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Abstract
Bioprocesses carried out for the production of fuels and other value-added coproducts require effective process control strategies. The objective of this research is to
apply Titrimetric Off-Gas Analysis (TOGA) for the on-line estimation of fermentation
end products using Clostridium thermocellum. The hydrogen ion production, gaseous H2
and CO2, soluble H2 and CO2, as well as ethanol in the liquid phase and vapour phase,
were monitored. All parameters, except the dissolved gases, showed good correlation
with concurrent off-line analysis. The resulting mass and electron balances were close to
theoretical values, and not significantly different from those determined using off-line
analysis. Liquid-to-gas mass transfer limitations caused supersaturation of H2(aq) for a
wide-range of operating conditions, and on average, ranged between 8-14 times the
expected value at thermodynamic equilibrium. The supersaturation of CO2(aq) was
conditional, and could be alleviated by increased sparging at agitation such that no
significant mass transfer limitation was present. Simultaneous data on ethanol, CO2, and
H2 could be obtained with the MIMS probe placed adjacent to the liquid surface in the
reactor headspace. From this data, a metabolic model was proposed for the on-line
estimation of formate and acetate using a mass balance and an electron balance. The
model estimated formate concentrations with reasonable accuracy. Acetate predictions
agreed with the qualitative trends, but the concentrations were inaccurate in comparison
with off-line analysis. It was demonstrated that the sensor could provide on-line
information on all major end-products synthesized by C. thermocellum. In conclusion,
TOGA is a valuable instrument for the on-line monitoring and study of fermentation
processes for cellulosic biofuels production.
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Chapter 1: Introduction to Cellulosic Biofuels and On-line State
Estimation with Titration and Off-Gas Analysis (TOGA)
1.1.

The need for alternative energy technologies
Following the industrial revolution, energy requirements were met through

exploitation of a seemingly abundant supply of readily available, inexpensive, nonrenewable resources, including oil, coal and natural gas. Since then, little has changed in
the means by which these energy needs are being met. Currently, conventional fossil
fuels supply 85% of the energy consumed globally, and natural gas-derived liquids
account for much of the balance (Blanch et al. 2008; Carroll and Somerville 2009;
Hughes and Rudolph 2011; Youngs and Somerville 2012). Due to the non-renewable
nature of fossil fuels, this level of dependence cannot be sustained indefinitely.
Production from large oil fields is decreasing at a rate of 4-5% annually, while demand
for oil is simultaneously expected to double in the next 30 years (Nigam and Singh 2011).
It is speculated that it is not possible for non-conventional oil sources to alleviate the
discrepancy between the current declining rate of production and the expected demand
(Murray and King 2012). Furthermore, the combustion of fossil fuels is believed to be
contributing to heavily climate change (Holdren 2006; Murray and King 2012; Youngs
and Somerville 2012). The search for alternative energy technologies to supplant our
fossil fuel dependence is urgent owing to dwindling supply, increased demand, and
negative environmental impacts associated with conventional energy technologies.

1

1.2.

Biofuels as a sustainable alternative energy technology

Biofuels are increasingly seen as a promising, sustainable alternative to help displace
fossil fuel dependency, decrease emissions, and mitigate climate change impacts (Curran
2013; Hallgren et al. 2013). Biofuels have been defined as a form of energy (liquid, solid,
or gas) that is derived from natural materials that can be used as a substitute for
petroleum (Demirbas 2011). In addition to their potential as a petroleum substitute,
several other advantages of biofuels have been proposed: 1) they can help to reduce
greenhouse gas emissions, thus mitigating climate change (Fairley 2011; Hallgren et al.
2013; Naik et al. 2010; Sivakumar et al. 2010) 2) they can promote socio-economic
stability, rural development, and the sustainability of the agriculture industry (Havlík et
al. 2011; Singh et al. 2011); and 3) they can provide domestic energy security and reduce
dependence on imported oil (Curran 2013; Naik et al. 2010). Government support for
biofuels is evidenced through legislation that is mandating renewable content be blended
into existing transportation fuels in both the USA and Canada, through the Renewable
Fuel Standard, and Bill-C33, respectively (Sorda et al. 2011).
Currently, biofuels only account for 0.5% of the global energy consumption (Milazzo
et al. 2013). There are several drawbacks that have prevented their widespread production
and use, including the low energy content of the product, the processes required for their
production are energy intensive (Adsul and Gokhale 2012; Curran 2013), environmental
impacts arising from land use change (Hallgren et al. 2013; Havlík et al. 2011), as well as
the ethical dilemmas encountered when fuel production competes for land that could
otherwise be used for food production (Sims et al. 2010).
2

There are many biofuel production platforms available, and many challenges to be
overcome before many of these technologies can be commercialized. Sivakumar et al.
(2010) outlined several characteristics of a suitable biofuel; namely, the biofuel should
not be in competition with food production, it should have a positive energy balance, and
minimal negative impact on the environment. The following paragraphs contain a
summary of some of the current platforms, and the challenges associated with each.
1.2.1. First-generation biofuels
First-generation biofuels are those that are produced from well-established conversion
technologies using dedicated sugar, starch, or oil crops (Singh et al. 2011). Currently,
ethanol is produced commercially from corn-based starch in the USA, from sugarcane in
Brazil, and from a combination of potato, wheat, and sugar beet in Europe (Havlík et al.
2011). The practice appears to be sustainable in Brazil, where all gasoline sold contains
25% ethanol (Mendes and Figueiredo 2011; Sims et al. 2010). By contrast, ethanol
production in the USA from starchy feedstocks requires more intensive processing,
leading to higher production costs (Demirbas 2011). Consequently, starch-based ethanol
production is not yet sustainable and has relied heavily on government subsidies (Sims et
al. 2010; Sorda et al. 2011). Biodiesel, produced from soybean and canola, is produced
commercially in Europe (Havlík et al. 2011).
The main argument against first-generation biofuels arises from the fact that the raw
materials required to produce them are also food commodities. Hence, commercialization
of this type of biofuels is often blamed for increases in food prices (Havlík et al. 2011;
Naik et al. 2010). The ability of first-generation biofuels to reduce carbon emissions over
the entire life cycle is also questioned because of emissions arising from land use change,
3

and the extensive fuel and chemical inputs required (Curran 2013; Havlík et al. 2011;
Naik et al. 2010; Sims et al. 2010; Sorda et al. 2011). Naik et al. (2010) point out that in
the face of all these arguments against first-generation biofuels, the only clear advantage
seems to be domestic energy security in times of political instability that threatens oil
exports in some countries.
1.2.2. Second-generation biofuels
Each year, earth receives about 7000 times more energy from the sun than all of the
energy consumed by humans combined (Youngs and Somerville 2012). The
photosynthetic capability of plants allows them to capture this energy and store it as
carbohydrates. For this reason, there is great potential to derive sustainable energy from
plant biomass, and it is proposed to be the only foreseeable sustainable energy alternative
(Lynd et al. 2002). Second-generation biofuels are those produced from thermochemical
or biological conversion of non-edible plant biomass to fuels and other chemical
commodities. Lignocellulosic biomass is both inexpensive and abundant and its use
quashes the food vs. fuel debate, which is considered the main drawback to firstgeneration technologies (Nigam and Singh 2011). Agricultural residues, forestry residues,
municipal solids wastes, and dedicated biomass crops have been investigated as
feedstocks for biofuel production. Dedicated biomass crops have come under scrutiny for
being in competition with food production (Sims et al. 2010). However, it has been
suggested that perennial biomass crops can be used as a phyto-remediation tool to restore
the soil structure and organic content to 600 million acres of degraded agricultural land
worldwide (Carroll and Somerville 2009; Youngs and Somerville 2012). Despite these
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challenges, second-generation biofuels are therefore widely regarded as superior to firstgeneration (Sivakumar et al. 2010).
The production of second-generation biofuels is not yet commercial and development
efforts have been restricted to a number of pilot scale operations, mostly in Europe
(Damartzis and Zabaniotou 2011). Several key challenges must be addressed prior to
commercialization, which are currently under strenuous investigation. Further
development of the required infrastructure for the relatively complex conversion
processes and associated capital investment are the main challenges (Nigam and Singh
2011; Sivakumar et al. 2010). It is hoped that these costs can be offset by inexpensive
cellulosic substrates and make second-generation biofuels more cost effective than firstgeneration biofuels (Agbor et al. 2011b; ; Havlík et al. 2011; Lin and Tanaka 2006; Lynd
et al. 2005; Wyman 2007). Fuels derived from biomass may be converted to fuel by
thermochemical means, such as pyrolysis (Demirbas 2011) and gasification (Damartzis
and Zabaniotou 2011), or biological means, such as enzymatic degradation by certain
species of microbes and fungi (Lynd et al. 2002; Sivakumar et al. 2010). As
thermochemical conversion processes do not pertain to this work, they are not further
discussed here. The following sections are a more in depth look at the biomass-tobiofuels prospects and limitations.

1.3.

Biological conversion of biomass to second-generation biofuels
Biomass has very little in common with the petroleum-derived fuels that it is

hoped it will eventually replace. Modification to a form that is more energy dense and
more easily handled is necessary to meet the demands of the current transportation
industry. Liquid fuels satisfy these requirements and can be compatible with existing
5

infrastructure (Badger and Fransham 2006; Butler et al. 2011; Savage 2011). Biological
means can be used to convert biomass into liquids (ethanol, butanol) and gases
(hydrogen, methane) with desirable fuel properties, as well as a number of other valueadded co-products. With biological conversion technologies lies the potential for greater
cost reduction than thermochemical conversion platforms because high temperatures and
pressures are not needed, and nearly theoretical yields can be achieved (Damartzis and
Zabaniotou 2011; Wyman et al. 2005). In the context of ethanol or H2 production, one
mole of glucose may be biologically converted to two moles of ethanol or four moles of
H2, when acetate is the only end-product (Lin et al. 2007). This is shown in Equations 1.1
and 1.2 below.
[

]
[

]

(1.1)
(1.2)

1.3.1. The nature of cellulosic biomass
Biological degradation of cellulose by the enzymatic activity of fungi, aerobic
bacteria, and anaerobic bacteria is an imperative process in natural ecosystems that
accounts for one of the largest material flows in the biosphere (Chang and Yao 2011;
Lynd et al. 2002). Lignocellulosic biomass consists of three polymers: (1) cellulose,
which is the primary constituent of the plant cell walls and typically accounts for 35-50%
of plant dry weight; (2) hemicellulose, which is meshed into the cellulose fibres and
comprises 20-35% of plant dry weight; and (3) lignin, which fills the pores in the mesh of
cellulose and hemicellulose, accounts for 5-30% of plant dry weight, and is known to
give the plant mechanical strength and resistance to oxidative stress such as microbial
degradation (Agbor et al. 2011b; Chang and Yao 2011; la Grange et al. 2010; Levin et al.
6

2009; Lin and Tanaka 2006; Lynd et al. 2002; Olsson and Hahn-Hagerdal 1996; Wyman
1994).
1.3.2. Biological conversion: opportunities and challenges
The inherent recalcitrance and non-uniformity of biomass is problematic for
conversion of biomass to fuels and other value-added co-products via biological
pathways. As a result, the processes are slow and the yields too low to be commercially
viable in comparison with conventional technologies (Levin et al. 2007; Lynd et al. 2005;
Mazzoli et al. 2012; Wyman 2007). Intensive research efforts are required to systemically
optimize many aspects of the process to make it commercially viable. Two strategies that
can accelerate bioprocess development include: (1) organism development; and (2)
effective bioprocess monitoring and control strategies (Alford 2006). The next sections
will be dedicated to discussion on each strategy.

1.4.

Organism Development Strategies
Improvement of cell lines may be accomplished by isolating and characterizing

new strains and by development and manipulation of existing strains (Alford 2006). This
section discusses the limitations of the available organisms for second-generation biofuel
production, and strategies for development of organisms to overcome these limitations.
1.4.1. Toward consolidated bioprocessing
For bioprocesses that are carried out with the goal of producing second-generation
biofuels, one of the main challenges is overcoming the bottleneck that is the rate of
biological degradation of lignocellulosic biomass (Carere et al. 2008b). Often, biomass
requires costly pre-treatment steps to release the soluble sugars from the complex matrix
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that constitutes biomass (Lynd et al. 2005). Pre-treatment has been formally defined as
“any process that converts lignocellulosic biomass from its native form, which is
recalcitrant to cellulase enzyme systems, to a form for which enzymatic hydrolysis is
effective” (Lynd et al. 2002). The lignin constituent of biomass is thought to form a
barrier to the enzymatic activity of bacteria and fungi; this is an inherent mechanism of
natural defense. This size-exclusion effect renders most of the carbohydrates present in
cellulose and hemicellulose inaccessible to enzymatic activity (Lynd et al. 2002).
Therefore, a cost-effective measure for removal of lignin must be found to facilitate
access to, and utilization of, the sugars contained in cellulose and hemicellulose. The cost
of a pre-treatment step for the removal of lignin is widely accepted to be the most
expensive unit operation in the production of cellulosic ethanol (Wyman 2007).
Therefore, one of the targets of organism development is to engineer new strains of
bacteria with improved characteristics for efficient biofuel production (la Grange et al.
2010; Lynd et al. 2002; Mazzoli et al. 2012). Biological conversion of biomass to a
suitable fuel involves: (1) production of cellulolytic and hemicellulolytic enzymes
capable of hydrolyzing cellulose and hemicellulose to a variety of hexose sugars; (2)
enzymatic hydrolysis of the cellulose and hemicellulose fibres that are embedded in a
lignin matrix into soluble sugars; (3) fermenting the resulting hexose sugars into a high
yield of a valuable end-product and (4) fermentation of pentose sugars to metabolic endproducts that are of interest as energy carriers and other value-added co-products. Some
of the most promising candidates as energy carriers include methane (Chandra et al.
2012; Regueiro et al. 2012), ethanol (Demain et al. 2005; Saha et al. 2013; Wyman
2007), butanol (Ellis et al. 2012a; Malaviya et al. 2012), and hydrogen (Levin and
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Chahine 2010; Levin et al. 2004; Rittman and Herwig 2012). When these conversion
steps can be combined into a single process, it has been termed consolidated
bioprocessing (CBP) (Lynd et al. 2002). The decreased number of process steps offers
the greatest potential for cost reduction for the entire process because of reduced
infrastructure, and the lack of a dedicated step for cellulase production. Enzymatic
hydrolysis of biomass is considered the second-most expensive steps in the process
(Wyman 2007). Consequently, development of CBP strategies has been the subject of
many studies in the last decade.
1.4.2. The native strategy and the recombinant strategy
Some organisms are able to produce the required enzymes to hydrolyze both the
cellulose and hemicellulose components of biomass, and ferment the resulting fivecarbon and six-carbon sugars. However, there is no known organism that also has the
ability to ferment these sugars to a sufficiently high yield of a desired product to be
commercially attractive (la Grange et al. 2010; Mazzoli et al. 2012). Typically, organisms
that exhibit high yields of ethanol, such as Saccharomyces cerevisiae and Zymomonas
mobilis, do not have inherent cellulolytic ability, while organisms that do exhibit high
rates of cellulose degradation, such as species of the genus Clostridium, exhibit low
ethanol yields. Consequently, biological conversion remains a slow and expensive
process. Commercialization efforts have been hindered owing to expensive pre-treatment
technologies, and commercial production of saccharolytic enzymes (Agbor et al. 2011b;
van Zyl et al. 2007; Zhang et al. 2010).
There are two main organism development strategies being investigated to
overcome these limitations: the recombinant strategy, and the native strategy. The
9

