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CHAPTER |: Introduction and Literature Review



Background

Energy related innovation cycles are long and challenging. To guarais@amable
energy future, it is necessary to continue developing traditional technologies amdegorom
renewable energy processes. The volatility and insecurity in gasoline sgippBl, warming,
depleting petroleum resources and national security have invigoraesdalers to focus on
alternative methods of ethanol production utilizing low-valued lignocellulogistgate such as
perennial grasses and crop residues. Perennial grasses offer sevatagadvsuch as a
diversified cropping pattern, wide harvest window, low fixed cost, better crop nraaagéy
use of wide variety of feedstock) and ability to grow in marginal land (Thatsall, 2004). It
has been estimated that the US possesses the necessary potential to prodoedhbitf
biomass annually, the equivalent of displacing 30% of the current fossil fuellms#ueyear
2030 (Perlack, 2005). Oklahoma, with its soil and climatic conditions, offers an ideal
environment for the cultivation of perennial grasses such as switchgrass, whikehawted as

a potential energy crop (Thorsell et al., 2004).

Ethanol production has gained worldwide attention and rapid expansion driven by rising
gas prices, energy security concerns and sustainability and envirahnegetrcussions such as
global warming. Ethanol fermentation utilizing lignocellulosic substratiess several
advantages in terms of economic growth, security, lesser environmental angact
sustainability. Lignocellulose is a complex polymer composed of cellulosecdiilose, and
lignin (Jeffries, 1988). Lignocellulosic biomass is comprised of agriculaun@lforestry
residues (bagasse, corn stover, grasses, woody biomass), industrial wastkcatelddeoody

poplar. Switchgrass, along with other prairie grasses, is considered as sirgy@nergy crop.



Fuels made from such grasses are “carbon negative” and will lead to longeteowval of 1.2

tons of carbon dioxide per acre per year (Tilman et al., 2006).

Improvements in processes and culture microorganisms will enhance theneifiand
economics of bioconversion of lignocellulose to ethanol. One of the foremost factatimgict
the development of the bioconversion process is the compact and complex structure of
lignocellulose. The structure consists of fibrous bundles of crystallineasslehcased in a
protective polymeric matrix of hemicellulose and lignin. On average, the lignlose! fraction
consists of 50% cellulose, 25% hemicellulose and 25% lignin (Ingram and Doran, 1995). The
conversion of lignocellulosic substrate to ethanol is a two step process involving bigdodly
cellulose and hemicelluloses to fermentable sugars by acid and/or enzymeasnamdaficon of
sugars to ethanol. Prior to hydrolysis, the biomass must be pretreated to in@gasedity of
the substrate, reduce cellulose crystallinity, solublize hemicellalode@lisrupt the lignin
structure, thereby making cellulose more accessible. Physico-cheneitaatment procedures
such as steam explosion, ammonia fiber expansion, hydrothermolysis, acid and alkali
pretreatment, are popular, but results in degrading cellulose and hemicebutesedmeric
sugars such as glucose and xylose, which are further degraded to the michitiakrs

hydroxymethylfurfural and furfural, respectively.

Acetogens

Acetogens are a group of bacteria that synthesize acetate froor Gther one carbon
precursors. Phylogenetically, acetogens consist of 19 genera and éashben to inhabit
diverse ecosystems. Several acetogens were found to have hydrogenase shdwe to grow
on CQy/H; as the sole source of carbon and energy and can also be refergeukiditing

autotrophs (Ljungdahl, 1986). Acetogens are obligate anaerobes that useylhré@t¢¥Wood-
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Ljungdahl) pathway as their predominant pathway for utilizing@&@npounds such as GACO
or formate (Diekert and Wohlfarth, 1994). The acetyl-CoA pathway is a mechfomism
reductive synthesis of acetyl-CoA from €CFormation of C@serves as a terminal electron
accepting, energy conserving mechanism, also resulting in the synthedisilaf carbon.
Acetyl-CoA has been identified as one of the key intermediates during theophiofixation of

CQO; in acetogens.

