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CHAPTER 1

INTRODUCTION

Fossil derived chemicals were the main source of feedstock for the maneifaict
numerous products during the industrial era (Rogers et al. 2006), but the amounts of
petroleum, natural gas and coal are decreasing at an alarming rate ¢Halb@006).
Coupled with this are many factors like global warming, political instglofiil

producing countries, and concerns over national security, which has resulted in the
increased effort to look for renewable and biological methods of production of chemicals
and fuels (Lashof and Ahuja 1990; Rogers et al. 2006). The Energy Information
Administration (EIA) has indicated that in the United States about two-thirtie @ilt
imported is consumed by the transportation sector (Anonymous 2009a). Putsche and
Sandor (1996) indicated that in 1990, 97% of transportation fuel was petroleum based,
showing the strong dependence of the US economy on oil. Thus, there is a necessity to
increase the energy options for transportation sector (Wyman 1996). Thisdagba r

for the search of alternative fuels such as ethanol, biodiesel and butanolricanaloée
sources. Among the many options of alternative fuel, ethanol has numerous desirable
properties of a good fuel such as high heat of vaporization, low flame temperatur
greater gas volume change, high specific energy and high octane canteint,

optimized spark ignition engines, ethanol can achieve 15% higher efficiency eahtpar



gasoline (Wyman 1996).

Biomass derived feedstocks are not only renewable but also carbon neutral and
have the potential to replace significant amounts of fossil fuel consumption (Khanal
2008). Primary agricultural crops such as sugarcane and corn are the most important
feedstocks for bioethanol production (Tsai et al. 2009b). Industrial production of
bioethanol has been successfully demonstrated in the past using these feentstock’
Brazil (sugarcane) and the United States (Reddy et al.). As shown in Figthhidol
production increased drastically after 2005 and reached 9 billion gallons in 2008
(Anonymous 2009b) during which most of the ethanol production was from corn
(Urbanchuk 2007). This tremendous growth in the use of corn is underscored by the aid
of tax credits for the biofuel producers (Anonymous 2009c). Consequently, corn based
ethanol production is projected to saturate over the next decade (Anonymous 2009c;
Urbanchuk 2007). Besides all this, the use of corn for bio-ethanol production has raised
numerous problems like the food versus fuel debate, availability of land to grow corn
dedicated to biofuel production and the amounts of water needed for growing corn
(Anderson et al. 2008). Thus, the new renewable fuel standard requires production of 0.1
billion gallons of cellulosic ethanol by 2010 and 16 billion gallons of cellulosic ethanol
by 2022. Towards this effort companies such as Abengoa, Mascoma, Bluefire, and ICM
Inc. have facilities under construction and have proposed to use feedstocks such as corn
stover, wheat straw, barley straw, rice straw, switchgrass, wood wastepandvaste
(Anonymous 2009b).

Fossil Energy Ratio (FER) is one of the important metrics to compare the

efficiency of different energy systems. It relates the energy ifuéldo the fossil
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energy utilized for its production (Wang 2005). FER of various energy systems are
shown in Fig. 1.2. It is lucid from the graph that cellulosic ethanol can produce anost
times more energy compared to corn ethanol. The reason is that the energipmputs
irrigation, machinery and pesticide application are high for corn ethanol pi@duct
Besides this, a study at Argonne National Laboratory shows that the use of are@88% bl
of cellulosic ethanol with gasoline (E85) will reduce the petroleum consumptiéd-by
71% and reduce the emissions of green house gases (GHG) by 68-102% (Wang et al.
1999). The automobile industry has released 7 million flex fuel vehicles that caB%se E
but this is only 3% of the total number of vehicles on the road (Anonymous 2009b).
The conversion of lignocellulosic feedstocks into ethanol can be biologically
achieved by two methods: hydrolysis-fermentation and syngas fermentditiber (et al.
2006). In hydrolysis-fermentation, the complex structure of the plant is broken down by a
pretreatment followed by an acid or enzymatic hydrolysis to releasessuigeh are
then converted into ethanol by yeast or bacteria (Olofsson et al. 2008). Besidesibeing a
uneconomical, multistep-multiconversion process, it also suffers from tlog maj
drawback of not utilizing 25-30 % of the plant material, i.e. lignin (Tsai et al. 2009b).
Syngas fermentation is a two step process which combines gasificaticermedttation.
In the first step, lignocellulosic feedstocks (switchgrass, miscantbusstover, wheat
straw, wood waste and urban waste) can be gasified to produce a combinatibomf ca
monoxide, carbon dioxide and hydrogen gas (with other gases such as nitrogangemet
ammonia, hydrogen sulfide) that is called synthesis gas, producer gas or $ynggas
can then be fermented by anaerobic microbes suCloasidium ljundahlii, Clostridium

autoethanogenum, Butyribacterium methyl otr ophicum, Clostridium carboxidivorans and
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Clostridium strain P11 to form biofuels such as ethanol, isopropanol, butanol, hexanol
and specialty chemicals such as acetic acid, butyric acid and hexaddialaani et al.

1994; Grethlein et al. 1990). The gasification-fermentation process can allilize
components of the biomass, which results in better conversion efficiency (McKendry
2002a). Furthermore, this process has the advantage of using different feedstogks (ener
crops, agricultural wastes, industrial wastes and forest waste) dependimgr

availability and also using municipal waste, coal, natural gas, reformgthgasmaking
gasification-fermentation a flexible technology (Tsai et al. 2009a).

Almost all the studies on syngas fermentation that have been performed on topics
such as design of novel reactors, optimization of media components and improving yields
of ethanol employ synthetic gas (gases are mixed from commerciallglde gases)

(Girbal et al. 1995a; Tsai et al. 2009b; Ungerman and Heindel 2008). However, the
biomass generated producer gas contains many other components sudtaas,met
acetylene, ethylene, ethane, nitric oxide, ammonia, hydrogen sulfide, bemzkioduene
that could affect the overall fermentation process (Ahmed 2006). A study by Adirakd
(2006) onClostridium carboxidivorans observed that nitric oxide in syngas can enhance
ethanol formation, but tars present in syngas inhibit cell growth. However, ther@ave
studies performed on biomass generated producer gas with P11. Thus, one of the
objectives of this study was to observe the effect of producer gas madenitohgsass

on P11 fermentations. It was hypothesized that the producer gas will affect #11 i
similar way as it did foC. carboxidivorans. This study will help understand the nuances
of the fermentation problems that could be expected while using a biomass gkenerate

producer gas.



Producer gas fermentation is a relatively new technology and most of the
transfer limited and the product (ethanol) is non-growth associated, it takes 15 {® 45 da
to complete a batch study in bottle reactors. Thus, an attempt to improve theaffafie
the process was performed by studying physical parameters such tgmgita
temperature and amount of headspace gas. The amount of headspace (or available gas)
was found as an important parameter by Frankman (2009). An experiment was conducted
to further increase the headspace to improve the productivity of the procaddition
to headspace, agitation is an important parameter that affects na$srtod gases. It
was hypothesized that increasing agitation of bottles would increaselefiedds.
Finally, Clostridium bacteria are usually known to form spores by heat shock (Gapes et
al. 2000). Jones et al. (1982) observed a positive correlation between sporulation and
solventogenesis. This strategy of improving ethanol yields has not been conducted on
P11. Thus, the hypothesis was that inducing heat shock would induce solventogenesis,
which would eventually improve ethanol production. Hence, the study of the effect of
physical parameters would help to improve solvent yields and productivities lef bott

studies.
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CHAPTER 2

OBJECTIVES

The objectives of this research were as follows:
1. To study the effect of producer gas made from feedstocks such as switemgtass
corn gluten feed in P11 fermentations. To observe the effect of 5% methane in
P11 fermentations.
2. To enhance solvent yields and productivities of producer gas fermentation bottle
studies by evaluating the physical parameters such as headspacgtaias) and

temperature.

12



CHAPTER 3

REVIEW OF LITERATURE

3.1 Gasification process

Gasification is a very old technology. Producer gas was used to drive internal
combustion engines as early as 1791 (Foley et al. 1983). Back in the 1940’s, Sweden had
over 70,000 “GENGAS” trucks (Klass 1998). The first commercial gasibicadiant (in
England) used coal to produce a gas that was named “town gas” for street lighting
purposes (Klass 1998). The first gasification plant in North America wastesit at
Baltimore (in 1816). By the end of the™entury and first half of the #@entury, there
were more than 1500 operational gas plants, but after the discovery of natural gas, the use
of producer gas declined (Klass 1998). Interest in this technology grew agaithafoil
crisis in the 1970’s and the increasing awareness on climate change and palugiech ¢
by the use of fossil fuels (Klass 1998; Milne et al. 1998).

Gasification is a thermo-chemical conversion process in which carbonaceous
materials (such as natural gas, naphtha, residual oil petroleum coke, coalasd)iom
reacts with a gasification medium (such as air, oxygen and/or steargh amperatures
(~600-1000 °C) to produce a mixture of gases called synthesis gas (syngasjucepr
gas (El-Rub et al. 2004; Huber et al. 2006; Kumar et al. 2009; McKendry 2002b; Spath

and Dayton 2003). The terms “syngas” and “producer gas” are used interchanigetbly

13



there is a difference between them based on the nitrogen content of the gasrRyasluc

is generally obtained when air is used as a gasification medium and hergce it ha
predominant levels of nitrogen and relatively smaller amounts of carbon monoxide,
carbon dioxide, hydrogen and methane unlike syngas that is predominantly made up of
carbon monoxide, hydrogen and carbon dioxide (Huber et al. 2006). The presence of
nitrogen significantly decreases the heating value of the produceBejgs(no et al.

2003). On the other hand, syngas is made predominantly of carbon monoxide (CO),
carbon dioxide (C@ and hydrogen (k). The major components of producer gas are
carbon monoxide, carbon dioxide, nitrogen and hydrogen, but it also contains methane,
water, some higher hydrocarbons (acetylene, ethylene, ethane) and vaniausiicants

like inorganic impurities (ammonia, HCN, hydrogen sulfide, ash), char mer{iitiat is

pure carbon and inert materials present in the feedstock) and organic impuritiasslike
(Belgiorno et al. 2003; Bridgewater 1994; EI-Rub et al. 2004). Gasification can be used
to convert low value feedstock’s into heat, electricity, transportation fagdsdgen,
Fisher-Tropsch diesel, synthetic gasoline) and chemicals like methanol arfi|uRedo

et al. 2004; Huber et al. 2006). An outline of the syngas conversion process (after
gasification) with their end products is shown in Fig. 3.1.

Biomass such as energy crops, agricultural residues, food waste ang forestr
residues can be used to make producer gas. The advantage of biomass compdred to coa
is that biomass has highly oxygenated cellulose and hemicelluloses whichitma&es
reactive (Huber et al. 2006; Klass 1998; Kumar et al. 2009). Furthermore, theneis m
volatile content (2 to 2.3 times greater than coal) which in turn decreases float@si

temperature (Huber et al. 2006; Klass 1998; Kumar et al. 2009). The major disadvantage
14
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of using biomass for gasification is the presence of alkali metals suctiiasiso
potassium, calcium, magnesium and others which cause problems such as slagging and
fouling in gasification equipment (Huber et al. 2006).

The overall process of biomass gasification shown in Fig. 3.2, involves
preprocessing of biomass, gasification and gas clean up. Preprocessing afmeshs
an upstream process that involves size reduction and drying. Size reductioseisithea
surface area of the biomass and facilitates better heat transferalGerereduction
equipment used for agricultural residues are hammer mills, knife mills and nale g
The drying equipment includes perforated bin dryers, band conveyor dryers and rotary
cascade dryers (Kumar et al. 2009).

There are many of parameters that play an important role in this procesk; name
design of a gasifier, gasification temperature, biomass flow r&aesrdtes of oxidizing
agent, type and amount of catalyst present and biomass properties (Kumar et al. 2009)
The overall reaction of biomass gasification using air and/or steam caprbserged by
the equation 3.1 (Kumar et al. 2009). The formation of char and tar is usually because of
the incomplete conversion of biomass (Kumar et al. 2009).

CHOyN.S; (biomass) + air + bO (steam)e—> Chi+ CO + H + H,O (unreacted
steam) + C (char) + ash +tar  (3.1)

There are a many complex equilibrium reactions that occur in the solid, liquid and
gaseous phase during biomass gasification (Huber et al. 2006). They are sholta in Ta
3.1. TheAH value (Table 3.2) is the heat of the reaction; it is negative for exothermic
reactions and positive for endothermic reactions. It can be observed that theooxidati

reactions provide heat to the process and hence very little or no external heab heeds
16



/

[ Preprocessin

Drying

<

Size reduction,

\
g]:>[ Gasification ]:{ Gas clean-up}
Heatirlg, Cleaning of tar
Chermcal from syngas,
reaCUO”.S' Reforming of the
Catalysis syngas, Catalysis

»

«

o

j)[ Gas utilization}

Gas turbine,
Gas burner,
Fuel cell,
Combined heat
and power
(CHP),

Gasification proce:

o

Fermentation

Figure 3.2 Overall flow diagram of a biomass- gasification process - Adapted from

Kumar et al (2009).

17




Name of reaction Reaction AH Equation

(kd/mol) | number

Partial oxidation C+¥%er—> CO -268 (3.2)
Complete oxidation C+o—CQ -406 (3.3)
Methane formation CO +3444—>» CH+H,0O -206 (3.4)
Water gas shift CO+i#De—> COtH; -42 (3.5)
Steam reforming CHr H,O «—>» CO+3H -158 (3.6)
Water gas reaction C+tBe—>» CO+H +118 (3.7)

Boudouard reaction C+G@—» 2CO +165 (3.8)

Table 3.1Common reactions during gasification (Kasteren et al. 2005; McKendry

2002D).
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supplied (Belgiorno et al. 2003). Thus, based on the availability of oxidizing agents,
gasification can be classified as direct or indirect gasificatioecbgasification is

provided with an oxidizing agent (such as air or pure oxygen) and in indirect
gasification, no oxidation agent is provided (Belgiorno et al. 2003; Huber et al. 2006).
Equations 3.4 to 3.7 occur in the presence of steam during gasification. Besides
stoichiometry, the product gas composition from a gasifier depends on biomass
composition, gasification process and gasifying agent (Narvaez et al. 1996).

Gasifiers are classified based on the type of bed: fixed bed (updraft and doantttaft
fluidized bed. An updraft gasifier (Fig. 3.3a) is a counter flow set up where thedsioma

in introduced from the top and air is introduced from the bottom. It is named updraft as
the product gas moves upward. Most of the combustion takes place in the bottom of the
bed and this process produces a lot of tars (Klass 1998; Kumar et al. 2009; Reed 1981).
On the other hand, downdraft gasifiers use concurrent flow. Both the biomass amd the ai
are fed from the top and the producer gas is collected from the bottom part of tiee. gasif
Downward draft gasifiers (Fig. 3.3b) have more char and very low tarss(K®es;

Kumar et al. 2009; Reed 1981). Fluidized bed reactors (Fig. 3.3c) consist of a fluidizing
medium such as silica or alumina. The gasification agent (air, oxygen or sgteam)

allowed to pass through a bed of fluidizing medium, which at a certain velositysre

bed behaving like a fluid. The feed is introduced at the bottom with the gasification
agent. These reactors have better conversion efficiencies, high heat taadsf@iform
guality of the product gas and low levels of tars and char. The disadvantage oédluidiz
bed reactor is that they are more prone to attrition and poisoning (Cateni 2007; Klass

1998; Kumar et al. 2009; Reed 1981).
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Gas clean up and reforming (also called gas conditioning) is a major downstream
process that is essential for effective utilization of producer gas byetitfprocesses
(Huber et al. 2006; Kumar et al. 2009). The producer gas consists of many gagjcula
char, ash, tars, inorganic impurities (such as ammonia, hydrogen sulfide anchorah
and hydrocarbons that can profoundly affect the gas utilization technologyoiiBelgit
al. 2003; Bridgewater 1994; EI-Rub et al. 2004). Among all these, tars has been the major
problem in the scale up of processes (Kasteren et al. 2005). Tars can be destrigyed a
temperatures, but generally the gasification temperature is below 1000°C @taber
2006; Kasteren et al. 2005). General methods of cleaning tars are wet scrubbing, dry
scrubbing, dry-wet scrubbing and hot gas conditioning, catalytic conversion or a
combination of these techniques (Huber et al. 2006). All these techniques involve
reduction of tars or conversion of tars into CO andthkereby, improving the overall
yield of the gasification process (Bridgewater 1994). In some casesniegonf syngas
(process of changing the gas composition of a product gas to a desired compgssition)
done for a particular gas utilization process such as fuel cells appieéddumar et al.
20009).

3.2 Fermentation process

The fermentation of producer gas is a more recently studied technolagygaitied out

by acetogenic biological catalysts that convert producer gas into ethaatit acid and
biomass. The overall schematic diagram of the gasification-fernmngabcess is

shown in Fig. 3.4. The conditioned gas from the gasifier is fed into a reactor thatsonta
all necessary nutrients for anaerobic growth of the microbe. The microbe @oduce

products such as acetic acid and ethanol, which could be recovered by distillatien. Ther
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are numerous advantages and several disadvantages of this process that are listed below

Advantages:

1.

Fermentation of producer gas by biological catalysts takes place at lower
temperature and pressure than chemical catalytic processes, whiclalliyastic
reduces the energy requirements thereby decreasing the operatndeocatise
fermentations are carried out at atmospheric pressure, a specially desigrier
IS unnecessary, which in turn will decrease the capital cost involved in thegroces
(Heiskanen et al. 2007; Kasteren et al. 2005; Vega et al. 1988b; Worden et al.
1991).

Microbial processes have higher specificities, higher yields and better
productivity, thus, the amount of by products is very low (Kasteren et al. 2005;
Vega et al. 1988b; Worden et al. 1991).

Biological catalysts are not poisoned by trace contaminants like tarsgleyd
sulfide, sulfur dioxide and carbonyl sulfide that could reduce the cost of syngas
clean up (Ahmed et al. 2006; Barik et al. 1988; Kasteren et al. 2005; Vega et al.
1990b; Worden et al. 1991)

Unlike other processes of syngas conversion, acetogens are very flakibtleew
CO/H, ratios and CO/KHCO; ratios (Huber et al. 2006; Kasteren et al. 2005). This
would negate the use of gas-shift reactions (Heiskanen et al. 2007).

Gaseous substrates such as CO gnalBws uncoupling of hydraulic retention
time with the supply of substrate that eventually would offer a better canftrol

substrate and product inhibition (Henstra et al. 2007).
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6. During anaerobic processes like syngas fermentation, the chemical entrgy i
gas is conserved in the products as no electron is lost to oxygen (Worden et al.
1991).

7. No hazardous or xenobiotic product is formed in the process (Worden et al.
1991).

8. The tail gas (unconsumed gas) is also rich in energy content, which can be either
recycled or fed into another process.

9. The risk of contamination during producer gas fermentation is low because
operating temperatures are either mesophilic or thermophilic, carbohlgralte
in the media are low, low operating pH and high CO levels that are inhibitory to
many classes of microorganisms like methanogens (Spath and Dayton 2003).

10. Gasification- fermentation processes circumvent the problem of dispogatiaf |
(which are common in hydrolysis-fermentation process) as lignin can iedasi
(Lewis et al. 2008).

Disadvantages:

1. The acetogens involved in bioconversions of syngas produce very little metabolic
energy. This leads to slow growth and solvent production occurs only during non-
growth phase (Tsai et al. 2009b).

2. Due to the slow reactions, the residence time and reactor volume is high (Vega et
al. 1988b). In some cases, it may need special reactor design considerations

(Barik et al. 1988).
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3. Gas solubility is another major issue. Carbon monoxide and hydrogen in the gas
must cross the gas-liquid interface and diffuse through the medium to reach the
cell surface (Vega et al. 1988b).

4. The product stream is dilute, which increases the product recovery costs
associated in the process (Vega et al. 1988b).

3.2.1 Stoichiometry of acetogenic bacteria

Bacterial conversion of CO, G@nd H into ethanol, acetic acid and butanol
takes place using the stoichiometric equations shown in Table 3.2. Also shown are the
free energy of the reactionG°), which is a thermodynamic measure of the possibility of
a reaction. The reactions with highly negative free energies are kalgetb occur.
Formation of butanol and butyric acid is listed in this table as there areadganisms
such asClostridium carboxidivorans andButyribacterium methyl otrophicum, that
produce them (Datar 2003; Worden et al. 1991).