recombinant strategy strives to genetically engineer organisms that already exhibit high
yield and tolerance of a desired end-product, such as ethanol, to have the ability to
efficiently depolymerize cellulose. This is accomplished through alteration of the genome
for heterologous expression of a suite of enzymes, including cellulases and
hemicellulases (Mazzoli et al. 2012). The native strategy takes the opposite approach,
starting with organisms that display inherent cellulose-degradation capabilities to
improve yield of the desired end-product. This approach might include goals such as
increasing the tolerance to end-product inhibition, and identifying gene knockouts that
will redirect carbon flux toward a desired end-product. Work in this area has been more
limited due to the lack of adequate gene transfer techniques for gram-positive bacteria
(Lynd et al. 2002).
1.5. C. thermocellum as a CBP Candidate
Many species of the genus Clostridium have been investigated for their potential to
be developed as CBP organisms for the production of biofuels and other value-added coproducts. These include: ethanol production by C. cellulolyticum, C. phytofermentans,
and C. saccharolyticum (Desvaux et al. 2000; Guedon et al. 1999; Jain et al. 2013;
Murray and Khan 1982; Warnick et al. 2002); H2 production from C. termitidis
(Ramachandran et al. 2008); and butanol production from C. acetobutylicum and C.
pasteurianum (Malaviya et al. 2012). In particular, C. thermocellum has drawn interest
because it exhibits a high rate of growth on cellulose (Lynd et al. 2002). The rapid
cellulose degradation ability is attributed to an extra-cellular complex that contains a suite
of cellulolytic and hemicellulolytic enzymes, called a cellulosome (Lin and Tanaka
2006). The organism is therefore a promising candidate for development as a CBP
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organism via the native strategy. Because C. thermocellum is a commonly studied
organism in cellulosic biofuel research, it is used as an illustrative bioprocess in this
study
C. thermocellum is a strictly anaerobic, gram positive, thermophile that exhibits
the ability to rapidly hydrolyze cellulosic biomass and ferment the resulting sugars into a
variety of metabolites that are of interest for production of biofuels and other co-products
(Carere et al. 2008a; Islam et al. 2013; Lynd 1989; Lynd et al. 1989; Rydzak et al. 2009).
The predominant end-products for fermentation of cellobiose and a wide range of
insoluble cellulosic substrates have been reported to include H2, CO2, acetate, and ethanol
(Agbor et al. 2011a; Cheng and Liu 2011; Ellis et al. 2012b; Islam et al. 2006; Levin et
al. 2006; Magnusson et al. 2008; Rydzak et al. 2009). Several studies indicate lactate
production during certain conditions related to pH and carbon loading (Islam et al. 2006;
Levin et al. 2006) and formate production has also been reported to account for a portion
of the carbon flux, particularly as cultures approach stationary phase (Islam et al. 2006;
Sparling et al. 2006).
A brief account of C. thermocellum metabolism is given here. Conversion of
glucose 6-phosphate to pyruvate occurs via a number of enzyme-mediated intermediate
reactions, belonging to the Embden-Meyerhoff-Parnas (EMP) pathway. Downstream
from pyruvate, carbon flux can branch to either lactate or acetyl-CoA. Lactate production
occurs via a reaction that is mediated by the enzyme lactate dehydrogenase, and results in
the disposal of reducing equivalents (Rydzak et al. 2009). This reaction is allosterically
activated by fructose 1,6-diphosphate, an intermediate in the EMP pathway (Özkan et al.
2004). Fructose 1,6-diphosphate is only available to activate this reaction when there is a
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bottleneck in the EMP pathway and the cell is not able to utilize carbon as fast as it is
being consumed, which typically occurs at stationary phase, due to end-product inhibition
or pH-drop in batch cultures, and in carbon-excess conditions (Islam et al. 2006). The
conversion of pyruvate to acetyl-CoA may occur though one of two pathways that are
catalyzed by enzymes known as: (1) pyruvate:formate lyase (PFL), which results in
concomitant release of a formate molecule; and (2) pyruvate oxidoreductase (POR)
which results in concomitant release of CO2, as well as two reduced ferrodoxin molecules
(Carere et al. 2008a; Rydzak et al. 2009; Sparling et al. 2006). The two reduced
ferrodoxin molecules cycle between oxidized and reduced states, transferring electrons to
a ferrodoxin dependent hydrogenase that reduces two protons to H2 (Carere et al. 2008b).
Synthesis of H2 can also occur via an NADH-dependent hydrogenase mechanism
(Rydzak 2009). Acetyl-CoA is another key branch point in which carbon flux is
partitioned to either ethanol or acetate. The production of ethanol is catalyzed by an
alcohol dehydrogenase enzyme, resulting in the re-oxidation of two NADH molecules to
NAD+ (Carere et al. 2008b). The acetate kinase enzyme mediates the conversion of
acetyl-CoA to acetate, generating one ATP molecule in the process. A simplified
schematic of metabolism is shown in Figure 1.1.
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Figure 1.1. Schematic of pyruvate catabolism in C. thermocellum. LDH – lactate dehydrogenase; PFL – pyruvate:formate
lyase; POR – pyruvate oxidoreductase; FdH2ase – ferrodoxin-dependent hydrogenase; NADH H2ase – NADH-dependent
hydrogenase; ALDH – acetaldehyde dehydrogenase; ADH – alcohol dehydrogenase; PTA – phosphotransacetalase; ACK –
acetate kinase. Adapted from Carere et al. 2008a, 2008b; Rydzak et al. 2009; Sparling et al. 2006.
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1.6. Stoichiometry of C. thermocellum Metabolism
From Figure 1.1, some stoichiometric relationships may be derived. In addition to
being a way of verifying that all end-products have been properly accounted for, these
ratios can also be used to calculate select end-products if certain other end-products are
known. A mass balance can be performed using the products shown in Figure 1.1,
substrate consumption, and production of cell mass This is known as the carbon recovery,
which is a useful index in checking that the carbon that is consumed in the substrate can
be accounted for. Assuming cellobiose is the carbon source, and the elemental
composition of cellular material is C4H7O2N (Rydzak et al. 2009), the carbon balance
equation takes the following form, with all quantities expressed on a molar basis.
Coefficients in Equation 1.3 represent the number of carbon atoms in each molecule:
[

(

) (

) (

) (

(

) (
)

)

]

(1.3)

Furthermore, electrons that are removed from oxidation of glucose, (CH2O)6,
must be conserved. By convention, oxygen (reducing agent) and hydrogen (oxidizing
agent) are assigned redox values of 1 and -½, respectively (Gottschalk 1986). Each endproduct can then be assigned a redox value by subtracting half the number of hydrogen
atoms from the number of oxygen atoms present in the compound. A negative redox
value indicates that the end-product is reduced, and a positive redox value indicates the
end-product is oxidized. An electron balance can then be performed by dividing the
concentrations of the oxidized end-products by the concentrations of the reduced endproducts, multiplied by their respective redox value. For C. thermocellum metabolism,
this is shown in Equation 1.4.
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(1.4)

The C1/C2 ratio is a mass balance related to the conversion of pyruvate, a threecarbon compound, to acetyl-CoA, which is a two-carbon compound. Pyruvate is reduced
to acetyl-CoA via release of either CO2 or formate. From the acetyl-CoA branch point,
carbon flux is either directed to ethanol or acetate. Hence:
[

1.7.

]

(1.5)

Bioprocess Control Strategies
In the above section, improvement of the viability of bioprocesses for production

of second-generation biofuels by method of organism development has been discussed.
This section is devoted to discussion of the second general strategy for bioprocess
optimization outlined by Alford (2006) – development of effective process monitoring
and control.
1.7.1 The need for on-line state estimation in bioprocess control
To develop organisms for consolidated bioprocessing, it is of paramount
importance to first have a comprehensive understanding of the behaviour of the
organism. This includes characterization of the end-product synthesis patterns from
microbial metabolism, and the relationship between internal metabolic pathways and
parameters of the external environment (Alford 2006). Metabolism can then be
manipulated to realize higher yields of a particular desired product (Levin et al. 2006).
For example, Bothun et al. (2004) were able to demonstrate a decrease in the ethanol-toacetate (E/A) ratio for continuous fermentation of cellobiose with C. thermocellum
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cultured under elevated hydrostatic pressure. In another study, Li et al. (2012) were able
to show significant increases in ethanol yields at the expense of acetate production by
inhibition of hydrogenase activity through H2 sparging. Rydzak et al. (2011)
demonstrated that adding individual end-products at ten times the concentration usually
found after fermentation in carbon-limiting conditions induced metabolic shifts. In that
study, it was reported that yields of H2 and acetate increase in response to the addition of
lactate and ethanol, and ethanol yields also increased with the addition of H2, acetate, and
lactate. Lynd et al. (2002) also reported increases in ethanol production with the addition
of acetate and lactate. From these studies, it is apparent that the presence of end-products,
particularly in the liquid phase, influences metabolism for C. thermocellum. A myriad of
other factors affect the metabolic pathways, some of which include: enzyme activity,
availability of ATP and electron carriers, pH, temperature, the presence of other endproducts, total system pressure, agitation, hydraulic retention time (HRT), and solids
retention time (SRT) (Lin et al. 2007; Lynd et al. 2002). Microbial metabolism
dynamically adapts to even slight changes in the surrounding environment throughout the
process. From this perspective, it is apparent that studying the process in real-time could
provide valuable insights on these dynamic changes as they are happening.
Unfortunately, commonly used off-line analytical methods cannot provide insight
on factors that affect microbial metabolism until after the process is complete. Off-line
methods typically require the sample to be removed from the process, and analyzed with
high-precision instruments that require extensive sample preparation and analysis times.
This makes process control and optimization very difficult, and can cause undesirable
interferences to the system under study (Gapes et al. 2003). On-line monitoring of
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physical, chemical, and biological variables can allow more rapid characterization of the
process and provide dynamic insight on microbial metabolism while eliminating much of
the human-induced sampling error. This provides rapid detection of external parameters
that affect microbial metabolism, and feedback variables for implementation of optimal
process control schemes (Clinton et al. 2005; Davey et al. 2011; Gapes et al. 2003).
Ultimately, on-line analysis can facilitate improvements in efficiency, productivity,
reproducibility, and product quality of bioprocesses while at the same time reducing costs
(Clementschitsch and Bayer 2006; Cook et al. 1999; Landgrebe et al. 2010; Vojinović et
al. 2006).
1.7.2. On-line analysis in bioprocess engineering
Heinzle (1987) defined several characteristics that should be met by a good on-line
process instrument, including: (1) the ability to measure concentrations for single or
multiple analytes; (2) a high degree of sensitivity to measure low analyte concentrations,
as are typically found in most biological processes; (3) a lack of undesirable interference
to the system under study; (4) a sterilizable sensor; (5) reliable performance for
prolonged long periods without the need for recalibration; (6) the time constant should be
4-5 times smaller than the time constant for the bioprocess itself. By contrast, Olsson et
al. (1998) state that the time delay caused by the analysis time should be an order of
magnitude less than the generation time of the process. Scheper et al. (1996) maintain
that the appropriate response time can range anywhere from seconds to hours, depending
on the process being monitored.
There are several major challenges for the development of on-line analytical tools.
These include the complexity of the sample composition, the ability to maintain sterility,
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the high number of multi-phase analytes desired, instability of the instrument, poor
reliability, and complicated design (Alford 2006; Clementschitsch and Bayer 2006;
Dietzsch et al. 2013; Pollard et al. 2001; Vojinović et al. 2006). Alford (2006) suggests
that the complexity of some on-line systems has hindered their adoption at the industrial
level because of issues with validation, desire to maintain simplicity, and relatively small
number of publications demonstrating effective use of on-line systems. Many of the
aforementioned challenges have not been addressed, and as a result, on-line bioprocess
control remains sub-optimal for most applications.
Olsson et al. (1998) point out that the relative importance of different aspects of online control varies between academic research, process development, and manufacturing.
Typically, for manufacturing applications, only a few critical parameters may be
monitored to enable proper process control and quality assurance (Harms et al. 2002).
Ease of use, validation, implementation, operation and low-cost are crucial parameters to
on-line technologies in manufacturing applications, but are not as important within the
context of academic research.
The pharmaceutical industry is trending toward development of on-line monitoring
through Process Analytical Technology (PAT), an initiative developed by the Food and
Drug Administration. The PAT initiative envisions measuring critical parameters in a
timely fashion at all stages of production, including raw materials, in-process materials,
and the final product through the development and implementation of more advanced
process control technologies (Clementschitsch and Bayer 2006; Dietzsch et al. 2013).
The goal of PAT is to improve and understand control in the manufacturing process,
improve product quality, and increase the number of products on the market while
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reducing costs in the pharmaceutical industry (Sundström and Enfors 2008). This
demonstrates the recognized need to extend on-line monitoring tools beyond research and
development applications to industry.
1.7.3. Instruments in on-line bioprocess analysis
There is considerable range in the complexity and cost of instruments used for online bioprocess monitoring. Some are very simplistic, have been used reliably for a long
time, and can be fabricated from off-the-shelf components. Others are complex and
require several high-precision analytical instruments (Ward et al. 2011). This suggests
that instruments for on-line monitoring are developed around specific processes. As a
result, there are variable opinions of the characteristics of the ideal on-line analytical tool,
and many different tools have been described in the literature. This section gives a brief
review of some of the sensors that have been used for on-line bioprocess monitoring.
Often, sensors are built around the requirements of a particular process, or to
answer specific research questions. This has led to the amalgamation of several
traditional techniques into a single unit known as a multi-analyzer system. For example,
Ward et al. (2011) combined use of a gas chromatograph (GC), a quadrupole membrane
inlet mass spectrometer (MIMS), and near infrared spectroscopy (NIRS) for on-line
monitoring employed in a pilot-scale biogas plant. The multi-analyzer system is used to
monitor a myriad of compounds, including CH4, CO2, H2S, N2, O2, reduced organic
sulphur compounds, p-cresol, as well as some volatile fatty acids including acetic acid,
propanoic acid, and butanoic acid. Cimander and Mandenius (2002) used a similar
combination of mass spectrometry and NIRS, but in conjunction with liquid
chromatography for monitoring tryptophan production using a recombinant strain of
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Escherichia coli. In this work, O2, CO2, N2, glucose, acetate, pH, liquid level, and
dissolved oxygen were monitored. Other methods that have been used in on-line
bioprocess analysis, including chromatography (Boe et al. 2007), biosensors (Piermarini
et al. 2011), flow injection analysis (Silva et al. 2011), respirometry (Seletzky et al.
2007), microanalysis devices (Büttenbach et al. 2006), DNA and protein microarray
technology (Becker et al. 2007), and acoustic off-gas analyzers (Christensen et al. 1995),
amongst others. These can be used individually to gain insights on certain aspects of
bioprocesses, but are often combined with other techniques to gain greater insight on the
process status by monitoring an increased number of parameters.
1.8. Titrimetric Off-gas Analysis (TOGA) as an On-line Sensor
Several studies have made use of a multi-analyzer instrument that couples a
quadrupole MIMS and on-line titration techniques to a bioreactor (Freguia et al. 2007;
Gapes and Keller 2001; Gapes and Keller 2009; Gapes et al. 2003; Gapes et al. 2004;
Pratt et al. 2003; Pratt et al. 2004; Strong et al. 2011; Wangnai et al. 2005; Wilén et al.
2004a; Wilén et al. 2004b; Zeng et al. 2003). The instrument is known as a Titrimetric
Off-gas Analyzer (TOGA) and has been used primarily for the dynamic study of
biological wastewater treatment processes since its development in 2003. The mass
spectrometer (MS) component allows analysis of non-condensable gases and other
volatile organics in the reactor off-gas stream or the liquid phase, and the titration system
functions to measure and control the process pH.
Early work with the sensor was focused on measuring parameters such as the O2
transfer rate (OTR), hydrogen ion production rate (HPR), CO2 transfer rate (CTR), and
N2 transfer rate (NTR) for aerobic, anaerobic, and anoxic conditions employed in
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biological wastewater treatment (Pratt et al. 2003). It was shown that the results obtained
with the sensor for these parameters were consistent with traditional off-line
measurement techniques. In another study, Gapes et al. (2003) used the TOGA sensor to
determine the effects of pH and dissolved oxygen on several key process parameters,
including ammonia consumption rate, nitrite accumulation rate, and nitrate production
rate. The results were in statistical agreement with off-line analysis. In these studies,
formation of end-product species such as H2, H+, CO2, N2, NH3, and NO3 were of interest,
but not all could be directly measured, an admitted limitation of on-line analysis (Gapes
et al. 2003). Parameters that could not be directly measured with the instrument were
calculated using known reaction stoichiometry and the parameters that could be
measured. More recently, the sensor has been applied to the study of biological
denitrification of wet oxidation effluents (Strong et al. 2011), and identification of
electron sources in microbial fuel cells (Freguia et al. 2007).
1.8.1. Components of TOGA: MIMS
As early as 1963, Hoch and Kok report using the use of a MS coupled to
membrane sample introduction. The apparatus was used to measure dissolved gases in
blood samples. Today, the instrument is used in a diversity of applications, including
pharmaceutical (Clinton et al. 2005), environmental (Mächler et al. 2012), industrial
(Tarkiainen et al. 2005), and biotechnological (Bastidas-Oyanedel et al. 2010). Several
reviews on the technique are available in literature (Bohátka 1997; Davey et al. 2011;
Heinzle 1992; Johnson et al. 2000; Ketola et al. 2002; Lloyd et al. 2002).
With MIMS, the sample is introduced to the vacuum chamber of the MS via a
selective, typically hydrophobic, semi-permeable membrane. Select components from the
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complex sample matrix are transported across the membrane through a relatively
complex process called pervaporation, which consists of adsorption, permeation, and
desorption processes (Johnson et al. 1997, 2000). In most cases, permeation is the ratedetermining step in the entire process (Oeggerli and Heinzle 1994). Membranes may be
fabricated from many different materials, each having unique selectivity and transport
properties, and hence the type of membrane can be tailored to the application. Some of
the

available

membranes

include

polyester,

polyethylene,

zeolite,

cellulose,

polypropylene, and Teflon (Johnson et al. 2000; Olivares 2006), but silicone is the most
commonly used (Ketola et al. 1999; Seethapathy and Górecki 2012; Tarkiainen et al.
2005). Silicone membranes usually exhibit selectivity toward lightweight, non-polar
molecules. This excludes much of the air- or water-based sample matrix, providing an
enrichment factor of 10-100 for organic compounds (Ketola et al. 1999, 2002; Clinton et
al. 2005; Johnson et al. 1997; Oeggerli and Heinzle 1994; Tarkiainen et al. 2005). This
gives the instrument a very low threshold of detection, commonly reported to be parts per
billion, although some studies report thresholds as low as parts per trillion (Cisper et al.
1995), and thresholds as low as parts per quadrillion with the use of advanced detectors
such as scanning electron multipliers (Johnson et al. 2000; Olivares 2006; Soni et al.
1995). The sensitivity, selectivity, and rapid response of the instrument have made it an
ideal technique for application to on-line process monitoring and control. The
characteristics of a good on-line sensor, identified by Heinzle (1987) and briefly
discussed in Section 1.5.2, are listed in Table 1.1, and comments are given on how MIMS
is able to meet these requirements. From Table 1.1, it is evident that MIMS fulfills nearly
every requirement reasonably well.
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Pertaining to the application of the MIMS component of TOGA to monitor C.
thermocellum fermentation (Figure 1.1.), MIMS should be able to accurately quantify H2,
CO2, and ethanol. Several instances in the literature report the ability of MIMS to monitor
H2 (Bastidas-Oyanedel et al. 2012; Zhang et al. 2012), CO2 (Bastidas-Oyanedel et al.
2010; Yang et al. 2003) and ethanol (Johnson et al. 1997; Tarkiainen et al. 2005). The
next section further discusses applications of MIMS for the monitoring and control of
bioprocesses.
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Table 1.1. Performance of MIMS for on-line bioprocess analysis using requirements outlined by Heinzle (1987).
Advantage of
MIMS
Sensitivity

Comment

Reference

Detection limits reported to be as low as parts per quadrillion

Selectivity

Membrane eliminates much of complex sample matrix; mass
analyzer can further focus on target molecules

Long-term
stability

Calibration before and after short bioprocesses sufficient;
minimal drift reported after long-term operation

Rapid response
Simultaneous
monitoring of
multiple
analytes
Non-invasive

Linear
Response
Precision

Cook et al. 1999; Soni et al. 1995
Olivares et al. 2006; Johnson et al. 2000
Clinton et al. 2005; Heinzle 1992;
Ketola et al. 2002; Oeggerli and Heinzle
1994
Alford 2006; Lloyd et al. 1983

Seconds to minutes for 90% response depending on volatility of
target compound
Membrane sample introduction allows monitoring in both
liquid and gas phase with equal sensitivity

Bohátka 1998; Johnson et al. 2000;
Lloyd et al. 2002
Bastidas-Oyanedel et al. 2010; Lloyd et
al. 2002; Chauvatcharin et al. 1995;
Tarkiainen et al. 2005

Does not consume analyte; probes sterilizable by steam or dry
heat and do not pose contamination risk

Alford 2006; Bastidas-Oyanedel et al.
2010; Bohátka 1998; Lloyd et al. 1983,
2002; Heinzle 1992
Lloyd et al. 2002; Heinzle 1992;
Chauvatcharin et al. 1995