Acetogens such adoorella thermoaceticgformerly Clostridium thermoaceticum
convert hexoses into acetate (Pezacka and Wood, 1984). During this process, the eaesohydr
are first converted to pyruvate and then to acetyl-CoA and CBe CQ acts as a terminal

electron acceptor during fermentation. The set of reactions are shown below:

Glucose + 2ADP + Pis 2CH;COCOOH + 4e+ 4H" + 2ATP + 2HO [1]
2CH;COCOOH + 2CoASH- 2CH;COSCOA + 2CQ+ 4€ + 4H' [2]
ATP + CQ + THF + 6H + 66 — CH;THF' + ADP + Pi + HO [3]
2H" + 26 + CQ, + CHsTHF + CoOASH— CH;COCOA + THF + HO [4]
3CH;COSCoA + 3Pi + 3 ADP» 3CH;COOH + 3ATP + 3CoASH [5]
Net ReactionGlucose + 4ADP + 4P 3CH;COOH + 4ATP + 4HO [6]

Synthesis Gas and Fer mentation

Biologically, ethanol can be produced either by direct fermentation of iégivle sugars
in sugar cane or sweet sorghum, or by enzymatic and physico-chengicdateon of insoluble

cellulosic biomass. One of the major disadvantages with the utilization wf steed and other

! Tetrahydrofolate



lignocellulosic biomass is the presence of a large proportion of non-fernesatatbponents
such as lignin. Gasification of cellulosic biomass can be one approach of overtioisimgjor
hurdle in utilization of biomass. Gasification produces synthesis gas (symgdsrh CO and

H, are the essential components for subsequent ethanol production. Gasification has been
identified to be a significant process in converting low-value biomass, wastesaheere
substrate for subsequent fermentation (Ragauskas et al., 2006). Comparedtio cataly
conversion of syngas, fermentation offers several advantages such aspegfigcity of
biocatalysts, lower energy costs, greater resistance to catalsshipg and the requirement for

a fixed CO:H ratio (Bredwell and Worden, 1998; Klasson et al., 1992).

Since biological fermentation of syngas is irreversible in nature, it ensumgdete
conversion of the syngas components. Production of acetate by utilizing G@n@€& can be

summarized by the following reactions (Ljungdahl, 1986).

4CO + 2H0 — CH,COOH + 2CQ (AG® = -37.8 KJ/g mol CKCOOH) [7]

2CO, + 4H, — CHsCOOH + 2HO (AG® = -18.6 KJ/g mol CKCOOH) 8]

Stoichiometry for ethanol production is not available since an autotrophic ethanol
producing microorganism has not been identified. Hence based on the reactions §J] and |

above, the following stoichiometry for ethanol production has been proposed (Vega et al., 1989).

6CO + 3HO — CHsOH + 4CQ (AG® = -59.9 KJ/g mol gHsOH) [9]

2C0, + 6H, — CHsOH + 3H0 (AG® = -23.2 KJ/g mol gHsOH) [10]

Ethanol production has been shown to be non-growth related (Klasson et al., 1991).
The acetyl-CoA pathway leading to acetate formation has a balanced ATP, antdgbgquent

reduction of acetate to ethanol results in the net consumption of ATP. This makes ATP not
5



available for bacterial growth. The autotrophic synthesis of acetate frorbyCia@terotrophs
enables certain bacteria to grow on&@d HB. The hydrogenase enzyme system in these
bacteria generates necessary electrops{I2H" + 2¢€) to reduce C@to methyltetrahydrofolate

and form acetyl-CoA, which then serves as a substrate for anabolic processes

Wood-L jungdahl (Acetyl-CoA) Pathway

Acetogenic bacteria use the reductive Wood-Ljungdahl pathway for thation of
acetate as the primary end product by fermenting organic substrates spibpgeon H/CO,
and/or CO (Figure 1.1) (Henstra et al., 2007). The principle governing the Woodiahing
pathway is simple, involving the synthesis of two-carbon compound (acetyl-CoA) using one

carbon precursors. The acetyl-CoA pathway can be divided into three mai(viiéps 2003):

1. CO, undergoes sequential reduction to a methyl group by a series of reactions involving

tetrahydrofolate dependent enzymes.

2. The methyl group is transferred to the cobalt center of a corrinoid iron sulfeirprot

(CFeSP).