Rates of reaction(s) and yields of acids and/ or solvents depend on the type of
species and/or strain, fermentation substrate, culture conditions and kind of products
formed (Zeikus 1980). However, from the reactions listed above in Table 3.2, it is evident
that formation of ethanol from CO is more favorable than acetic acid becaus@“loé
the reaction 3.9 is greater than 3.13. ButA® of ethanol and acetic acid from £&hd
H, (Eq. 3.10 and 3.14) are close to each other. Moreover, it can be observed that the
formation of both acetic acid and ethanol from CO (Eq. 3.9 and 3.13) is more favorable
than from CQand H (Eg. 3.10 and 3.14), clearly indicating that CO is a preferred
substrate for carbon and energy. This supports the observations in our laboratory from

gas analysis data @lostridium strainP11 (that are presented in later chapters),
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Reaction AGP° (KJ/mole) Equation number
6CO + 3HO —> C,HsOH + 4CQ -225 (3.9)
6H, + 2CQ — C,HsOH + 3H,0 -105 (3.10)
2CO + 4H—> C,HsOH + H,0 -137 (3.11)
6CO + 68 — 2GHsOH + 2CQ -315 (3.9) + (3.10) = (3.12)
ACO + 2HO — CH;COOH + 2CQ -175 (3.13)
4H, + 2CQ, —» CH;COOH + 2HO -95 (3.14)
4CO + 4H > 2CH,COOH -159 (3.13) + (3.14) = (3.15)
10CO + 10H — 2G,HsOH + 2CHCOOH + 2CQ -570 (3.12) + (3.15) = (3.16)
CH3COOH + 2H — C,HsOH + H,0 -9.6 (3.17)
10 CO + 12H —» 3GHOH + CHCOOH + 2CQ + 2H,0 -824 (3.16) + (3.17) = (3.18)
12CO + 5HO — C4HsOH + 8CQ -486 (3.19)
12H, + 4CQ — C4sHoOH + 7H0 NA (3.20)
12CO + 12H — 2C4HgOH + 4CQ NA (3.19) + (3.20) = (3.21)

Table 3.2Stoichiometry of product formation from gaseous substrates; Adapted froik ¢Bal. 1988; Phillips et al. 1994; Ragsdale

1991; Rajagopalan et al. 2002); NA- Not available.




Peptostreptococcus productus (Vega et al. 1988a) art@ ostridium carboxidivorans
(Shenkman 2003) that these microbes preferentially consume CO when a mixtGre of C
CO, and H is provided.

Different acetogens show preference to different gaseous substratesuoe mwiixt
gases for acid and/or solvent production. For exandgktpanaer obium noterae can
produce acetate, propionate and butyrate (Gaddy 1998). Other organismsAuciuas
P. productus andAcetobacterium woodii have shown the ability to carry over the
reactions 3.13 and 3.14 (Gaddy 1998)productus has shown preference to equation
3.13 over 3.14 and demonstrates higher tolerance to CO (Vega et al. 1988a). However,
Clostridium ljundahlii showed ability to carry out reactions 3.13 and 3.14 (acetic acid
production) at faster rates that reactions 3.9 and 3.10 (ethanol production) (Gaddy 1998).
Besides thisC. ljundahlii showed reactions 3.13 and 3.14 (production of acetic acid) at
higher pH and reactions 3.9 and 3.10 (production of ethanol) at lower pH (Gaddy 1998).
C. carboxidivorans shows ability to carry out ethanol production using equations 3.12
(with a yield of 0.33 moles of ethanol/ mole of CO consumed) and acetic acid production
using 3.13 and 3.14 (Lewis et al. 2007). Moreover, Lewis et al. (2007) also observed that
CO, was essential for the growth of this microorganism.

The yield of a fermentation process depends on the molar concentration of gases
available (Datar et al. 2004). From the stoichiometric equations, it can bénaeend-
third of the carbon in CO is converted into ethanol (Eg. 3.9), thereby, making theoretical
conversion of CO to ethanol as 0.33 when CO is the only source of carbon (Rajagopalan
et al. 2002). However, this theoretical conversion cannot be achieved pracicallysb

the acetyl-CoA pathway requires reducing equivalents which is provided fralatioxi
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of CO into CQ using the enzyme CODH (carbon monoxide dehydrogenase) (Datar et al.
2004). The fermentation process can take place in the absence of CO as well. When CO
and H are available in the ratio 1:3, all the carbon in,€én be converted into ethanol
(through Eq. 3.10) (Datar et al. 2004). However, this stoichiometric molar conaantrati
is difficult to achieve through gasification. Also, if we have an equimolar caatems
of CO and H, a theoretical yield of 0.667 can be achieved (sum of Eq. 3.12), or in other
words, two thirds of the carbon in CO can be converted into ethanol (Datar et al. 2004).
But, production of ethanol from CO and filom equation 3.11 was also listed by Barik
et al. (1988) and the possibility of its occurrence cannot be ruled Gubsimidium strain
P11. However, acetic acid is an important growth related product in syngas
fermentations. Thus, the actual overall equation of the fermentation process in the
presence of CO, Gand H is shown in equation 3.16. According to this equation, four
tenths of carbon in CO would go towards ethanol formation and four tenths would go
towards acetic acid production, thus making the theoretical yield of both addtandc
ethanol as 0.40.
3.2.2 Acetogens, their metabolism and energetics

Syngas conversion into acetic acid and ethanol is carried out by a special group of
bacteria called acetogens. Acetogenic bacteria belong to one of the tamheegroups
of bacteria (other being methanogenic archae) that can grow autotropbrazdiy obtain
virtually all of their carbon by reducing GQusing acetyl-CoA pathway) with electrons
derived from H (Imkamp and Muller 2007; Ragsdale 1991). “Acetogens can be defined
as obligately anaerobic bacteria that can use acetyl-CoA pathwasirggredominant a)

mechanism for reductive synthesis of acetyl-CoA from,&Pterminal electron
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accepting, energy conserving process and c¢) mechanism for the synthesisasboel
from CQO,” (Drake 1992). Acetogenic bacteria are one of the most versatile groups of
organisms. They are found in a wide variety of habitats such as gastro-ihtestina
terrestrial, subsurface and aquatic ecosystems and have ability to ghow bot
chemoorganoheterotrophically (like sugars, C1 compounds, methoxylated aromatic
compounds, acids and alcohols) and chemoautotrophically{andHCQ) (Imkamp and
Muller 2007).

The reduction of Cofor the formation of acetyl-CoA (the major metabolic
intermediate in acetogens) occurs through the metabolic pathway calzbtileCoA
pathway/ Wood pathway/ Wood-Ljundahl pathway (Ljundahl 1986; Ragsdale 1991).
Acetogens cannot use the autotrophic Calvin cycle that is employed by many
photosynthetic and chemosynthetic autotrophs as it lacks the enzyme ribulose
diphosphate carboxylase (Rogers et al. 2006; Wood et al. 1986). Acetyl-CoA pathway is
a non cyclic, irreversible pathway consisting of two reductive branches: thglme
branch and carbonyl branch as shown in Fig. 3.5 (Henstra et al. 2007; Ragsdale 1991).
On the methyl branch, GG first reduced to formate using a NADP-dependant formate
dehydrogenase enzyme. Formate is then converted into a formyl group bound to pterin
hydrofolate with an expense of one ATP (energy). Formyl is further redudad {asr
reducing equivalents/electrons) to a methyl group of a protein via metheiiyylene
and methyl intermediates via several tetrahydrofolate-dependanonsg@rake and
Kusel 2005; Henstra et al. 2007). There are numerous cofactors and enzymes timat play a
important role in the methyl branch. On the other hand, the carbonyl branch is dominated

by only one enzyme: carbon monoxide dehydrogenase (CODH). This enzyme is also
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called as CO: methylated corrinoid iron sulfur protein: CoA lyase orlaCetd synthase
(ACS) as it helps in the synthesis of the energy rich compound acetyl-Coék(&fral.
1994; Ljundahl 1986; Ragsdale 2004). If CO is readily available, it can be divecihygl
to the CODH-ACS enzyme. Otherwise, £©®reduced to CO with the help of two
reducing equivalents/electrons that then bind to the enzyme CODH-ACS. CODH and
ACS is denoted as CODH/ACS to show their bi-functional character of both oxidation
and reduction of CO and GQrespectively (Imkamp and Muller 2007). Finally, ACS
assembles the two precursors (methyl and carbonyl moieties) with CoA tadetyt-
CoA. This energy rich molecule now serves as both a catabolic precursor (&e acet
synthesis) and an anabolic precursor (for biomass synthesis) (Drake ah@00ige

The formation of acetyl-CoA needs the investment of energy (Henstra et al.
2007). To recover the energy invested, an acetate molecule is formed by tne€nzy
phophotransacetylase and acetate kinase by the mechanism of substrate level
phosphorylation (Henstra et al. 2007; Imkamp and Muller 2007). ATP is also obtained
while producing other acids like butyric acid (shown in Fig. 3.6). The formation of
solvents (like ethanol and butanol) requires reducing equivalents/ electrons asrshown i
Fig. 3.5. Fig. 3.6 describes the production of acids (acetic acid and butyric acid) and
solvents (ethanol, butanol and isopropanol) in detail with the names of enzymes
associated with the process. The production of butyric acid, butanol, acetone and
isopropanol occurs when two molecules of acetyl-CoA are combined to form atgtoace
CoA. Conversion of acetoacetyl-CoA to butyryl-CoA requires more reducing power.
Additional reducing power is need to produce solvents like isopropanol and butanol, but

butyric acid production is associated with a release of ATP through substueilte |
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phosphorylation.

The reducing equivalents required for both the branches of the acetyl-CoA
pathway and/or for the production of solvents are obtained by either oxidation of
hydrogen by the enzyme hydrogenase or by oxidation of CO by the enzyme CODH
(These reactions are also shown in Fig. 3.5 under the title source of reducirajessi)v
(Ragsdale 2004). Enzymes such as hydrogenase and CODH are located near the
cytoplasmic membrane and play an important role in electron transfer meuka
(Ljundahl 1986). Besides hydrogenase and CODH, other electron donors like NADH
dehydrogenase and electron acceptors, such as methyfEmeddctase, are also
associated with the cytoplasmic membrane (Imkamp and Muller 2007).

Besides substrate level phosphorylation, acetogens can conserve energy through
the chemiosmotic mechanism (otherwise called electron transport phospbojydatd
in some conditions both processes can occur simultaneously (Drake et al. 2006p Imka
and Muller 2007). Chemiosmotic mechanism involves generation of ATP through a
transmembrane gradient using the enzymB,FATP synthase (Imkamp and Muller
2007). It could be either proton (H+) dependant (ddaorella thermoautotrophicum) or
sodium (Na+) dependant (asAnwoodii andRuminococcus productus) (Drake et al.
2006; Imkamp and Muller 2007). Besides these two systems, there are also sodium-
proton antiporters (as presenflirkivui) that help to conserve energy in acetogens
(Drake et al. 2006).

3.2.3 Biphasic fermentation pattern in solvent producing acetogens
Most acetogens such @kostridium acetobutylicum, Clostridium carboxidivorans

(formerly known as P7) ardlostridium strain P11 show a distinct pattern. They produce
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acids (such as acetic acid and butyric acid) while in exponential growth placse, w
leads to a decrease of pH from near neutral (around 6) to as low as 4 (Githa9@5bk;
Maddox et al. 2000). This phase of rapid decrease in pH and increase in acid
concentrations is called acetogenesis (or acidogenesis). Formatiodsosagrowth
related due to the concomitant production of ATP. The second phase, solventogenesis, is
observed to be non-growth associated and leads to formation of reduced products such as
ethanol, isopropanol and butanol; sometimes accompanied with a pH increase (Ahmed et
al. 1988; Maddox et al. 2000).

The solventogenesis can be strongly influenced by the regulation of electron flow
(Rao et al. 1987). This has been exhaustively studied on the m@rabetobutylicum
for optimizing solvent yields. Studies on inducing solventogenesisanetobutylicum
and other microorganisms are discussed below:
1. Increasing the partial pressure of CO

It has been observed that CO inhibits clostridial hydrogenase, which plays an
important role in hydrogen production to balance the excess reducing power gebgrate
glycolysis (Girbal et al. 1995a). Thus, the electrons are directed toveahastion of
NAD to NADH (instead of reducing ferredoxin) (Rao and Mutharasan 1986).
Consequently, there is more reducing power available for solvent production which
results in increase of butanol to acetone ratio (Bahl et al. 1986). However, this
phenomenon of hydrogen production is not observé&odridiumstrain P11 as
hydrogen is used as an electron donor in P11 fermentations.
2. Addition of reducing agents (or external electron mediators):

Many acetogens have a branched metabolism (as shown in Fig. 3.6) and the
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product distribution changes with the redox potential (Mariotto et al. 1989). A number of
reducing agents (like sodium thioglycolate, cysteine, ascorbic acid, sodiude sulfi
titanium citrate, methyl viologen and others) have been added to fermentaticm m
which has increased solvent formation (Mariotto et al. 1989; Rao et al. 1987). Rao and
Mutharsan (1986) employed methyl viologen that decreased the hydrogen modincti
altered the electron flow towards NADH dependant alcohol formation in thelmeiCr
acetobutylicum. BesidesC. acetobutylicum, positive effect on solventogenesis was also
observed by the addition of methyl viologen on a strict anaerobic bacteria
Thermoanaerobacter ethanolicus (Rao et al. 1987). Similar results were also obtained
with benzyl viologen that showed the induction of solventogenesis at neutral pHyontrar
to the belief that solvent formation occurs only at low pH (Rao and Mutharasan 1987).
Recent studies by Pannerselvam (2009) in our lab showed a two fold increase in ethanol
concentrations when methyl viologen was used as a reducing agent in P11 fermentations
when compared to cells that were not reduced with methyl viologen. Similar obsesvat
were also reported by Ahmed (2006)@rcarboxidivorans with neutral red as an
electron mediator. There was an increase in ethanol, decrease in @deditdaincrease
in forward alcohol dehydrogenase (ADH) activity, clearly indicating dggilation of
electron and carbon flow towards ethanol formation.
3. Elevated ATP and NADH levels

ATP limitation by limiting glucose in continuous cultures enhanced acid
production inC. acetobutylicum (Meyer and Papoutsakis 1988). Meyer and Papoutsakis
(1988) experimentally showed that increase in ATP and NADH through CO gassing.

Once ATP and NADH are readily available, the cells would produce reduced fgroduc
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such as ethanol and butanol (Meyer and Papoutsakis 1988). Lower ATP demands and
larger availability of reducing power leads to solvent production (Girbal et al. 1995b)
4. pH

pH is an important parameter in acetogens because it gives the first ordafati
the change in metabolism from acidogenesis to solventogenesis (Giahal ¥95b;
Maddox et al. 2000)n batch cultures, solventogenesis has been correlated with pH and
concentration of intracellular acids. Increasing the concentration of undisbbutyric
acids by decreasing the intracellular pH increased acetone and butahaitjom inC.
acetobutylicum (Monot et al. 1984). Higher intracellular acid concentrations was related
to shift in metabolism of acetogens (Grupe and Gottschalk 1992) and the inkaacel
concentration of acids can be increased by addition of butyrate, propionate, \zaldrate
4-hydroxybutyrate at neutral pH (Jewell et al. 1986; Martin et al. 1983)
5. Nutrient limitation or addition

In general, the limitation of an essential nutrient responsible for the formatéon of
product that is undesirable (like acids) switches the mechanism towards soluesisge
Junelles et al. (1988) showed that iron limitation affected the carbon and electram flow
the microbeC. acetobutylicum. The activity of hydrogenase decreased by 40% and the
butanol-acetone ratio increased from 3.7 to 11.8. Decrease in the activityoddryase
was observed because iron is an important component of hydrogenase. Additionally, it
has been reported that simultaneous addition of methyl viologen and depletion of iron
from the media had an additive effect on butanol production @iagetobutylicum
(Peguin and Soucaille 1995). Contrary to these findings, a recent patent appligation b

Lewis et al (2007) reported that an increase in ethanol production by a factorwasw
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obtained when the concentration of iron was increased from 20 uM to 200 uM in the
microbeC. carboxidivorans. This increase could be due to the reason that iron is an
important constituent of the enzymes such as FDH, CODH and hydrogenase $Andree
and Ljungdahl 1973; Drennan et al. 2004; Ragsdale et al. 1983; Vignais et al. 2001,
Yamamoto et al. 1983).

Bahl et al. (1986) found that the butanol to acetate ratio increased by 1.9 times in
a low phosphate synthetic medium with co-fermentation of lactate Gsing
acetobutylicum. The butanol to acetone ratio further increased from 2:1 to 8:1 in a media
with low phosphate and iron limitation.

Yeast extract acts as a nitrogen source in syngas fermentations. Klasison e
(1992) decreased the yeast extract concentration from 2 g/l to 0.05 g/I, whickeadcrea
the ethanol-acetate ratio by two times. Another study showed that yzast @xas
necessary for autotrophic growth,(HCO,) of the microbe€lostridium strain F5al5,
Sreptococcus strain S5a2 anBuminococcus strain S5a33; the biomass increased with
the increasing concentrations of yeast extract (Leclerc et al. 1988).fdund out that
the vitamins in yeast extract played a crucial role in acetate sysitBarik et al. (1988)
have mentioned that a 300% increase in ethanol to acetate ratio was obtained using a
Clostridium speciesvhen yeast extract was completely removed from the media.
Ammonium (nitrogen source) limitation studies conducted by Roos et al. (1985) on the
microbeC. acetobutylicum also showed increased concentration of butanol with lower
ammonium-glucose ratio in a pH uncontrolled fermentation.

Other important components of media for acetogens are trace metals, snineral

and vitamin solution (Wiegel et al. 2006). A report from Bioengineering Resdarces
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(Anonymous 1995) describes that the limitation of trace metals and mineralglbad li
effect on ethanol/acetate ratio in the micr@gundahlii. However, decreasing the
concentrations of B-vitamins such as biotin and thiamine stimulated both growth and
ethanol concentrations and eliminated the production of acetic acid. Contratiky, ace
acid concentrations were increased by decreasing the concentrationsuof calc
pantothenate (Anonymous 1995).

Glycerol is a more reduced substrate than gluc@sacetobutylicum cultures
grown on a mixture of glucose and glycerol had a seven fold increase in NADH and 2.5
fold increase in ATP concentrations when compared to cultures grown on glucose
(Vasconcelos et al. 1994). They also observed decreased hydrogenaseaactivity
increased alcohol dehydrogenase activity, thus, leading to increased coimwrentriat
ethanol and butanol and decreased concentrations of acetic acid, butyric acid and
hydrogen.
3.2.4 Sporulation and degeneration in clostridia

Sporulation is a defense strategy developed in certain kind of bacteria (such as
Bacillus andClostridium species) to overcome unfavorable environmental conditions
such as heat, nutrient limitation, loss of water, irradiation etc (Durre 2005). During
unfavorable conditions, the metabolism of bacteria reduces to a minimum and numerous
distinct morphological and cytological changes take place such as elongétiercefls,
formation of cigar shaped structures and more (Durre 2005; Jones et al. 1982). Clostridia
generally form endospores, but other structures like exospores and cystsbdsazal
reported (Durre 2005). Jones et al. (1982) carried out an exhaustive study on solvent

production and morphological change<imacetobutylicum. They found a positive
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correlation between sporulation and solventogenesis. The cells showed granulose
accumulation 1-2 hours prior to the pH breakpoint (a point where acidogenesis ends and
solventogenesis is induce and within 1-2 hours of this point, 90% of the cells attained
swollen, phase bright, gram positive clostridial form. The culture that waslatiog
produced almost 56 times more ethanol than the non sporulating mutants. Moreover,
these clostridial forms (swollen, phase-bright presporulation-stagevegsinvolved in
further conversion of acetate and butyrate into acetone and butanol. An explanation for
the increased solvent production comes from studies conduct@asbndium
thermosaccharolyticum that sporulation was associated with up-regulation of enzymes
such as ethanol dehydrogenase and glucose-6-phosphate dehydrogenase that are
important for ethanol production (Jones et al. 1982).

Sporulation genetics has been widely studie@. iacetobutylicum andC.
beijerinckii (Rogers et al. 2006). It has been found that solventogenesis and sporulation
are activated by a common regulatory element (SpoOA protein) and thus allshe cell
starting to form solvents will also form spores. Furthermore, SpoOA protein, atagul
protein responsible for the induction of sporulation formed by the expression of Spo0OA
genes, has been found to control the shift from acidogenesis to solventogenesis in the
microbesC. acetobutylicum andC. beijerinckii (Durre and Hollergschwandner 2004;
Harris et al. 2002; Ravagnani et al. 2000). Besides sporulation, some reports also
suggests the presence of heat shock proteins (hsp74) induced by heat stress are
responsible for solvent production (Terracciano et al. 1988). Popoutsakis (2005) reported
that over expression of heat shock proteins (GroESL) resulted in an increased production

and tolerance of butanol in the micrdbeacetobutylicum.
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Long et al. (1983) developed a defined media for sporulati@n of
acetobutylicum P262 and five other strains. Although,acetobutylicum P262 showed
sporulation and solvent production with the defined media, other strains produced 7.5-11
times lesser solvents. This clearly indicates that different microisga have different
optimum conditions for spore formation and no generalizations can be made based on the
result of one study.