For range of concentrations observed in most bioprocesses.
Non-linear response can occur at high concentrations and
complex sample matrices.
Resolution to within a single atomic mass unit, allowing
measurement of isotopes
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Heinzle 1987; Moral et al. 2011

1.8.2. Applications of MIMS in on-line bioprocess analysis
Ruess et al. (1975) were the first to describe use of MIMS for analysis of
fermentation. In this study, it was shown that a linear response could be obtained for
calibration of CO2, O2, and methanol, and this was applied to monitor a fermentation
process in which methanol was utilized as a carbon source. From this study, it was
suggested that development of compact, rugged, low-cost MIMS units had created new
opportunities for the application of mass spectrometry to bioprocess analysis (Ruess et al.
1975). Since then, MIMS has been used in bioprocess analysis to answer questions of
increasing complexity. The following paragraphs summarize some of the work that has
been done in this field.
Johnson et al. (1997) adapted a MIMS for monitoring of a pilot-scale ethanol
production facility, featuring a 9000 L reactor with 10% substrate loading. Calibration for
ethanol was carried out with matrix-free standard calibration solutions for concentrations
ranging between 1-10%, and the data was fitted with a linear regression. The MS results
for ethanol were in good agreement with the corresponding results obtained by off-line
analysis by high-performance liquid chromatography (HPLC), although relatively few
HPLC measurements were made when compared with the MIMS analysis, demonstrating
the value of on-line measurement. Additionally, small amounts of acetic acid and lactic
acid were detected with MIMS, rapidly indicating contamination of the process. This
study also demonstrated the robustness of the instrument to perform in an adverse,
industrial environment, although precautions were taken to protect the MS from dust and
vibrations associated with an industrial setting.
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Moral et al. (2011) used an innovative approach to quantify enzyme activity from
volatile co-products. The study used the oxalate decarboxylase enzyme from Bacillus
subtilize, which is proposed to be involved in a reaction that consumes oxygen as a
cofactor and produces CO2 and hydrogen peroxide. While MIMS is not able to measure
enzymes or other non-volatile parameters of interest directly, this study quantified CO2
with MIMS and then stoichiometrically related this to enzyme activity. In addition, the
authors used

13

C-labelled oxalate, measured at m/z 45, to distinguish from endogenous

12

CO2. Results from this research were shown to be in agreement with the more-

traditional formate dehydrogenase assay. The ability to detect isotopes is a considerable
advantage of MIMS that has been applied to metabolic flux analysis in several studies
(Tang et al. 2009; Yang et al. 2006).
Bastidas-Oyanedel et al. (2012) studied the effects of pH and different rates of N2
flushing of the headspace on an acetogenic mixed culture fermentation (MCF) containing
10 g L-1 glucose. MIMS was used to quantify transfer rate of CO2 and H2, showing that
optimized H2 yield at certain pH and N2-flushing conditions, and that the headspace
composition of the reactor has an influence on the metabolic pathways. In a
complementary study, Zhang et al. (2012, 2013) used MIMS to investigate H2
supersaturation

in

both

thermophilic

and

extreme-thermophilic

mixed-culture

fermentations (MCF). Because H2 is usually measured in the gaseous phase,
supersaturation is often not taken into account and can cause metabolic shifts that alter
end-product concentrations. MIMS is an ideal technique for addressing these issues
because it can directly measure several dissolved gas species simultaneously and in realtime. Although headspace-GC techniques have also been used for direct measurement of
26

dissolved gases (Kraemer and Bagley 2006), on-line measurement of dissolved H2 and
CO2 has been generally limited to a few probes (Pauss et al. 1990b; Harms et al. 2002).
The measurement of dissolved gases with MIMS is further discussed in Chapter 5.
1.8.3. Components of TOGA: titration techniques
Many biological processes have the effect of dropping the pH of the reaction
medium. This happens through production of: (1) CO2, which undergoes liquid-phase
reactions to form an equilibrium with carbonic acid (Yang et al. 2003); and (2)
production of organic acids resulting from incomplete oxidation of the substrate
associated with fermentative metabolism of acetogenic organisms. Consumption of
ammonia ions can also lead to a pH drop (Feitkenhauer 2003). The pH of a bioprocess is
perhaps the most commonly measured parameter and can impact cell growth drastically
(Harms et al. 2002). The pH is commonly measured in-situ with glass electrochemical pH
electrodes that are relatively inexpensive, and can be sterilized with steam (Harms et al.
2002). However, these commonly-used sensors do suffer from fouling due to protein
precipitation, and baseline drift (Vojinović et al. 2006).
For processes occurring at near-neutral pH, the weak acids produced in the
bioprocess liberate protons when produced because the process pH is above the
dissociation constant (pKa) of the acids. Therefore the proton production serves as a
metric for quantification of biological activity. Unfortunately, the relationship is not
straightforward because of the presence of acid-base buffering systems, particularly the
carbonate buffer system, which makes changes in pH due to microbial growth difficult to
distinguish (Gernaey et al. 2001; Pratt 2002). By controlling the pH of the process this
limitation can be avoided, along with other problems associated with pH drop, including
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pH-induced growth inhibition (Gernaey et al. 2001). In order to maintain the process pH,
and prevent pH-induced growth arrest, acid and base are artificially introduced into the
system. The added reagent serves as a metric for quantification of the total hydrogen ion
production (HP), which in turn is indicative of microbial growth.
Titration is an analytical technique that studies biochemical and physicochemical
processes in which the pH is affected (Pratt et al. 2004). Titration techniques are often
employed because they have the advantage of being relatively simple, inexpensive to
implement, and reliable (Bouvier et al. 2002; Feitkenhauer et al. 2002; Lahav and
Morgan 2004). Most titrimetric sensors consist of the following components: (1) a pH
sensor, which provides a feedback variable for a PC or logic controller; (2) mixed
reaction vessel to contain the reaction for which pH is to be measured; and (3) an acid
and/or base dosing system (Gernaey et al. 2001). The apparatus was originally developed
in 1957 for use in monitoring a series of enzymatic reactions (Jacobsen et al. 1957).
1.8.4. Application of titration to bioprocess analysis
Titrimetric methods have been applied to monitoring and control of
biotechnological processes including: (1) monitoring of nitrification and denitrification
processes in biological wastewater treatment processes (Ficara et al. 2000; Gernaey et al.
2001); (2) monitoring organic acid concentrations and bicarbonate species in anaerobic
digestion processes (Bouvier et al. 2002; Feitkenhauer et al. 2002; Lahav and Morgan
2004), and fermentation (Acuña et al. 1994; Jung and Hur 2000; Siano 1995; Vincente et
al. 1998).
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Titrimetric techniques have been used extensively for the determination of partial
alkalinity (PA) and total alkalinity (TA) to monitor anaerobic digestion processes
(Jantsch and Mattiasson 2003; Molina et al. 2009). The difference between PA (carbonate
species, ammonia, hydroxide ions) and TA is the contribution due to organic acids, and is
sometimes referred to as intermediate alkalinity (Ripley et al. 1986). Usually titration to a
pH of 5.75 is appropriate to obtain PA (Jenkins et al. 1983), whereas titration to a pH
below the pKa of most organic acids is used to obtain total alkalinity; typically a pH of
4.3 is chosen (Bouvier et al. 2002; Ripley et al. 1986). However, most methods assume a
single weak acid system, when in reality several organic acids are produced (Lahav and
Morgan 2004). Although titrimetric techniques have proven effective at analyzing the
total organic acid concentration (Feitkenhauer et al. 2002), titrimetric techniques alone
cannot differentiate organic acids. This typically requires an expensive chromatographic
separation step, but provides greater insight on the state of the process (Boe et al. 2007;
Feitkenhauer 2003).
Although many fermentation studies use titration to control the process pH,
relatively few have reported its use as an analytical technique to gain insight on the state
of the process. Several studies have used titration data to quantify biomass growth in
yeast (San and Stephanopoulos 1984; Vincente et al. 1998), as well as biomass and
acetate production in cultures of Escherichia coli (Hoffmann et al. 2000; Jung and Hur
2000). Acuña et al (1994) used sodium hydroxide addition to obtain on-line information
on lactose, galactose, and lactic acid during lactic acid fermentation involving pure and
mixed batch cultures of Streptococcus and Lactobacillus species. It was found that a
simple linear relationship existed between titration data and all parameters of interest,
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except biomass. Feitkenhauer (2003) extended titrimetric techniques to quantify other
aspects of process monitoring indirectly. In an aerobic process, the base consumption rate
was used to quantify the optical density of a culture. This was in turn related to substrate
concentration by a constant growth parameter called the yield coefficient.
From the literature reviewed, it appears that there are two configurations for
titration techniques, and their use seems dependent on the application. Titration can be
performed ex-situ, where a sample is collected and the pH is lowered to usually two or
more end points. Alternatively, an in-situ approach can be adopted where the pH of the
process is maintained, and base consumption is monitored. Many studies involving
quantifying organic acids and bicarbonate species in anaerobic digestion processes prefer
the ex-situ approach. For nitrification, denitrification, and fermentation applications, the
literature suggests that an in-situ approach is preferred, which allows computation of the
cumulative HP or the HPR. According to Pratt (2002), the advantage of the acquiring the
cumulative HP is that much of the signal noise is reduced, but it is more difficult to detect
dynamic changes when compared with the HPR signal. However, in attempting to use the
in-situ approach to quantify HP or HPR, Feitkenhauer et al. (2002) reported the in-situ
approach HP or HPR quantification is less precise than a multi-point titration.
In this research, the titration system will be used for control of the process pH and
so the in-situ configuration will be employed with the TOGA. This will allow
quantification of the carbonate buffer system. Since the HP can be accounted for and the
contribution of CO2 will be known, the HP can serve as a metric for quantifying organic
acid production in C. thermocellum fermentation.
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1.9.

Summary and Research Objectives
Bioprocesses offer the opportunity for the production of fuels, chemicals, and

pharmaceuticals in a cost-effective and environmentally benign manner. Unfortunately,
many bioprocesses, such as production of biofuels and value-added co-products via
consolidated bioprocessing strategies, are under-developed and cannot yet compete with
conventional technologies. On-line state estimation can improve process understanding,
reveal dynamic insight to microbial metabolism, allow implementation of process control
schemes to maintain production at optimal levels, improve consistency and
reproducibility, and maintain quality of the product. Titrimetric Off-Gas Analysis
(TOGA) is an on-line analytical technique that combines off-gas measurement techniques
via MIMS, with on-line titration techniques. This apparatus has been developed and used
extensively for research into biological wastewater treatment processes, but has not yet
been applied to cellulosic biofuel production processes, and development of CBP
strategies. Implementation of on-line analysis for this type of bioprocess will help to
facilitate more rapid process characterization, improve monitoring and control strategies,
provide insights to parameters influencing internal pathways, and use this to optimize
process efficiency. Therefore, the short-term objectives of this research are:
1. To set up the TOGA system for monitoring cellulosic biofuels production
processes, and integrate the sensor into existing bioreactor infrastructure,
including hardware and software components.
2. Develop calibration methodology and operating procedures that are appropriate
for this application.
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3. Demonstrate that it can be a viable on-line analytical tool by monitoring select
end-products in a case study involving fermentation of cellobiose with C.
thermocellum.
4. Investigate the possibility of inferring other end-products through the combination
of on-line data generated with the TOGA and known reaction stoichiometry for C.
thermocellum metabolism.
The long-term objectives of this work are to provide the foundation to use the
instrument’s capabilities in on-line bioprocess analysis to answer specific research
questions in cellulosic biofuels production that cannot be obtained with traditional
techniques. These might include, for example, metabolic studies on preferential uptake of
5-C and 6-C substrates using carbon-isotope labeling.
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Chapter 2: TOGA sensor set up and design
As previously described in several other works (Gapes 2002; Gapes and Keller
2009; Gapes et al. 2003; Pratt 2002; Pratt et al. 2003), the TOGA sensor consists of a
bioreactor coupled to an off-gas measurement arrangement and pH control system. A
schematic of the entire setup is presented in Figure 2.1, and the actual sensor is shown in
Figure 2.2. This section is dedicated to a more descriptive account of the design of the
sensor, including both hardware and software components.
2.1. Bioreactor
A commercial 7 L glass, single-wall, round-bottom bioreactor (Applikon
Biotechnology, Foster City, CA) was used in this study. A working volume of the
bioreactor was 3 L in all studies. Additional commercial bioreactor accessories included a
sterilizable pH gel electrode, liquid sampling port with a 60 mL receiving vessel, gas
sampling port, stirring apparatus (marine impeller design), an L-shaped sparging
apparatus, three baffles, a temperature probe, a heater jacket, and a liquid-cooled
condenser (Applikon Biotechnology, Foster City, CA). The unit was controlled with an
Applikon ez-Control user interface with firmware Version 26. This unit was responsible
for the acquisition and control of all bioreactor parameters.
2.2. Off-gas Measurement Arrangement
For measurement of reactor off-gas, dissolved species, and volatiles, an HPR-40
dissolved-species MIMS (Hiden Analytical, Warrington, UK) was used. The unit was
equipped with a HAL 201 RC quadrupole mass analyzer, Faraday Cup detector and
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Scanning Electron Multiplier. The data from the MS was acquired via MasSoft 7®
software.
2.3. pH Control System
The pH control system (Scion, Rotorua, New Zealand) utilizes two 10 mL injector
syringes (Hamilton Syringe) operated by split PID logic, and administered by a
programmable logic controller (PLC, Opto22). For control parameters, the proportional
gain was set to 10, the integral gain to 0.3, the derivative term to zero, the update rate was
set at 1 s-1, and the dead band about the set point was set at 1% of the process variable
range. The injector syringes are driven by a servo actuator motor (Moog Animatics, CA).
This motor breaks each stroke of the syringe into 100000 pulses, making dosing very
precise. Refill and inject modes are differentiated by three-way multi-purpose switchingvalves (Omnifit, Bio-Chem Valve, Inc. NJ), that was fitted to the top of the syringes via a
luer lock mechanism. A program was written to measure the cumulative reagent addition
by normalized dose units to volume.
2.4. Additional Hardware

2.4.1. Thermal mass flow controllers (MFCs)
The molar flow rate of gases (G) in the system maintained by several thermal
mass flow controllers (MFCs) (Bronkhorst Hi-Tech, El-flow, The Netherlands). Two
MFCs, of capacity 200 mL min-1 and 500 mL min-1, are designated for passing the carrier
stream through the reactor. Four additional MFCs, with capacities of 5 mL min-1, 20 mL
min-1, 50 mL min-1, and 50 mL min-1, are designated for diluting gas standards to
generate calibration mixtures. The gas stream directed to the MIMS sampling port may
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be switched from calibration mixtures to reactor off-gas via an automated three-way
valve (Bürkert Contromatic, Ingelfingen, Germany) to allow periodic, in-process
recalibration of the MS.

2.4.2. Calibration cell
The calibration cell (Scion, Rotorua, New Zealand) is designed to mimic
bioreactor conditions in close physical proximity to the MIMS, allowing for fast and
accurate recalibration of the MS in process. The cell is equipped with a 250 mL liquid
vessel, as well as a 5 mL gas-sampling vessel. Both are heated, and the liquid vessel is
equipped with magnetic stirring.

2.4.3. Calibration and carrier gas mixtures
Commercial gas mixtures consisting of: 1) 50% CO2, 40% N2, 10% Ar; 2) 100% H2;
and 3) 95% N2, 5% Ar (Welder’s Supplies, Winnipeg, MB) served as the calibration
gases. Choice of these concentrations was dependent on both the application, and sizing
of the calibration mass flow controllers. The flow of gases from the high-pressure
cylinders was delivered with two-stage pressure regulators (Winnipeg Fluid Systems,
Winnipeg, MB). All gas streams were carried using 1/8” OD PFA tubing. Connections
were fabricated using gas-tight nut and ferrule fittings (Winnipeg Fluid Systems,
Winnipeg, MB).

2.4.4. Computer
The central control PC for the sensor was a Dell Optiplex 990, fitted with a 32-bit
Windows 7 Professional operating system. The processor was an Intel Core™ i5-2400,
operating at 3.1 GHz. The RAM was 4.00 GB and the hard drive was 500 GB
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(Computers on Campus, Winnipeg, MB). An additional PCI-E network card was installed
in the computer to facilitate communications with the sensor.
2.5. Networking and Communications
To allow process control and data acquisition, it was necessary to interface the
MIMS, Applikon ez-Control, and TOGA PLC to the PC. This was done primarily by
Ethernet connection. Since several Ethernet cables were necessary, a 5-port workgroup
switch (Linksys, model EG005W) was used as a receptacle for device communications,
and this was interfaced to the PC via Ethernet connection to the installed network card.
Information from two third-party products (MasSoft 7 and the Applikon ezControl) needed to be interfaced to LabBoss (Scion, Rotorua, NZ), the generic process
control software that controls the TOGA sensor. The MS data was communicated from
MasSoft to LabBoss via a standard Windows socket. The data from the Applikon ezControl was interfaced to LabBoss through the Applikon OPC Server Version 1.17. An
important step in establishing system communication was to assign a static IP address for
the TOGA PLC, Applikon ez-Control unit, and Ethernet adapter card such that they were
the same, save the last three digits.
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Figure 2.1. Schematic of TOGA sensor design.

37

Figure 2.2. TOGA sensor setup at the University of Manitoba.
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Chapter 3: Materials and Methods.
This chapter contains a description of the general materials and methods that were
common to all experiments described in subsequent chapters. Each of these chapters
contains its own materials and methods section that describes methodology specific to
that experiment, but much of this section will be frequently referred back to.
3.1.