3. Bifunctional CODH-ACS (carbon monoxide dehydrogenase-acetyl CoA synthksg- a
enzyme of the pathway) condenses the methyl group, CoA and CO to form acetyl-CoA.
Depending on the acetogenic species, the acetyl-CoA is then reduced to atetadd, e

and/or butanol.

Oxidation of H to 2[H'] or of CO with HO to CGQ and 2[H] produces the reducing
equivalents for the conversion of €@ formate (HCOOH), methylene-tetrahydrofolate (CH-
THF) to methenyl-tetrahydrofolate (GHHF), CH-THF to methyl-tetrahydrofolate (GHIHF)
and CQ to CO. In a non-cyclic pathway, acetyl-CoA synthase/CO dehydrogenase xomple

6



(ACS-CODH) catalyses the formation of ac-CoA from bound methyl group, a bound (
group and coenzyme A (CoA). CO wydrogenase has a bifunctional activity which redt
CO,to CO. Nicholls and Fergus((2002)indicated that organisms growing ol and CQ
transfer electrons from Hia hydrogenase to the ubiquinone of the cyclic electron transj

system, which is driven by reversed electron tmsfrough a roteno-sensitive NADF.

O

T
°
e
2
a

l

Formyl-THF-

Qi ot
Oyfniieiase

Methyiene-TiiF-
dehydrogenase

Methylene-THF-
reductase

Acetate Kinase

Methyl Transferase

Figure 1.1. Schematic representation of thereductive acetyl-CoA pathway governing the
synthesis gas fer mentation in acetogenic bacteria. (Adapted from Mulley 2003)

Bioener getics of Acetogenic Bacteria

Overall theoretical stoichiometries and standageé fnergy changes during autotroy
growth on H and CO as shown in equations 1 and 2 indicatebtithtforms of autotrophi
acetogenesis require eight reducing equivalentadetate synthesis (Dar et al, 1990). The

following facts are known about the bioenergetitaaetogen:



Involvement of electron transport phosphorylation in energy conservation during growth

(Ljungdahl, 1986).

Presence of metalloenzymes and electron carriers (Ljungdahl, 1986).

Presence of ATPase and other catalysts as components of membrarsdeasestagtron

transport system.

Sodium is an important component in energy conservation (Gottwald et al., 1975).

Various acetogens showed comparatively higher growth yield on CO thandHthe

acetate-to-biomass ratio was lower on CO compared {(®D&hiel et al., 1990). Currently, the

energy generation mechanism of acetogens is speculated, ascribed towiedabservations

(Andreesen and Ljungdahl, 1973).

>

>

Increased ATP synthesis per CO derived electron pair.

Energy was required during the formation of CO fromy@@ing H dependent
acetogenesis. However, during CO dependent acetogenesis, no net yieldvwhNTP
observed during substrate level phosphorylation, even though ATP was required for the

formation of formyltetrahydrofolate from CO.

Substrate level phosphorylation is the primary route for energy genemtiacetogens

growing on sugars.

Growth on H-CO, showed no net substrate phosphorylation. ATP generated during the
formation of acetyl phosphate was required for the formation of formyltetrafojate from

formate and tetrahydrofolate.



The above deliberations indicate that an alternative mechanism involving eynapla
membrane-associated chemiosmosis and the presence of membrane dsdectab@ transfer
proteins such as cytochromes and menaquinones may exist in acetogens d@bival 975).
Chemiosmotic energy transduction involving-ATPases catalyzing pH dependent ATP
synthesis was observed in acetogens (lvey and Ljungdahl, 1986). It was shosvritesrli
enzymes involved in acetate synthesis were soluble and were not assodlatee wytoplsamic
membrane (Ljungdahl, 1986). But in a later study uMogrella thermoautotrophicum
(formerly C. thermoautotrophicuprv01/5, it was shown that the enzymes CODH and
methyltetrahydrofolate reductase were associated with the agto@d membranes and were
involved in the CO dependent reduction of membrane components including two b-type

cytochromes (Hugenholtz and Ljungdahl, 1989).

