include, 

• Identification of influential growth nutrients during cellulose 

fermentation by C. thermocellum 

• Development of optimized medium composition that substantially 

improved H2 and ethanol productivities under high cellulose loadings 

• Successful demonstration of the small-vial optimum in large bioreactor  

bringing the process closer to practical applications 

• Significant potentials displayed by ethanol distillery byproducts as low-

cost source of alternative nutrients 

7.2 FUTURE RESEARCH DIRECTIONS 

This study established a firm baseline for future investigations on direct fermentation of 

lignocelluloses under high-solid conditions. Individual and joint effects of a set of 

nutritional components on direct cellulose conversion by C. thermocellum into biofuels 

were evaluated in the present work, however, these components represent a small sub-

set out of a long list of growth medium ingredients. Further investigation considering a 

different sub-set of ingredients or different concentration ranges might allow additional 

improvements to rates and yields of production. 

In this study, large-volume culturing was done with suboptimal settings of 

operational parameters such as agitation, N2-sparging rates and resultant mass-transfer 

rates. Evaluating impact of these factors might allow better production rates and yields. 

Based on our batch data, higher solid loadings (> 5%) can be approached using fed-
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batch or semi-contineous  modes of feeding. Also, to move closer to real-life 

application, it is important to explore the relative performance of some natural cellulosic 

substrates in large volume cultures. Replacing pure cellulose with equal cellulose 

equivalents of natural fibers such as waste paper, woodchips, straw and hemp can be 

tested. 

We have seen relative influence of nutrients on growth and production profile of C. 

thermocellum. The impact of varied medium composition on micromolecular 

machineries of this cellulolytic organism remained unexplored. A comparative study of 

genomic, proteomic and transcriptomic profiles under optimum and reference 

compositions might bring important understanding leading to better control over the 

central metabolism.  

Based on various structural and chemical composition of lignocellulosic feedstocks, 

hydrodynamic behaviors and their impact on cellulose-enzyme-microbe complex could 

be significantly different. Thereofore, study of the rheological characteristics of high-

solid culture suspension and their influence on cell-cellulase-cellulose complex might 

bring important insights to understand cell-growth, metabolism and cellulose conversion 

with respect to changes in broth hydrodynamics.  
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APPENDIX – I: ADDITIONAL DATA AND PLOTS 

Table A1-1. A full-factorial (24) design layout for four factors. 

A:cellulose 

B:yeast 

extract C:CaCl2 D:MgCl2 Std 

 

Run 

 g/L g/L mg/L g/L 

1 12 10 1 150 1 

2 19 50 1 150 1 

3 17 10 2 150 1 

4 18 50 2 150 1 

5 15 10 1 300 1 

6 5 50 1 300 1 

7 7 10 2 300 1 

8 4 50 2 300 1 

9 14 10 1 150 2 

10 16 50 1 150 2 

11 3 10 2 150 2 

12 11 50 2 150 2 

13 6 10 1 300 2 

14 13 50 1 300 2 

15 1 10 2 300 2 

16 10 50 2 300 2 

17 8 30 1.5 225 1.5 

18 9 30 1.5 225 1.5 

19 2 30 1.5 225 1.5 
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Figure A1-1. Concentrations of H2 and ethanol in each combination (1-16) and the 

centre point (CP) at the end of 18 hours of incubation. 
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Response 1: H2 

Table A1-2. Model Summary for concentration of H2. 

 Coefficient 
Factor Estimate p-value 
Intercept 22.65 23.18 
A -0.7 0.0142 
B 7.32 < 0.0001 
C -0.59 0.0359 
D 1.71 < 0.0001 
AB -0.71 0.0138 
BD 6.00E-01 0.0351 
CD 9.70E-01 0.0011 
Center 
Point 3.94 < 0.0001 

 

Table A1-3. ANOVA for selected factorial model. 

 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 1891.85 7 270.26 116.87 < 0.0001 
A-cellulose 15.81 1 15.81 6.84 0.0142 
B-yeast 
extract 1714.06 1 1714.06 741.19 < 0.0001 
C-CaCl2 11.24 1 11.24 4.86 0.0359 
D-MgCl2 93.07 1 93.07 40.24 < 0.0001 
AB 15.98 1 15.98 6.91 0.0138 
BD 11.35 1 11.35 4.91 0.0351 
CD 30.35 1 30.35 13.12 0.0011 
Curvature 67.01 1 67.01 28.98 < 0.0001 
Residual 64.75 28 2.31   
Lack of Fit 19.51 8 2.44 1.08 0.4165 
Pure Error 4.52E+01 20 2.26E+00   
Cor Total 2.02E+03 36    

 

*df=Degrees of freedom 
Std. Dev. 2.13 R-Squared 0.9349 
Mean 23.18 Adj R-Squared 0.9192 
C.V. % 9.19 Pred R-Squared 0.9076 
PRESS 186.96 Adeq Precision 21.6 
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Final Equation in Terms of Coded Factors: 
 
H2  = 
23.18  
-0.7  * A 
7.32  * B 
-0.59  * C 
1.71  * D 
-0.71  * A * B 
0.6  * B * D 
0.97  * C * D 

 

Response 2: Ethanol 

Table A1-4. Model Summary for concentration of ethanol. 