Micro-organism, Media, and Substrates
C. thermocellum was cultured in 1191 medium (Islam et al. 2006; Magnusson et

al. 2009), which was prepared as follows (per liter of deionized water): 1.5 g KH2PO4,
4.2 g Na2HPO412H2O, 0.5 g NH4Cl, 0.18 g MgCl2 6H2O, 2 g yeast extract, 1 mL of a
0.25 mg/mL resazurin solution, 0.5 mL of a vitamin solution and 1 mL of a mineral
solution. The vitamin solution consisted of the following ingredients (per liter of,
deionized water): 20 mg of each biotin and folic acid; and 50 mg of each p-aminobenzoic
acid, nicotinic acid, thiamine, riboflavin, lipoic acid; and 10 mg of cyanobalamin. The
mineral solution was prepared from (per liter of deionized water): 20.2 g nitrilotriacetate;
2.1 g FeCl36H2O; 2.0 g CoCl26H2O; 1.0 g of each MnCl24H2O, ZnCl2, and
NiCl26H2O; 0.5 g of each CaCl22H2O, CuSO42H2O, Na2MoO42H2O. All required
chemicals for media preparation were purchased from Fisher Scientific, with the
exception of yeast extract and potassium phosphate dibasic, which were purchased from
Sigma Chemical Co. (St. Louis, MO).
C. thermocellum DSM 1237 cultures were maintained in 50 mL and 500 mL
volumes, by transferring a 10% (v/v) aliquot to fresh medium when the measured optical
density at 600 nm (OD600) was approximately 0.6, as previously described (Islam et al.
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2006). Dormant cultures were stored at 4 °C and subsequently revived by transferring a
10% (v/v) aliquot to fresh medium. For prolonged storage periods, sterile solutions of
60% glycerol were prepared and diluted by 50% with culture media at an OD600 of
approximately 0.6. These stocks were allowed to sit for 30 minutes at room temperature
to allow glycerol to penetrate the cell membranes, and were subsequently stored at -80
°C.
Cellobiose was used as a substrate in all studies, at a final concentration of 2 g L-1.
For batch cultures, a 100 g L-1 solution of cellobiose was prepared and filter-sterilized
into an anaerobic, sterile serum bottle (Fisher Scientific) sealed with a butyl rubber
stopper and aluminum crimp top (Bellco Glass, Vineland, NJ). For addition of cellobiose
to the reactor, a 60 mL volume of 100 g L-1 cellobiose was prepared and immediately
added to the reactor by filter-sterilization through the gas-sampling port.
3.2. Experimental Setup
3.2.1. Growth of batch cultures
Preparation of the 50 mL volume and 500 mL volumes for batch cultures is
described here. The pre-experimental cultures were first grown in 125 mL serum bottles
(Fisher Scientific) with a 50 mL working volume. These were prepared by adding 45 mL
of 1191 media, with the pH adjusted to 7.2, before sealing with butyl rubber stoppers and
aluminum crimp tops (Bellco Glass, Vineland, NJ). Anaerobic conditions were achieved
with four cycles of gassing for one minute and degassing for four minutes with 100% N2
(Daniels et al. 1986). A 200 mM solution of Na2S was added (1% v/v) as a reducing
agent before autoclaving at 121°C for an exposure time of 30 minutes. When needed, the
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serum bottle was then inoculated at 10% (v/v) from a culture that had been revived from
a 4°C stock using by sterilely transferring 5 mL culture to the serum bottle, prior to being
incubated in a water bath at 60°C.
The reactor inoculum was grown in a 1 L media 0.5 L working volume. This was
prepared by adding 450 mL of 1191 media, at pH 7.2, to the bottle, sealing it with a
rubber stopper that was held in place with tie wire. Owing to the larger liquid volume, the
bottles were gassed/degassed for four cycles (4:7 min) with 100% N2 prior to addition of
200 mM solution of Na2S was added (1% v/v) and autoclaving at 121°C for an exposure
time of 30 minutes. After two serial subcultures in the 50 mL volume, the inoculum for
the reactor was cultured at 60°C in a 1 L media bottle with a 0.5 L working volume of
1191 media. This bottle was incubated overnight before being used to inoculate the 3 L
working volume of the reactor at 10% (v/v).
3.2.2. Bioreactor setup
A volume of 2610 mL 1191 media was prepared and added to a 7 L reactor prior
to being autoclaved at 121°C for an exposure time of 60 minutes. The reactor was then
cooled, and purged overnight with an inert carrier gas stream at 10 mL min-1. A
peristaltic pump was used to circulate water from an ice bath through the head plate
mounted condenser, and this was maintained though the end of the fermentation to
minimize losses of volatiles in the exhaust gas. The carrier stream was passed through a
0.2 μm filter prior to being introduced to the reactor through the sparging apparatus that
extended into the liquid phase, allowing the carrier gas to bubble through the liquid. The
temperature was maintained at 60°C, and agitation was applied at 100 rpm. This setup
was left for a 12-hour period to establish anaerobiosis. During this time, the MIMS was
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set up to blank on the carrier stream to achieve a stable baseline. A 200 mM solution of
sodium sulphide (Na2S) was then added as a reducing agent on a 1% (vol/vol) basis just
prior to inoculation. This was also filter-sterilized thought the gas sampling port in the
reactor head plate. Cellobiose was added to a final concentration of 2 g L-1 after reactor
setup. Inoculation of the reactor was performed by transferring 300 mL (10% v/v) of
mid-exponential phase culture from a 1 L bottle using a 60 mL syringe and sterile
technique.
3.3. Analytical Techniques
All measurements made by the off-line analytical techniques, described in this
section, are reported throughout growth were normalized to the 0 h time point, taken
immediately after the inoculum was added.
3.3.1. Off-line gas-phase analysis
Off-line analysis of the reactor off-gas was performed with gas chromatography,
for which samples were taken from the MIMS sampling chamber in hourly intervals. An
Agilent 7890A GC System (Agilent Technologies Canada Inc. Mississauga, ON)
equipped with a thermal conductivity detector (TCD) and a PLOT molecular sieve
column 30 m by 0.53 m ID was used to verify the concentration of non-condensable
gases (H2, CO2) in the reactor off-gas. Duplicate 500 µL samples were taken from the
MIMS sampling tube in a gas-tight syringe from the reactor off-gas stream, and analyzed
immediately. Duplicate samples were separated by a time interval equivalent to the run
time of the instrument. The incubation time assigned to these samples was the average
incubation time of each technical replicate.
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3.3.2. Off-line liquid-phase analysis
Samples were collected on an hourly basis from the liquid-phase for off-line
analysis of: 1) the soluble end-products of fermentation, measured by HPLC; and 2)
protein content, determined by the Bradford Assay (Bradford 1976). Triplicate 1 mL
liquid samples were collected hourly throughout the fermentation period from the liquidsampling port on the reactor. Liquid sampling was done between the duplicate GC
samples. Liquid samples were contained in 1.5 mL microcentrifuge tubes and centrifuged
at 10000g for 10 minutes to separate the pellet from the supernatant. The supernatants
were then stored at -20°C until analysis for soluble end-products via HPLC was possible.
Cellobiose, glucose, lactate, formate, acetate, and ethanol were quantified by an HPLC
with a Model 1515 pump, Model 2707 autosampler, and a Model 2414 refractive index
detector (Waters, Milford, MA). A 300mm x 7.8 mm resin-based column was used for
separation (Aminex HPX-87H, Bio-Rad Laboratories, Mississauga, ON). Matrix-free
standards of glucose, cellobiose, pyruvate, lactate, acetate, formate, and ethanol were
prepared on a background of deionized water. A 1 M stock solution of each compound
was kept at -20°C before being thawed and diluted to concentrations ranging from 0.1
mM to 20 mM just prior to HPLC analysis.
3.3.3. Off-line solid-phase analysis
The pellets were re-suspended in a solution of 0.9% (wt/vol) NaCl to lyse the
cells and wash the pellet, before being centrifuged for another 10 minutes. The liquid was
then decanted and discarded, and the pellet suspended in a solution of 0.2 N NaOH to
solubilize the protein before being boiled for 10 minutes to denature and stabilize it. After
cooling, the liquid was then decanted and protein content was determined using the
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Bradford Assay (Bradford 1976). The protein data was used to account for cell mass in
the carbon balance, approximating biomass as having the composition C4H7O2N, and
having a molecular weight of 101 g mol-1 (Rydzak et al. 2009).
3.4. Estimation of dissolved gas concentration
The concentration of H2 and CO2 remaining in solution was related to headspace
gas composition through Henry’s Law. The temperature-corrected Henry’s coefficients
(KH) for each gas was determined as the arithmetic average of literature values (Sander
1999). The KH for H2 and CO2 were 7.98 ×10-4 and 3.84 × 10-2 mol L-1 atm-1,
respectively. Carbon dioxide presents a unique challenge, as the molecule is associated
with several dissolved carbonate species, including carbonic acid, the bicarbonate ion,
and the carbonate ion. These species, particularly the bicarbonate ion at near-neutral pH,
must be accounted for to estimate total CO2 production and establish proper carbon
balances. The ionization of carbon dioxide in solution was modeled as per the following
equations (Yang et al. 2003):
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In the above equations, H2CO3* is referred to as the total analytical concentration
of dissolved CO2, and is equal to the sum of [CO2](aq) and [H2CO3] (Stumm and Morgan
1996). Typically, it is assumed that [CO2](aq) = [H2CO3], the equilibrium constant K0 lies
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far to the left, such that H2CO3 accounts for 0.2% of the carbonate species at room
temperature, and is not dependent on pH (Pratt 2002; Pratt et al. 2003; Yang et al. 2003).
Other equilibrium constants used were K1 = 4.46×10-7 and K2 = 4.69×10-11 (Goldberg et
al. 2002; Stumm and Morgan 1996). These equilibrium constants assume infinite dilution
conditions, when the presence of inorganic ions in solution are known to have a salting
out effect, or decrease in gas solubility (Weisenberger and Schumpe 1996a; Yang et al.
2003), and therefore are only approximations for the behaviour of non-ideal gases. The
total CO2 production (CT) was accounted for with following equation (Stumm and
Morgan 1996; Yang et al. 2003):
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A gas-phase mass balance was performed, assuming a completely mixed reactor
headspace. Vented H2 and CO2 in the off-gas stream were accounted for by integrating
the gas concentrations with respect to time using the trapezoidal rule (Gilat and
Subramaniam 2008). It was assumed that the biological rate of gas production was
negligible compared to gas flow rate into the reactor, and hence Qg,in = Qg,out. This
assumption was later confirmed during experimentation with concurrent off-line GC
analysis. Total gas production was then found by adding the dissolved species at a given
time.
3.5. Titrimetric analysis
Total hydrogen ion production (HP) was calculated on the basis of the following
equation, adapted from Pratt et al. (2003), in which acid addition was treated as negative
base addition.
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Here, Na and Va are the concentration (mol L-1) and volume (mL) of acid being dosed,
respectively. Similarly, Nb and Vb are the concentration (mol L-1) and volume (mL) of
base being dosed, respectively.
The titration result for the HP was also compared to the theoretical values, based
on the obtained end-products profile. It was assumed that all acids were monoprotic and
dissociate completely at pH 7.2. . The assumption of CO2 being a monoprotic acid can be
justified because only 0.2% of the dissolved CO2 exists as carbonic acid, and the majority
remains in solution in the form of the bicarbonate ion (Pratt et al. 2003; Yang et al. 2003).
3.6. Mass and Electron Balances
Three indices were used in this study to verify on-line and off-line end-product
measurements. These are the carbon recovery, the O/R index, and the C1/C2 ratio, all of
which should theoretically be equal to unity. These indices are presented in Equations
1.3-1.5 in Section 1.4.3.
3.7. Calibration Methodology
3.7.1. Calibration of MFCs
The MFCs required periodic calibration at either a prescribed interval, to maintain
their accuracy, or whenever the type of gas they carry was changed. For calibration, flow
was measured using a combination of a 0-500 standard cm3 min-1 digital mass flow meter
that was commercially calibrated for the different gas mixtures (Alicat Scientific, Tucson,
AZ). The electronic flow meter was verified with a bubble flow meter that was fabricated
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using a ring stand, clamp, and a 25 mL burette, and a stopwatch. The bubble flow meter
was also used to calibrate very low gas flow rates (0-20 mL min-1). The operating current
required by the MFCs ranges from 4-20 mA. These amperages are known as the
‘engineering values,’ and are recorded in LabBoss. The maximum capacity that the
MFCs can achieve is when supplied with 20 mA, and at 0 mA, no mass flow passes.
Calibration is performed by measuring the actual flow rate at several increments
throughout the engineering range. By regressing current against measured flow, the flow
rate when the MFC is returning a given analog output current is known. The maximum
and minimum flow values (i.e. at 4 mA and 20 mA) are calculated and values can be
input into the I/O tag for the appropriate MFC in LabBoss.
3.7.2. Calibration cell temperature control
Temperature control is via two Shimaden SR 91 Digital Controllers. This
controller gets feedback via a resistance temperature detector (RTD), which measures the
temperature heater element near both the liquid and gas calibration vessels. Since the
feedback variable for the temperature controller is the element itself, and not the
temperature of the liquid inside vessel, the controller output should be calibrated to the
actual liquid temperature. This is typically a few degrees lower than the actual
temperature set point. Temperature is an important parameter to consider in calibration
because the temperature has a known effect on mass transfer properties of the membrane.
The temperature controller was calibrated by adding liquid to the 250 mL liquid
vessel, incrementing the set point of the controller throughout its temperature range, and
recording the actual liquid temperature that was measured with a mercury thermometer.
The controllers have an engineering range of 0-1000, corresponding to a temperature
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range from ambient up to 70°C. By regressing the output engineering values against the
actual liquid temperature the relationship between the controller set point and the actual
liquid temperature was derived.
3.7.3. Calibration of the titration system
Calibration of the titration system was performed prior to each experiment, or
whenever parts were replaced. Over time, exposure to acids and based caused corrosion
of the syringe components. This caused the syringe to lose travel on each stroke, which
invalidates previous calibration. This was alleviated by cleaning the syringes with
distilled water, and rinsing with a solvent, such as acetone, after each use.
The reagents used for pH control were 1M KOH and 1M HCl. Similar to the
calibration of other hardware, the physical parameter of interest must be calibrated to the
output variable from the controller, or the engineering unit. For the actuators driving the
syringes, the engineering unit is 0-100010 pulses; the zero position corresponds to the
plunger drawn to the maximum volume of the syringe, and the minimum volume in the
syringe corresponds to the engineering unit 100010. Calibration was performed by first
priming the syringes with 1M KOH and 1M HCl, and then incrementing the position
throughout the operating range, in intervals of about 10000 pulses. A 10 mL graduated
cylinder was used to collect the volume of reagent dosed, and the mass determined. The
density of each solution was used to relate the mass collected to volume of reagent added.
The volume per 1000 motor pulses was determined, as well as the total volume dosed by
a single syringe stroke. The LabBoss software keeps records of the number of strokes of
each syringe, as well as the position (0-100010) at any given time. A program was
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written to use both of these parameters to express volume of reagent addition at any given
time.
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Chapter 4: Application of TOGA to cellobiose fermentation by C.
thermocellum
4.1.

Introduction
This section is devoted to application to the basic principles of off-gas analysis

and titrimetric techniques for the real-time monitoring of a microbial fermentation
process, with C. thermocellum and 2 g L-1 cellobiose.
Fermentations and other bioprocesses are often complex, three-phase systems
(Schmidt et al. 1984), and usually information on all three phases is necessary for
characterization of the bioprocess. The gaseous phase is usually accounted for by
quantitative analysis of the composition of reactor off-gas, one of the most common and
reliable analytical methods in fermentation processes (Heinzle et al. 1990). Off-gas
analysis is commonly applied to measure biological production of non-condensable
gases. Quantitative analysis of volatile organics and biomass in the liquid phase has also
been accomplished by analyzing fermentation off-gases (Oeggerli and Heinzle 1994).
Oeggerli and Heinzle (1994) cite a number of advantages of using the direct offgas analysis approach, such as no infection risk, no probe sterilization, simpler
calibration, in-process recalibration, and simpler measurement matrix. However, the time
delay is dependent on the rate of mass transfer from the liquid phase to the gas phase, and
the gas residence time in the reactor headspace (Heinzle et al. 1990; Oeggerli and Heinzle
1994). Instruments used for real-time analysis of gas compositions include, on-line
chromatography (Boe et al. 2007; McLaughlin et al. 1985; Ward et al. 2011), acoustic
off-gas analyzers (Christensen et al. 1995), infrared absorption photometers (Landgrebe
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et al. 2010), respirometers (Seletzky et al. 2007), and MIMS (Gapes et al. 2003, 2004;
Oeggerli and Heinzle 1994; Pratt et al. 2003, 2004). Further details on previous work
with MIMS are described in Section 1.6.2.
One of the main innovations of the TOGA sensor is that the titration system, in
conjunction with MIMS, can be used to completely account for the presence of acid-base
buffering systems (Gapes et al. 2003; Pratt 2002; Pratt et al. 2003). In bioprocess
analysis, the bicarbonate buffer system is of particular interest because of the need to
account for several dissolved carbonate species, including a large proportion of the
bicarbonate ion (Pratt et al. 2003). This is necessary in order distinguish the biological
production rate of CO2 (CPR) from the CTR that is measured with off-gas analysis
techniques alone. Adequately accounting for the CPR is essential to closing the carbon
and electron balances. By knowing the gaseous CO2 concentration in the reactor
headspace as well as the pH of the medium, CPR can be accounted for, and the
contribution of CO2 to the HP can be removed, giving an indication of other reactions
that either produce acids or consume bases.
Pratt et al. 2003 used the titration component of TOGA to quantify the HPR,
which arises from the oxidation of ammonia in the nitrification process, from base
addition required to maintain pH at a desired set point. In maintaining and recording the
pH, it was then possible to account for the components of the bicarbonate buffer system,
so that the actual rate of biological CPR could be distinguished from the CTR, which is
quantified with off-gas analysis techniques.
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In the following experiments, TOGA was used to study the off-gas composition,
and the titration system was tested for its ability to control the pH, and measure HP, for
fermentation of cellobiose with C. thermocellum. Validation of results was achieved
through concurrent analysis with off-line techniques, including GC and HPLC. The
objective was to demonstrate that the sensor could be used as a viable technology for online state estimation of this type of bioprocess, with no compromise to accuracy or
precision of measurement.
4.2.