Enerqy Conservation

The energy metabolism for acetogenic bacteria is obscure. As shown in Figure 1.1,
during the fermentation of +and CQ to acetate, one ATP is hydrolyzed in the
formyltetrahydrofolate synthetase reaction, while one ATP is gatkdatring the final step of
acetogenesis, resulting in no net ATP generation during substrate level phcgpdroryl
(Ljungdahl, 1986). This means that an alternative mechanism for energytgensnauld exist.
Discovery of a N¥H" antiporter (exchanger) M. thermoaceticalong with following two
methylene-group reductions, indicated that & §adient across cytoplasm was also involved in

the energy conservation mechanism of the acetogens (Gottschalk, 1989).

Methylene-Hmethanopterin + H— methyl-Hypterin AG® = -20 KJ/reaction)  [11]

Methylene-HF + H, — methyl-HF (AG° = -57.3 KJ/reaction) [12]



Based on the energy conserving mechanism, the acetogens can be divided into two

groups (Figure 1.2).

> Na' dependent organisms, suchf@®tobacterium woodithat lack cytochromes, but have
membrane bound corrinoids and couple the acetyl-CoA pathway to primary and efectroge
translocation of Na+ (Hugenholtz et al., 1987; Ivey and Ljungdahl, 1986; Yang and Drake

1990) (Figure 1.2A).

> H* dependent organisms, suchMisthermoaceticathat contain cytochromes and a
membrane bound Hnotive electron transport chain (Heise et al., 1989; Yang and Drake,

1990) (Figure 1.2B).

A | C0+HO B
O delydregenase
[ OO, +2H
| MADH + H*
2 -D'/ru D dedrogenine
NADT+ 1 H* — Methyl-H,F
A, H,F
q:ﬂngnlu Ma*
IH* (CODHACS
il* -F_CL o t_—-:l_ .
:nrinm Methyl-(CODIVACE
0
2e + Methylene-H,F
Micthybese-H Foreductaas ADF + P
Mlethyl-H F Na*
| ATP

| ADP + P;

At
ATP
Figure 1.2. Hypothetical model of the energy conservation in acetogens. (A) H+ organisms,
(B) Na+ organisms (Adapted from Muller, 2003).
Das et al. (1989) identified several membrane integral electron canridies H

dependent acetogens were involved in the electron transport processes such aspomenaqui
MK-7 (E0’ = -74 mV), two b-type cytochromes (cytochromeggbE0’ = -215 mV; cytochrome

bss4, EO’ = -57 mV) and a flavoprotein co-purified with cytochromg.bFigure 1.2 shows a
10



hypothetical model for energy conservation in lad H dependent acetogens. Thauer et al.,
(1977) suggested that methylfHreductase catalyzes the last step of the membrane bound
electron transport chain from electron donors such as CODH, hydrogenase akid NAD
hydrogenase. This electron transport mechanism can generate thanydcassmembrane
electrochemical potentiah(i4") for ATP synthesis; however, sufficient evidence has not been

presented (Hugenholtz and Ljungdahl, 1989).

Acetogens use CO as an electron sink and convert it to acetate by means of the
complicated acetyl-CoA pathway (Ljungdahl, 1986). i¢H4an obligatory intermediate formed
during the fermentation and is recycled for the generation of ATP. THogdHng system irA.
woodii consists of cytoplasmic and periplasmic hydrogenases, membrane electnoortrand
H translocating ATPase. When sugars such as fructose and glucosenardgddrby acetogens,
the reducing equivalents are converted taridide the cell by cytoplasmic dehydrogenase. The
molecular H diffuses outside the membrane and is oxidized by periplasmic hydrogehase. T
electrons generated during the oxidation are used by the electron trayspart, while the
protons are used by the 4#tanslocating ATPase to generate ATP. However, acetogens growing
on CQY/H; as the substrate possibly generate ATP by the mechanism depicted inlEBgure

(Ljungdahl, 1986).
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Figure 1.3. A simple schematic for electron transport and H* translocating AT Pase systems
in acetogens growing on H,/CO,. (Adapted from Ljungdahl, L.G., 1986).

Enzyme System in Acetogens

The different enzymes involved in acetogenesis (Figure 1.1) have been pundfidaa
properties of some of the key enzymes are elucidated below (Ljungdahl, 1986aRa1991,

Ragsdale, 2008; Ragsdale and Pierce, 2008).