Contrary to the finding of Jones et al. (1982) and Long et al. (1983), Tracy et al.
(2008) found an inverse correlation between butanol production and sporulafion in
acetobutylicum ATCC 824. They observed that this strain carried out multiple levels of
sporulation, but the amount of vegetative cells was directly proportional to butanol
concentrations. It was proposed that the clostridial form cell precursor wassése
for solvent production rather than clostridial form cells. Advanced technology such a
flow cytometry and fluorescence assisted cell-sorting techniques vestéaiprecisely
study the endospore formation.

The process of inducing sporulation has been a common practice for inoculum
development. Sporulation can be induced by heat shock treatment. This process of heat
shocking has widely been used to overcome the degeneration issue observed in many
clostridial species such &s butylicum (now called a€. beijerinkii), C. pasteurianum,

C. acetobutylicum and others (Calam 1980; Gapes et al. 2000; Gapes et al. 1983;
Kutzenok and Aschner 1952; Martin et al. 1983; Spivey 1978).

Clostridial strain degeneration is a widely observed, irreversible phewoonhgn

which solvent producing clostridia lose their ability to produce solvents whgratbe

kept in vegetative state for a long time, which is a result of transferringlgagirowing
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cells into fresh media (Kashket and Cao 1995; Rogers et al. 2006). For example, Gapes
et al (1983) found that lactose utilization and butanol concentraticghsourtylicum
increased for the first 3 subcultures, but after that degeneration was rapidh@fexth
subculture, the microbe did not produce any solvents. These observations are also noted
in both repeated culturing of batch as well as continuous cultures (Finn and Nowrey
1959; Gapes et al. 1983; Kutzenok and Aschner 1952; Stephens et al. 1985). Strain
degeneration is found to be a slow process and failure to induce solventogenesis is found
to be associated with loss of important genes responsible for encoding the keysenzyme
for solvent production such as aldehyde/alcohol dehydrogenase, acetoacetate
decarboxylase and acetoacetyl coenzyme A transferase (Stim-Hetradoh996).
Assobhei et al (1998) also observed an increase in enzymatic activitiesaiédenase
and butyrate kinase that are responsible for the production of acetic acid ancldmitri
in degenerated cells. Such culture degenerations have challenged the industrial
production of solvents by the use of these microorganisms. To overcome this issue,
cultures are maintained by repeated heat shocking (Kashket and Cao 1995).

The effect of heat shocking was carried on the micéleijerinkii B592 over a
wide range of temperatures (from 45 °C to 95 °C) and time (2.5 min to 10 min) (Gapes et
al. 2000). They found that 95 °C heat shocks for 2.5 minutes gave the highest butanol to
acetone yield.

There are other observations that are very similar to degeneration phenomena
noted during a particular fermentation run. These are called acid crastidogkaic
fermentation, which also leads to failure in the induction of solventogenesis. Phgvious

both these phenomena were confused with culture degeneration. Maddox et al. (2000)
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defined acid crash as an early cessation of sugar uptake and solvent production when the
culture pH is below 5 (for cultur@. beijerinkii NRRLB592). This happened due to
excess concentrations (about 57-60 mM or 3.6 g/l) of undissociated acids suchtas acet
and butyrate (Maddox et al. 2000). They suggested that acid crash could be prevented by
having some pH control (to minimize the concentration of undissociated acids) or
decreasing the metabolic rate of fermentation by decreasing tempefan the other
hand, acidogenic fermentation is characterized by high sugar utilizadidindeto fast
growth and high acid production (total concentrations of 240-250 mM), but slow solvent
production when the pH is controlled near neutrality and yeast extract is prelggei
amounts (Maddox et al. 2000). This phenomena can be prevented and solvent production
can be regained by slowing down the glucose uptake rate or acid production rate by
increasing the initial glucose concentrations and lowering the ydastteconcentrations
(Maddox et al. 2000).
3.2.5 Effect of syngas contaminants in the fermentation process

Besides CO, C@H, and N, producer gas has numerous contaminants like char,
ash, tars (benzene, toluene, xylene and many more), inorganic impurities (such as
ammonia, hydrogen sulfide, nitric oxide etc) and hydrocarbons (acetylbyenet and
methane) that can profoundly affect the scale up processes in fermentati@s proce
(Ahmed 2006; Belgiorno et al. 2003; Bridgewater 1994; EI-Rub et al. 2004). Most of the
studies to date in the area of gasification-fermentation employ the useutditsid or
synthetic gas mixes (Girbal et al. 1995a; Tsai et al. 2009b). There is aletief
microbial catalysts can tolerate sulfides (such as carbonyl sulfideadsn sulfide and

sulfur dioxide), chlorine compounds and tars, but the effect of contaminants has never
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been studied exhaustively (Barik et al. 1988; Spath and Dayton 2003). The cost of the
overall process can be reduced drastically if the microorganisms are footetdtetthe
contaminants (Spath and Dayton 2003). The limited literature on effect of coatami
have both shown positive and negative effects of syngas contaminants on growth and
product distribution of a microbial catalyst. Most of the contaminants affect by the
metabolism of the microbe by deactivating the enzymes such as CODHgégdse and
others.

Sulfur compounds such as hydrogen sulfidgS)Hcarbonyl sulfide (Gerhardt et
al.) and sulfur dioxide (S£pare usually found in gas from coal gasification and they
adversely affect chemical catalysts (Anonymous 1995). A report froenBineering
Resources Inc. (BRI) shows that the presence,8fli to 2.5 % did not affect the uptake
of CO and H uptake rate and the growth©fljundahlii (Anonymous 1995). However, a
strong inhibition to growth and gas uptake rate were observed when the concentrations
were increased to 10%. However, the culture acclimated to sulfur gases showed a
improved tolerance up to 20% (Smith et al. 1991; Vega et al. 1990b). Another CO
utilizing microbe,Rhodospirillum rubrum was also found to degrade 5% carbonyl sulfide
(Gerhardt et al.) within 20 h (Smith et al. 1991).

Effect of other contaminants like nitric oxide (NO) and acetylenel{has been
studied on closely related species like nitrogen fixing bacteria and mgdrendibelius
and Knowles (1984) observed the inhibition of oxygen dependant hydrogenase in a
nitrogen fixing microorganism with nitrite, NO, CO;5. Of the four, NO and nitrite
was found to inhibit the hydrogenase irreversibly, but CO aht @as found to have a

reversible effect. Nitric oxide is formed due to some combustion effects during
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gasification (West et al. 2005) and is known to be an inhibitor of hydrogenase (Hyman
and Arp 1988; Krasna and Rittenberg 1954; Tibelius and Knowles 1984). It was found
that nitric oxide deactivated hydrogenase activitiriateus vulgaris at concentrations
above 1%, but the inhibition was reversible at lower concentrations (Hyman and Arp
1988; Krasna and Rittenberg 1954). A slow, time dependant, reversible inhibition in the
presence of NO was found in the NAD linked hydrogenases (in the mislcddagenes
eutrophus) which are responsible for oxidation of hydrogen (Hyman and Arp 1988).
Tibelius and Knowles (1984) have also found NO to be a strong irreversible inhibitor to
oxygen dependant hydrogenase. Reddy et al. (1983) suggested NO inhibitedriagiroge
because it destroyed the four iron-sulfur centers which are important for the prope
functioning of hydrogenases. Hyman and Arp (1991) explained the mechanism of
reversible inhibition of NO in membrane associated hydrogenase in a nitrogen fixi
bacteria Azobacter vinelandii. They suggested that NO does not react at the nickel-
hydrogen binding site. Rather, it is involved in interactions with iron sulfur centect whi
play crucial roles in enzyme catalysis and interaction. Effect of NO. on
carboxidivorans was studied closely by Ahmed and Lewis (2007). They observed that
concentrations above 40 ppm NO acted as a non competitive, reversible inhibitor to
hydrogenase. At the same time, they also observed increase in ethanol produstion by
times at all concentrations of NO. The reason for this increase was found dueasedc
activity of alcohol dehydrogenase enzyme.

Tars such as benzene, toluene, ethyl benzene, p-xylene, o- xylene and napthalene
have been detected in producer gas produced from switchgrass gasi{ishatied

2006; Ahmed et al. 2006). In batch experiments, it was observed that tars intheased
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lag phase but also promoted ethanol concentration (by a factor of two) andséddcrea
acetic acid concentration (by a factor of 2.5). The removal of tars using 0.0fbeusn
prevented growth inhibition.

Besides tars, hydrocarbons such as methang) (@tetylene (gH,) , ethylene
(C2H,) and ethane (8Hg) are generally found in biomass derived producer gases (Ahmed
2006). The concentrations of these contaminants are in the range of 1/ &% 1LC615%
C,H>, 0.5-2% GH,4 and 0.3-1% ¢Hgs. C;H, was found to be a slow binding, active site
directed reversible inhibitor for nickel-ferrous hydrogenase present inemntfogng
bacteria that catalyze the oxidation of hydrogen (Sun et al. 2002). Ethane was found not
to affect cell growth irC. carboxidivorans but acetylene and ethylene were found to
increase cell mass by 33% and 55%, respectively (Ahmed 2006). The concentrations of
products were not reported by Ahmed (2006), but it is definitely clear that celihgrow
was promoted by these contaminants. Although methane is believed to be an inert gas
and has been used as a pressure indicator for gas analysis calcWatgaet(al.
1988a), effect of 4.5 % methane was carried out by Datar (20@3)carboxidivorans.
He observed that concentrations of 4.5% methane did not affect gas utilization dr, growt
which confirmed the inert nature of methan€tearboxidivorans.

It is difficult to make an atmosphere oxygen free during gasificatas¢clgan up
and storage; quite often the presence of oxygen in producer gas has been reported (Data
2003). Oxygen is one of the most toxic gases to acetogens because many of the enzymes
present in the acetyl-CoA pathway are extremely sensitive to oxygakg Bt al. 2006).
However, there are some acetogensAikevoodii, C. magnum, C. glycolicum RD-1 and

M. thermoacetica that can tolerate and consume oxygen at concentrations of 0.5%-6%
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(Drake et al. 2006; Karnholz et al. 200€).glycolicum RD-1 is one the most interesting
acetogens because it can withstand up to 6% oxygen (Kusel et al. 2001). It can
simultaneously carry out acidogenesis and ethanol fermentation under anoxioosendit
In the presence of oxygen, it produces more ethanol, lactate and hydrogen. diudexn
that under oxic conditions, the metabolism of acetogens shift towards the catabolic
pathway where the enzymes are less sensitive to oxygen (Drake et al. 208&tkalis
2001). Furthermore, a few acetogens such. agodii, C. magnum, S. silvatica, M.
thermoacetica, C. glycolicum RD-1 contain enzymes involved in the removal of oxygen
or its toxic products such as NADH-oxidase, peroxidsase, superoxide dismutase,
rubredoxin oxidoreductase and rubrerythrin (Drake et al. 2006; Karnholz et al. 2002;
Kusel et al. 2001). Datar (2003) studied the effect of oxyged. earboxidivorans and
found that oxygen concentrations up to 1900 ppm (or 0.19%) did not affect CQ and H
utilization, growth and product formation, which is indicative thatarboxidivorans
have mechanisms to remove the toxic products of oxygen
3.2.6 Bioreactor designs and latest developments in producer gas fermentation

technology

Gas liquid mass transfer is a major issue for syngas fermentations befctnese
low solubilities of H and CO (Anonymous 1995; Klasson et al. 1992). The reaction rate
(or gas transport rateJNs“/dt is given by (Anonymous 1995):

aNs® _ Kia pG
o = L P (3.19)

Where,dNs¢ is the number of moles of gas transported from the gas phase

V. is the liquid volume of the reactor
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tis time

K, a is the mass transfer coefficient

H is Henry’'s law constant

P¢ is partial pressure of substrate in gas phase

From equation 3.19 it can be observed that the rate of reaction is proportional to
the partial pressure of the gaseous substrates, which will in turn depend on the total
pressure of the reactor (Anonymous 1995). Thus, increasing the pressure wousgincrea
gas solubilities (Henstra et al. 2007; Vega et al. 1990a). Also, from equation 3.19, the
reaction rate is also proportional to the mass transfer coefficient chshevhich will
increase by providing large gas-liquid interfacial areas (Henst&la2007; Vega et al.
1990a).

Continuous stirred tank reactors (CSTR) are the most widely used conventional
reactors (Vega et al. 1990a). While using gaseous substrates, higheramsfes t
coefficient K;a) can be obtained by increasing the impeller speed (Henstra et al. 2007).
Increasing the impeller speed breaks the larger bubbles into smaller bubbses. The
smaller bubbles now have more surface area and lower rise velocities thatkyent
increase the gas-liquid contact time (Henstra et al. 2007). The disadvahtesiyeg
CSTRs is that the cost of the process increases drastically when #teagipeed is
increased (Henstra et al. 2007). However this cost can be kept low by developeng mor
efficient ways of sparging. A multi-orifice ring sparger (MORS)m® of the designs that
can increase gas holdup distribution and reduce poorly mixed zones without increasing

power input (Varma and Al-Dahhan 2007). Increasing the pressure in the CSTR could
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also enhance the mass transfer coefficient, which in turn increases tle react
productivities (Vega et al. 1990a).

Bubble column reactors, on the other hand, provide large liquid retention times
and/or large liquid hold up (Vega et al. 1990a). They can thus provide high interfacial
area and high mass transfer coefficient with decreased cost assaciategriocess due
to fewer moving parts and less maintenance (Charpentier 1981). Bubble colurarsreact
are better for the use of fermentations using gaseous substrates than G&liRs bk
these advantages and Vega et al. (1990a) showed that for a same retention timesand m
transfer rate, bubble column reactors can give a 95% CO conversion whil8TRec@n
provide only 80% conversions.

However, the major challenge in producer gas fermentations is the need to
increase cell yields in reactors. This can be achieved by celleamycell retention (Tsai
et al. 2009b). Cell retention could be achieved by fixing cells on inert solid support
through adsorption, entrapment or covalent bond formation (Qureshi et al. 2005). Klasson
et al. (1992) carried out immobilizing cells in a column reactor which resultedyin ver
high cell densities and CO conversions. In fact, these conversions were battariihke
column and CSTR, which was mainly attributed to the fact that the operational
parameters mimicked plug flow (Klasson et al. 1992). Cell retention can adshiesed
through biofilm formation without the help of chemicals (Qureshi et al. 2005). This
happens when the cells adhere naturally to an inert support over time. Cell dassities
high as 74 g/l have been produced using this technique (Qureshi et al. 1988). Recently,
Qureshi et al. (2005) reviewed the production of ethanol, butanol, lactic acid, awktic ac

succinic acid and fumaric acid production using biofilm reactors. But, thes@typ
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reactors suffer from drawbacks such as low gas dissolution rates and vergéatge
sizes (Tsai et al. 2009b).

Hydrophobic hollow fiber membrane (HFM) reactors can also improve mass
transfer of producer gas to the biofilm (Khanal 2008). This technology offers an
advantage of no loss of gas in the form of bubbles, which is commonly seen in CSTR and
bubble column reactors (Khanal 2008). It also offers flexibility of controllantjgd
pressure of gas in the membrane lumen. Moreover, the surface area feneffad
transfer can be changed without affecting other process parameteran(d Rittmann
2002). A hollow fiber bioreactor for nitrate removal from drinking water wasldpgéd
was developed by Nerenberg and Rittman (2004). This HFM bioreactor allowed 100%
transfer of H to the biofilm for the reduction of nitrate into nitrogen as well as effective
removal of other contaminants such as perchlorate, bromated, chlorate, chromate,
selenate, selenite and dichloromethane. The major disadvantage of hydrophobic HFM
reactors is that the gas transfer rates would be decreased if watersesideposits on
the hydrophobic porous membrane (Tsai et al. 2009b).

The latest development in the area of producer gas fermentations is the
development of hydrophilic asymmetric membrane bioreactors (Tsai et al.; 7G@9at
al. 2009b). Assymetric membranes are widely used in microfiltration and neatifrit
units. This set up has a gas contacting side and a liquid contacting side. The liquid
contacting is supported in a porous spongy layer that promotes and controls the growth of
microbes as it is in contact with nutrients for the microbes and removes thmheeta
products of fermentation like ethanol, butanol, acetic acid and butyric acid. Thdmas is

direct contact with the microbes through the semipermeable micropores whichirea
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the gas utilization rates and dissolution rates up to 100% (Tsai et al. 2009c). The
semipermeable micropores allow the transfer of gas into the liquid but do not allow the
reverse. Concentrations of products as high as high as 6.4 g/l of ethanol, 4.8 g/l of
butanol, 2.5 g/l of acetic acid and 1.5 g/l of butyric acid has been achieved using the
hydrophilic asymmetric membranes usfdgcarboxidivoransin 20 days using a gas mix
of 40% CO, 30% kland 30% CQ(Tsai et al. 2009Db).

Industrialization of gasification-fermentation technology will be guedry
thoroughly understanding the metabolism of the acetogens, engineering the product
yields and by employing bioreactor systems with efficient masdéramisgases into

liquids.
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CHAPTER 4

EFFECT OF BIOMASS GENERATED PRODUCER GAS AND ITS

CONTAMINANTS IN FERMENTATIONS USING CLOSTRIDIUM STRAIN P11

4.1 Introduction

The need to reduce dependency on foreign oil coupled with other factors like
global warming, political instability of oil producing countries and concerns ovenaa
security has led to research in the production of liquid fuels such as ethanol, biodiesel and
butanol from renewable biomass (Ananymous 2009a; Lashof and Ahuja 1990; Rogers et
al. 2006). Ethanol production from primary agricultural feedstocks, i.e. sugarcane and
corn, is a well demonstrated technology in countries like Brazil and the USA. These
feedstocks are primarily a source of food, which has given rise to mangl eflstions
for instance whether corn should be used for food or fuel and availability of land to grow
corn (Anderson et al. 2008). While the conversion of corn to ethanol will continue in the
near future, other technologies using cellulosic feedstocks, such as corn stover, whea
straw, barley straw, rice straw, switchgrass, wood waste, urban avastghers, are
currently being developed (Ananymous 2009b).

Two biological conversion processes exist for the conversion of cellulose to

ethanol, namely, hydrolysis-fermentation and syngas fermentation (HuideP@06).
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In hydrolysis-fermentation, the complex structure of the plant is broken down by a
pretreatment followed by an acid or enzymatic hydrolysis to releasessuigeh are
then converted into ethanol by yeast or bacteria (Olofsson et al. 2008). Besidesibeing a
uneconomical, multistep-multiconversion process, it also suffers from tlog maj
drawback of not utilizing 25-30 % of the plant material that is lignin (Tsai @080Bb).
On the other hand, syngas fermentation is a two step process which combineatigasific
and fermentation. In the first step, cellulosic feedstocks can be gasified to paoduce
combination of carbon monoxide (CO), carbon dioxide {/Gd hydrogen (k) gas
(with other gases such as nitrogen, methane, ammonia, hydrogen sulfide amcother
gases) that is called synthesis gas, producer gas or syngas. T¢as t¢jasn be fermented
by anaerobic microbes (also called acetogens), suClogsidium ljundahlii,
Clostridium autoethanogenum, Butyribacterium methyl otrophicum, Clostridium
carboxidivorans andClostridium strainP11, to form ethanol, isopropanol, butanol,
hexanol and specialty chemicals, such as acetic acid, butyric acid and hexhoic
(Abrini et al. 1994; Grethlein et al. 1990). The gasification-fermentation gsaxm
utilize all the carbonaceous components of the biomass, which results in better
conversion efficiency (McKendry 2002a). Furthermore, this process has theagpgvaht
using different feedstocks (energy crops, agricultural wastes, indusséds and forest
waste) depending on their availability and also using municipal waste, combl rigts
and reformed gas, thus, making gasification-fermentation a flexithaedogy (Tsai et
al. 2009a).