Materials and Methods

4.2.1. Media, microorganism, and substrates
Media preparation, microorganism, and substrates for this section were as
described in Section 3.1.
4.2.2. Experimental Setup
Experimental setup, including preparation of inoculum and set-up of the
bioreactor was performed in accordance with the methods described in Section 3.2.
4.2.3. Calibration of MIMS for measurement of reactor off-gas
Prior to fermentation, a four-point background-subtracted concentration
calibration curve was developed for the MIMS for 0-10% H2 and 0-5% CO2 (mol/mol)
(Ferrierra et al. 1998). Known concentrations of these gases were prepared in a step-wise
fashion by diluting purchased gas mixtures (Welder’s Supply, Winnipeg, MB) into an
inert carrier stream using the calibration MFCs (Figure 2.1). The combined calibration
gas mixture was then humidified to the same level water vapour levels that were expected
in the reactor off-gas stream, prior to being measured at room temperature and
52

atmospheric pressure with the MIMS. The appropriate water vapour level in the
calibration gas mixture was achieved by passing the dry gas through a vessel containing
1191 media that was maintained at 60°C, and subsequently condensing the water vapour
with the same apparatus used for condensing the reactor off-gas. The 250 mL Schott
bottle used in the calibration cell was used as the humidification vessel. The condenser
apparatus consisted of two 26 mL tubes sealed with a rubber stopper and aluminum crimp
top (Bellco Glass Inc., Vineland, NJ) placed in series in an ice bath. The gas stream
entered the condenser tubes through a needle perforating the stopper. The first condenser
tube functioned as a water trap and the second tube was used to increase the gas retention
time to further reduce the level of water vapour in the off-gas spectrum. The MIMS probe
was contained in a 5 mL sampling port, which was fabricated from a glass tube sealed
with a rubber septum, through which the MIMS probe was fit. The sampling port was
vented with a needle to relieve build-up of pressure and avoid affecting the mass transfer
properties of the membrane. The ion current for each signal of interest was then fitted to
the known concentration (molar percent) using a linear regression analysis with
background subtraction, performed with Microsoft Excel®. The flow rates, measured with
the MFCs were converted to molar percent on the following basis:
[

]

(4.1)

where, G = molar flow rate (mol min-1), Patm = atmospheric pressure (atm), Qn =
volumetric flow normalized to 0°C (mL min-1), R = ideal gas constant (0.08206 L atm
mol-1 K-1), and T= absolute temperature (K). The molar percent is then calculated
according to Equation 4.2:
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[

∑

]

(4.2)

where Qi is the molar flow rate of the ith component in the gas mixture.
4.2.4. Fermentation experiments
The reactor was inoculated using methodology described in Section 3.2.2. The
process was monitored until the target compound ion currents plateaued and began to
decline, indicating stationary phase. Throughout the process, the temperature was
maintained at 60°C, the pH of the process was maintained at 7.2, gentle stirring was
applied at 100 rpm, and the purge rate of the carrier gas was maintained at 10 mL min-1.
Data for off-gas composition and reagent addition via titration was continuously
acquired. Off-line liquid and gas-phase samples were taken in hourly intervals for
analysis of gaseous end-products, soluble end-products, and protein. Duplicate
experiments were performed sequentially.
4.2.5. On-line gas phase analysis
Following calibration, an automated three-way valve was used to switch the
calibration gas stream going to the MIMS from the calibration mixture to the reactor offgas. This was done so that the MIMS could blank on the carrier gas stream and establish
a stable baseline prior to inoculation of the culture. The gas stream was passed through a
commercial liquid-cooled condenser that was mounted on the reactor head plate. Water
from an ice bath was continually circulated through the condenser with a peristaltic
pump. The purpose of this condenser was to condense ethanol back into solution to
minimize losses in the off-gas stream, so it could be accounted for in the mass balance.
The off-gas was then passed through the secondary condenser unit, described in Section
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4.2.3, prior to being directed to the MIMS gas-sampling vessel, where the composition
was analyzed at room temperature and atmospheric pressure. Monitored compounds, and
respective mass-to-charge ratios (m/z) include: H2, m/z 2; N2, m/z 14; H2O, m/z 18; CO2,
m/z 22; ethanol, m/z 31 and H2S, m/z 34. Where possible, mass-to-charge (m/z) ratios
were chosen that are unique to that compound. All sensitivity coefficients were set to one.
Molar percent was then found from the baseline-subtracted ion currents using the
concentration calibration curve. Data was then treated using a ten-point rolling average
for each target compound. All regression analysis was performed after fermentation
within Microsoft Excel®.
4.2.6. Off-line analytical procedures
All off-line procedures, including analysis of the gas-phase with GC, analysis of
soluble end-products in the liquid phase with HPLC, and analysis of the solid phase, were
conducted as described in Sections 3.3.1, 3.3.2, and 3.3.3, respectively.
4.2.7. Error Analysis
The off-line data for carbon flux, generation times and final concentrations are
reported as the average ± standard deviation between both experiments. These values
were found from the arithmetic average of the measurements taken in stationary phase in
each experiment. For on-line analysis, validation errors are reported as the percent
difference between the on-line analysis and concurrent off-line analysis, measured for
each off-line sample taken during the experiment. The reported values for validation
errors are reported as the average and standard deviation between both biological
replicate experiments.
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4.3. Results and Discussion
Two biological replicate experiments were conducted in this study. Due to the
large volume of data, the graphical results in this section are illustrative, and are only
shown for one of the biological replicate experiments, which was representative of the
other replicate. In cases where a large volume of data can be condensed into tabular
format, results for both replicates are reported.
4.3.1. Growth characteristics
The increase in cell mass throughout the fermentation process is shown for one of
the biological replicate experiments in Figure 4.1. Although not part of the on-line
analysis, the results for protein content are essential for completing the carbon balance.
The average maximum protein concentration for both replicate experiments was 101 ± 11
µg/ mL-1 culture, capturing 7.5 ± 1.4% of the carbon flux. Generation times for the two
biological replicate experiments was found to be 2.5 ± 0.2 h, which compares well with
the generation times of 2.4 h and 2 h reported by Rydzak et al. (2009) and Sparling et al.
(2006), respectively. All standard deviations represent variability between biological
replicates, showing that the results were reproducible.
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Figure 4.1. Protein content for C. thermocellum growth on 2 g L-1 cellobiose as
determined through off-line analysis with the Bradford Assay. This figure shows one
representative replicate of the two biological replicate experiments performed in this
study. Standard deviation bars represent analytical error of the technical replicates (n=3).
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4.3.2. Off-line liquid phase analysis
Soluble end-products of fermentation are shown in Figure 4.2 for the reactor run
corresponding to biomass production shown in Figure 4.1. The major soluble endproducts synthesized in both biological replicate experiments include: (1) ethanol, which
accounted for 26.8 ± 6.3% of the carbon flux available from cellobiose utilization; (2)
acetate, which accounted for 21.9 ± 6.1% of carbon flux, and (3) formate, which
accounted for 5.4 ± 0.6% of carbon flux. Lactate was insignificant and extra-cellular
pyruvate was not detected. Final concentrations of formate, acetate and ethanol were 3.3
± 0.07 mM, 5.4 ± 1.2 mM, and 9.5 ± 1.7 mM, respectively. Standard deviations represent
the variability between both replicates, and indicate that these results were reproducible.
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Figure 4.2. Soluble end-product synthesis and substrate consumption profile for C.
thermocellum growth on 2 g L-1 cellobiose. The data shown is for one of the two
biological replicate experiments. Standard deviation bars represent the analytical error
from technical replicates (n=3).
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4.3.3. Gas Phase Analysis
The response of the MS during calibration proved to be linear for the range of
concentrations tested, with all regression coefficients exceeding 0.99 for calibration
curves generated for all experiments. The composition of the condensed reactor off-gas
was monitored continually with the MIMS, and in hourly intervals with the GC for
verification. Carbon dioxide was monitored at m/z 22. Hydrogen was monitored at m/z 2,
and is subjected to slight interferences from both water vapour and H2S, as well as outgassing of H2 from stainless steel components (Lloyd et al. 2002). Both contributions to
the apparent H2 signal were accounted for by a method of baseline subtraction, since
neither H2S nor H2O is produced during the course of fermentation. In Figure 4.3a, the
molar percent of the H2 and CO2 are shown for the same biological replicate
corresponding to Figure 4.1 and Figure 4.2. In Figure 4.3a, the molar percent of H2 and
CO2 are in close agreement for both on-line and off-line analysis after 14 h, suggesting
that matrix effects in the condensed-phase off-gas are not significant. For samples prior to
14 h where low end-product concentrations were present, the precision of measurement
resulted in relatively large discrepancies between the GC and MS. Validation errors for
on-line analysis with respect to off-line analysis ranged from 20-127% for H2 and 26104% for CO2. When more readily detectable amounts of the target compounds were
present during exponential phase growth and stationary phase, the errors between GC and
MS measurements declined significantly. The arithmetic average of validation errors for
sampling points in all the biological replicates with detectable levels of product were 3.6
± 3.0% and 9.9 ± 7.0% for H2 and CO2, respectively.
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The off-gas measurements shown in Figure 4.3a, whether via MIMS or GC, are
better measures of chemical activity than they are of microbial growth. Due to the
solubility of gases in the aqueous culture media, the reactor off-gas measurements denote
the rate of transfer of H2 and CO2 from the liquid phase to the gas phase, where they are
often measured. This is particularly true of CO2, owing to its high solubility and
reactivity with other components of the carbonate buffer system (Pratt et al. 2003). By
accounting for the dissolved carbonate species, the CTR can be converted to the CPR,
which is a more accurate measure of microbial growth. This is, to a limited extent, also
true of H2. However, due to the low solubility of H2 in solution, the transfer rate is much
closer to the production rate. Total gas production, accounting for dissolved gases and
associated dissolved species is shown in Figure 4.3b for both H2 and CO2. The validation
errors from measurements of total gas production for all biological replicates were found
to be 4.8 ± 3.7% for H2 and 7.1 ± 3.5% for CO2.
In comparison with similar studies using MIMS for on-line bioprocess analysis,
Bastidas-Oyanedel et al. (2010) evaluated two calibration methods for examination of
acetogenic fermentation of glucose. Two calibration procedures were evaluated: (1)
standard calibration, in which sterile calibration solutions were measured in a matrix
containing sterile water and a N2 headspace; and (2) in-process calibration, in which the
MIMS signals were calibrated to concurrent off-line analysis during the process itself.
The errors for gas-phase H2 and CO2, with respect to off-line analysis, were 90 ± 1.5%
and 55 ± 7% for the standard calibration procedure and 3 ± 1.5% and 0.03 ± 3% for the
in-process calibration procedure. The conclusions in that study were that the level of error
in the standard calibration approach was unacceptable, and that calibration should be
61

performed against matrix-free off-line analytical methods. The methodology used in this
research, which more closely aligns with the standard calibration approach described by
Bastidas-Oyanedel et al. (2010), produced errors that were generally limited to less than
10% with respect to on-line analysis for both H2 and CO2. A possible explanation for the
difference in validation errors between the two studies is that a condensed off-gas stream
was measured at ambient conditions with the MIMS in the current study, whereas the
setup described in Bastidas-Oyanedel et al. (2010) was such that the MIMS probe was
placed directly into the reactor headspace which was maintained at 37°C. The elevated
presence of water vapour in the reactor headspace may have had a contribution to the H2
signal. Hydrogen, CO2, and ethanol were measured at m/z 1, m/z 44 and m/z 31,
respectively. Water has a greater contribution to m/z 1 than it does to m/z 2, and ethanol
also contributes to the m/z 44 peak. Indicating that fragmentation
Ethanol is a common fermentation end-product and is the central focus of many
second-generation biofuel platforms. Owing to its volatility, ethanol should have been
easily measurable with MIMS. Preliminary studies have indicated that ethanol can be
measured with equal sensitivity in the liquid and gas phases, when the MIMS probe is
located adjacent to the liquid surface for gas phase analysis. Although an ethanol signal
was detected at m/z 31 in the off-gas stream, it could not be successfully related back to
the liquid-phase concentration of ethanol due to removal of the majority of ethanol from
the off-gas through condensation. In other measurement configurations, it should be
possible of effectively quantify ethanol with MIMS.
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A)

B)

Figure 4.3. On-line and off-line data for reactor off-gas composition and total gas
production A) Reactor off-gas composition throughout the course of fermentation,
expressed in molar percent. B) Total gas production, accounting for dissolved species
and performing a gas phase mass-balance. Standard deviation bars denote the analytical
error between two technical replicates.
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4.3.4. On-line titration analysis
Figure 4.4 illustrates the action of the titration system for pH control during the
course of fermentation. The two primary functions of the titration system were: (1) to
maintain the pH at the desired set point of 7.2, continuously recording the pH such that
the carbonate buffer system could be adequately accounted for by the methodology
described in Section 3.4; and (2) to record the volumetric reagent addition required to
maintain the pH so that the total HP could be calculated. Because pH was maintained by
the action of a split PID controller, small quantities of 1 M HCl acid were added with a
second injector syringe to correct any overshoot from base addition. This creates a
sinusoidal pattern about the set point, as shown in Figure 4.4. Despite these small
deviations, the controller was able to effectively and consistently maintain pH at 7.2 ±
0.02 in all biological replicate experiments, preventing growth arrest resulting from
excessive pH drop. The discrepancies between the pH set point and the process variable
could be reduced by reducing the tolerance about the set point, or deadband.
The HP is a function of the carbonate buffer system and production of organic
acids. As discussed in Section 1.4.3, C. thermocellum produces several organic acid endproducts, including acetate, formate, and lactate. While CO2 was measured with the
MIMS, the organic acids could not be measured in-situ, because the pH of the bioprocess
was greater than the pKa of the acids produced, causing them to be present in the nonvolatile, ionized form. Because the ionized form of these acids liberates a proton into
solution, the HP could serve as a metric for quantification of organic acid production. As
verification that the HP accurately reflects both acid production and CO2 production, CO2
data from the MS and HPLC data on the organic acids was used to calculate the total
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hydrogen ion production. This was done with the assumptions that CO2, acetate, and
formate behave as monoprotic acids, and they dissociate completely at the process pH of
7.2. Using this method, 94.4% of the HP that was measured with the titration system by
base addition could be accounted for in each biological replicate experiment (Table 4.1).
The remainder that was unaccounted for may be due to small amounts of extra-cellular
pyruvate, malate, and amino acids, which collectively have been shown to account for
4.1% of carbon flux (Ellis et al. 2012b), and were not accounted for in this work.
Furthermore, the consumption of NH4 and amino acids added to the media were not
accounted for, and it was assumed that the affect of CO2 stripping was negligible at low
sparging rates.
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Figure 4.5. On-line pH control and base addition with TOGA titration system. The data
shown in this figure is for a single biological replicate experiment that corresponds to
Figures 4.1, Figure 4.2, and Figure 4.3.
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Table 4.1. Proton recovery measured at stationary phase with the titration system. The recovery is the proportion of the HP
that could be accounted for in the end-products that were measured off-line. The mean of both experiments is shown in the
bottom row.
Total 1M KOH
Added

Total CO2
Production

Total Lactate
Production

Total Formate
Production

Total Acetate
Production

H+ Recovery

mmol

mmol

mmol

mmol

mmol

%

1

70.2

35.4

0.4

10.1

20.2

94.2

2

72.1

35.1

1.7

11.8

19.7

94.7

Mean

71.2 ± 1.3

35.3 ± 0.2

1.1 ± 0.9

11.0 ± 0.35

20.0 ± 0.35

94.4 ± 0.0

Replicate
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4.3.4

Validation of results: mass and electron balances
The accuracy of both on-line and off-line analyses was reflected in the O/R and

C1/C2 ratios, and the carbon recovery. Together with off-line data, the gas data from both
on-line data and off-line data were used to calculate these indices for all biological
replicate experiments (Table 4.2). The values in Table 4.2 are calculated as the mean of
all observations (measured throughout the growth phase) in a given experiment ±
standard deviations, when target compounds could be distinguished from background
noise. At the bottom of Table 4.2 the arithmetic mean ± standard deviation is reported for
all three biological replicates. The carbon balance, O/R index, and C1/C2 ratios show no
significant difference regardless of whether gas data was measured by on-line or off-line
techniques, and are close to the theoretical values in all cases. This verifies that the
majority of the end-products were accounted for, and that all calibration and
measurement methodology is adequate. Ellis et al. (2012b) summarized carbon recovery
reported in several studies for C. thermocellum growth on cellobiose as well as several
insoluble substrates, and on a variety of both complex and chemically defined media. The
findings from this compilation were that with cellobiose as a carbon source and defined
medium (MTC), the carbon recovery averaged 51.7 ± 4.5% for nine replicates. In MITC
medium, the amount of carbon in the medium constituents exceeded the amount of
carbon added in the substrate. Another medium was tested (LC) in which the carbon
content of the medium constituents was only 2% of that added in the substrate, producing
a carbon recovery of 63.7 ± 10.3 in eight replicates. Furthermore, under any condition,
carbon recovery did not generally exceed 70%. This study suggested that accounting for
carbon recovery via the method presented is not sufficient, and improved the carbon
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recovery from less than 70% to 93% by accounting for pyruvate, malate, uracil, and
extra-cellular amino acids (Ellis et al. 2012b). Despite not being able to account for
malate, uracil, and amino acids in this work, the carbon recovery was found to be
acceptable, averaging 94 ± 9 % in the two biological replicate performed in this study
(Table 4.2).
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Table 4.2. Carbon recovery, O/R ratio, and C1/C2 ratio ± standard deviations for both off-line and on-line analysis. Values are
shown for individual experiments as well as the mean ± standard deviations for observations in those experiments.
Carbon Recovery

O/R Ratio

C1/C2 Ratio

Replicate

On-line

Off-line

On-line

Off-line

On-line

Off-line

1

0.91 ± 0.10

0.88 ± 0.10

1.14 ± 0.08

0.93 ± 0.19

0.86 ± 0.06

0.85 ± 0.18

2

0.95 ± 0.07

0.85 ± 0.26

0.92 ± 0.16

0.96 ± 0.23

0.93 ± 0.19

0.92 ± 0.15

Mean

0.94 ± 0.09

0.94 ± 0.11

1.01 ± 0.20

0.95 ± 0.20

0.94 ± 0.27

0.90 ± 0.15
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4.4.

Conclusions
Titration and Off-Gas Analysis (TOGA) has been applied for on-line analysis and

control of anaerobic fermentation of cellobiose with C. thermocellum for the production
of second-generation biofuels (H2 and ethanol). Both the off-gas analysis component and
titrimetric components were shown to be viable techniques to obtain dynamic process
information in real-time. It was shown that the on-line measurements for reactor off-gas
composition were consistent with concurrent off-line measurements taken with GC. This
is also reflected in the carbon balance, O/R ratio, and C1/C2 ratio, which show no
significant difference regardless of whether on-line or off-line data for H2 and CO2. The
titration system was able to effectively control pH at 7.2 ± 0.02. Furthermore, the reagent
addition was used to predicted HP, which was 94.4% accounted for in the HP that would
be expected given the off-line measurement of CO2 and organic acids. This suggests the
possibility of using the titration system to account for organic acid production under pHcontrolled conditions, because the off-gas measurements made with MIMS can account
for the contribution from CO2 in the total HP. This aspect makes the system more robust
for application in a diversity of fermentation conditions and shows the synergy between
titration techniques with off-gas analysis. Using the described measurement
configuration, trace amounts of ethanol that were present in the condensed off-gas stream
could not be successfully related to the liquid-phase concentration of ethanol in the
reactor.
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Chapter 5: On-line Liquid-Phase Analysis with MIMS
5.1.