Stepl HFolate Dependent Synthesis of SHkFolate

Formate Dehydrogenase (FDH)

Presence of FDH is unique to acetogens. In general, FDH catalyzesdislie
oxidation of formate to C@ and in such organisms, ferredoidrused as the electron acceptor.
Conversely, FDH in acetogenic bacteria catalyzes the first step of theda@etoon reduction of
CO, to formate. Tungsten- and selenocysteine-containing FDH catalyzestheodynamically

unfavorable reduction of CQo formate (B =-420 mV). The electrons are provided by

12



NADPH with a half cell potential of -340 mV. With CO as the substrate, COBHadxidizes

CO to CQ followed by the reduction of CQo formate facilitated by FDH.

10-Formyl-H,Folate Synthetase

This enzyme facilitates the activation of formate from the previous step WiaR
dependent condensation reaction witfiothte. The enzyme is oxygen stable and is

monofunctional in nature.

5,10-Methenyl-kFolate Cyclohydrolase and 5,10-Methyleng-blate Dehydrogenase

The cyclohydrolases and dehydrogenases are present as part of a bifupchienain
M. thermoaceticavhile they are monofunctional in other acetogens suéh a®odiiand
Clostridium formicoaceticumIn general, cyclohydrolases favor cyclization and catalyze the
formation of 5,10-methenyl-fiblate. Subsequently, 5,10-methylengdtate dehydrogenase
catalyzes the NADP(H) dependent reduction of 5,10-methesfgldte to 5,10-methylene-
Hsfolate. It has been shown that the bifunctional nature of the enzyme prbéelabite
methenyl-Hfolate form hydrolysis, and channels it to the dehydrogenase active Isgties ivis

converted to the more stable methylengokate form.

5,10-Methylene-kFolate Reductase

5,10-methylene-kfolate reductase catalyzes the final step reduction of 5,10-methylene-
Hsfolate to 5-methyl-folate in the methyl branch of the acetyl-CoA pathway. The enzyme is
oxygen sensitive, and in contrast to other reductases, the acetogenic reductaseaptfta-

4S] cluster and uses reduced ferredoxin as an electron acceptor.

13



Step2 Methylation of C/Fe-SP by CFeSP Methyltransferase (MeTr)

MeTr catalyzes the second step in the acetyl-CoA pathway involving thestrahsfie
methyl group of methyl-kfolate to the cobalt center of corrinoid iron-sulfur protein (CFeSP) by
displacing the tertiary amine. The bond strength of-8Hs much higher compared to the bond
strength of the product GHCo that is formed. Further, thé 2nd 3 oxidation states of cobalt
are inactive, and the subsequent reduction 6t ©8aCd™ state requires a reduction potential of
-610 mV. The above conditions exert a difficult reduction reaction, and the acetctesss!.
thermoaceticacircumvent the situation by protonating the pterin ring thereby lowering the

activation barrier for the nucleophilic displacement of the methyl groupobynucelophile.

Step3 Assembly of Acetyl-CoA by CODH

Corrinoid iron sulfur protein (CFeSP) accepts the methyl group from mettiglati,
and in presence of with CO, CoA and protein fraction containing CODH, forms &meiyl-
This reaction is catalyzed by the bifunctional CODH/ACS enzyme. The catiah state of
Co(ll) is essential in facilitating the reduction potential favorableHereaction to proceed.
CODH is a key enzyme in the acetyl-CoA pathway that is involved in the reductosecbnd
molecule of CQto CO, which forms the carbonyl group of acetyl-CoA. The CODH reaction
follows a ping-pong mechanism, where in CO reduces CODH in the “ping” step, and thedreduc
enzyme transfers electrons to an external mediator, such as ferredoxirfpontyestep. The
reaction mechanism involves a hydrophobic channel for CO and a hydrophilic heteet
which connects the C-cluster with the substrates. The reaction steps shawalageus to the
water-gas shift reaction involving metal-bound carbonyl groups and hydroxide ionetakd m
carboxylate intermediates. The key difference between enzyme-eatagaction and water-gas

shift reaction is that the non-enzymatic reaction produgesgtile the CODH catalyzed reaction

14



produces electrons and protons. The evolution of electrons and protons during the CODH

reaction is much more rapid than élolution.