Some acetogens can convert gases such as Cardydrogen Hinto

products such as ethanol, butanol, acetic acid and butyric acid using a non-cyclic,
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irreversible, reductive pathway called the Wood-Ljungdahl pathway (Heststa2007;

Ljundahl 1986; Ragsdale 1991). Different acetogens have preference to diffeentsgas

substrates and produce a combination of products (Gaddy 1998; Lewis et al. 2007; Vega

et al. 1988a). Most of the studies in the area of producer gas fermentation drapleg t

of simulated or synthetic gas mixes (Girbal et al. 1995a; Rajagopaar2602; Tsai et

al. 2009b; Ungerman and Heindel 2008). Very few studies have used producer gas

obtained from biomass gasification (Datar et al. 2004, Kundiyana et al. 2009). dResear

into integrating gasification and fermentation to enhance ethanol productiaressagy

to improve the economics of the process. One challenge in the utilization of prodsicer ga

using acetogens is that producer gas that is generated from gasiieramerous

contaminants like char particles, ash particles, tars (benzene, toluene, gidgne

inorganic impurities (ammonia, hydrogen sulfide, sulfur dioxide, carbonyl sutfitte

oxide etc) and hydrocarbons (acetylene, ethylene, and methane), thaifoandty

affect the fermentation process (Ahmed 2006; Ahmed and Lewis 2007; Anonymous

1995; Belgiorno et al. 2003; Bridgewater 1994; EI-Rub et al. 2004; Smith et al. 1991).
The first research using contaminants was studied. gandahlii by

Bioengineering Resources Inc. (Anonymous 1995), which showed no inhibition of CO

and H uptake when concentrations of hydrogen sulfideS{Hvere 2.5%, but strong

inhibition of CO and Huptake were observed at concentrations of 10%. Howéver,

ljundahlii culture adapted to sulfide gases showed tolerance up to 20% of sulfides (Smith

et al. 1991; Vega et al. 1990b). Another CO utilizing micrétedospirillum rubrum

was also found to degrade 5% carbonyl sulfide (Gerhardt et al.) within 20 h ($adith e

1991). BothC. ljundahlii andR. rubrum are CO and kKHconsuming acetogens similar to
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Clostridium strainP11 that is under investigation in this research. Studies on sulfide
gases (KIS and COS) were more prevalent because coal gasification released 1-2%
sulfide gases and these sulfides were toxic to chemical catalysts involvedrisitbe
Tropsch process (Vega et al. 1990b). Ti@djundahlii andR. rubrum were found to be
more tolerant of sulfides than chemical catalysts.

In a recent study, tars present in syngas were found to inhibit the gro@th of
carboxidivorans for the first 8-10 days but, after this period of inactivity, the bacteria
produced more ethanol (by a factor of 2 times) and less acetic acid igreofa2.5
times) when compared to cells that were not exposed to producer gas containing tars
(Ahmed 2006; Ahmed et al. 2006). Among the hydrocarbons, methane is usually the
most abundant found at concentrations in the range of 1.85-5% (Datar 2003). Methane at
4.5% was not found to affect the metabolisnCotarboxidivorans (Datar 2003). Ethane
also was found not to affect growth®f carboxidivorans, but acetylene and ethylene
were found to increase cell mass by 33% and 55%, respectively (Ahmed 2006). Nitric
oxide increased ethanol concentrations by 5 to 7 times, increased the actlctyhoi
dehydrogenase and acted as a nhon competitive, reversible inhibitor to hydecajemnas
40 ppm (Ahmed and Lewis 2007). Besides acetogens, the effect of NO has been tested on
few microorganisms (such as nitrogen fixing bacteria and methanogens) and
experimental results have shown both reversible and irreversible inhibition to a wide
variety of hydrogenase enzymedAroteus vulgaris, Alcaligenes eutrophus and
Azobacter vinelandii by interacting with iron sulfur centers that play crucial roles in
enzyme catalysis and interaction (Hyman and Arp 1988; Hyman and Arp 1991; Krasha

and Rittenberg 1954; Tibelius and Knowles 1984).
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This research uses a syngas utilizing aceta@eastridium strain P11 (hereafter
referred as P11), to ferment producer gas produced by the gasification of isantolwv
grass to form ethanol and acetic acid. The main objective of this researth stady the
effects of biomass generated producer gas with acclimated and unactitateells in
a lab scale using 250 ml bottle reactors. In addition, a contaminant study with 5%
methane in synthetic gas was also performed to observe its effects onrrdritdéions
as methane was the biggest contaminant of biomass generated producer gas.

4.2 Materials and Methods
4.2.1 Biomass and producer gas

Biomass generated producer gas was obtained by gasification ofgra#tsh
(Panicum virgatum var. Kanlow). A fluidized bed gasifier was used to gasify
switchgrass. The gas was cleaned using two cyclone separators to renioutafees
such as ash, char and fine particles. It was then was passed through a scyshdnmg s
with a mixture of 20% acetone and 80% water (maintained at 0°C) to condense tar in the
gas that escaped cyclone separation. Producer gas was then compressa@ il 77
gallon storage tanks at 860 KPa (125 psia). Nine gallon transportation tanks wdre fill
using downward displacement of water and are stored at the laboratory at 5&bKPa (
psia) where bottle reactor studies were carried out. In this study, the prgdsacer
generated from biomass was compared to a bottled gas mix which had a composition of
20% CO, 15% Cg 5% H and remaining 60% N Superior Specialty Gas Inc., Tulsa,
OK). This composition was used because the producer gas generated by thel fhadize
gasifier using switchgrass as a feedstock had these compositions in {fizapaset al.

2004). For the contaminant study, 5% methane was included in the bottled gas mix by the
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manufacturer, thus, the composition was 20% CO, 15% &% H, 5% CH, and
remaining 55% M and was compared to the control gas mix without methane (20% CO,
15% CQ, 5% H and remaining 60% )
4.2.2 Microbial catalyst and culture medium

The microbial catalysClostridiumstrain P11, was provided by Dr. Ralph
Tanner, University of Oklahoma. This strain was originally isolated fralmc& pond at
the University of Oklahoma (Huhnke et al. 2006). For all the experiments, tlegidact
was grown on a defined media containing per L: 30 ml of mineral stock solutior (Tabl
4.1), 10 ml of trace metal solution (Table 4.2), 10 ml of vitamin stock solution (Table
4.3), 1 g of yeast extract, 10 g of N-morpholinoethanesulfonic acid (MES) buffed, 10 m
of 4% cysteine sulfide solution and 1 ml of 0.1% resazurin solution. There are chranges i
the composition of the mineral and trace metal stock solutions (that are shown in Table
4.1 and 4.2) because of the advice from Dr. Tanner that addition or omission of some
media components was good for higher solvent production in P11 fermentations. The
media compositions were updated to be at par with our research collaborators. All the
chemicals were purchased from Sigma Chemical Company, St. Louis, Missmpt e
the yeast extract that was purchased from Difco laboratories, Dbtichigan.
4.2.3 Preparation of the culture medium and batch studies

All the batch fermentation studies were performed in 250 ml serum bottles with
100 ml of culture media. The culture media was prepared by mixing all its components
(mineral stock solution, trace metal solution, vitamin solution, MES, yeasteatrd
resazurin) in an appropriate amount of deionized water in a round bottomed flask. The

pH of the culture medium was then adjusted to 6.1 using 2 N potassium hydroxide
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Component

Amount (g/l)

(for switchgrass syngas

experiment)

4

Amount (g/l)
(for methane

experiments)

Ammonium chloride 100 100
Calcium chloride 4 4
Magnesium sulfate 20 20
Potassium chloride 10 10
Potassium phosphate monobasic 10 10
Sodium chloride 80 0

Table 4.1Composition of stock mineral solutions. Sodium chloride was deleted in the

methane experiment because of the advice from Dr. Ralph Tanner, University of

Oklahoma that removal of sodium chloride increased ethanol production.
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Component

Amount (g/l)
(for switchgrass syngas

experiment)

Amount (g/l)

(for methane experiments

Cobalt chloride 0.2 0.2
Cupric chloride 0 0
Ferrous ammonium sulfate 0.8 0.8
Manganese sulfate 0.8 1
Nickel chloride 0.2 0.2
Nitrilotriacetic acid 2 2
Sodium molybdate 0.02 0.02
Sodium selenate 0.1 0.1
Sodium tungstate 0.2 0.2
Zinc sulfate 1 1

Table 4.2Composition of trace metal stock solution. A different composition of

manganese sulfate was used for the methane experiments because of tHeoau\dce

Ralph Tanner, University of Oklahoma as per the fermentation optimization studies

carried by them.
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Component

Amount (g/l)

(for all experiments)

p-(4)-aminobenzoic acid

0.005
d-biotin 0.002
Calcium pantothenate 0.005
Folic acid 0.002
MESNA 0.01
Nicotinic acid 0.005
Pyridoxine 0.01
Riboflavin 0.005
Thiamine 0.005
Thioctic acid 0.005
Vitamin By, 0.005

Table 4.3Composition of vitamin stock solution
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solution. The culture media was then made anaerobic by boiling it in a microwave and
then briskly passing nitrogen to remove all the dissolved oxygen from the media. The
flask was sealed with a rubber stopper and transferred to an anaerobic glo€eyox (
Laboratory Products Inc., Grasslake, MI) where the media was dispensed file® dad
sealed. The bottles were then sterilized in an autoclave (Primus SteZiizkrc,

Omaha, NE) at 121°C for 20 min. After autoclaving, the serum bottles were left to cool
room temperature and 1 ml of 4% sterile cysteine sulfide solution was added to 100 ml of
media in the serum bottle. The bottles were then purged with producer gas (symtheti
biomass based) depending on the experiment and inoculated with a 10 ml of inoculum
containing actively growing cells. The actively growing cells wereinbtaby sub-
culturing the cells twice. Each stage of subculturing is referredagassage. All

inoculum transfers between passages were conducted when the microbes waradn the
exponential phase. The bottle reactor in which the microbes grew fasterefasicied

by optical density measurements) was chosen for inoculum transfetisamext stage,

as it was expected to have more healthy cells than the bottle reacturethaiower. All
inoculum transfers from one passage to another were conducted from the s&ong, reac
thereby, minimizing the culture variation from reactor to reactor and fronreatenent

to another. The method of preparation and composition of the culture medium in
subculture stages remained the same as that of the experimental procttdure. A
inoculation the batch reactors were kept in a walk in room which was maintained at 37°C
on an orbital shaker (Innova 2100, New Brunswick Scientific, Edison, NJ) at 150 rpm.

Cell concentration, pH, product concentrations and producer gas concentrations were
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analyzed at regular intervals. The overall sketch of the three experimehtsan in Fig.
4.1 and 4.9. Throughout the experiments, producer gas was fed at 24 h intervals.
4.2.4 Analytical methods

Samples from bottle reactors were collected at periodic intervals fsumeg
cell mass concentration, pH and product concentration. Gas samples wereletsedcol
to analyze the gas consumed by the microbe in a particular time interval.

Cell mass concentration: Cell mass concentration was measured in optical density
(OD) units using a UV-visible spectrophotometer (Varian Inc., Palo Alto,atA)
wavelength of 660 nm. Optical density was converted into cell mass concentratien by t
linear relationship determined by Panneerselvam (2009):
Dry cell weight, X (g/l) = 0.396 * Observed OD — 0.0521 (4.2)

pH: Culture pH was measured at periodic intervals of 24 h using a pH meter
(Themo Orion, BeverlyMA). After measuring OD and pH, the fermentation samples
were centrifuged at 12,000 rpm for 10 min with a benchtop microcentrifuge (Fischer
Scientific, Pittsburg, PA). The supernatant was collected, filtered using th4tylpn
membrane filters (VWR International, West Chester, PA) and frozen.

Product analysis: The fermentation broth was analyzed for ethanol, isopropanol
and acetic acid using gas chromatography (GC) connected with a @ama&tion
detector (FID). Two GC systems were used in the study. For the firstisiunty
switchgrass producer gas, an Agilent 6890 N GC (Agilent Technologies, Witming
DE) was used with a Porapak QS packing 80/100 mesh column (Alltech Associates,
Deerfield, IL). Helium was used as a carrier gas at a flow rate of 29.6mitInthe first

6 min, which was then increased to 42 ml/min at 1°C/niihe oven temperature was
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maintained at 160 °C for the first 6 min, which was then increased to 220°C at a rate of
5°C/min. The injector and detector temperatures were held at 175°C and 250°C,
respectively. The total run time for the analysis of a sample was 18 mimandtat 2.5

g/l was used as an internal standard. The GC was calibrated at 5 levglknosin
concentrations of compounds and Chemstation software (Agilent Technologies,
Wilmington, DE) was used to quantify the concentration of compounds in the unknown
samples.

The Porapak column described above had the disadvantage of lower efficiency to
separate compounds. For example, compounds like acetaldehyde, acetone and
isopropanol eluted close to each other and other compounds like butanol and butyric acid
almost co-eluted. Although these were not primary products, this becameracamgjern
when acetone was observed in fermentations using CGF. To solve this issue, another
column was purchased from J&W Scientific named DB-FFAP column (Catalog NO. 100-
2000) that was custom made for our purposes, and it was installed in the GC (Agilent
6890 N GC, Agilent Technologies, Wilmington, DE). The capillary column was 25 m
long with a film thickness of 0.33 um. Hydrogen was used as a carrier gas atratédow
of 2.3 ml/min for 1.5 min and then ramped at till 4 ml/min. Inlet temperature was 200°C
and a split ratio of 50:1 was used. A FID was used at 250°C with hydrogen and air at 40
ml/min and 450 ml/min. The oven was also ramped at multiple rates for the best
separation. Initially, the oven was at 40°C for 1.5 minutes, after which the oven was
ramped at 25°C /min until 60°C was reached and then ramped at 40 °C/min until the oven
reached 235°C. The total run time using this column was 10 min and it could separate the

compounds like acetaldehyde, acetone, methanol, isopropanol, ethanol, butanol, hexanal,
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acetic acid, propionic acid, isobutyric acid, butyric acid and hexanoic acid witly a ve

high resolution. 2-butanol was used as an internal standard in this system at
concentrations of 2 g/l. The GC was calibrated at 7 levels using known concenwétions
compounds and Chemstation software (Agilent Technologies, Wilmington, DE) was used
to quantify the concentration of compounds in the unknown samples.

Headspace gas analysis. The composition of headspace gases was measured by
withdrawing 100 pl of gas samples manually in 100 pl sample lock gas tightesyring
(Hamilton Company, Reno, Nevada) and injecting them in a Agilent 6890N GC system
(Agilent Technologies, Wilmington, DE) which was equipped with a Carboxen-1010
PLOT (Porous layer open tubular) capillary column with a dimension of 30 m (length) X
320 um (inner diameter) X 15 um nominal diameter (Supelco, Bellefonte, PA). Te ensur
oxygen did not interfere with the sampling techniques, all gas samples weréntake
anaerobic glove box (Coy Laboratory Products Inc., Grasslake, Ml). Thal&Qvas
run in a “split” mode with a split ratio of 30:1 (meaning 30 parts of the injected sample i
vented and 1 part enters the column for sample detection) and at a temperature of 200°C.
Argon gas was used as a carrier gas with initial flow rate of 0.4 ml/mthddirst 12
min then ramped at 0.1 ml/nfinntil it reached 0.8 ml/min. The initial oven temperature
was 32°C for 12 min and was then increased at 30°C/min until the oven reached 236°C
and was held at that temperature for 1.2 min. A thermal conductivity detecto) WasD
used for detection and its temperature was maintained at 230°C. This method detected
CO, CQ, Ha, Ny, Oy, CHs, GHy, GH4 and GHe. TCD detected CO, COH, and CQ
with great sensitivity but the sensitivity for hydrocarbons such as GHl,, C;H4 and

C,Hg was low. Thus, the sensitivity to hydrocarbons was increased by attachinmpm TCD
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series with the FID. TCD is a non destructive detector, thus, all the compounds passing
through TCD will reach the FID for detection. By connecting the TCD and thehelD t
sensitivity for hydrocarbons was increased by 5-10 times. The total runotime f
analyzing a gas sample was 25 minutes. The GC was calibrated at 6 levelsaging
concentrations of gas compounds. Different volumes of gases were injected tdecalibra
the GC and the calibrations were checked by injecting different known gas ¢tomsos
Chemstation software (Agilent Technologies, Wilmington, DE) was used to quidnatify
concentration of compounds in the unknown samples in mole percentage.

Nitric oxide determination: Nitric oxide (NO) was determined using a
chemiluminescence analyzer (Sievers currently owned by GE Analytsteuments,
Boulder, CO). Concentration of NO in producer gas samples was calculated based on the
calibration curves were made by injecting known concentrations of NO.

4.3 Results and discussion
4.3.1 Batch studies- Effect of switchgrass producer gas

Producer gas was generated using fluidized bed gasifier and swslagra
feedstock. The producer gas compositions are listed in Table 4.4. The experimental
outline is shown in Fig. 4.1. On the third passage, cells were subjected to swsgchgra
producer gas from initial time (t=0), as there was a necessity to expRité ifells could
withstand the contaminants produced during gasification, and were compared to the
control which were grown of synthetic gas mix. It was hypothesized that the
fermentations in the presence of producer gas will have a lag phase wrthiar

observation made o@. carboxidivorans due to the presence of tars in producer gas
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Gas Type Producer g(](;)s) composition

Carbon monoxide (CO) 15.87
Carbon dioxide (C¢) 14.22
Hydrogen (H) 6.33
Methane (CH)) 2.32
Acetylene (GH>) 0.12
Ethylene (GH,) 0.53
Ethane (GHe) 0.28

Nitric oxide (NO) 44.5 ppm

Oxygen (Q) 0
Nitrogen (N) (Balance gas 60.33

Table 4.4Producer gas compositions from a fluidized bed reactor with
switchgrass as feedstocks; The gas composition is the average of tripjeetiens on

Gas chromatography (GC) with a Thermal conductivity detector (TCD).
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Passage 1 Passage 2 Passage 3

Inoculum: P11 Pure culture p. Y. . N
Control
/'\l P x x
\ Control->Control
P\ . N N
Control Control Biomass
syngas
Inoculum: P11 Pure culture
l Control->Syngas
2 N s N 2 NI N
- 5 Biomass
syngas
Biomass syngas Biomass syngas Syngas>Syngas

Figure 4.1 Experimental outline for switchgrass producer gas experiment; Control:
Synthetic gas mix of composition 20% CO, 15%,C%% H and 60% N serves as
substrate; Biomass syngas or syngas: Switchgrass producer gasahgasition

shown in Table 4.4 serves as substrate; Constr@ontrol: Cultures grown on control

gas mix throughout the experiment (Passage 1, 2 and 3). This serves as a cohgol for t
whole experiment; Contred Syngas: Cells that were grown in synthetic gas mix (in
Passage 1 and 2) are transferred and grown on producer gas (in passagg8p Syn
Syngas: Cultures that were grown in producer gas throughout the experimsag&hs

2 and 3) where cells are grown again on producer gas.
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generated by the gasifiers (Ahmed et al. 2006). Another reason for usiniggsast
generated producer gas from initial time (t=0) was that, industrile fEranentations

cannot afford the costly synthetic gas or simulated gas as it increasgserational cost

of the process. Thus, the robustness of the microbe was tested by challerggngwt t

on producer gas from initial time. Also, a parallel experiment was conductedwiyng

cells on producer gas during passaging to adapt the cells to the impurities cfshioma
generated producer gas. From the observations madeCfrcanboxidivorans

fermentations (Ahmed 2006), it was hypothesized that the cells that arechttapt
impurities would produce higher solvents than the cells which were not exposed to such
an environment with impurities.

Cell growth and pH: Fig. 4.2 shows cell mass concentrations in different
treatment levels. A vertical solid line shown in Fig. 4.2 at time 250 h is a demarcation
line that will help understand the metabolic shifts during the fermentationréhat a
explained during the discussion of results. At first, the two phases of cell growth can
easily be noticed which are common to many fermentations, namely, growth phase for
the first 200 h (approximately) and stationary phase after 200 h. Acetic acid was
produced during the first 250 h (Fig. 4.5), after which ethanol was produced (Fig. 4.4).
The two phases are called acidogenesis and solventogenesis respgdhivedy et al.

1988; Girbal et al. 1995b; Maddox et al. 2000). Acetic acid is growth associated because
it is coupled with an energy (ATP) generation step (Henstra et al. 20k&mionand

Muller 2007). Media pH data (Fig. 4.3) was in accordance with the product dataias acet
acid production was observed while pH decreased. After acidogenesis, the pidadcre

from 4.5 to 5.9 at the end of solventogenic phase. These observations of acidogenesis,
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Figure 4.2 Cell growth in different treatments; Data shown is the average of number of
replicates in each treatment; Error bars represent standard erroreNafnndplicates in

the treatments Syngas to syngas, control to syngas and control are 3, 2 and 3,
respectively. The treatment control to syngas has only 2 replicates benausethe

bottle reactors accidentally broke during the start of the experiment.
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Acidogenesis Solventogenesis

0 200 400 600 800 1000
Time (Hours)
---¢-- Syngas to syngas —&— Control to syngas —a— Control to control

Figure 4.3 pH profile in different treatments. Data shown is the average of number of
replicates in each treatment; Error bars represent standard error; Nafmd@icates in

Syngas to syngas, control to syngas and control are 3, 2 and 3, respectively.
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Acidogenesis Solventogenesis

Ethanol (g/l)

0 200 400 600 800 1000
Time (Hours)
---&-- Syngas to syngas —=— Control to syngas —a— Control to control

Figure 4.4 Ethanol production in different treatments. Data shown is the average of
number of replicates in each treatment; Error bars represent standarélember of

replicates in Syngas to syngas, control to syngas and control are 3, 2 and 3ysdgpecti
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4.0 Possible conversion

Acidogenesis Solventogenesis of acetic acid into
ethanol
3.0 :

2.0

Acetic acid (g/l)

1.0

0.0

0 200 400 600 800 1000
Time (Hours)

---4-- Syngas to syngas —=&— Control to syngas —a— Control to control

Figure 4.5 Acetic acid production in different treatments. Data shown is the average of
number of replicates in each treatment; Error bars represent standartNember of

replicates in Syngas to syngas, control to syngas and control are 3, 2 and 3yvedgpecti
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solventogenesis and pH shifts are in accordance with previous studies (Ahmed et a
1988; Maddox et al. 2000). However, the pH of the control did not increase as much as
the fermentations with producer gas. The reason for the pH increase could be due to the
reduction of acetic acid into ethanol, which has been confirmed by research asitjniver
of Oklahoma by Dr. Ralph Tanner using’ @otopes of acetic acid (Ralph Tanner,
personal communication).