Introduction
In the work that was described in the previous chapter, TOGA was applied to a

thermophilic fermentation process using C. thermocellum. The MIMS was used to
analyze the reactor off-gas composition and an approach for quantifying total proton
production from on-line titration was also described. It was found that the gas-phase
concentration of ethanol could not be successfully related back to the liquid-phase
concentration, owing to condensation of the off-gas stream to remove water vapour. In
this chapter, MIMS is devoted to the analysis of end-products in the liquid phase of the
reactor, including ethanol, dissolved CO2, and dissolved H2.
Sample introduction via a semi-permeable membrane makes it possible to
separate the analyte of interest from the complex sample matrix, rapidly remove cellular
material, and halt organism growth (van de Merbel et al. 1996). The ability to measure
the target analytes directly from both the liquid and gaseous phase of the system, with no
compromise in sensitivity, is a significant advantage of MIMS over other instruments.
Direct liquid-phase analysis is more advantageous than gas-phase analysis for on-line
bioprocess analysis because: (1) monitoring the immediate micro-environment
surrounding the cells is the closest indicator of the actual state of the process (Kraemer
and Bagley 2006; Ljunggren et al. 2011; Lloyd et al. 1983; Zhang et al. 2013); (2) there is
no lag or error associated with biological interpretations based on gas measurements
when liquid-to-gas mass transfer limitations are present (Pauss et al. 1990a); and (3) in
this context, there is no lag induced by a large headspace volume to gas flow rate (VH/Qg)
ratio.
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Owing to its volatility, ethanol is a common compound to target for on-line
analysis with MIMS in the liquid phase. Measurement of ethanol from the liquid phase
has been investigated in several studies (Bastidas-Oyanedel et al. 2010; Hayward et al.
1990; Heinzle et al. 1983a; Johnson et al. 1997; Pungor Jr. et al. 1980; Pungor Jr. et al.
1983; Tarkiainen et al. 2005). The mass transfer of ethanol is governed by the preferred
situation of thermodynamic considerations, rather than mass transfer limitations
(Oeggerli and Heinzle 1994). This means that the behaviour of ethanol approximates that
of an ideal solution, and the liquid and gas phases rapidly come to equilibrium with one
another. Because of this, ethanol measurements have also successfully been achieved in
the gas phase, are not influenced by either agitation or aeration rates (Oeggerli and
Heinzle 1994; Pungor Jr. et al. 1980). Most studies report the correlation between MIMS
analysis of ethanol and other off-line analytical methods to be favourable (Johnson et al.
1997; Tarkiainen et al. 2005). However, careful calibration strategies must be developed
so that the measurement matrix mimics the actual fermentation matrix as closely as
possible. Bastidas-Oyanedel et al. (2010) showed with a standard calibration procedure,
in which standard solutions were added to distilled water with an N2 containing
headspace, the level of error with respect to off-line analysis was unacceptably high.
Direct analysis of dissolved gases is less straightforward. Probes are available to
measure concentration of liquid-phase CO2 (Harms et al. 2002; Vojinović et al. 2006) and
probes for sensing dissolved H2 have also been described (Pauss et al. 1990b; Sweet et al.
1980). However, usually these sensors are specific to a single gas type, have limited
application, and can suffer baseline drift and signal instability from the precipitation of
protein and other cellular material on the contact surface (Kraemer and Bagley 2006;
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Vojinović et al. 2006; Zhang et al. 2012). Relatively few studies attempt to measure
dissolved gas concentrations. The lack of available instrumentation to do so is likely to
blame. Kraemer and Bagley (2006) used a headspace-chromatography method to
measure both dissolved H2 and CO2 during fermentative H2 production. This study was
able to demonstrate that N2 sparging did not alleviate accumulation of H2(aq) and is
reportedly the first instance of measuring H2(aq) in a sparged H2 fermentation reactor.
Both Lamed et al. (1988) and Ljunggren et al. (2011) also used a headspace GC method
to measure H2(aq) in cultures of C. thermocellum and Caldicellulosiruptor saccharolyticus,
respectively. Lamed et al. (1988) found that accounting for H2(aq), the expected balance
between measured acetate production and expected H2 production could be closed.
However, the time lag created by waiting for samples to reach equilibrium was not
reported. Ljunggren et al. (2011) incorporated measurements of H2(aq) into a model to
predict optimal H2 production based on both the substrate loading and stripping rate.
Zhang et al. (2012, 2013) used MIMS for the on-line measurement of H2 in MCF under
both thermophilic and hyper-thermophilic conditions for the first time. The findings in
both studies showed that H2(g) was not a close indicator of H2(aq) and that the actual
dissolved H2 concentration merits consideration in such applications. Indeed, MIMS
seems like a strong candidate to monitor several dissolved gas species rapidly
simultaneously, and accurately. However, Bastidas-Oyanedel et al. (2010) have shown
that appropriate, context-specific calibration methodology needs to be developed for
MIMS, and this requires very careful consideration. In fact, the recommendation from
this study was to calibrate MIMS signals against a matrix-free off-line analytical method.
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Because of the lack of standard methodology to measure dissolved gas species
directly, the liquid-phase concentrations are usually ignored altogether (Kraemer and
Bagley 2006). Typically it is assumed that the liquid phase is at thermodynamic
equilibrium with the gas phase, and Henry’s Law is used to find the concentration of
dissolved species (Lamed et al. 1988). Unfortunately, evidence to support his assumption
is lacking (Pauss et al. 1990b; Robinson and Tiedje 1982). When the transfer of gases
from the liquid phase to the gas phase is mass transfer limited, supersaturation, especially
of sparingly soluble gases, has been demonstrated to occur (Pauss et al. 1990a).
Supersaturation is a phenomena that occurs when the biological production rate exceeds
the mass transfer rate of that compound from the liquid phase to the gas phase, which
causes aqueous concentrations to be higher than they would be at a state of
thermodynamic equilibrium (Zhang et al. 2012). High concentrations of H2(aq) can inhibit
hydrogenase activity, increase the NADH/NAD+ ratios, reduce H2 production and shift
metabolism toward reduced organic end-products, such as ethanol and lactate (Lamed et
al. 1988; Ljunggren et al. 2011; Rydzak et al. 2011; Zhang et al. 2012). Therefore, studies
that have investigated H2(aq) have concluded that is of greater importance than H2(g). High
concentrations of dissolved CO2 have also been associated with growth inhibition, and its
removal from the headspace has been previously shown to affect end-product synthesis
(Park et al. 2005).
Supersaturation of H2 has been reported to occur under thermophilic conditions
(Lamed et al. 1988; Zhang et al. 2012), extreme-thermophilic conditions (Ljunggren et al.
2011; Zhang et al. 2013), and in mesophilic conditions (Kraemer and Bagley 2006; Pauss
et al. 1990a; Pauss and Guiot 1993). The supersaturation of CO2 has been reported to
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occur in MCF at 25°C (Kraemer and Bagley 2006), but for a methanogenic process
carried out at 35°C, Pauss et al. (1990) report that the mass transfer of CO2 was not
limited for a wide range of operating conditions. The supersaturation of H2 appears to be
heavily influenced by operating conditions, including the rate of both N2 flushing and N2
sparging (Kraemer and Bagley 2006; Zhang et al. 2012; Zhang et al. 2013), agitation
(Lamed et al. 1988; Zhang et al. 2013), organic loading rate (Zhang et al. 2012), type of
reactor (Pauss et al. 1990a), and use of gas recycling at different rates (Frigon and Guiot
1995). Previous work focused on the supersaturation of dissolved gases for various
processes is briefly summarized in Table 5.1. Unfortunately, very little insight is
provided on why these mass transfer limitations for H2 are occurring in these studies.
Pauss et al. (1990) suggest that the transfer of H2 to the gas phase is largely influenced by
the ascent of the bubble, at least for methanogenic systems.
The liquid to gas transfer of dissolved gas species is therefore an important
consideration in modeling and characterization of bioprocesses. Carbon and redox
balances may be erroneous if mass transfer limitations are ignored. For this reason, mass
transfer coefficients have been developed to approximate the liquid-to-gas mass transfer
in a system. These parameters are important engineering considerations in the design and
scale-up of bioreactors (Kawase et al. 1992). The following section is devoted to a very
brief review of mass transfer theory.
The global volumetric mass transfer coefficient, kLa, is commonly used to
describe the transfer of gases from the liquid phase to the gas phase, or vice versa
(Kawase et al. 1992; van't Riet 1979). The coefficient is comprised of: kL, the film
coefficient, which is mostly dependent on properties of the liquid and gas; and a, which is
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the area of the gas-liquid interface normalized to the liquid volume, and is dependent on
hydrodynamic conditions (Kawase et al. 1992; Pauss et al. 1990a; Zhang et al. 2012). The
mass transfer coefficient is formally defined as (Frigon and Guiot 1995; Pauss et al.
1990a):

[

[
[

(

]

]
]

(5.1)

)

where: Qv = the volumetric gas production rate, = Qg/VL; Qg = the gas flow rate (L/h); VL
= the liquid phase volume of the reactor (L); KH = Henry’s law constant (mol L-1 atm-1);
R = ideal gas constant = 0.8206 L atm mol-1 K-1; T = temperature (K); [gas]L = the actual
dissolved gas concentration; and [gas]L* = the concentration of a dissolved gas species at
thermodynamic equilibrium, predicted by Henry’s Law (Heinzle 1987):
[[

]

]

(5.2)

where Ptot is the total pressure of the system (atm) and Xout, i, is the concentration of gas i
in the exhaust stream. Use of this equation requires the assumption of a uniformly mixed
headspace (Heinzle 1987). The ratio measured liquid phase concentration and the
concentration predicted by thermodynamic equilibrium is known as the supersaturation
ratio (

) (Zhang et al. 2012; Zhang et al. 2013). A value of close to unity

indicates that there is no mass transfer limitation and the transfer process is governed by
thermodynamics (Pauss et al. 1990a; Zhang et al. 2012), and that MIMS measurements
are not dependent on the sparging rate or agitation rate (Oeggerli and Heinzle 1994).
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Table 5.1. Summary of other work that has been done on the supersaturation of H2 and
other dissolved gases in various bioprocesses. MCF - mixed culture fermentation; OLR –
organic loading rate; CSTR – continuous stirred-tank reactor; UBF – upflow bed filter;
HRT – hydraulic retention time.
Study
Frigon and
Guiot (1995)
Kraemer and
Bagley (2006)
Lamed et al.
(1988)
Ljunggren et al.
(2011)
Pauss and Guiot
(1993)
Pauss et al.
(1990)

Type of System &
Conditions
Biogas production in
an anaerobic upflow
sludge bed reactor
(36°C)
Mesophilic MCF
(25°C)
Thermophilic
fermentation with C.
thermocellum
(60°C)
Extreme thermophilic
H2 production with C.
saccharolyticus (70°C)
Biogas production in
an anaerobic upflow
sludge bed reactor
(35°C)
Biogas production
(35°C)

Parameters tested

RH2

Effect of gas recycling
at different rates

3-14

Effects of no sparging
vs. sparging at 160 mL
min-1
Effects of stirring and
addition of exogenous
H2

3-10 for H2;
1.6-1.7 for CO2

OLR varied 5-10 g L-1
glucose; sparging varied
from 0.78-6 L h-1
OLR and HRT varied

4.9-5.2

CSTR vs. Sludge bed vs.
UBF reactor at varying
OLR and HRT

35-71 for H2
39-81 for CH4

19-102

Effect of N2 sparging at
1.1-10.6
-1
0-22 mL min ; effect of
N2 flushing at 0-17.9 mL
min-1; agitation at 150
rpm and 400 rpm
H2 production in
OLR varied from 13.51.7-3.0
Zhang et al.
thermophilic MCF
137.5 mmol glucose L-1
(2012)
(60°C)
d-1; Reynolds number
varied from 3500-12900
a
supersaturation demonstrated, but
not reported. Values were calculated for stirred
and unstirred cultures using given data on [H2(aq)] and equilibrium values predicted by KH
values obtained from Sander (1999).
Zhang et al.
(2013)

H2 production in
extreme thermophilic
MCF (70°C)

2.6 - 8.0a
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The objectives of this chapter are to use MIMS to quantitatively monitor liquidphase end-products during cellobiose fermentation with C. thermocellum on-line.
Specifically, ethanol will be monitored, with off-line confirmation via HPLC, and the
dissolved gases H2 and CO2 will also be measured, and compared to the predicted
dissolved gas concentrations from off-gas analysis using GC.
5.2

Materials and Methods

5.2.1. Media, microorganism, and substrates
Media preparation, microorganism, and substrates for this section were described
in Section 3.1.
5.2.2. Experimental setup
Experimental setup, including preparation of inoculum and set-up of the
bioreactor was performed in accordance with the methods described in Section 3.2.
5.2.3. Calibration of MIMS for measurement of ethanol
Two calibration strategies were evaluated. Calibration was performed in-situ and
ex-situ in heated 250 mL Schott bottle in the calibration cell. Both strategies were
evaluated pre-fermentation, with no cellular debris present, and post-fermentation, with
the presence of microbes, cellular debris, and metabolic end-products. The in-situ
approach featured a 3 L working volume, and the same temperature, agitation, and
sparging as during the fermentation run. A standard addition method of calibration was
used by adding solution of 10 M ethanol to the reactor to final concentrations of 0.5, 1, 2,
5, 10, and 15 mM. The m/z 31 signal was then monitored with MIMS until a stable
equilibrium was reached. The ex-situ calibration featured a 150 mL working volume that
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was sparged with carrier gas at 50 mL min-1 to maintain anaerobic conditions. Mild
agitation was also applied. In this case, a 1 M solution of ethanol was prepared and added
to final concentrations of 0.5, 1, 2, 5, 10, and 15 mM. The signal was monitored with
MIMS at m/z 31 and allowed five minutes to attain a stable equilibrium. A linear
regression was then performed on the baseline-subtracted signals using Microsoft Excel®.
5.2.4. Calibration for dissolved gases
Calibration for dissolved gases was performed in-situ, both before and after the
fermentation process. The MIMS was immersed half way down in the liquid phase and
about 2 cm away from the reactor wall after being thoroughly disinfected with acetone.
For the pre-fermentation calibration, the reactor was set up as described in Section 3.2.
Once anaerobic conditions were achieved and the baseline was stable, the prefermentation calibration took place at the same flow rate, temperature, and agitation as
during the fermentation experiments. Known concentrations of H2 and CO2 were
prepared with the MFCs and bubbled though the liquid for 12 h, or until a stable
equilibrium was reached. The monitored signals were CO2 at m/z 22 and H2 at m/z 2, and
the pH was recorded simultaneously. The liquid-phase concentration of gases was
obtained from the headspace composition through Henry’s Law, using the values from
Sander (1999), described in Section 3.4. These values related to the baseline-subtracted
m/z 2 and m/z 22 signals. Following calibration, the N2 flow rate and agitation rate was
then increased to strip the dissolved gas species out of the system, and the fermentation
was started when the baseline was stable. Similarly, the post-fermentation calibration
began only when the dissolved gas signals returned to baseline levels, which required the
H2 and CO2, to be stripped from the liquid phase and purged from the headspace.
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5.2.5. Fermentation experiments
Two experiments were performed for liquid phase analysis of ethanol, dissolved
H2, and dissolved CO2. The first experiment was carried out with identical temperature,
pH, sparging, and agitation conditions described in Section 4.2.4. The second experiment
was aimed at avoiding H2 and CO2 mass transfer limitations at the interface between the
liquid phase and gas phase. In this experiment, agitation was increased to 200 rpm from
100 rpm, sparging was increased to 100 mL min-1 from 10 mL min-1 and surface mixing
was employed with a flat-blade impeller. Ethanol, H2, CO2, were monitored at m/z 31,
m/z 2, and m/z 22, respectively. Data for off-gas composition and reagent addition via
titration was continuously acquired. Off-line liquid and gas-phase samples were taken in
hourly intervals for analysis of gaseous end-products, soluble end-products, and protein.
5.2.6. On-line liquid phase analysis
Inoculation of the reactor was performed using the methodology previously
described in Section 3.2.2. The dissolved species signals were monitored until the
concentrations had returned to baseline levels such that post-fermentation calibration
could be performed. The concentration of each component was found from interpolation
of the baseline-subtracted signals from the calibration curves described in Sections 5.2.3
and 5.2.4. All regression analysis was performed with Microsoft Excel®. As with
previous experiments, soft ionization was employed to minimize fragmentation, and
detection was accomplished using the Faraday Cup detector on the MS.
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5.2.7. Off-line analytical procedures
All off-line procedures, including analysis of the gas-phase with GC, analysis of
soluble end-products in the liquid phase with HPLC, and analysis of the solid phase, were
conducted as described in Section 3.3.1, 3.3.2, and 3.3.3, respectively, except that a
different GC was used (SRI Instruments, model 8610C). The GC was equipped with a
TCD detector and a stainless steel 3.2 mm x 1.8m stainless steel column packed with a
13X molecular sieve for the analysis of H2, and 3.2mm x 1.8m stainless steel silica gel
column for the analysis of CO2.
5.3.