CODH has been shown to play a fundamental role in the synthesis of acetate from CO.
In acetogens, CODH appears to control the flow of electrons in the tetoédigti-corrinoid
pathway involved during the reduction of one carbon compounds such as CO atwdaC€ate
(Diekert & Ritter, 1982; Ljungdahl & Wood, 1982). Oxidation of CO by CODH is given by

following reaction

CO + HO < CO, + 2H' + 2e- [13]

CODH generates the required electrons for growth on CO (Kerby and Z£888).
Ragsdale et al. (1983) purified CODH fraxnetobacterium woodand observed that it
contained Ni, Z, and Fe-S clusters and have presented evidence that a Ni-C ceffigpiegd
during the reaction of CODH with CO or GOCODH plays a functional role in the formation of
C, intermediate with CO or pyruvate as the substrate and is also required fatutteoreof

cobalt in the corrinoid protein.

Redox active Ni has been found in several of the acetoGémstridiumspecies and has
been found necessary for the synthesis of CODH (Diekert and Ritter, 1982; Ragatiale et
1983). Ni was also observed to be necessary for acetate formation fromindfe absence of
Ni, hydrogen formed using protons was used as the electron sink rather than acetddrum
CO,. Presence of Ni also affected the specific activity of CODHCldstridiumspecies CODH
demonstrated properties similar to corrinoid enzymes (Diekert and Thauer, 189f8h added
to the growth medium, Ni was found to stimulate the formation of CODH in va@mssridium
species (Ragsdale et al., 1983). Drake (1982) observed that oxidation of CODétinesul

inactivation of the enzyme and the dissociation of Ni from the enzyme.
15



Conversion of acetyl-CoA to acetate by phosphotransacetylase

The conversion of acetyl-CoA from the previous step to acetate is facilitated by
phosphotransacetylase and acetate kinase. The reaction is associatedgeitiertégon of
ATP. Acetyl-CoA formed in the previous step serves as the source of macromoéexuEEP
for acetogens. The cleavage of high energy bonds in acetyl-CoA is coupled torAfiésisy
The activity of phosphotransacetylase was observed to be substantially stihinylativalent
Mn?*. The activity was neither effected by monovalent cations N%#', K*, and Li" nor by
divalent cations Mg, C&* and F&" (Drake et al., 1981). Phosphotransacetylase demonstrated
maximum activity at 75°C and at pH 4.6 (Drake et al., 1981). Acetate kinase subsequentl

converts the acetylphosphate to acetate and ATP.

Compounds I nfluencing Acetyl-CoA Pathway

CO oxidation was found to be inhibited by carbon tetrachloride, propyl iodide and
arsenate. Arsenate inhibits ATP synthesis, which results in the inhibiticetat@production

from CQ, (Ljungdahl and Wood, 1969).

Synthesis of acetate from @@Was shown to be dependent on pyruvate as pyruvate serves
as a reducing agent and also is the source of the carboxyl group in acétabméBcet al.,
1973). Addition of pyruvate was found to increase the rate of CO oxidation. Decrdas€iD t
concentration decreased the specific rate of CO oxidation, but the lag phase orageorak
high CO concentration. Presence of arsenate and alkyl halides sudbagstetrachloride and
propyl iodide inhibited CO oxidation (Diekert and Thauer, 1978). Pyruvate was found to
stimulate CO oxidation 10-fold , stimulate reductive transcarboxylation eft@€&cetate, and

serve as an electron source for the reduction gftG@cetate (Schulman et al., 1973).
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Addition of reducing agents favors solvent formation by directing the electron flow
towards NADH formation; thereby, promoting ethanol formation (Rao and Mgtnara988).
In C. ljungdahliifermentation, addition of benzyl viologen at 30 ppm levels produced 3.7 mM
ethanol compared to basal medium with 2.5% cysteine HCI which produced 1.40 mM ethanol

(Klasson et al., 1991).