From Fig. 4.2, it can be observed that the control had the fastest growth as cell
concentration reached 0.35 g/l in 170 h, whereas, the other treatments took longer to
reach this cell mass concentration. This is because the cells were acdusionee
synthetic gas mix during passaging. The treatment in which cells weraaed to
switchgrass producer gas showed a faster rate of growth, during the firstiig®h h w
compared to cells that were grown in synthetic gas mix and then transéerred t
switchgrass generated producer gas. This shows that P11 cells took someatiljnsttto
components in the producer gas, but over the full period of fermentation, there was not
much delay to reach maximum cell densities. This is contrary to the observation by
Ahmed et al. (2006) which showed a lag in growthGocarboxidivorans for a period of
8-10 days when using producer gas. Furthermore, Ahmed et al. (2006) reported that this
lag period was due to the presence of tars such as benzene, toluene, ethyl benzene, p-
xylene, o- xylene and naphthalene. Besides the cyclone separator and acetdnegcr
no further cleaning of producer gas was carried out and hence small cormehtratars
were expected in the producer gas. Although, the presence of tars in produtas ga

be confirmed but from the data on cell growth it can be easily noted that P11 cells may
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have more tolerance to tars tHancarboxidivorans, thus making P11 a more robust
organism in producer gas fermentations.

It was also observed that the control had a gradual decrease in cell mass
concentration from 220 h until the end of the fermentation (Fig. 4.2). Unlike the control,
the treatments which were exposed to switchgrass producer gas had dtaadgsce
concentrations. It can be observed that the pH increases and acetic aadrabons
decrease after 250 h. It could be possible that P11 has an alternative ertergy@yss
energy conservation such as the chemiosmotic mechanism, otherwise catted elec
transport phosphorylation, which are common to some acetogens (Imkamp and Muller
2007). It is possible that the proton gradient which is formed due to the releasecof acet
acid helps the microbe with energy production (Fig. 4.6) for metabolic activitias
stationary phase as that does not allow the cell mass concentrations teelecrea

Product profiles: The products of P11 fermentations are primarily ethanol and
acetic acid, however, isopropanol production was observed when switchgrass producer
gas was used in this experiment. Ethanol, acetic acid and isopropanol production graphs
are shown in Figs. 4.4, 4.5 and 4.7 respectively. There was an indication that some
components of biomass producer gas not present in the synthetic gas mix were
responsible for increased solvent production. When switchgrass producer gas was the
substrate, a 123% increase in ethanol concentration was observed over when the syntheti
gas mix was used (~ 4.1 g/l vs. 1.83 g/l). Also, isopropanol was produced, and acetic acid
concentration was decreased by 41% when producer gas was the substrateassidomp
the synthetic gas mix (1.69 g/l with switchgrass producer gas vs. 2.88 g/l witletsynt

gas). The effect of compositional variation could have caused the difference in product
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Figure 4.6 ATP generation from proton gradient; ETS is Electron Transport Chain;
Hydrogenase adds proton outside the cells. Acetic acid produced inside tihe cells
excreted outside the cell developing more protons outside the cell. This proton gradient

now generates ATP using membrane bound ATPase. Adapted from Drake et al. (2006).
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Isopropanol (g/l)

0 200 400 600 800 1000
Time (Hours)

---4-- Syngas to syngas —#&— Control to syngas —a— Control to control

Figure 4.7 Isopropanol production in different treatments; Data shown is the average of
number of replicates in each treatment; Error bars represent standarélember of

replicates in Syngas to syngas, control to syngas and control are 3, 2 and 3vedgpecti
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concentration because CO, which is both a carbon and electron source, was 20.65% less
in switchgrass generated producer gas (20% in synthetic gas mix and 15.87% in
switchgrass generated producer gas) apdvHich is an electron source, was 26.6%

higher in switchgrass generated producer gas (5% in synthetic yasdnb.33% in
switchgrass generated producer gas). If compositional variation hachieeamlyt reason

for the observed metabolic shifts, then both adapted and unadapted cells should have
performed similarly, with respect to product productivities. The exactteffec

compositional changes of the gas needs to be determined by blending the gases with the
help of mass flow controllers similar to composition achieved with producer gas
generated from biomass by gasification.

Microbial growth requires enormous amounts of energy for synthesizing the
building blocks of the microbe. Energy in the form of ATP is generated during acedi
production by substrate level phosphorylation, and hence it is a growth related product.
In all the treatments, acetic acid was observed as a growth related phadueter, the
amounts of acetic acid produced differed from one treatment to other (Fig. 4.5). In the
first 250 h of fermentation, acetic acid concentration was found to be the highest with the
treatment where cells were previously grown on synthetic gas mix andrarestetred
into next passage where switchgrass producer gas served as the substratkt¢Contr
syngas). It is important to note that the number of cells in the treatment ¢orgyoigas
was less than the control and hence acetic acid concentrations were comgedenhbg
of acetic acid/ g of cell. It was observed that the treatment controlgasyad acetic
acid yields 39.75% higher than the control (7.98 g of acetic acid/g of cells in control t

syngas compared to 5.71 g acetic acid/g of cell in control). This indicates that
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components of producer gas could be up-regulating the enzymes in the pathagsfitor
acid production. Since the production of acetic acid for syngas to control is higher th
the control, it can be deduced that the contaminants did not have any negative effect of
acetic acid production, which demonstrates robustness of the microbe. Therteatme
syngas to syngas had 1.59 times lesser acetic acid than the control (bféZefic acid
in the treatment syngas to syngas compared to 2.88 g/l in control). A culture svhich i
adapted (or acclimated) to the contaminants of switchgrass producer gad Hiaivite
could attain the same cell mass concentrations while producing less aicketwhach is
a growth related product). The energy derived for growth and metabolic actatiks
be coming from alternative ways, for instance, the energy conservation nsachami
acetogens such as the chemiosmotic mechanism (Imkamp and Muller 2007). Siiecce ac
acid is not the product of interest, reduced amounts of acetic acid is desired in the
fermentations. Furthermore, the presence of biomass generated produesuljed in a
decline in acetic acid concentration after 400 h with a concomitant increase in pH
increase in ethanol concentration and was associated with stable cetlomeesstration.
The standard error bars are larger during the decrease in acetioraszadtcations in the
treatment control to syngas, which could be due to the culture heterogeneity geedescr
in the past by Tracy et al. (2008) and Avery (2006). Also, it could be due to a lower
number of replicates than the other treatments since one of the bottles was bro&en whil
conducting the experiments.

The theoretical conversion of acetic acid to ethanol can take place from the
following reduction reaction:

CHsCOOH + 2H — C;HsOH + H,0 (4.2)
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Thus, the formation of ethanol from acetic acid can have a theoretical value of
0.77 g of ethanol/g of acetic acid (46 g of ethanol formed from 60 g of acetic dusl). T
raises the question of whether the observed higher amount of ethanol with switchgrass
producer gas could be attributed to conversion of acetic acid into ethanol. To answer thi
guestion, an assumption was made that all the hydrogen responsible for the theoretica
conversion of reaction 4.2 is available. This assumption was supported by some studies in
our laboratory that showed consumption of CO during the stationary phases that could be
a possible source of reducing equivalents necessary for the reductionméeickto
take place (data not shown). Calculations were made based on the theoretical amount of
ethanol that can be produced from acetic acid to remove the effect of ethanotiproduc
from acetic acid in order to see if the producer gas contaminants enhanced etnanol f
the acetyl-CoA pathway (Table 4.5). From the table, it could be deduced thaakti
conversion to ethanol facilitated increase in ethanol concentrations (by 1.32aitiol
to syngas and 1.11 g/l in syngas to syngas treatments). Despite the tontobacetic
acid, ethanol concentrations were still 53% and 63% higher in the treatments control t
syngas and syngas to syngas than in the control, respectively (Table 4%odldibe
due to contaminants in producer gas that may have contributed in the up-regulation of the
methyl and carbonyl branches of acetyl-CoA pathway (from CO anjitG@rm
ethanol.

Ethanol formation was induced earliest, 170 h, in the treatment syngas to syngas
compared to 220 h in the control and control to syngas treatments (Fig. 4.4). The
productivity of ethanol was also the highest in the treatment syngas to s§rgbasds

ethanol concentrations was achieved in 680 h) compared to control to syngas (909 h to
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Treatment Total Highest Final acetic | Total acetic Theoretical Net ethanol not
ethanol acetic acid | acid (g/l) acid ethanol from from acetic acid
(a/l) (g/ consumed acetic acid (i.e. from CO
(a/l) (9/l) and H) (g/1)
Control to control 1.83 2.88 2.88 0 0 1.83
Control to syngas 4,12 2.75 1.03 1.72 1.32 2.8
Syngas to syngas 4.09 1.69 0.25 1.44 1.11 2.98

Table 4.5Theoretical conversions of acetic acid to ethanol.




achieve 4 g/l). Thus, the culture that was adapted to producer gas had better solvent
productivities.

Surprisingly, isopropanol production was observed with switchgrass producer gas
at concentrations as high as 3.9 g/l (Fig. 4.7). While only 0.12 g/l of isopropanol was
produced in the control, 3.55 g/l of isopropanol was produced in the treatment control to
syngas and 3.9 g/l of isopropanol was produced in the treatment syngas to syngas.
Isopropanol production was induced 100 h earlier with adapted culture (in the treatment
syngas to syngas at 500 h) when compared to unadapted culture (treatment vath cont
to syngas at 600 h). Exponential increase in isopropanol production occurred only after
550 h approximately, and during that time the rate of ethanol production slowed down
(Fig. 4.4). It could be possible that enzymes responsible for ethanol production were
inactivated due to the long experiment time, but the cells still had reducirgyener
(electrons) to produce isopropanol from acetone (Fig. 3.6). The production of isopropanol
has been confirmed with producer gas fermentations carried by other selaagur
group in pilot scale reactors (Kundiyana et al. 2009). Preliminary expesiineoiir
laboratory have indicated that P11 has the ability to reduce acetone into isoproganol (da
not shown). Further investigations are necessary to confirm the biological poadofct
isopropanol in the presence of syngas, but this study showed that P11 has an enzyme that
can reduce acetone to isopropanol.

The distribution of products for P11 is similar to observations made by Datar
(2004) and Ahmed (2006) & carboxidivorans. Besides tars, nitric oxide (NO) was one
of the contaminants that was found responsible for the metabolic shifts thas@tcrea

ethanol concentrations by 5 to 7 times, increased the activity of alcohol demabege
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and acted as a non competitive, reversible inhibitor to hydrogenase above 40 ppm
(Ahmed and Lewis 2007). The concentration of NO in the switchgrass produceagas w
found to be 44.5 ppm and it could be affecting the metabolic shifts in P11 sin@ar to
carboxidivorans. However, the effect of NO on P11 was not included in this study and
needs to be researched further to understand the effect of NO on product formation in
P11 fermentations. The treatment in which cells were adapted to syngas (®ynga
syngas) had the highest mole percentages of solvents (ethanol and isopropanol = 94.5
mole %) and only 4.5 mole% acetic acid (Fig. 4.8). Treatment control to syngas equally
performed well with 89.3 % solvents and 10.7% acetic acid while the control produced
46 % (mole) solvents and 54 % (mole) acetic acid. Molar percentages obtained with
treatment syngas to syngas is desired at industrial scale althoughtbatcations of
solvents were low for industrial production. Higher concentrations of ethanol (27.6 g/l
and isopropanol (9.3 g/l) have been reported by Kundiyana et al (2009) during a
switchgrass producer gas fermentation over 45 days in a 75 L CSTR reactor while
retaining the similar molar concentrations of solvent and acids (90.3% solvents and 9.7%
acid). A deeper knowledge of the metabolism of the microbe and effect of individual
components of producer gas will help favor higher concentrations of products with molar
ratios similar to what has been achieved in bottle reactors. Also, the massr tohnsf
producer gas components, which is very low in bottle reactors, could be increased by
using CSTR, bubble column and/or membrane reactors that will eventually intrease
concentrations of ethanol (Kundiyana et al. 2009; Rajagopalan et al. 2002). This study
has clearly showed thRtL1 produced more solvent using producer gas than using

synthetic bottled gases with a similar CO andctbimposition. Further
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Figure 4.8 Mole percentage of products formed in different treatments. Error bars

represent standard error.
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investigations with the minor components of producer gas will help in understanding the
role of these components in inducing metabolic shifts in producer gas fermestati
4.3.2 Batch studies — Effect of 5% methane in P11 fermentations

Methane (CH), a major component of producer gas obtained by gasification
of agricultural feedstocks was found to vary from 1.85% (in our studies) to as high as 5
(Datar et al. 2004). Although methane is considered as an inert component of producer
gas in many studies using other microbes Rkproductus (Vega et al. 1988a) ar@
carboxidivorans (Datar 2003), it is still necessary to find the effect of methane because it
constitutes the single largest hydrocarbon contaminant of producer gas. It wa
hypothesized that methane could have a major effect on producer gas fermeasations
the experiment using switchgrass syngas showed a major product distributiost. thste
hypothesis, an experiment was conducted with synthetic gas having 2% e+
synthetic producer gas composition used to study the effect of methane was 20% CO,
15% CQ, 5% H, 5% CH, and 55% N whereas the control gas composition was 20%
CO, 15% CQ, 5% H, and 60% M. The overall experimental outline of this experiment is
shown in Fig. 4.9. Two negative controls were also used in this experiment, one for each
gas treatment. Negative controls were used to confirm whether appareohgasption
was due to the microbe or by abiotic mechanisms such as the solubility ohenetasiin
the media. Methane could be a potential contributor to the shift in metabolic astivitie
observed in the switchgrass producer gas studies.

Growth and pH: The growth and pH profiles are shown in Figs. 4.10 and 4.11. In
both treatments, exponential increase in growth was seen after a lagpkdsewhich

lasted from 24 h up to 70 h. The cells were in stationary phase until 200 h (in both
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Passage 1 Passage 2 Passage 3

Inoculum: P11 Pure culture

l ¥ ¥ W
b 85 . x
- \ Control
x % W

Control Control

Treatment with 5%
methane

.

Negative control: Control

b 3

Negative control with 5% methane
Figure 4.9 Experimental outline for contaminant experiment; Control-Synthetic gas mix
of composition 20% CO, 15% G{b% H and 60% N as substrate; Treatment with 5%
methane- Synthetic gas mix with 5% methane (Gas composition had a composition of
20% CO, 15% Cg@ 5% H, 5% CH, and 55% N); Negative control: Control-
Uninoculated bottle reactor with synthetic (or control) gas; Negative cantiob%

methane- Uninoculated bottle reactor with 5% methane included in the synthetic gas.
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Figure 4.10Cell growth in different treatments; Each data point is the average of 3
replicates except the negative controls where the number of replicatésiisrdars

represent standard error.
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Figure 4.11pH profiles in different treatments; Each data point is the average of 3
replicates except the negative controls where the number of replicatesrisr hdts

represent standard error.
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treatments), which was followed by a secondary growth phase. The pH data is in
accordance with the growth as there was a decrease in pH from 6.1 to 4.65 due to aceti
acid production during the growth phase. The negative controls, showed no change in cell
mass concentration and pH as expected. Similar cyclic behavior of growtblaert s
production has been reportedGnacetobutylicum (Tracy et al. 2008). Other experiments
with P11 have also shown similar behavior (data not shown). The growth and pH profiles
in the presence of 5% methane are very similar to that of the control, which shows that
5% methane did not have any effect on P11 growth.

Product profiles: Ethanol and acetic acid production profiles are shown in Figs.
4.12 and 4.13. In the presence of 5% methane, ethanol production was only 15% higher
(0.23 g/l in the presence of 5% methane compared to 0.2 g/l in control). This increase
could be due to culture heterogeneity (Avery 2006; Tracy et al. 2008). Ethanol
concentration at 190 h is unusually higher and could be an outlier. Also, only 6.93%
variation between the control and 5% methane treatment in the acetic acesfafl
4.13) indicate that methane did not affect the metabolic activities of the michotte w
supports studies in the past. Vega et al. (1988a) used methane as a pressure ordicator f
gas analysis calculations h productus. Also, Datar (2003) observed that concentrations
of 4.5% methane did not affect gas utilization or growth, which confirmed the inert
nature of methane . carboxidivorans.

Gas consumption profiles. Consumption of the gaseous substrates GOCB»
and CHare shown in Figs. 4.14, 4.15, 4.16 and 4.17, respectively. Gas analysis was
performed only for 190 h of fermentation because of equipment failure. CO,and H

consumption occurred throughout the growth phase of the fermentations and similar
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Ethanol (g/l)
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Time (Hours)

—e— Control —=a— Treatment: 5% Methane -+ —Neg control  —-e-Neg Cont w methane

Figure 4.12Ethanol production in different treatments; Each data point is the average of
3 replicates except the negative controls where the number of replicatésrsrdars

represent standard error.
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Acetic acid(g/l)

0 100 200 300 400

Time (Hours)
—e— Control —a— 5% Methane - -+ - Neg control --o- - Neg control w methane

Figure 4.13Acetic acid production in different treatments; Each data point is the average
of 3 replicates except the negative controls where the number of replicaté&srisr hyars

represent standard error.
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CO consumption (mM)
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—e— Control —=— Treatment- 5% methane  —4—-Neg control
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Figure 4.14CO consumption in different treatments; Each data point is the average of 2

replicates except the negative controls where no replicates was used; Errepbasent

standard error.
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H2 consumption (mM)

Time (Hours)

—e—Control —%— Treatment- 5% methane —4— Negcontrol —---Neg contw methane

Figure 4.15H, consumption in different treatments; Each data point is the average of 2
replicates except the negative controls where no replicates was used; Errepbasent

standard error.
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CO2 consumption (mM)
o

Time (Hours)

—e—Contol —=— Treatment- 5% methane —4--Negcontrol —-e—-Neg contw methane

Figure 4.16 CO, consumption in different treatments; Each data point is the average of 2
replicates except the negative controls where no replicates was used; Errepbasent

standard error. The negative trend shows @@duction during P11 fermentations.
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CH4 consumption (mM)

0 50 100 150 200 250
Time (Hours)
—— Treatment- 5% methane  —®—-Neg control w 5% methane

Figure 4.17CH, consumption in different treatments; Each data point is the average of 2
replicates except the negative controls where no replicates was used; Errepbasent

standard error.