 Adjusted  Model 
 Coefficient 
Factor Estimate p-value 
Intercept 19.96 20.86 
A 0.19 0.5138 
B 6.89 < 0.0001 
C -1.32 0.0002 
D 1.67 < 0.0001 
AB -0.47 0.115 
AC 0.55 0.0657 
AD -0.22 0.4526 
BC -0.91 0.0047 
BD 0.86 0.0067 
CD 1.06 0.0014 
ABC 0.57 0.0604 
ABD 0.41 0.1646 
ACD 0.21 0.4614 
BCD -0.52 0.0811 
ABCD 0.96 0.003 
Center 
Point 6.64 < 0.0001 
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Table A1-5. ANOVA for the concentration model of ethanol. 

 Sum of  Mean F p-value 
Source Squares df Square Value Prob > F 
Model 1824.95 15 121.66 46.86 < 0.0001 
  A-cellulose 1.15 1 1.15 0.44 0.5138 
  B-yeast extract 1518.38 1 1518.38 584.86 < 0.0001 
  C-CaCl2 56.1 1 56.1 21.61 0.0002 
  D-MgCl2 89.41 1 89.41 34.44 < 0.0001 
  AB 7.05 1 7.05 2.71 0.115 
  AC 9.85 1 9.85 3.79 0.0657 
  AD 1.52 1 1.52 0.59 0.4526 
  BC 26.3 1 26.3 10.13 0.0047 
  BD 23.79 1 23.79 9.16 0.0067 
  CD 35.9 1 35.9 13.83 0.0014 
  ABC 10.29 1 10.29 3.96 0.0604 
  ABD 5.4 1 5.4 2.08 0.1646 
  ACD 1.46 1 1.46 0.56 0.4614 
  BCD 8.76 1 8.76 3.38 0.0811 
  ABCD 29.6 1 29.6 11.4 0.003 
Curvature 190.43 1 190.43 73.35 < 0.0001 
Pure Error 51.92 20 2.6   
Cor Total 2067.3 36    
      
Std. Dev. 3.4 R-Squared 0.8828   

Mean 20.86 
Adj R-
Squared 0.799   

C.V. % 16.29 
Pred R-
Squared 0.7798   

PRESS 455.31 
Adeq 
Precision 11.29   

 

 

 

 

 

 

 



 194 

Final Equation in Terms of Coded Factors: 

EtOH  =  
20.86   
0.19  * A  
6.89  * B  
-1.32  * C  
1.67  * D  
-0.47  * A * B  
0.55  * A * C  
-0.22  * A * D  
-0.91  * B * C  
0.86  * B * D  
1.06  * C * D  
0.57  * A * B * C  
0.41  * A * B * D  
0.21  * A * C * D  
-0.52  * B * C * D  
0.96  * A * B * C * D 
   

 

Table A1-6.  A path of steepest ascent constructed based on the H2 model. 

  cellulose 
yeast 
extract CaCl2 MgCl2 

Design centre points 30 1.5 225 1.5 
Steepest ascent 

direction              "     
SA1 30 2.5 180 1.9 
SA2 30 3.5 135 2.2 
SA3 30 4.5 90 2.6 
SA4 30 5.5 45 3 
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Figure A1-2. Improvement in concentration of H2 compared with the centre-point (CP)  

as the design centre was moved away along a path of steepest ascent. SA1-4 implies four 

consecutive points on this path. 
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APPENDIX-II 

ADDITIONAL PHOTOGRAPHS AND FIGURES 

 

 

Figure A2-1. Fermentation of delignified wood (5%) by C. thermocellum grown on 50 

g/L whole stillage medium.  Picture was taken after 30 min. of settling time. 

 

 

Figure A2-2. Thin stillage (TS) media in 60 ml serum bottles. Various (200-900 g/L) 

concentrations of TS were added to buffer solution. 
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Figure A2-3. Amplification plot of qPCR showing correlation of cycle number vs. 

fluorescence for standards and samples. 

 

 

 

Figure A2-4. Quantitative PCR standard curve for C. thermocellum 1237. Log (10 base) 

of cell-number represents copies of cpn60 gene amplicons of the bacteria. DNA 

templates were extracted from pre-diluted cellobiose grown cells with known optical 

density (OD).  
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