Results and Discussion

5.3.1. Ethanol analysis
The slopes generated from either calibration approached described in Section
5.2.3 were both 3.03×10-10, showing no significant difference. This is a positive result
indicating that the ex-situ calibration method can produce the same result as the in-situ
approach and can be used as a simpler and faster means of calibration that can be
performed at any time. For the range of ethanol concentrations tested, the response of the
instrument proved to be linear, with all regression coefficients exceeding 0.99.
The on-line ethanol measurements were compared to HPLC results to check the
accuracy and precision of measurement. This was done for both experiments described in
Section 5.2.5. The agreement between on-line and off-line analysis is shown in Figure
5.1, for both high-and-low mass transfer experiments. It can be seen that in both cases,
the on-line signals are within level of error associated with the precision of the triplicate
HPLC samples. The average margin of error with respect to off-line analysis was similar
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in both experiments, and the values obtained were 10.7 ± 9.0%, and 9.8 ± 6.6% for the
low mass transfer experiment (Figure 5.1a) and the high mass transfer experiment (Figure
5.1b), respectively. The maximum concentration detected by the MS in the low mass
transfer experiment was 9.1 mM. This is consistent with the experiments described in
Chapter 4, in which the ethanol concentration measured by HPLC averaged 9.5 ± 1.7
mM. The maximum ethanol concentration in the second experiment with high mass
transfer conditions was 6.4 mM. This lower production of ethanol is likely due to
increased shear stress from vigorous stirring adversely impacting growth. This is
evidenced by the lower protein content observed, as Bradford analysis showed the protein
content in the low mass transfer experiment was 98 ± 4 μg mL-1, which is consistent with
the protein content observed in identical growth conditions in Chapter 4. In the high mass
transfer experiment, the protein content only reached a maximum of 80 ± 8 μg mL-1.
Foaming also increased significantly in the high mass transfer experiment, indicating a
high rate of cell lysis visually. Lower acetate and formate production was also observed
under conditions of high mass transfer. The E/A ratios remained consistent at 1.43 ± 0.40
and 1.53 ± 0.53 in the low mass transfer experiment and high mass transfer experiment,
respectively, and despite lower ethanol production in the high mass transfer experiment
(6.4 mM, in Figure 5.1b versus 8.8 mM in Figure 5.1a).
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Figure 5.1. On-line measurement of ethanol production from C. thermocellum growth on
2 g L-1 cellobiose in A) the low mass transfer experiment and B) the high mass transfer
experiment. The continuous line is represents on-line measurement with MIMS, and the
discrete points represent concurrent off-line HPLC analysis. Standard error bars indicate
the analytical error between technical replicates (n=3).
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5.3.3. Analysis of dissolved gases
The response of the MIMS for dissolved gas species was also found to be linear
for the range of concentrations tested, with all regression coefficients exceeding 0.99.
Upon applying the MIMS calibration curves to the baseline-subtracted signals acquired
during the fermentation process, it was found that the results directly measured with
MIMS, and the results obtained using GC analysis and applying Henry’s Law, were not
consistent. In particular, the concentration of H2(aq) was far under-estimated when
thermodynamic equilibrium was assumed, as shown in Figure 5.2a and Figure 5.2b.
5.3.4. Analysis of H2(aq)
From Figure 5.2, H2(aq) supersaturation is occurring in both instances of high and
low mass transfer. On average,

decreased nearly two-fold when sparging when

agitation and sparging were increased to 200 rpm and 100 mL min-1, respectively, and
surface mixing was employed (Table 5.2). This is opposite to the findings of Kraemer
and Bagley (2006), in which higher

were reported when increased sparging was

applied. Zhang et al. (2013) also found significant increases in

as either headspace

flushing or sparging was increased. However, Frigon and Guiot (1995) report lower
with increased sparging (Frigon and Guiot 1995). In the currents study, both rate of
agitation and application of surface mixing were simultaneously altered, so it is not
known whether changes in mass transfer characteristics between the two experiments was
due to increased sparging, increased mixing, the application of surface mixing, or some
combination thereof.
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Figure 5.2. Concentrations of H2(aq) and H2CO3* predicted from GC measurements and
the assumption of thermodynamic equilibrium, in comparison with direct measurement
with MIMS. A) Low mass transfer experiment B) high mass transfer experiment.
Standard deviations bars indicate the analytical error in duplicate GC samples.
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Corresponding to the reduction in

that was achieved by sparging at 100 mL

min-1, and stirring at 200 rpm with surface mixing, the kLa showed more than a ten-fold
increase for H2 (Table 5.2). If no significant H2 supersaturation occurred (
) such that there was no significant limitation of mass transfer, the required kLa value
(Equation 5.2) would be 105 h-1 in the high mass transfer experiment and nearly 940 h-1
in the low mass transfer experiment. These values are two and three orders of magnitude
greater than the observed mass transfer coefficients in Table 5.2. This implies that
optimal mass transfer will be difficult to achieve with the given apparatus. Foaming was
already a significant concern under high mass transfer conditions, and was also observed
as the culture approached stationary phase in the experiment conducted under standard
conditions. This indicates stress on the organism, which is further evidenced in the lower
production of protein and other end-products synthesis as agitation, and shear stress, was
increased. Therefore, the objective of optimizing mass transfer conflicts with providing
he culture with optimal growth conditions. Use of anti-foaming agents may help to
reduce the symptom of foaming, but these are known to affect both the kL and a terms of
the mass transfer coefficient, and the net effect can act barrier to mass transfer (Kawase et
al. 1992). Measured kLa values were highly variable at the early stages of fermentation,
owing to the low concentrations of measured gases, but generally stabilized when more
readily detectable quantities were present. Slightly higher predictions of dissolved CO2 at
thermodynamic equilibrium, likely due to systematic error, caused the calculated kLa
values to be negative. For this reason, they were excluded from Table 5.2, as negative
mass transfer coefficients are not possible.
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Table 5.2. Average supersaturation ratios and mass transfer coefficients measured
throughout the growth phase in conditions of low mass transfer and high mass transfer.
Mass transfer coefficients are not reported for CO2 under high mass transfer conditions
because no significant mass transfer limitation was apparent.
Low Mass Transfer
Conditions

High Mass Transfer
Conditions

H2

CO2

H2

CO2

Supersaturation
ratio ± SD

14.9 ± 3.8

1.4 ± 0.3

8.4 ± 3.7

0.8 ± 0.1

kLa ± SD (h-1)

1.0 ± 0.5

0.7 ± 0.5

13.3 ± 3.2

-
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Therefore, with the given apparatus, mass transfer of H2 is limited for a wide
range of operating conditions, including sparging rate, agitation rate, and the type of
mixing. This limitation in the mass transfer of H2 is consistent with previous several
previous studies that are summarized in Table 5.1. Pauss et al. (1990) studied the mass
liquid to gas mass transfer of gases for several reactor configurations in the
biomethanation process. In that study, it was found that for a completely stirred reactor,
much lower mass transfer coefficients for H2 (ranging from 0.02 h-1 to 0.16 h-1) were
observed depending on whether batch or fed-batch mode was tested. Furthermore, the
corresponding

ranged from 35-60. This shows a far greater limitation than was

observed in this work.
Zhang et al. (2012) recently used MIMS to investigate supersaturation of H2(aq) in
thermophilic MCF. It was found that both the organic loading rate (OLR) and agitation
rate had an effect on supersaturation, with

values reportedly ranging from 1.7 to 3.0

with respect to thermodynamic equilibrium. It was found that more vigorous agitation
decreased the H2(aq) concentration and an increase in OLR had the opposite effect, despite
the headspace concentrations remaining relatively unchanged. This was accompanied by
inhibition of hydrogenase activity, resulting in a metabolic shift toward ethanol from
production of acetate and butyrate, showing that H2(aq) has a larger effect on microbial
metabolism than the headspace concentration. No such metabolic shift toward reduced
end-products could be detected in this study. Despite more than a six-fold reduction in
the maximum measured H2(aq) concentration from 0.95 mM (Figure 5.2a) to 0.15 mM
(Figure 5.2b), the liquid phase remained supersaturated with H2. The E/A observed in
both experiments in the currents study indicated no shift in metabolism (Section 5.3.1).
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This finding is consistent with the findings of Kraemer and Bagley (2006). According to
this

study,

the

NAD(P)H:ferrodoxin

oxidoreductase

enzyme

requires

H2(aq)

concentrations less than 50 μM (0.05 mM) to function, and dissolved hydrogen levels
could not be reduced to these levels to activate it. In this work, the dissolved H2(aq)
concentration exceeded 0.05 mM at 10 h of growth in the low mass transfer experiment,
indicating that the majority of the H2 synthesis was via the ferrodoxin dependent
hydrogenase mechanism. However, for C. thermocellum, Lamed et al. (1988) were able
to demonstrate a metabolic shift without dropping the concentration of H 2(aq) below the
threshold of 0.05 mM. This study reported decreased E/A ratios when the concentration
of H2(aq) was reduced from 15 mM in unstirred cultures to 5 mM when vigorous stirring
(>150rpm) was applied.
5.3.5. Analysis of CO2(aq)
In the case of CO2, supersaturation ratios (

) are approximately equal to unity

for both sets of operating conditions, within the standard error of measurement (Table
5.2). The experiment with standard conditions showed a slightly higher

of 1.4 ± 0.3,

indicating a slight mass transfer limitation (Figure 5.2a). This finding is consistent with
Kraemer and Bagley (2006) who reported the supersaturation of CO2 in mixed culture
fermentation at 25°C. In that study,

values of 1.6-1.7 were found to occur regardless

of the presence of N2 sparging, which was tested at 0 and 160 mL min-1 in a reactor with
a 2 L liquid volume and a 1 L headspace volume.
This limitation is not present in the high mass transfer experiment, as the
was found to be 0.6 ± 0.4 (Table 5.2). Figure 5.2b shows reasonable agreement between
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direct measurements of H2CO3* taken with the MS and the corresponding values
determined with GC measurements and using Henry’s Law. This is in agreement with the
findings of Pauss et al. (1990), who reported that the mass transfer CO2 and other highly
soluble gases is not limited under most conditions in anaerobic methanogenic processes.
This suggests that the liquid phase is in a state of quasi-equilibrium with the gas phase for
this set of conditions, and CO2 measurements are dictated by thermodynamics, rather
than the non-preferred situation of mass transfer rates, and should therefore be
independent of agitation or aeration rates (Oeggerli and Heinzle 1994). Thus, reliable
predictions can be made for total CO2 production by measuring the liquid-phase signal
alone, as has been demonstrated in Figure 5.2b.
5.3.6. Impact of supersaturation on mass balances
The total H2 production, measured at the end of the growth phase, increased by
8% from 10.0 mM to 10.8 mM when supersaturation was accounted for in the experiment
with low mass transfer conditions. Less accumulation of H2 was observed in the high
mass transfer experiment, so the total H2 production only increased from 3.7 to 3.8 mM
(2.7%) when supersaturation was taken into account. Owing to the relatively large
amount of CO2 dissolved into the liquid phase, the slight supersaturation of CO2 under
low mass transfer conditions (

= 1.4) caused total CO2 production to increase from

14.5 mM to 19 mM when supersaturation was accounted for, an increase more than 30%.
By accounting for the supersaturation of both H2 and CO2, it was found that the average
carbon recovery and C1/C2 ratio could be improved to 0.93 ± 0.14 and 1.00 ± 0.15 from
0.86 ± 0.14 and 1.25 ± 0.15, respectively. The O/R ratio changed from 0.99 ± 0.14 to
1.17 ± 0.08, which is not an improvement but is still acceptable. Supersaturation of CO2
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could therefore help to improve carbon recoveries, which have been demonstrated to be
consistently low in C. thermocellum fermentation (Ellis et al. 2012b). The baseline
studies in Chapter 4 did not account for CO2 supersaturation, so the presence of
additional CO2 could help to close the proton balance, which was found to be 94.4% in
that work.
5.4.

Conclusions
The liquid phase of a thermophilic fermentation process with C. thermocellum

and 2 g L-1 cellobiose was monitored on-line with MIMS to quantify ethanol, dissolved
H2 and dissolved CO2. Ethanol was successfully monitored and an external calibration
strategy was developed so that calibration in-situ was not required. The MIMS showed
good linearity in the range 0-15 mM, and calibrations were repeatable. The level of error
in the on-line ethanol measurements with respect to off-line measurement made during
the bioprocess were 10.7 ± 9.0%, and 9.8 ± 6.6% for two separate experiments performed
under conditions of low mass transfer and high mass transfer, respectively.
For the measurement of dissolved CO2 and H2, calibration was performed in-situ
after the process was complete and the ion currents had returned to a stable equilibrium.
It was found that supersaturation of H2 occurred for the low mass transfer experiment,
which featured 100 rpm stirring and 10 mL min-1 sparging, and average

values were

14.9 ± 3.8. Furthermore, CO2 also showed slight mass transfer limitations, with
values of 1.4 ± 0.3. By increasing the sparge rate to 100 mL min-1, the agitation to 200
rpm and applying surface mixing, it was possible to reduce the

to 8.4 ± 3.7 and

increase kLa values by ten-fold, while CO2 showed no significant mass transfer limitation.
Thus, it has been shown that mass transfer limitations of CO2 are minimal, and can be
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alleviated by changing mixing conditions, whereas mass transfer limitations of H2 seems
inevitable across a wide range of operating conditions, and caused total H2 production to
be underestimated by as much as 8%. Due to the solubility of CO2, if supersaturation is
present, it can cause CO2 production to be significantly (up to 30%) underestimated.
When accounted for, this improved the average carbon recovery by 7%.
The fundamental assumption made in this work is that given a long enough
equilibration time, the system will follow thermodynamic equilibrium during calibration.
While this assumption could not be verified, it stands to reason that if supersaturation had
occurred during calibration (because of the calibration mixtures being sparged through
the liquid medium) and supersaturated conditions were measured with respect to that
calibration, the estimates for

are more conservative than in reality. It was shown that

under certain conditions, CO2(aq) measurements made with the MIMS were in agreement
with liquid-phase concentrations found with Henry’s Law and off-line GC measurements.
Therefore, the assumption that the calibration process was governed by thermodynamics,
and not mass transfer, was likely valid for CO2. Unfortunately this could not be verified
for H2. Another possibility that was not investigated was that mass transfer limitations at
the probe itself were not accounted for, and could result in measuring lower liquid
concentrations than are actually present.
In conclusion, direct liquid-phase analysis with MIMS can provide reliable online data for both ethanol and total CO2 production. However, the supersaturation of H2
could cause the total H2 production to be far over-estimated when using the measured
liquid-phase signals, and should be accounted for if present. The TOGA sensor has been
used to demonstrate supersaturation of H2 and conditional supersaturation of CO2, for the
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first time, in C. thermocellum fermentation conducted in an open system. This study has
shown the value and versatility of the TOGA sensor, particularly the MIMS component,
to answer unique research questions that few other instruments can provide information
on.
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Chapter 6: Use of a Software Sensor to Predict Immeasurable Endproducts
6.1.

Introduction
In the preceding chapter, it was demonstrated that liquid phase analysis with

MIMS could be used to obtain reliable, real-time data on ethanol and CO2 under certain
conditions. Supersaturation of H2 was demonstrated and caused the estimation of total H2
production to be overstated by a factor of 8-14 times, depending on the reactor
conditions. In Chapter 4, it was demonstrated that gas-phase analysis with MIMS could
produce reliable real-time data on H2 and CO2, and the titration signals could be used to
quantify proton production, which is a function of the production of CO 2 and organic
acids. This chapter proposes a model to predict the immeasurable variables from a
combination of the variables that TOGA has been demonstrated to successfully monitor,
and known reaction stoichiometry.
There is need in both research and industry to extend the number of monitored
variables for control of bioprocesses (Alford 2006; Olsson et al. 1998; Sundström and
Enfors 2008). Theoretically, adding more sensing devices is an option, but is not practical
due to the increased cost and complexity of the system. Further disadvantages of socalled ‘hardware sensors’ are sample destruction, discrete-time measurements, processing
delay, the need for sterilization, and hydrodynamic disturbance to the system under study
(Bogaerts and Vande Wouwer 2003). For this reason, software sensors are of interest.
Software sensors have been defined as “the association of a hardware sensor, which allow
on-line measurements of some process variables, with an algorithm (software) in order to

95

provide on-line estimates of immeasurable variables” (Chéruy 1997; de Assis and Filho
2000). One clear advantage of software sensors over additional hardware sensors is the
minimal capital investment, requiring only time to develop an appropriate model, and
implementation of computer code (Sundström and Enfors 2008).
In addition to H2, CO2, and ethanol, C. thermocellum is known to produce acetate,
formate, and lactate under certain conditions (Ellis et al. 2012b). So far, these organic
acids have not been quantified with TOGA. It was found that at near-neutral pH, none of
the organic acids are sufficiently volatile to be measured in-situ with MIMS, because
pH>>pKa for lactate, acetate, and formate. In the case of lactate, hydrogen bonding with
water prevents it from being volatile even below the pKa. While the titration system
could measure proton production that is consistent with the end-product profile that was
determined off-line, it could not distinguish organic acids individually. If information on
organic acid production could be obtained, the TOGA sensor would be capable of
producing a real-time profile of all end-products. This would be a powerful tool for the
dynamic monitoring, control, and study of microbial metabolism, and help to answer
important research questions leading to process optimization and scale up.
Some studies do report the ability to measure organic acids with MIMS, including
lactic acid, acetic acid, butyric acid, formic acid, lactic acid, and pyruvic acid (Davies et
al. 2011; Johnson et al. 1997; Lloyd et al. 1985; Weaver and Abrams 1979). In every
case, some form of sample derivatization was necessary. Weaver and Abrams (1979)
report ability to detect formic acid, acetic acid, and pyruvic acid at pH 1.5, as well as
ammonia at pH 11. Davies et al. (2011) acidified samples from wheat straw hydrolysate
to a pH in the range of 1.1-3.5 to allow detection of acetic acid and formic acid.
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Compounds that are only volatile under certain conditions are usually measured in offline mode and the samples are derivatized through pH adjustments (Heinzle et al. 1984;
Lloyd et al. 1985). In addition to creating a time lag to process the samples, this also is a
destructive and invasive sampling method. Furthermore, volatile organic compounds also
have the tendency to complicate the mass spectrum. For example, CO2, ethanol, acetic
acid, and formic acid are all known to contribute to the m/z 44 peak (Lloyd et al. 1985).
Instead of attempting to measure these compounds directly through derivatization of the
sample, it may be more desirable and simpler to account for compounds of interest that
cannot be measured directly using a software sensor.
It has been shown that ethanol, CO2, and H2 can be reliably measured with
TOGA, with no compromise in accuracy in comparison with traditional, matrix-free, offline analytical methods. Together with the measurable end-products, the O/R ratio
(Equation 1.4), and C1/C2 ratio (Equation 1.5), can be used to calculate other endproducts. The O/R index may be rearranged to obtain formate as a function of ethanol,
CO2, and H2:
[

(

)

(

)]

(6.1)

Following this, acetate may be obtained from the C1/C2 ratio as a function of ethanol,
CO2, and formate:
[

]

(6.2)