107



consumption of these gases were found in both the control and methane treatment, which
indicates that methane did not affect the enzymes that are responsible folizgdmnti
such as carbon monoxide dehydrogenase (CODH) and hydrogenasea@roduced
in P11 fermentations as previously observed, which is evident with a negative trend. An
increasing trend of C£and CH apparent consumption for the negative controls is likely
due to the solubility of these gases in the media. Furthermore, the smalhdéf@rehe
methane consumption between negative control and the treatment which employed 5%
methanendicate that the apparent consumption was due to methane be absorbed by the
media not the utilization of methane by the microbes. Similar results in the produc
formation graphs and gas utilization patterns show that 5% methane did not affect the
metabolism of the microbe.
4.3.4 Conclusions

Successful integration of biomass gasification for anaerobic conversion of
biomass generated producer gas into ethanol and acetic acid has been deedondab
scale batch reactors. Studies were conducted to investigate the effectashinants in
switchgrass producer gas and the effect of 5% methane in P11 fermentationasP11 w
found to withstand the contaminants of biomass generated producer gas without any loss
of cell mass productivity and solvent productivity, which demonstrates the rolmustnes
the microbe. The constituents of producer gas obtained from gasifiers @tcetaanol
to acetate ratios and produced isopropanol as an additional product. Gas clean up is a
critical issue for the successful large scale integration of gatstiicand fermentation
system. The cost of cleaning the producer gas could be reduced if the micrdbesdre

to tolerate and produce more solvents in the presence of contaminants as idgntified b
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research. Further investigations at molecular level are necessasgs$s e reasons

behind these metabolic shifts. Besides this, the tolerance limit of each comtamina
would help to find the extent of producer gas clean up necessary when differgatgyasi
and biomass feedstocks are used. Furthermore, this research has also shboen that t
presence of up to 5% methane in biomass generated producer gas will not affect the
fermentation by P11. This is evident from our research as there was no variatibn in ce
growth, product formation and substrate consumption. Thus, the product re-distribution
obtained when switchgrass producer gas was employed could not have been due to the
presence of methane.
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CHAPTER 5

EFFECT OF PHYSICAL PARAMETERS AND EVALUATION OF KINETIC
PARAMETERS IN PRODUCER GAS FERMENTATIONS USING

CLOSTRIDIUM STRAIN P11

5.1 Introduction

Biomass derived feedstocks can provide a renewable and carbon neutral source
for ethanol production which has the potential to replace significant amounts of
petroleum consumed by the transportation sector of the United States (Khanal 2008;
Putsche and Sandor 1996). Primary agricultural crops such as sugarcane and corn are
currently the most important feedstocks for bioethanol production and indusateal sc
production of bioethanol from these feedstocks has been successfully demonstrated by
Brazil and the United States (Tsai et al. 2009). These feedstocks are gransairce of
food, which has given rise to many ethical questions like whether corn should berused f
food or fuel and the availability of land to grow corn (Anderson et al. 2008). This has led
to the development of alternative technologies such as the hydrolysis-ferareatat
thermochemical conversion of cellulosic biomass (corn stover, wheat stréay, $taaw,
rice straw, switchgrass, wood waste, urban waste etc) into ethanolyfAoas 2009b).
One such thermochemical conversion process is gasification. Gasificatiprorseas in

which carbonaceous materials (natural gas, naphtha, residual oil petroleum
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coke, coal or biomass) react with a gasification medium (air, oxygen andon) ste

high temperatures (~600-1000 °C) to produce a mixture of gases called synthesis ga
(syngas) or producer gas (EI-Rub et al. 2004; Huber et al. 2006; Kumar et al. 2009;
McKendry 2002b; Spath and Dayton 2003). The producer gas produced by the
gasification processes can be converted into numerous products such as heatyglectric
transportation fuels (hydrogen, Fisher-Tropsch diesel, synthetic gasolind)eanitals
using chemical catalysis (EI-Rub et al. 2004; Huber et al. 2006). Besides this,
microorganisms such &eptostreptococcus productus, Clostridium ljundahlii,
Butyribacterium methyl otrophicum and Clostridium carboxidivorans can biologically
ferment producer gas into ethanol, acetic acid, acetone and butanol. Biological
fermentation of gaseous substrates (or syngas fermentation) haveé advandages over
chemical catalysis such as higher specificity (Ko et al. 1989), higHds yleasteren et

al. 2005; Vega et al. 1988b; Worden et al. 1991), lower energy costs (Heiskanen et al.
2007; Kasteren et al. 2005; Vega et al. 1988b; Worden et al. 1991), flexible,CODH
ratios (Huber et al. 2006; Kasteren et al. 2005) and higher resistance to pgatucer
impurities such as sulfides, tars and other hydrocarbon contaminants (Ahmed 2006;
Ahmed and Lewis 2007; Anonymous 1995; Smith et al. 1991; Vega et al. 1990b).
However, gasification-fermentation technology is still in its developntagesand is less
studied than chemical catalysis or hydrolysis-fermentation because chittvaintages
such as slower solvent productivities (Vega et al. 1988b), low solubilities of gaseous
substrates in the culture medium (Vega et al. 1988b) and necessity for spagial de

considerations (Barik et al. 1988).
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Laboratory scale research in producer gas fermentations are usuatyneerin
serum bottles with producer gas in the headspace that is provided in a fed batch mode.
Bottle reactors are generally pressurized, but have a very slow rate oftpiadhation
due to low gas solubilities and slow mass transfer. Efforts to increasedluoé product
formation has been studied in the past by evaluating environmental conditions like
increasing the rate of agitation (Doremus et al. 1985; Henstra et al. 200!, par
pressure of substrates (Doremus et al. 1985; Ko et al. 1989), headspace (Frankman 2009),
pH and heat shock treatments (Gapes et al. 2000; Gapes et al. 1983; Kutzenok and
Aschner 1952).

Heat shock is a practice where the cells are exposed to temperaturethalvove
tolerance limit for a brief amount of time to induce sporulation and has been a common
practice for culture maintenance for matipstridial strains such aSlostridium
butylicum (now calledClostridium beijerinkii), Clostridium pasteurianum, Clostridium
acetobutylicum to overcome the strain degeneration phenomena which results in loss of
solvent producing abilities by the microbe (Gapes et al. 2000; Gapes et al. 1983;
Kutzenok and Aschner 1952; Martin et al. 1983; Spivey 1978). In some studies, heat
shock results in sporulation which in turn results in higher solvent production (Jones et al.
1982; Long et al. 1983). Contrary to this, Tracy et al. (2008) found an inverse correlation
with sporulation and solventogenesis inaCetobutylicum. Besides sporulation, some
reports also suggests the presence of heat shock proteins (hsp74) induced bsskeat str
are responsible for increased solvent production (Terracciano et al. 1988). Popoutsaki
(2005) reported that over expression of heat shock proteins (GroESL) resulted in an

increased production and tolerance of butanol in the micZobeetobutylicum.
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Although,Clostridium strain P11 (hereafter referred as P11) was known to sporulate
occasionally (Huhnke et al. 2006), no research has been performed to observe the effect
of heat shock on the bacteria. Preliminary experiments where P11 cells weasie X&pt
above their optimum temperature showed inhibition to growth and product formation
during heat treatment but when the heat shock was removed, cells grew normally and
attained the same solvent and acid concentrations as the control. Thus, P11 cells were
able to withstand the heat treatments and could be sporulating and/or inducing the
expression of heat shock proteins during heat treatments. Thus, a hypothesisi&vas ma
that heat shocks would increase the solvent production. However, the optimum
temperature of heat shocking P11 was unknown. Therefore, heat shocking was performed
at temperatures of 75°C and 92°C for 3 min respectively and their performance was
compared to the cells which were not treated with heat shocks.

Agitation plays a major role in uniform mixing of the culture medium and optimal
supply of oxygen in aerobic fermentations (Aiba et al. 1973). Agitation also playy a v
important role in anaerobic fermentations utilizing gaseous substratesbeemas such
as CO, CQand H are less soluble in water and mass transfer of these substrates to the
cells are an important factor in reactor performance (Kapic et al. 200&)ttle reactors,
where no gas sparging is conducted, gas solubility is governed by diffusion aald par
pressures. Agitation at higher velocities could increase the mass trargdsesfto the
cell surface. Yerushalmi and Volesky (1985) observed that increase in ingpelé in
bioreactors from 190 rpm to 340 rpm increased the solvent production €te in
acetobutylicum, but further increase in rpm decreased the solvent production rates. Toma

et al. (1991) observed that increased shear could decrease the activitynod®nzthe
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TCA cycle in the bacteriBrevibacterium flavum. Doremus et al. (1985) studied the
effect of agitation and pressure effects in acetone- butanol-ethanol fatioesnusingC.
acetobutylicum and observed interesting product distributions. They observed that
volumetric productivity of butanol increased with the decrease in agitatiomratean
pressurized system while in pressurized system, agitation had no effect in butanol
productivities. Bottle reactors used in our studies were pressurized but CQ sedétl
as carbon and electron sources, unlike ABE fermentations where glucose served as
energy source. Thus, there was a necessity to study the effect of agitation i
fermentations using gaseous substrates where the mass transferraf B(pky an
important role in reactor performance. Thus, fermentations were cauatied 250 rpm
and were compared to fermentations at 150 rpm that served as a control. The g/pothesi
was that an increase in agitation rates would increase the solvent progirctivit
pressurized bottle reactors with CO, £4dd B as gaseous substrates.

The amount of available gas (otherwise called headspace gas)mplaysoatant
role in gaseous substrate fermentations. Although, this physical parasriets studied,
Frankman (2009) carried out experiments with 150 ml and 200 ml headspace gas using
P11 and found that higher headspace resulted in faster cell growth (by 2.85 times), highe
acetic acid productivity and the onset of ethanol production occurred much earlies (2 day
prior to control which had 150 ml headspace). However, no experiments were carried
with 200 ml headspace which had showed higher rate of ethanol productivities in
preliminary experiments conducted by us (data not shown). Thus, an experiment was
conducted with 25 ml culture media (and 257 ml headspace) and was compared with

fermentations carried with 100 ml culture media (and 182 ml headspace). Based on the
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work performed by Frankman (2009), it was hypothesized that the growth, solvent and
acid productivities would be much higher with increased headspace gases.

The present study investigated the effect of physical parameters such as
temperature shocks, agitation and headspace on producer gas fermentations with a gas
composition of 20% CO, 15% G(b% H, and 60% Nin a lab scale using bottle
reactors. Kinetic parameters of producer gas fermentation such as prethlst yi
percentage of substrate utilized, percentage of theoretical conversiorsanuaje rates
were also calculated for all the studies.

5.2 Materials and methods
5.2.1 Producer gas

Producer gas with a composition of 20% CO, 15%,8@ H and 60% N was
used for all the experiments and served as energy and electron source for the
fermentations using P11. Cylindrical gas tanks with the specified comopostre
purchased from Superior Specialty Gas, Inc (Tulsa, OK). This composition s us
because the fluidized bed reactor at OSU produced similar compositicess whgn
switchgrass was used as a substrate (Datar 2003).

5.2.2 Microbial catalyst and culture medium

P11, a novel acetogenic bacteria, isolated from a duck pond at the University of
Oklahoma was periodically provided by Dr. Ralph Tanner, University of Oklah@ma, f
the experiments (Huhnke et al. 2006). A defined culture medium was used to cultivate the
bacteria that provided essential nutrients for its growth and product formatioritédne |
of culture media consisted of 30 ml of mineral stock solution (Table 5.1), 10 ml of

vitamin stock solution (Table 5.1), 10 ml of trace metal solution (Table 5.1), 1 g of yeast
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act

Components of mineral stogk Amount Components of trace metal| Amount | Components of vitamin stockAmount
solution (g/ stock solution (a/) solution (a/l)
Ammonium chloride 100 Cobalt chloride 0.2 p-(4)-aminobenzoic acid 0.005
Calcium chloride 4 Cupric chloride 0 d-biotin 0.002

Magnesium sulfate 20 Ferrous ammonium sulfate 0.8 Calcium pantothenate D.005
Potassium chloride 10 Manganese sulfate 1 Folic acid 0.002
Potassium phosphate 10 Nickel chloride 0.2
MESNA 0.01
monobasic
Nitrilotriacetic acid 2 Nicotinic acid 0.005
Sodium molybdate 0.02 Pyridoxine 0.01
Sodium selenate 0.1 Riboflavin 0.005
Sodium tungstate 0.2 Thiamine 0.005
Zinc sulfate 1 Thioctic acid 0.005
Vitamin By 0.005

Table 5.1Composition of mineral stock solution, trace metal stock solution and vitamin stocksoluti



extract, 10 g of N-morpholinoethanesulfonic acid (MES) buffer, 10 ml of 4% cysteine
sulfide solution and 1 ml of 0.1% resazurin solution. Mineral solution provides the source
of mineral ions that are crucial as cofactors of various enzymes, mentanagy@ort and
as components of molecules and structural complexes (Cote and Gherna 1994). Trace
metals play an important role in anaerobiosis as most of the metals actzschsrsdd
metalloenzymes (Cote and Gherna 1994; Tanner 1997). Similarly, vitamins alsmplay
important role in catalytic functions as coenzymes, prosthetic groups (CotdhanthG
1994). MES is a buffering agent which is used to avoid excessive pH fluctuation during
the fermentation process as external pH controllers were not used. Low reeiatiaisot
are necessary for anaerobic processes (Wiegel et al. 2006) was achieweddnition
of cysteine sulfide solution. Besides this, cysteine sulfide solution also scaesyges
dissolved oxygen if present in the media. Resazurin solution acted as a redogiindicat
All the chemicals were purchased from Sigma Chemical Company, Ss, Missouri
except yeast extract that was purchased from Difco laboratoriesjtDiglichigan.
5.2.3 Preparation of culture medium and batch studies

All the batch fermentation studies were performed in 250 ml serum bottles wit
100 ml of culture media (except where another media volume is mentioned). The culture
media was prepared by mixing all its components (mineral stock solution, treede me
solution, vitamin solution, MES, yeast extract and resazurin) in the appeopn@unt of
deionized water in a round bottomed flask. The pH of the culture medium was then
adjusted to 6.1 using 2 N potassium hydroxide solution. The culture media was then
made anaerobic by boiling it in a microwave and then briskly passing nitrogegthr

the media. The flask was sealed and taken into an anaerobic glove box (Coydrgbora
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Products Inc., Grasslake, MI) where appropriate volume of media was ddpetase

serum bottles which were then sealed prior to removal from the glove box. The bottles
were then sterilized in an autoclave (Primus Sterilizer Co. Inc, OmahatNE1 °C for

20 min. After autoclaving, the serum bottles were then brought to room temperature and
1 ml of 4% sterile cysteine sulfide solution per 100 ml of media. The bottlesivegre t
purged with producer gas up to a pressure of 239.25 KPa (or 34.7 psia) and inoculated
with a 10% inoculum (unless otherwise mentioned) from actively growing culitines
actively growing cells are obtained by sub-culturing twice. Sub-cujwgs carried out

in duplicates. Each stage of sub-culturing is referred as a passage. Intramisfer from

one passage to the other was performed when the cells reached mid exponertial phas
The bottle reactor in which the microbes grew faster was chosen for inocahsfets

into next passage as it was expected to have more healthy cells than theddtbiethat
grew slower. All inoculum transfers were done from the same reactors,ythereb
minimizing the culture variation from reactor to reactor and from one tesdtio

another. The media compositions and the method of culture media preparation remained
the same as the experimental procedure during the subculture stageso&fitation

the batch reactors were placed in a warm room where the temperaturaiwasned at

37°C on an orbital shaker (Innova 2100, New Brunswick Scientific, Edison, NJ) at 150
rpm. Cell concentration, pH, ethanol concentration, acetic acid concentration and
producer gas concentrations were analyzed at regular intervals. The ovécallofkbe

three experiments is shown in the next section. Throughout the experiments, producer gas

was fed at every 24 hour intervals.
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5.2.3 Analytical methods

All the analytical methods are the same as described in Chapter 4.
5.3 Results and Discussion
5.3.1 Batch studies — Effect of heat shock treatments

The experimental outline of the heat shock experiment is shown in Fig. 5.1. The
cells were sub-cultured in one stage (or in the first passage) to gelyagtosging cells.
During the second passage, P11 culture was subjected to heat shocks at two different
temperatures: 92°C for 3 min and 75°C for 3 min and was compared to the cells that were
not subjected to heat treatment. Heat shocks were provided by placing the hottlesre
(that had 25 ml of culture media with freshly inoculated culture) in an aghatesater
bath for uniform heat transfer throughout the culture media. The batch reactors were
cooled down immediately by placing in a water bath maintained at room tempeaaat
were pressurized to 239.25 KPa (or 34.7 psia). The reactors were then incubated at 37°C
at 150 rpm. After heat shock, when the cells reached mid exponential phase in passage 2,
they were transferred to the next passage where 100 ml of culture media was used to
grow them. It was hypothesized that both the heat shock treatments would have a longe
lag phase because heat shocking would kill the vegetative cells. It wds/ptthesized
that the cells that were heat shocked will produce more ethanol compared to the control.
5% inoculum transfers were carried out in all passages.

Cell growth and pH: The growth and pH profiles of different treatments are
shown in Figs. 5.2 and 5.3. The treatments that were subjected to heat shock had a lag
phase of 20 h in the second passage (data not shown). Higher temperatures had decrease

the amount of vegetative cells and many spores were observed when a 20 h sample w
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Passage 1 Passage 2 Passage 3

N NI N VNI NI N
P11 culture
Trt 1: Heat shock- 92 °C for 3 Trt 1: Media 100 ml, 37 °C
min, Total media 25 ml/ bottle
b 8 L LN W
_—
Control Trt 2: Heat shock- 75° C for 3 Trt 2: Media- 100 ml, 37 °C
min, Media- 25 ml/ bottle
i NN . W W
e
Control : No heat shock, 37 °C, Control: Media- 100 ml, 37 °C

Media- 25 ml/ bottle
Figure 5.1 Experimental outline for heat shock experiment
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Figure 5.2 Cell growth in different treatments. Each data point is the average of 3

replicates; Error bars represent standard error.
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Figure 5.3pH profile in different treatments. Each data point is the average of 3

replicates; Error bars represent standard error.
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taken and spore stained using malachite green using the method described it &erha
al. (1981). In the third passage, growth of P11 occurred rapidly in the first 200 h followed
by a slight decrease in cell densities. This observation was similar tdetinentations
using P11. There was a secondary cell growth observed in all the treatmeEge@fh
(approximately). The secondary growth phase was also associated with rodécti
acetic acid and uptake of CO ang Mlulti-growth phases similar to our observations
were also observed . acetobutylicum (Tracy et al. 2008). The reason for secondary
growth is unknown but it could be possible that the cells need more energy for cellular
metabolism and acetic acid production during this stage produces ATP. Theliinal c
mass concentrations were the highest for the cells that were tre@g€Cdollowed by
75°C and control cells (where the cells were not subjected to any heat tr¢alieeli

pH dropped rapidly from 6.1 to 4.7 due to acetic acid production (Fig. 5.5). The break
point in the pH profile (an indication of shift in the metabolism from acidogenesis to
solventogenesis) was found to be 25 h earlier with both the heat treatments {80 h) t
compared to the control (215 h). However, the final pH in the different treatments was
almost the same in all the treatments.

Product profiles: Acetic acid (Fig. 5.5) is observed to be growth related as it is
involved with ATP production which is necessary for cellular replication andboksm
(Henstra et al. 2007; Imkamp and Muller 2007). Ethanol (Fig. 5.4) is a secondary
metabolite in P11 fermentations. Hence, ethanol production starts only after 200 h
(approximately). But, from Fig. 5.4 it can be observed that the rate of ethanoltmnduc

was higher with the heat treatments (both 75°C and 92°C) than the control. For example
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Figure 5.4 Ethanol production in different treatments. Each data point is the average of 3

replicates; Error bars represent standard error.
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Acetic acid (g/l)
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Time (Hours)
—e— Control --=--75 C Heat shock —4— 92 C Heat shock

Figure 5.5Acetic acid production in different treatments. Each data point is the average

of 3 replicates; Error bars represent standard error.
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Figure 5.6 Molar percentages of products formed in different treatments. Each data point

is the average of 3 replicates; Error bars represent standard error.
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at the end of 600 h, ethanol concentrations in both the heat treatments was 1.7 g/l,
whereas, the control had only 1.2 g/l of ethanol. After 600 h, the cells that were &teated
75°C entered a secondary growth phase and produced acetic acid and hence the rate of
ethanol production decreased, thus, the control and 75°C heat shock treatment had similar
concentrations of ethanol at the end of fermentation. Cells exposed to 92°C produced
55% more ethanol than the control (3.5 g/l in the 92°C heat shock treatment compared to
2.3 g/l'in control and 2.4 g/l in 75°C shocks) at the end of fermentation. In the same way,
the cells that were exposed to 92°C and 75°C shock produced the highest acetic acid
concentrations (3.5 g/l) compared to control that produced only 3.1 g/l of acetic acid.
Higher ethanol and acetic acid production observed with the 92°C heat treatment could
be due to an up-regulation of enzymatic activities which has to be tested.

The acetic acid concentrations decreased after the first 200 h (growth phdise) in a
the treatments, meaning the acetic acid could have been possibly convertdthimbd et
The molar distribution of products (Fig. 5.6) remained the same in the control and 75°C
heat shock (with approximately 48% ethanol and 52% acetic acid) but the 92°C heat
shock treatment had 57% ethanol and 43% acetic acid. The ethanol to acetate ratio
(molar basis) for 92°C heat shock was 1.0 compared to 0.7 with control and 75°C heat
shock. Higher ethanol concentrations in the 92°C heat shock treatment couldude a re
of sporulation (Jones et al. 1982; Long et al. 1983) and/or the increased expression of
heat shock proteins (Papoutsakis 2005; Terracciano et al. 1988).

Gas consumption and kinetic parameters. The consumption of gaseous substrates
CO, H, and CQare shown in Figs. 5.7, 5.8 and 5.9, respectively. Rapid consumption of

CO and H and production of COwere observed during growth phase, which could be a
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Figure 5.7 CO consumption profile in different treatments. Each data point is the average

of 2 replicates; Error bars represent standard error.
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Figure 5.8 H, consumption profile in different treatments. Each data point is the average

of 2 replicates; Error bars represent standard error.
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Figure 5.9 CO, consumption profile in different treatments. Each data point is the

average of 2 replicates; Error bars represent standard error. The negativehiows

CO, production.
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result of reactions 5.1, 5.2 and 5.3. CO can act as a carbon and electron source while H
serves as an electron source only. Thus, P11 shows preference to CO when a mixture of
CO and CQis provided like other acetogens suchPaproductus (Vega et al. 1988a)

andC. carboxidivorans (Shenkman 2003). The consumption of CO aadlblwed down

during the stationary phase when ethanol was being produced. In all the treatment
decrease in acetic acid was observed, which could be a result of reductionccd@det

into ethanol as shown in reaction 5.5.

2CO + 44— CHsOH + HO (5.1)
CO + HO — CO, + Hy (5.2)
3CO + 34— CHsOH + CG (5.3)
2CO + 2H — CH;COOH (5.4)
CH3COOH + 2 H — C,HsOH + H,O (5.5)
5CO + 7TH — 2CGHsOH + CQ + H,O (Overall reaction) (5.6)

CO and H consumption (in moles) was the highest in the 92°C heat shock,
treatment followed by 75°C heat shock and control. This also resulted in higher CO and
H, utilization and higher molar yields of ethanok¥n/co with the 92°C heat treatment
(Table 5.2). From reaction 5.3, 1 mole of ethanol is produced from 3 moles of carbon in
CO, thus making the theoretical maximum of ethanol from CO as 0.333 moles of ethanol/
mole of CO. Based on these calculations, the % theoretical conversion of ethanol from
CO (Actual Yetonico/ Theoretical ¥tonico were calculated and found to be higher for
the treatment with 92°C heat shock treatment (Table 5.2). Also, the specific ethanol
formation rate expressed in millimoles of ethanol produced per hour per grafisof ¢

was found to be higher with 92°C heat shock treatment (Table 5.2).
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Kinetic parameter Control 75 °C shock 92 °C shock
% CO utilized 45.96% 52.55% 58.49%
% H, utilized 22.98% 28.72% 30.36%
Yield (ETOH/CO) Yetonico (moles of ethanol/mole of CO) 0.062 0.063 0.079
Yield (AA/CO) Y aaco (moles of acetic acid/mole of CO) 0.087 0.085 0.076
% Theoretical conversion (ActuakYonco/ Theoretical ¥tonico) 18.57% 20.30% 25.15%
% Theoretical conversion (ActualaXco / Theoretical ¥aco) 17.34% 17.09% 15.24%
Specific CO uptake rate (mM CO/ hr/ g cells) 2.61 2.58 2.27
Specific B uptake rate (mM b hr/ g cells) 0.33 0.35 0.29
Specific CO uptake rate (mM CO/ hr/ g cells) (First 510 hours) 4.39 5.29 4.71
Specific B uptake rate (mM b hr/ g cells) (First 510 hours) 0.68 0.77 0.72
Specific ethanol formation rate (mM ethanol/ hr/ g cells) 0.183 0.179 0.197

Table 5.2Kinetic parameters of P11 fermentation during heat shock experiment.



Ethanol production continued even afterddnsumption ceased after 1400 h
(approximately) in all the treatments. Possibly, CO could be acting &oalsource for
the reduction reactions involved in ethanol formation (Ahmed and Lewis 2007). CO
production was almost the same in 92°C heat shock treatment and control but higher in
75°C heat shock treatment. This could be due to the abrupt secondary growth that was
observed in 75°C heat shock treatment after 600 h (approximately).

Final concentrations of acetic acid in the fermentation media were siméaér i
the experimental conditions, but the yield of acetic acjgh©%) was lower in the 92 °C
heat shock treatment as the CO consumed were higher (Table 5.2). Also, since the final
cell mass concentration was higher in the 92°C heat than the 75°C shock treatment and
the control that resulted in lower overall CO anduilization rates (Table 5.2). But,
when closely seen in the CO angddnsumption curves, most of the gas consumption
occurred in the first 500 h of fermentation. Thus, when the gas utilization rates were
calculated for the first 500 h, the 92°C heat shock treatment higher CG atitizidtion
rates than the control (Table 5.2).

To summarize, both the heat shock treatments were found to increase the
percentage of gas utilization of CO ang but the 92°C heat shock treatment produced
the highest ethanol. Gapes et al. (2000) showed 95°C heat shocks for 2.5 min gave the
highest butanol to acetone yield withbeijerinkii B592. Although, the morphological
effect during the fermentation were not observed by Gapes et al. (2000), Jdnes at a
(1982) had found that the sporulation was related to solventogenesis. Later, Ragers e
(2006) showed that solventogenesis and sporulation were activated by a common

regulatory elements in the microb@sacetobutylicum andC. beijerinckii. Besides
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sporulation, some research also suggests the induction of heat shock proteins (hsp74)
during heat stress that were responsible for solvent production (TerraccandS&8).
Popoutsakis (2005) reported that over expression of heat shock proteins (GroESL)
resulted in an increase in production and tolerance of butanol in the mi&robe
acetobutylicum. Although, our study did not look into the morphological alterations of
P11 during fermentation, we did confirm that a 20 h sample after heat shocking had
spores. Further investigation of the cause of metabolic shifts in the 92°C heat shock
treatment is necessary. This research has shown that the solvent yieids apthke
rates could be increased by heat shocking P11 cells during the subculture 92¢€s at
for 3 min.
5.3.2 Batch studies - Effect of increased agitation speed

The overall experimental outline is shown in Fig. 5.10. P11 cells were sub-
cultured in duplicate before transferring to the third passage where thafatiore
kinetics is compared between two different agitation speeds: 250 rpm and 150 rpm
(control). Both the treatments were done in duplicate. As agitation is one ofgbeant
factors in the mass transfer of gaseous substrates in the culture meuicaefked. 2006;
Riet and Tramper 1991; Yerushalmi and Volesky 1985), it was hypothesized that
producer gas fermentation at 250 rpm would increase the solvent productivity in
comparison to the fermentation at 150 rpm (control).

Growth and pH: The growth and pH profiles of different treatments are shown in
Figs. 5.11 and 5.12, respectively. A small lag phase of 19 h was initially observed, which
was followed by rapid cell growth in both the treatments. P11 culture at 250 rpm reached

maximum cell concentration (0.47 g/l) 73 h earlier than the cells that were at 150 rpm
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Figure 5.10Experimental outline of agitation speed experiment.
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Figure 5.11Cell growth in different treatments. Each data point is the average of 2

replicates; Error bars represent standard error.
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Figure 5.12pH in different treatments. Each data point is the average of 2 replicates;

Error bars represent standard error.
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There was a decline in cell mass after P11 culture reached maximunass!l m
concentration at 250 rpm, but the control (cells at 150 rpm) was constant after the
maximum was reached. Media pH dropped rapidly from 6.1 to 5 in both the treatments,
with the control, a further decrease of pH from 5 to 4.70 occurred.

Product profiles: Acetic acid and ethanol were the products formed during the
producer gas fermentation using P11. Acetic acid (Fig. 5.14) was found to be a growth
related product and ethanol (Fig. 5.13) to be a non-growth associated product. Both
products’ (ethanol and acetic acid) concentrations were higher with céNgetea
agitated at 150 rpm than 250 rpm. Ethanol production initiated 25 h earlier with the cells
agitated at 250 rpm compared to control, but ethanol production stopped abruptly after
240 h (approximately). The cause of the early initiation of ethanol could be due to the
early cessation of acetic acid formation (at 165 h) when the cells weatedgit 250 pm
while the control reached maximum acetic acid concentration at 240 h. Ethanol
concentration decreased by 50% when P11 cells were agitated at 250 rpm as@doonpa
150 rpm (1.8 g/l at 150 rpm and 0.9 g/l at 250 rpm of ethanol were obtained). Similarly,
the maximum acetic acid concentrations were 52% lower when cells wereedgit 250
rpm (4.2 g/l at 150 rpm and 2 g/l at 250 rpm). In the 150 rpm treatment, the acetic acid
concentration gradually decreased from 4.2 g/l to 2.7 g/l towards the end of trament
This could have resulted in ethanol production by the reduction of acetic acidrSimila
observations of decreasing acetic acid concentrations were observed with other
fermentations (Chapter 4). Lower concentrations of acetic acid and eth&udl rpm
indicate that higher agitations could be detrimental to the product formation. The

cessation in ethanol formation after 250 h with complete cessation of CO; aiptialkde
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Figure 5.14Acetic acid concentrations in different treatments. Each data pdim i
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(results described in next section) could be possibly due to the shear sgmditidil
cells to higher agitation rates. Toma et al. (1991) observed that theyaotieiizymes
involved in the TCA cycle decreased due to the increase in agitation rates icrbieemi
B. flavum. Enzymes such as CODH and hydrogenase involved in the acetyl-CoA pathway
could be affected due to the shear.

Gas consumption and kinetic parameters. CO and H are the major sources of
energy and electrons in producer gas fermentation using P11. Rapid consumption of CO
and H (Figs. 5.15 and 5.16) occurred during the growth phase of P11 in both the
treatments. Besides ethanol and acetic acid,(EQ. 5.17) was a product of producer
gas fermentations. Lower ethanol and acetic acid concentrations were due to the
inhibition in CO and Huptake and C@production after 250 h (approximately). No
signs of metabolism was shown by the cells agitated at 250 rpm (after 25@ihg ligaa
conclusion that P11 cells could be shear sensitivity of to higher agitation rates. This
resulted in lower percentage utilization of CO anglbwer CO and Kuptake rates,
lower specific ethanol formation rate and lower molar yields of ethargb{)c) when
P11 cells were agitated at 250 rpm (Table 5.3). The kinetic parameters obtdibéd at
rpm (control) were similar to the previous experiment. The molar ratio of etteanol
acetic acid at 150 rpm was 0.8 while at 250 rpm was 0.6 clearly indicating the tailur
produce reduced end products such as ethanol.

Our hypothesis that higher agitation rates would increase the product
concentrations was disproved. P11 cells obtained similar cell mass concentratiotins
conditions in the first 200 h, but after 250 h the CO anddfisumption and ethanol

production completely stopped indicating the possibility of cells shear segysi@ur
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Figure 5.15CO consumption profile in different treatments. Each data point is the

average of 2 replicates; Error bars represent standard error.
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Figure 5.16H, consumption profile in different treatments. Each data point is the average

of 2 replicates; Error bars represent standard error.
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observations are similar to Yerushalmi and Volesky (1985) that noted a daordese
formation of solvents and gases without affecting the cell mass concentadt@ns
acetobutylicum when the rpm was increased above 340 rpm. Further research has to be
performed at agitation rates between 150 rpm and 250 rpm in order to confirm if there is
any negative correlation between agitation rates and product profileseeg@arch
supports the results reported by Doremus et al. (1985) that agitation had nmeffect
butanol productivities in a pressurized system Withcetobutylicum. The agitation
effect on non-pressurized systems like bioreactors is believed to behaventlijfdran
bottle studies and will need further investigation with agitation rates. Although, it
believed that there could be advantages with increasing agitation rates intbrsrapc
to a particular limit, as reported by Yerushalmi and Volesky (1985), important
considerations like shear sensitivity will have to be taken into account during
optimization of agitation rates.
5.3.3 Batch studies - Effect of increased headspace

The experimental outline of the headspace optimization experiment is shown in
Fig. 5.18. The headspace was increased by decreasing the volume of cultureamedia fr
100 ml in the control to 25 ml in the treatment with increased headspace. The oells wer
sub-cultured in two passages with an increased headspace before inoculattig the ¢
into the experimental stage. 5% inoculum transfers were made in all passdgeshird
passage, the performance of increased headspace (256.5 ml) was compared to normal
headspace (178 ml) with respect to product concentrations, product yields, solvent
productivities, producer gas uptake rates and ethanol formation rates. Digeto les

culture volume with increased headspace, liquid samples were withdrawn oncézvery
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Kinetic parameter 150 rpm 250 rpm

% CO utilized 47.40% 26.78%

% H, utilized 43.74% 26.25%
Yield (ETOH/CO) Yetonico (moles of ethanol/mole of CO) 0.123 0.116
Yield (AA/CO) Y aaco (moles of acetic acid/mole of CO) 0.174 0.227

% Theoretical conversion (ActuakYonco/ Theoretical ¥tonico) 36.94% 34.76%

% Theoretical conversion (ActualaXco / Theoretical ¥Xaco) 34.74% 45.41%

Specific CO uptake rate (mM CO/ hr/ g cells) 1.33 0.95
Specific B uptake rate (mM K hr/ g cells) 0.34 0.26
Specific ethanol formation rate (mM ethanol/ hr/ g cells) 0.245 0.153

Table 5.3Kinetic parameters of producer gas fermentations using P11 during agitatioimexpe.
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Figure 5.18Experimental outline of headspace experiments
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h but gas analysis and replacement of headspace gases was performed eveng 24 h. T
experiment was conducted in triplicate with the control, but in duplicate (because of
space limitation in the orbital shakers) with higher headspace. Experimertbpasdsat
965 h because the product profiles with the increased headspace showed no signs of
metabolic activity. From the observations by Frankman (2009), it was hypatdkat
greater headspace would give higher cell growth and increased yieldsdodtpities

of ethanol.

Growth and pH: Cell mass concentrations and pH profiles are shown in Figs. 5.19
and 5.20, respectively. A 50 h lag phase in cell growth was observed in the treatment
with regular headspace whereas rapid growth was observed with increadsuohloea
Maximum cell mass concentrations were 150% more with the increased headspace
treatment with the regular headspace treatment. Increasing sslicoracentrations has
been shown to increase reaction rates (Qureshi et al. 2005), which is aupraducer
gas fermentations. This could possibly be due to the presence of more gabstrases
available with increased headspace.

Rapid decrease in pH was observed due to acetic acid production during the
growth phase. With increased headspace, minimum pH was 4.6 while with normal
headspace the minimum pH was 4.7. A slight increase in pH during solventogenesis was
observed during solventogenic phase that could be due to acetic acid conversion into
ethanol.

Product profiles: Ethanol and acetic acid production profiles are shown in Figs.
5.21 and 5.22, respectively. As previously observed acetic acid was a growth related

product but unlike other fermentations ethanol was found to be a growth related product.
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Figure 5.21Ethanol production in different treatments. Data points in control are the
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bars represent standard error.
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Figure 5.22Acetic acid production in different treatments. Data points in control are th
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Formation of ethanol from CO and ks thermodynamically favorable (Reaction 3.12 in
chapter 3) and it is believed that proper environmental conditions would promote a
growth related ethanol formation. With increased headspace a growtl eglaeol was
formed which could be due to the higher availability of gaseous substratdsdioolet
formation. Rapid ethanol production was observed in the first 150 h followed by a pause
in the production of ethanol for the next 140 h. Following this pause, ethanol production
increased again as a non-growth related product. Ethanol production with the regular
headspace started after 200 h and thus was a non-growth product. With increased
headspace, 181% higher ethanol could be produced when compared to the control (4.5 g/l
of ethanol was produced with increased headspace compared to 1.6 g/l with regular
headspace). Solvent productivity was 865% higher with increased headspace, or in other
words, it took 100 h to produce 1.6 g/l of ethanol with cells having more headspace while
the same concentrations was produced in 965 h with the normal headspace.

Acetic acid concentrations increased rapidly with the growth of P11 cells in both
treatments. Although, acetic acid concentrations were similar in botméetstit is
important to note that only 6.3 g of acetic acid/ g cells was produced with teasedr
headspace compared to 14.7 g of acetic acid/ g cells with the regular heatlbpace
lesser acetic acid per gram of cells was obtained using increased lceasbfuh is
important in our fermentations as far as product specificity is concerned. Titeaaad
concentrations decreased slightly after they reached maximum corioestedtthe end
of growth phase, possibly due to the conversion of acetic acid into ethanol.

The ethanol to acetate molar ratio was 1.42 with increased headspace and 0.65

with the normal headspace. Thus, this research has shown that the molar percentages of
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products (Fig. 5.23) can be altered using the amount of headspace in the bottfe react
that could be due to the increased availability of gaseous substrates for pradatiofar
This is in accordance with Le Chatelier’s principle which statesftieguilibrium of a
reaction is disturbed by changing the reaction conditions such as concentratiens of t
reactants, pressure and temperature, the position of the reaction moves to ddheterac
change (Myers 2003). In other words, if the concentrations of the reactamtsrassed,
the rate of forward reactions will to also increase to form more products.

Gas consumption and kinetic parameters. The consumption of gaseous substrates
such as CO, Hand CQ are shown in Figs. 5.24, 5.25 and 5.26, respectively. With a
greater cell concentration with increased headspace, the CO, aodddimption and
CO, production was higher than the cells that were grown with normal headspace.
Presence of more gaseous substrates for the microbes by increasegds@ale
resulted in increased gas uptake rates and higher ethanol formation adles(#).
However, after the growth phase, CO consumption decreased drastically, buiaimargi
CO, consumption was observed with the treatment that had increased headspace. CO
consumption in the presence of CO could have occurred due to the necessity of a carbon
source in the absence of CO consumption. Due to the decreased CO uptake during the
stationary phase, the CO supplied remained unconsumed, which decreased thaegeercent
of CO utilized. Further, since the volume of culture media was four times thasethe
control, the number of moles of ethanol was that was formed in the media was low,
which decreased the yields and percent theoretical conversions drasftiablly %.4).

The increased availability of gaseous substrates such as G@nG® due to

the increased headspace, with higher cell yields would have contributed to ereflsenc
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Figure 5.24CO consumption in different treatments. Data points in control are the

average of 2 replicates while the increased headspace did not have anyesefaiogas

analysis; Error bars represent standard error.
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Figure 5.25H, consumption in different treatments. Data points in control are the
average of 2 replicates while the increased headspace did not have antesefdiogas

analysis; Error bars represent standard error.
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average of 2 replicates while the increased headspace did not have anyessfaiogas

analysis; Error bars represent standard error.
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Kinetic parameter Regular headspace Increased headspac

% CO utilized 45.96% 33.98%

% H, utilized 22.98% 25.24%
Yield (ETOH/CO) Yetonico (moles of ethanol/mole of CO) 0.062 0.031
Yield (AA/CO) Y aaco (moles of acetic acid/mole of CO) 0.111 0.029

% Theoretical conversion (ActuakYonco/ Theoretical ¥tonico) 17.49% 9.17%
% Theoretical conversion (ActualaXco / Theoretical ¥Xaco) 22.11% 4.18%

Specific CO uptake rate (mM CO/ hr/ g cells) 4.78 7.22
Specific B uptake rate (mM K hr/ g cells) 0.33 1.35
Specific ethanol formation rate (mM ethanol/ hr/ g cells) 0.207 0.600

Table 5.4Kinetic parameters of producer gas fermentation using P11 during headspaceasiper
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more reactants for the product formation in accordance to Le-Chateliecgppei
Frankman (2009) found that there was no change in mass transfer rates betwaen ser
bottles with 100 ml media and 50 ml media. Although, we employed 25 ml of media,
further research is needed to confirm this assumption mass transfer béhefiew
increase in headspace. The hypothesis of increased growth, ethanol produatidities a
higher ethanol concentrations resulting from increased headspace wasfiigce
demonstrated.
5.4 Conclusion

This research has found the effect of physical parameters such as hegdspace
volume, agitation rates and heat shock treatment on ethanol concentrations in producer
gas fermentations using P11 cells in lab scale bottle reactors. Both theaemgpshocks
at 75°C and 92°C for 3 min increased gas uptake rates and initiated an early induction of
solventogenesis, but 92°C heat treatment resulted in an increase in ethanol (55%) and
acetic acid (13%) when compared to the control that was not heat shocked. Thseincrea
in agitation rates from 150 rpm to 250 rpm decreased ethanol (50%) and acetic acid
(52%), possibly due to the shear sensitivity of cells. The increase in headspace volume
resulted in a 181% increase in ethanol concentration and 23% increase in acetic acid
concentration. Besides this, ethanol was produced as a growth related product with
increased headspace volume that eventually increased the productivity of tioé etha
production by 865%. Thus, heat shocking of P11 cells and increasing the headspace
volume has shown promising results with increases in ethanol to acetate ratios and

ethanol productivities.
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CHAPTER 6

FUTURE WORK

This research has provided an understanding on the effects of producer gas and its
components such as methane and oxyge@lostridium strain P11 fermentations.