Since C. thermocellum has been reported to produce lactate under certain conditions,
lactate may need to be accounted for. The lactate pathway is a direct shunt from pyruvate,
and this does not result in the release of other volatile end-products (Rydzak et al. 2009).
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Thus, it is not possible to it calculate lactate from other volatile end-products. However,
if formate and acetate can be obtained from the O/R and C1/C2 indices, respectively, then
the remaining contribution to the hydrogen ion production (HP), acquired with the
titration system, would have to be from lactate. This assumes a negligible contribution of
malate, pyruvate, uracil, amino acids, and effects of CO2 stripping to the HP.
Unfortunately, ethanol, H2, and CO2 could not be obtained simultaneously from
either the condensed off-gas (Chapter 4) or directly from the liquid phase (Chapter 5).
Therefore, a new measurement configuration is needed. A second MS may be added to
the system, with one devoted to gas phase analysis, and another devoted to liquid phase
analysis, but this requires significant capital, and further complicates the system design.
Another approach is to have a single MS unit coupled to a multi-inlet header. This allows
automated inlet switching between liquid and gas phases (Bohátka 1997; Heinzle 1987;
Heinzle et al. 1983b; Lloyd et al. 1985). However, this action produces discontinuous
data. According to Heinzle (1987), on-line analysis should be defined having a time
constant that is 4-5 times less than the time constant of the bioprocess. On the other hand,
Olsson et al. (1998) state that the time constant should be an order of magnitude less than
that of the bioprocess. Assuming a bacterial generation time of 2.5 h (Rydzak et al. 2009;
Sparling et al. 2006), then obtaining information on the liquid phase and gas phases
alternately every 20-minutes would be sufficient to satisfy both requirements.
There are, however, several problems associated with inlet switching. Each time
an inlet is switched, it is accompanied by an inevitable pressure variation in the vacuum
chamber of the MS, taking time to return to a steady state (Heinzle 1987). Furthermore,
the liquid-to-gas mass transfer limitations demonstrated in Chapter 5, particularly for H2.
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These limitations have the implication that what is measured in the gas phase will not be
representative of what is happening in the liquid phase. Finally, the lag introduced by the
large VH/Qg ratio will exacerbate the lag between the gas phase and the liquid phase.
Finally, there is one more approach that may be explored that allows continuous
acquisition of real-time data on ethanol, H2, and CO2. Ethanol has been shown to be a
state of thermodynamic equilibrium between the liquid and gas phase. Thus ethanol
measured in the gas phase can be directly correlated to the liquid phase (Oeggerli and
Heinzle 1994). Hence, it may be possible to insert a probe into the headspace of the
reactor, slightly above the liquid surface, to continuously measure ethanol, H2, and CO2.
This was done to measure H2, CO2, and ethanol in a fermentor at 37°C (BastidasOyanedel et al. 2010). In Chapter 4, water vapour was removed from the off-gas stream
by passing the gas through an external ice-bath condenser. This was done to simplify the
measurement matrix, as it was found that the level of water vapour in the off gas in
thermophilic conditions at 60°C was detrimental to the stability of the gas signals. With
the MIMS probe in the reactor headspace, it will not be possible to condense the water
vapour. Hence, in this measurement configuration, some of the stability of the gas-phase
compounds will be compromised in order to measure ethanol.
The objectives of this section were to measure ethanol, CO2, and H2
simultaneously and continuously, with the MIMS probe located just above the liquid
surface inside the fermenter. The measurement of the three aforementioned products will
allow on-line implementation of a software sensor, based on the O/R and C1/C2 indices,
to estimate of formate and acetate, respectively. Lactate production, if present, will be
accounted for as the remaining contribution to the HP via the titration system.
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6.2.

Materials and Methods

6.2.1. Media, microorganism, and substrate
Media preparation, microorganism, and substrates for this section were as
described in Section 3.1.
6.2.2. Experimental setup
Experimental setup, including preparation of inoculum and set-up of the
bioreactor was performed in accordance with the methods described in Section 3.2.
6.2.3. Calibration of MIMS for measurement of ethanol
Ethanol calibration was performed in-situ, after the process was complete. A
standard addition method of calibration was used by adding solution of 10 M ethanol to
the reactor to final concentrations of 0.5, 1, 2, 5, 10, and 15 mM. The m/z 31 signal was
then monitored in the gas phase with MIMS for 60 minutes, or until a stable equilibrium
was reached. The probe was placed in the same location as during the fermentation
experiment, which was located three cm from the liquid surface and two cm away from
the reactor wall. All conditions were maintained the same as during the fermentation
process. A linear regression was used to correlate the baseline-subtracted gas-phase m/z
31 signal to the liquid-phase concentration of ethanol using Microsoft Excel.
6.2.4. Calibration for gases
Like the ethanol calibration, calibration for gaseous target compounds H2 and CO2
was performed in-situ, after the fermentation process. A six-point calibration curve was
developed for 0-8% H2 and 0-5% CO2 by dilution of commercially purchased gas
mixtures into a N2 carrier stream (Welder’s Supplies, Winnipeg, MB) with MFC’s
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(Bronkhorst Hi-Tech, El-flow, The Netherlands). The calibration gas mixture was then
sparged through the liquid phase of the reactor and measured with the MIMS in the gas
phase. The MIMS was maintained in the same position as described in Section 6.2.3.
Calibration was performed as described in Section 4.2.3, again using the assumption of a
completely mixed headspace.
6.2.5. Fermentation experiments
The reactor was inoculated using methodology described in Section 3.2.2.
Fermentation conditions and monitoring practices for this experiment were identical to
the set up conditions described in Section 4.2.4.
6.2.6. On-line analysis of permanent gases and volatile compounds
Ethanol, H2, and CO2, were measured at m/z 31, m/z 22, and m/z 2, respectively.
The concentration of each component was found from interpolation of the baselinesubtracted signals from the calibration curves. All regression analysis was performed
with Microsoft Excel®, and the data is presented as a five-point rolling average in an
attempt to counter the rougher signals produced from the predominant presence of water
vapour in the spectrum. As with previous experiments, detection was accomplished using
the Faraday Cup detector on the MS.
6.2.7. Off-line analytical procedures
All off-line procedures, including analysis of the gas-phase with GC, analysis of
soluble end-products in the liquid phase with HPLC, and analysis of the solid phase, were
conducted as described in Section 3.3.1, 3.3.2, and 3.3.3, respectively. The only notable
difference for this experiment was that a different GC was used (SRI Instruments, model
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8610C). The GC was equipped with a TCD and a stainless steel 3.2 mm x 1.8m stainless
steel column packed with a 13X molecular sieve for the analysis of H2, and 3.2mm x
1.8m stainless steel silica gel column for the analysis of CO2.
6.3.

Results and Discussion

6.3.1. Gas analysis
Gas measurements were made with MIMS, for the first time, with the probe
placed immediately above the liquid phase in the reactor headspace. As shown in Figure
6.1, the signals are quite clear, even in the high water vapour environment. Interference
from water vapour appears to affect the CO2 signal to a greater degree than in previous
experiments in which a condensed off-gas was measured. Agreement between the MIMS
signals and concurrent off-line GC analysis was reasonable. Average validation errors for
H2 and CO2 were found to be 4.1 ± 2.6% and 6.5 ± 4.0%, respectively; the majority of the
error in CO2 measurement originates from the final two measurements. The profile for
total gas production measured by MIMS was consistent with the gas total production
shown in Figure 4.3b, although in this case no lag was observed. The maximal
concentration of H2 and CO2, as determined by GC are 12.4 and 7.5 mM, respectively,
both were consistent with the average of all such experiments, which was 7.0 ± 0.4 mM
for H2 and 11.1 ± 0.5 mM for CO2.
6.3.2. Ethanol analysis
The on-line ethanol signal was measured as ethanol vapour with the MIMS probe
in the reactor headspace. The signal for ethanol vapour was then correlated back to the
concentration of ethanol in the liquid phase. The liquid phase concentration of ethanol is
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shown in Figure 6.1. Off-line analysis of liquid-phase ethanol content, obtained with
HPLC, is also shown. There does not appear to be any lag in the gas-phase
measurements, confirming that ethanol vapour was near thermodynamic equilibrium with
the liquid phase (Oeggerli and Heinzle 1994). Agreement between HPLC results is
strong; the average validation errors were found to be 6.6 ± 5.1%, which is a lower
margin of error than was reported with direct liquid phase analysis in Chapter 5. The
maximal ethanol production, measured with HPLC, in this experiment was 8.4 mM, and
was very consistent with all other experiments under these same conditions in Chapter 4
and Chapter 5, which averaged 9.4 ± 1.2 mM.

103

CO2 GC

H2 GC

Ethanol HPLC

CO2 MS

H2 MS

Ethanol MS

Product Concentration (mM)

14
12
10
8
6
4
2
0
0

2

4

6
8
10
Incubation Time (hours)

12

14

Figure 6.1. Simultaneous measurment of H2, CO2, and ethanol with MIMS. Levels of
ethanol vapour in the headspace was measured with MIMS and correlated back to the
liquid phase concentration. Concurrent off-line analysis of liquid-phase ethanol with
HPLC is indicated by discrete points. The on-line MIMS measurements of H2(g) and
CO2(g) are indicated by continuous lines and discrete points indicate correlation with
concurrent off-line analysis with GC.
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6.3.3. Prediction of formate and acetate
As shown in Figures 6.1 and 6.2, it has been demonstrated that ethanol, CO2, and
H2 data may be obtained simultaneously through measurement with the MIMS probe
located in the reactor headspace adjacent to the liquid surface. Furthermore, the data
shows reasonable agreement with concurrent off-line analysis. Acetate and formate were
present in the liquid phase, as determined by HPLC, but lactate production was not
present. Using a combination of on-line data for ethanol, H2, and CO2, and off-line data
for acetate and formate, average carbon recovery, C1/C2 ratio, and O/R ratio were found
to be 0.94 ± 0.25, 0.86 ± 0.22, and 1.00 ± 0.1, respectively. Using data that was generated
purely off-line, the average carbon recovery, C1/C2 ratio, and O/R ratio obtained were
0.95 ± 0.25, 0.91 ± 0.19, and 0.94 ± 0.11, respectively. Furthermore, the proton balance
showed 98.2% recovery with respect to the off-line end-product profile. Therefore, the
Equations 6.1 and 6.2 can theoretically be used to predict formate, and subsequently
acetate, from ethanol, H2, and CO2. This is shown in Figure 6.2.
The formate predictions are in reasonable agreement with the corresponding offline HPLC values. Due to instrument noise at the early stages of the fermentation, the
model predicted some values to be negative. This is not possible, and consequently, these
extraneous results were assigned a default value of zero. Figure 6.2 shows that the
predicted levels of formate are in agreement with the measured results prior to 9.5 h.
After 9.5 h, the formate estimates become unstable and begin to oscillate. This is thought
to be due to instability in the on-line CO2 signal as the cultures approached stationary
phase.
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Figure 6.2. On-line predictions of formate and acetate with proposed model. Data was
derived using the proposed metabolic model, and on-line measurements of H2, CO2, and
ethanol. Measured concentrations of acetate and formate, measured off-line by HPLC, are
indicated with discrete points.
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The instability in the CO2 signal after 9.5 h (Figure 6.2) may be due to the
predominant presence of water vapour in the measurement matrix. It was found that the
model is extremely sensitive to any variation in the CO2 concentrations, so confidence in
calibration methodology and accuracy of measurement is critical. On-line acetate
predictions shows greater error with respect to the off-line measurements, and because
formate is a precursor in the model, it becomes unstable as well after 9.5 h. Prior to 9.5 h,
acetate estimates are lower than expected. The carbon recovery found using the acetate
values that were generated through the on-line model dropped from 0.95 to 0.87,
indicating that the HPLC measurements are closer to reality than the on-line model
predictions. Accounting for the supersaturation of H2 (which was observed in similar
experiments, but not measured here) did not significantly improve the results of the
model, possibly because the affect of increasing H2 can be offset in the O/R ratio if CO2
is also supersaturated. It is possible that measurement error associated with each of the
input variables in the model are compounded and result in inaccurate estimation of
acetate. In particular, error in CO2 seems to have the most detrimental effect on the model
output. The measurement of CO2 could be improved by accounting for salting-out effect
of the dissolved gases in ionic media (Goldberg et al. 2002; Schumpe 1993; Stumm and
Morgan 1996; Weisenberger and Schumpe 1996). The model itself could be improved by
employing a filter to remove some of the extraneous values associated with instrument
noise, which are commonly incorporated into software sensors (Chéruy 1997; de Assis
and Filho 2000). The only filtering technique employed in this study was to remove
negative values. Granted, this experiment was only performed once and must be
replicated several times to gain more confidence in the calibration methodology and the
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measured values. Nonetheless, the model is able to predict formate within a reasonable
degree of error, and also converged on the final measured acetate concentration, albeit
earlier predictions were lower than the measured values. On a qualitative basis, the model
is able to reveal trends, such as when a particular end-product is produced, when it
increases, and when it stops being produced.
6.4.

Conclusions
The MIMS probe was placed immediately above the liquid surface, in the reactor

headspace. Despite the high proportion of water vapour in the measurement matrix, this
configuration was able to measure ethanol, CO2, and H2 continuously, and
simultaneously, and the results were in good agreement with off-line results. The carbon
recovery, O/R index, and the C1/C2 index were all close to the theoretical values,
regardless of whether off-line or on-line data was used. A software sensor was developed
to predict formate and acetate from the on-line measurements of H2, CO2, and ethanol.
Lactate was not detected off-line, so it was not necessary to incorporate it into the model
with the HP. The proposed model was able to predict formate with reasonable accuracy,
with respect to HPLC analysis. Acetate predictions were more erroneous, but the trends
followed that of the off-line acetate profile, and the final concentration predicted was
close to the measured value. The model shows potential as a qualitative tool for on-line
state estimation of C. thermocellum metabolism, but needs further study to be an
effective quantitative tool. The quantitative abilities of the proposed model could be
improved by gaining confidence on the quantification of CO2, and incorporation of a
filter to remove extraneous values in the model input variables. Although with this
particular software sensor there is room for improvement, this study has demonstrated
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that TOGA is a good on-line hardware sensor that can be coupled to software sensors for
more comprehensive insight on fermentation, and other bioprocesses.
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Chapter 7: Concluding Remarks
In this study, the TOGA sensor was adapted for the on-line data for state
estimation of a fermentation process with C. thermocellum for the first time. In Chapter
2, it was shown how the sensor was integrated into existing bioreactor infrastructure, and
Chapter 3 described some of the general calibration methodology developed.
Collectively, sections accomplish the first two objectives of this research (Section 1.9),
which pertain to the setup and calibration of the sensor. However, subsequent chapters
continue to describe calibration methodology unique to that work.
In Chapter 4, it was shown that off-gas analysis with MIMS and on-line titration
could be used to monitor H2, CO2, in the off-gas stream, and the titration unit could be
used to monitor the HP. The described methodology for off-gas analysis could predict
gas-phase concentrations with errors of 3.6 ± 2.0% for H2 and 9.9 ± 7.0% for CO2, with
respect to concurrent off-line analysis with GC. Furthermore, the titrimetric method
described was able to account for 94.4% of the HP predicted by off-line analysis, while
effectively controlling the process pH at 7.2 ± 0.02. Mass and electron balances predicted
using the on-line data were close to theoretical values and showed no significant
difference with the balances generated from off-line data. Owing to condensation of the
off-gas stream, the liquid-phase ethanol concentration could not be quantified. This is the
first time that TOGA has been applied to the on-line study of a thermophilic fermentation
with C. thermocellum.
In Chapter 5, the MIMS was used for liquid phase analysis of a fermentation
process with C. thermocellum. The main objective was to provide a way to measure
ethanol directly from the liquid phase, and dissolved H2 and CO2. Conditions of low and

110

high mass transfer were investigated. In the high mass transfer experiment, agitation was
increased to 200 rpm from 100 rpm, sparging was increased to 100 mL min-1 from 10 mL
min-1 and surface mixing was employed. Ethanol was successfully measured in both
instances and the results showed 10.7 ± 9.0%, and 9.8 ± 6.6% error with respect to HPLC
measurements under low mass transfer and high mass transfer, respectively. It was found
that supersaturation of H2 occurred in both instances, despite a ten-fold increase in kLa
under high mass transfer conditions, and could cause as much as 8% of the total H2 to be
un-accounted for. Because supersaturation still occurred in high mass transfer conditions,
which were detrimental to cell growth, H2 supersaturation may be inevitable in this
system. Slight supersaturation of CO2 occurred under low mass transfer conditions, and
was not limited under high mass transfer conditions. When CO2 supersaturation is
present, however, the relatively high solubility can cause significant under-estimation of
the total CO2 (up to 30%) in cases with only slight supersaturation ratios of 1.4. Ethanol,
and CO2 under certain conditions, could be accurately quantified from the liquid phase,
but supersaturation prevented accurate quantification of total H2, for which the
concentration was over-stated between 8 and 14 times the value expected at
thermodynamic equilibrium. This work demonstrates the value of TOGA, particularly the
MIMS component, to obtain information in fermentation applications that few other
instruments are able to study. Together with Chapter 4, Chapter 5 meets the third
objective in Section 1.9, in revealing which end-products the instrument can monitor, and
demonstrated optimal measurement configurations.
Finally, in recognition of the need to extend the number of variables monitored
on-line with TOGA, Chapter 6 described a software sensor to predict immeasurable end-
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products using simultaneous data on H2, CO2 and ethanol, obtained with the MIMS probe
in the reactor headspace. The proposed metabolic model could accurately predicted
formate, although the noise in the CO2 signal was amplified in the model as the culture
approached stationary phase. Predictions of acetate were not as accurate with respect to
off-line HPLC results, but nonetheless, showed the basic trends. Thus, the model can be
used as a qualitative tool, but requires further refinement to be used quantitatively. In
particular, the improvement of CO2 measurement as well as filtering of extraneous values
could improve the results. This work fulfills the fourth objective outlined in Section 1.9
of inferring immeasurable end-products from products that can be measured, showing
that the sensor can be a good hardware sensor to which software sensors can be coupled.
In conclusion, TOGA may be used to accurately monitor H2, CO2, and ethanol,
and total HP in a fermentation process with Clostridium thermocellum. The sensor has
proven to be a very valuable tool that can obtain process insights that few other
instruments could provide, and have not been previously studied. The demonstration of
supersaturation of dissolved gases in C. thermocellum fermentation in an open system is
an example that showcases the value of this sensor. Methodology is described for both
calibration and measurement of common fermentation end-products, in the gas-phase and
liquid-phase, which may easily be extended to the study of other fermentation processes
for biofuels production, such as acetone/butanol fermentation with C. acetobutylicum or
H2 production with C. termitidis or Caldicellulosiruptor saccharolyticus. Ultimately,
TOGA can be used effectively for monitoring bioprocesses targetted at cellulosic biofuel
production.
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