During the study, the robustness of the microbe was shown with the components of

producer gas generated by pilot scale gasifiers. However, furthersshadie to be

performed for the successful integration of gasification and fermentaboags. The

following studies are considered essential.

o The cause of enhanced solvent formation during the fermentation of producer gas
generated from the gasifiers must be determined. There could be multiple
components such as nitric oxide (Ahmed and Lewis 2007) in the producer gas that
contribute to this increase in solvent yields. The effect of individual components
must be studied closely. Enzymatic assays for essential enzymes &iiH,as
CODH, ADH and hydrogenase will give answers to the metabolism of the
microbe. The study should then be integrated to determine whether the producer
gas constituents have an additive effect on fermentation. This would help in
developing the gas cleaning technologies based on the tolerance of producer gas

components to keep the cost of the process to the minimum level.
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Isopropanol which was a major product formed during switchgrass producer gas
experiments could have been formed by the reduction of acetone. This study has
determined that acetone could act as a major contaminant of producer gas
fermentations (Appendix B) and thus methods have to be developed for complete
removal of acetone from producer gas. Since, the solubility of acetone is high; it
could be removed by bubbling through water. Although, it is believed that
isopropanol is produced from the reduction of acetone, it could also be produced
by the reduction of propionic acid. Hence, experiments will have to be conducted
for the evaluation of metabolic pathway of isopropanol production from P11.
Heat shocking of P11 cells at 92°C for 3 min showed increased solvent
concentrations. Although spores were detected after heat shocking, microbial
staining of cells were not performed during the different stages of the P11
fermentation. P11 cells could be sporulating and/or also forming heat shock
proteins and has to be studied closely to see if there is any relation between
sporulation and heat shock protein expression with solvent formation.

In our studies, the availability of gaseous substrates increased the réatnol et
formation. Thus, it is believed that gas mixtures with composition close to
stoichiometric ratios will increase the amount of cells, rate of product fama

than the synthetic gas mix such as 20% CO, 15%a0@ 5% H. Effect of

different gas compositions will help in understanding the metabolism of the

microbe.
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APPENDIX A

Calculation of kinetic parameters

% Gas utilization

In producer gas fermentations, CO acts as a source of carbon and electrons while
H, serves as an electron source. Improving the consumption of both CQ adld
improve the fermentation yields and hence they are one of the most important kinetic
parameters. In batch reactors, the gaseous substrates were fed periatdaralhyterval
of x hours (h). The molar percentage of gas in inlet and after x h was calculatethasing
GC-TCD. Ideal gas law was used to convert the gas percentages into numbexsof mol
The difference between the moles of CO in the inlet and moles of CO after x h would

equal the moles of CO consumed by the microbe in that particular time (x h).

PiVy;
COp=——
On _T

PeVys
COuut =
out RT

Moles of CO consumed in x h = GO CQyyt
Total moles of CO consumed = Sum of moles of CO consumed at every x hours.
Total moles of CO provided = Sum of moles of CO provided after every x hours.

% CO utilized= (Total moles of CO consumed/ Total moles of CO provided)*100
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Where,

P, = Inlet pressure of the batch reactor.

Pr = Pressure of the batch reactor after x hours.

V = Total volume of the gas in the reactor.

y; = Initial mole fraction of CO in batch reactor.

ys = Mole fraction of CO in batch reactor after x hours that is calculated byGRECD.
R = Molar gas constant.

T = Temperature in Kelvin.

Similarly,

% H, utilized= (Total moles of FHlconsumed/ Total moles of,krovided)*100

Yield of ethanol (Yeronico) and Yield of acetic acid (Yaa/CO)

Concentrations of ethanol and acetic acid produced from the fermentations were
calculated by the GC-FID. From the concentrations, moles of ethanol andamieti
formed during fermentation are calculated but the formula (moles= g of pfoduct
molecular weight of the product). Total moles of CO consumed were calcutated a
described in the previous section. CO is the limiting substrate for our reactiansdat
the absence of CO, no products will be formed.
Thus,

Y etonico= Total moles of ethanol produced/ Total moles of CO consumed
Similarly,

Y anico = Total moles of acetic acid produced/ Total moles of CO consumed
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% Theoretical conversion of ethanol and acetic acid
The theoretical maximum yield of ethanol and acetic acid is calculatecdtiie
reactions:
3CO +3H—> CHsOH + CQ
2CO +2H— CH;COOH
It could be observed that 1 mole of ethanol can be formed from 3 moles of CO,
thus making the theoretical maximum yield of ethanol as 0.333. Similarly, from the
second reaction, 2 moles of CO is required for the formation of 1 mole of acetic acid.
Thus, the theoretical maximum yield of acetic acid is 0.5.The % theoreticalrsmmvef
the product is the ratio of actual yields of product observed in our fermentatioich (w
are calculated from the last section) to the theoretical maximuns yéltie product.
Mathematically,
% Theoretical conversion of ethanol = Actuahdn,cd Theoretical ¥ronico
where, Actual ¥ronicowas calculated from last section and theoretigab¥cois
0.333.
Similarly,
% Theoretical conversion of acetic acid = Actuah¥o/ Theoretical Yiaco

where, Actual Yaco was calculated as described before and theoretgaldris 0.5.

Specific CO and H uptake rates (G0 and g2)
Gas uptake rate is defined as the amount of gas consumed per unit time per unit
mass of cells. Thus,
Jco = (CQi, - CQyyy) / (g cells in the bioreactor* t)
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where,
CGOi, - COy: can be calculated as described before.
g cells in the bioreactor= Product of cell mass concentration (X) and volume ¢Valga
of culture media in the batch reactor.
t = Time taken to consume total moles of CO during the fermentation.
Similarly,
Onz = (Hain — Heou) / (g cells in the bioreactor* t)
where,

H.in — Hoout can be calculated as described before.

Specific ethanol formation rates (@rron)

Specific ethanol formation rate is defined as the ratio of molar ethanol praducti
rate per unit time per unit mass of cells. Thus,

Oeton = (Moles of ethanol produced/ time) / (g cells in the bioreactor)

where,
moles of ethanol produced is calculated from GC-FID
Time = (Total fermentation time — lag time for ethanol formation). Tlydifae is
subtracted because ethanol is a non growth related product and no ethanol is usually
observed in the first 200 h of fermentation (approximately).
g cells in the bioreactor = Product of cell mass concentration (X) and volumedVega

al.) of culture media in the batch reactor.
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APPENDIX B

Corn gluten feed experiment in the presence of 1.63% oxygen

Introduction

Oxygen is one of the most toxic gases to acetogens because many of thesenzym
present in the acetyl-CoA pathway are extremely sensitive to oxygakg et al. 2006).
Oxygen has been reported during biomass gasification in the past (Datar 2088). Dat
(2003) studied the effect of oxygen Glostridium carboxidivorans and found that
oxygen concentrations up to 1900 ppm (or 0.19%) did not affect CO amiiliation,
growth and product formation i@. carboxidivorans. Several acetogens like
Acetobacterium woodii , Clostridium magnum, Sporomus silvatica, Moorella
ther moautotrophicum andClostridium glycolicum RD-1 have shown the tendency to
tolerate oxygen concentrations in the range of 0.5%-6% as they contain enzymes
involved in the removal of oxygen (or its toxic products) such as NADH-oxidase,
peroxidase, superoxide dismutase, rubredoxin oxidoreductase and rubrerythrinefDrake
al. 2006; Karnholz et al. 2002; Kusel et al. 2001).

The objective of this research was to study the effect of presence of 1.63%
oxygen in the fermentation of a corn gluten feed (CGF) generated prodad®r ga

Clostridium strain P11.

182



Materials and Methods

All materials and methods are similar to that described in Chapter 4. The media
composition used for the cultivation of P11 was the same as that was used for the
methane experiments.
Results and discussion
Batch studies- Effect of CGF producer gas in the presence of 1.63% oxygen

Producer gas was generated from a downward draft gasifier with €&bstrate
and a gas composition as shown in Table B.1 was obtained. CGF is a byproduct of the
corn wet milling industry.The CGF producer gas also had oxygen at 1.63% due to the
compressor malfunction which added atmospheric oxygen into the gas storage tanks. The
presence of oxygen could be toxic to many enzymes of the acetyl-CoA pathwa&g @dr
al. 2006). Preliminary studies using switchgrass producer gas with 1.27% okypgesds
acetone as a major product of fermentation at concentrations as high as h@®g/l i
days with cell mass concentrations as high as 0.5 g/l (data not shown). This was a
promising result because there were no previous reports on acetone production from P11.
However, neither acetic acid nor ethanol was observed in the preliminary Bhugy
research questions like “whether P11 produced acetone and was this product distribution
an effect of presence of oxygen in producer gas” or “whether there is soenenatrobe
(contaminated culture) which produced acetone” had to be answered. Microscopic
evaluation of the preliminary culture revealed the presence of cocci stelfse@vhile
P11 are rod shaped) in the bottles that produced acetone, which suggested that the
fermentation might have been contaminated by some other microorganism. The

contaminated culture is hereafter referred as “acetone culture”.
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Gas Type Producer g(];)sj composition

Carbon monoxide (CO) 10.08
Carbon dioxide (C¢) 8.94
Hydrogen (H) 8.50
Methane (CH)) 1.85
Acetylene (GH>) 0.10
Ethylene (GH,) 0.44
Ethane (GHe) 0.10
Nitric oxide (NO) ND
Oxygen (Q) 1.63

Nitrogen (N) (Balance gas 68.36

Table B.1Producer gas compositions from on a on a downdraft reactor with CGF as
feedstock; ND- not determined; Gas composition reported is the averageeof thr

injections on Gas chromatography (GC) with a Thermal conductivity dete@@)(T
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Also, it was important to determine whether the observed acetone was
biologically produced or was a contaminant of biomass producer gas. This question was
raised because a 20% acetone solution was used in the scrubbers to reduce the amount of
tars in the gas. It could be possible that a part of this acetone accumulates aalticerpr
gas during scrubbing process.

The outline of the experiment is shown in Fig. B.1. Both P11 and the acetone
culture were tested for growth and product formation on synthetic gas mix and CGF
producer gas. The hypothesis was that P11 did not make acetone and it formed either by
the contaminated culture or abiotically. To test whether acetone was produatechbyi
two sets of negative control were added to the experiments. The negative congols we
treated the same way as the treatment bottles except they did not hae#sany c
inoculated. One set of duplicate bottles had synthetic gas mix and the other séfFhad C
producer gas. In either of the negative controls, no cell growth was expectedoifeac
was present in the producer gas generated from the gasifiers, it vatiaggehulated in
the liquid media and thereby our hypothesis can be proved. If contaminated culture
produced acetone in both synthetic gas mix and CGF producer gas then we could prove
that the contaminated cocci cells were responsible for the production of acetone.

Growth and pH: The growth and pH profiles are shown in Fig. B.2 and B.3. In all
the graphs, the negative control with CGF producer gas was run the shortest time (168 h)
because the batch of CGF producer gas was all consumed during the expenments
no feedstock (CGF) was available for gasification. All the expersnathier than the
control (denoted as P11: synthetic gas) were stopped at 336 h because there was not

much change in the concentration of products like ethanol and acetic acid. The control
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Passage 1 Passage 2 Passage 3

Inoculum: P11 Pure culture

|

Control Control
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Control 2 Syngas

Biomass syngas
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[l =«
1 =«

Control Biomass syngas

[ =

Negative control: Control Negative control: Syngas

Figure B.1 Experimental outline for CGF producer gas experiment; Control-Synthetic
gas mix of composition 20% CO, 15% ¢,6% H, and 60% N as substrate; Biomass
syngas (or syngas) - CGF producer gas of gas composition shown in Table B.1 as
substrate; ControP Control- Cultures grown on control gas mix throughout the
experiment (Passage 1, 2 and 3). This serves as a control for the whole experiment
Control-> Syngas- Culture that was grown in synthetic gas mix (in Passage 1 and 2) are
transferred and grown on producer gas (in passage 3); Syrfgasgas- Cultures that

were grown in producer gas throughout the experiment (Passage 1, 2 and 3yeNegati
control: Control- Uninoculated bottle reactor with control gas mix; Negativeatont

Syngas- Uninoculated bottle reactor with CGF producer gas.
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Figure B.2 Cell growth in different treatments; Each data point is the average of number

of replicates; Number of replicates in each treatment is 3 except the/aegemtrols

where the number of replicates is 2; Error bars represent standard error
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the number of replicates is 2; Error bars represent standard error.
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(denoted as P11: synthetic gas) was stopped when the product formations leveled off at
720 h.

The only treatment where there was cell growth is the control (P11 culture on
synthetic gas) and the contaminated culture (cocci cells) on CGF pragscdihe
control had a lag time of 47 h after which exponential growth was observed. As reported
earlier, pH was observed to decrease during the growth phase. In control, the cells
reached the stationary phase at 123 h, and after 350 h increase in cell magsatmmse
were observed again. This second growth phase was linked with an increase mcatetic
concentration, decrease in pH and higher uptake of substrates like CQ gamskbl
Multiphase growth similar to our observations were also observed in the microbe
Clostridium acetobutylicum (Tracy et al. 2008).

P11 cells grown on CGF producer gas in the presence of oxygen showed a sharp
increase in cell concentrations (reached 0.16 g/l) in the first 24 h, but aftéretfeatvias
a steep decrease in cell mass concentration to 0.06 g/l cells. This increglbmass
could be due to the removal of oxygen by cysteine sulfide solution, which is added to
fermentations to scavenge traces of oxygen. The resazurin in media rencdones <
for the first 24 h of fermentation, showing the ability of the reducing agenecgs
sulfide) to reduce oxygen to tolerable limits for the growth of the microber 24té, the
color of the media remained pink for the rest of the fermentation, showing the pretence
oxygen in the media. The decline in cell mass concentration indicates that 1.63% of
oxygen was toxic to the cells. This shows that P11 possibly does not have enkgmes li

NADH-oxidase, peroxidsase, superoxide dismutase, rubredoxin oxidoreductase and
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rubrerythrin to detoxify the harmful radicals produced in the presence of oxygeim whi
are reported in some studies (Drake et al. 2006; Karnholz et al. 2002; Kusel et al. 2001).

No change in the pH or acid production was observed in any levels of treatments
except the control (Fig. B.3).

Product profiles: Ethanol, acetic acid and acetone concentrations over time are
shown in Figs. B.4, B.5 and B.6, respectively. Ethanol production was only observed in
the control (P11 culture grown on synthetic gas). Ethanol was a non growth adgsociate
product with an exponential increase in production only after 330 h. The standard error
bars are larger towards the end of fermentation due to variation between edplicat
bottles.

Acetic acid was also found to be produced only in control (P11 culture grown on
synthetic gas). Acetic acid production was growth related as ATRP&aed by
substrate level phosphorylation during its production. A slight increase in acdtic aci
concentration (~1 g/l) was observed after 400 h, which was directly relatedl to cel
growth, CO and Elconsumption. The increase in acetic acid production could be due to
increasing demand of ATP inside the cell for its survival and other metabolitiesti
(Meyer and Papoutsakis 1988). No acetic acid and ethanol was formed in theriteatm
when P11 culture was grown on CGF producer gas, which confirms that 1.63% oxygen
was toxic to product formation.

Acetone accumulated in the treatments (both P11 culture and contaminated
culture) using CGF producer gas. However, it was also observed in negatiwdscontr
The presence of acetone in negative controls is likely due to the presenetakan

producer gas from the acetone scrubber used to clean the gas. Since acetbhe is hig
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Figure B.4 Ethanol production in different treatments; Each data point is the average of 3

replicates; Error bars represent standard error; Number of replicagash treatment is 3

except the negative controls where the number of replicates is 2.

191



4
=
> 3
N—r
o
(8]
© 2
L
)
3
< 1
0
0 200 400 600 800
Time (Hours)
—e—P1liculture: synthetic gas —a— Contaminated culture: Synthetic gas
— ———P1llculture: Corn gluten producer gas — & — Contaminated culture: Corn gluten producer gas
Negative control: Synthetic gas -—e—— Negative control: Corn gluten producer gas

Figure B.5 Acetic acid production in different treatments; Each data point is the average
of 3 replicates except the negative controls where the number of replicaté&srisr hyars

represent standard error.

192



0.8
= 0.6
=
O)
N
(&)
c 04
e
()
O
< 02
0.0
0 200 400 600 800
Time (Hours)
Negative control:Corn gluten producer gas — -a— — Contaminated culture: Corn gluten producer gas
— —— — P11 culture: Corn gluten producer gas —m— Contaminated culture: Synthetic gas
—==— P11 culture: Synthetic gas -—e— Negative control: Synthetic gas

Figure B.6 Acetone production in different treatments; Each data point is the average of
3 replicates except the negative controls where the number of replicaté&srnsrdars

represent standard error.

193



soluble in water, it dissolved from the gas into liquid media. To confirm this, gas
samples were analyzed in a GC-MS (Gas chromatography- mass speafraolamn

which showed the presence of acetone in CGF producer gas. However, when gas sampl
were taken from a reactor which had liquid media, no acetone was observed in the
headspace (data not shown). Even when de-ionized (DI) water was used instead of
regular liquid media, no acetone was observed in the headspace (data not shown).
However, acetone was observed when the liquid samples were analyzed usinga GC-FI
This supports our hypothesis that acetone in the liquid media was the result of acetone
the producer gas and not biological production. Furthermore, when no addition of
producer gas was made at 116 h for negative control and 336 h for contaminated culture
and pure culture grown on CGF producer gas, they showed no increase in acetone
production, which further confirms our findings. Acetone is not produced during
gasification of biomass feedstocks but was carried over from the scrubbieig syisich

is employed for the removal of tars from producer gas.

The contamination of acetone into liquid media could interfere with producer gas
fermentations in many ways as it could: a) give misleading information pbmiluct
formation and b) give rise to other metabolic products from acetone such as isopropa
as acetone is a substrate for isopropanol production (as shown in Fig. 4.1). CGF producer
gas fermentation did not produce any isopropanol as the major metabolicesctivatie
shutdown due to the presence of oxygen. However, switchgrass producer gas did produce
isopropanol at concentrations as high as 3.9 g/l. Although no acetone was observed
during the analysis of the switchgrass producer gas fermentations, thettdd meed

was unable to detect acetone. Therefore, the possibility of acetone reduction into
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isopropanol cannot be ruled out since P11 was able to reduce acetone into isopropanol in
the presence of glucose as carbon source (data not shown). Further resssig¢h be
done to confirm whether acetone can be biologically produced by P11 and whether the
acetone conversion occurs in the presence of CQa@@H as gaseous substrates.

Gas consumption profiles. The consumption of CO,and CQare shown in
Figs. B.7, B.8 and B.9, respectively. In control bottles (P11 culture grown on synthetic
gas mix) CO consumption started sharply after 47 h of lag phase and slowed down during
the stationary phase (from ~100 h to 350 h). After 350 h, there was an increase in the rate
of CO consumption due to a secondary growth phase which produced acetic acid as well
(Fig. B.7). The H consumption data (Fig. B.8) had the same trend as the CO data (Fig.
B.7) implying that CO and Hserve as two substrates for acetic acid and ethanol
formation possibly from the theoretical reactions described as follows @aal. 1988;

Phillips et al. 1994; Ragsdale 1991; Rajagopalan et al. 2002).

2CO +4H— CHsOH + H,0 (B.1)
CO + HO - CO, + Hy (B.2)
3CO +3H—> GHsOH+ CQ (B.3)
2CO + 2H — CH;COOH (B.4)
CH3;COOH + 2 H — C,HsOH + H,O (B.5)
5CO + 7TH — 2CGHsOH + CQ + H,O (Overall reaction) (B.6)

The gas analysis data shows that P11 has a preference for CO as a carbon source
when a mixture of CO and G@re provided as carbon source. Other acetogenB.like
productus (Vega et al. 1988a) ar@ carboxidivorans (Shenkman 2003) have also shown

preference to consume CO when a mixture of CO, &@ H are provided. On the GO
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consumption profile (Fig. B.9), no G@onsumption occurred during the lag phase
followed by a production phase from 79 h to 189 h, a consumption phase from 189 h to
350 h, a secondary production phase from 350 h to 503 h and then no consumption or
production was observed after 503 h.

In Fig. B.7, it could easily be seen that contaminated culture and negativa@scontr
on synthetic gas overlap each other and the small increase in CO could beslue to i
solubility in the media. A similar trend was observed in contaminated culture and
negative controls on CGF producer gas. The variation between the treatments grown on
synthetic gas and CGF producer gas could be due to the difference in the atioceoitr
CO in the two gaseous substrates (as synthetic gas had 20% CO whereas CGF producer
gas had only 10% CO). Similar variation was also seen in hydrogen consumptia curve
because of the difference in concentration pfrtthe two gaseous substrates (as
synthetic gas had 5%;hkivhereas CGF producer gas had 8.99% BO, production and
H, consumption were seen with the treatment in which contaminated culture was grown
on CGF producer gas.

The contaminated cocci culture was later discovered toSmphyl ococcus
species (determined by 16 S rRNA sequencing) and was observed to be avacultat
anaerobe and was unable to grow on CQ/8&as the sole carbon and energy source
(Delorme and Wilkins, Presentation at SIM Annual meeting and exhibition, 2009).
Conclusion

In this study, we demonstrated that 1.63% oxygen was toxic to P11 as it did not
show any growth. Further investigations would need to be carried out to find out the

tolerance limit of oxygen by P11. Nevertheless, this research identiéqurésence of
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acetone as a producer gas contaminant from scrubbing system and hencealpdtier w
remove or reduce the concentrations of acetone from producer gas will have to be

identified.
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