Acetogens also show different responses to metabolic inhibitors. Na supptemnenta
was necessary when the growthAaketobacterium kivuandA. woodiiwas dependent onyHout
not when growing on glucose (Terracciano et al., 1987). Howeléhermoaceticahowed no
dependence on Na supplementation, but was found to be sensitive to metal ionophores and the

Na'/H" antiporter inhibitor amiloride (Yang and Drake, 1990).
Economics

In spite of growing consensus to increase the consumption of green fuels, biofuels
account for only 3% of the total energy consumed worldwide in 2008 (EIA, 2009). Aided by the
Energy Independence and Investment Act, biofuel consumption in the US is expentzddse
from 3.58 x 10L d* in 2006 to 2.27 x TOL d™ by the year 2030 (EIA, 2009). In 2007, the US
consumption of ethanol was only 4.5% of the daily gasoline consumption of 1.48 x 10
(Source: Ethanol Producer Magazine, 2007). The key to ensuring a sustainable and secur
energy supply is the development of next generation production technologies. To neeet thes

objectives several obstacles must be overcome:
» Identifying and developing new variants of feedstock.

» Optimizing and perfecting new production technologies for commercial ethanol and othe

hydrocarbon fuel production technologies.
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» Developing infrastructure to utilize and consume green fuels.

It is projected that the long term US economic growth will average about 2r5¢éae
until 2030, and that crude oil prices will peak at $1.88r.2035 (nominal dollars) (EIA, 2009).
However, non-fossil fuel sources will contribute only 21% towards meetingyedemand with
room for development and incorporation of different renewable energy technologies. Tw
hundred biorefineries produced 10.6 billion gallons of renewable ethanol, supported 400,000
jobs across different sectors and added $53.3 billion to the nation’s Gross Domestic Product
(RFA, 2010). Current ethanol industries in the US utilize corn as the primary feed stook. C
ethanol accounts for a 20% reduction in Green House Gas (GHG) emissions, and has been th
center of debate concerning net energy value and its conflict with global food.stpely
Renewable Fuel Standard (RFS2) that is part of the Energy Independencelaity Seicof
2007 (EISA) mandates a production volume of 136.3°%.1* of renewable fuel by the year
2022 with advanced biofuels contributing 79.5 X 1@r* and corn ethanol capped at 56.8 x
10° L yr* (EPA, 2010). Currently, 28 advanced biofuel plants are under development and

construction with a combined production capacity of 6.44% 1%

Developing commercially viable processes will be key in evaluating dinagse
meaningful energy policy in this important arena. One of the major consideffatidhe
success of an energy crop is its efficiency in displacing fossil fuelentiic findings have
suggested a net energy and carbon savings with forage energy crops sutthgsass
(McLaughlin and Walsh, 1998). To compete in the current biofuel market, the engpgy c
needs to be competitive both as a fuel and as a crop. Other factors such as lowneranage
intensity, positive effect on soil quality and a stable income for farmérisenother factors

determining the success of the energy crop. Graham (1994) used the national crapproduc
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statistics to estimate that approximately 131 ¥ i} of land in the US can be used for growing

herbaceous crops such as switchgrass.

Resear ch | nitiative

Utilization of lignocellulosic feedstock for the production of renewable engffgys a
secure and sustainable source of energy. Lignocellulosic feedstockajromgantly and is
largely available as agricultural and forestry residues. Lignocedutobquid fuel conversion
processes are currently expensive and will become competitive at a dnoideccabove
$100/bbl (Lange, 2007). Conversion processes are still immature and require lssgaente
Process cost reduction will be ensured by continuous improvement in conversion technologie
and improved and efficient infrastructure for biomass cultivation and supply. These
developments will make the process simpler and less energy intensive, fbaretiyg the

overall production cost.

A biomass gasification and fermentation process has been identified astapote
process for meeting the biofuel production volume demand for the nation, and sevataasiti
are currently focused on developing the technology (DOE, 2006). Several gbslieed to be
addressed to ensure that the technology is scaled from the current pilot-scetertercial

production scale. Some of the broad challenges will include:

> ldentifying suitable enzymatic and microbial agents capable of biochkoagversion with

increased efficiencies.

» Understanding the protein structure-function relationships for the development ot@dpr

microbial strains (DOE, 2006).

» Altering the process conditions and improved fermentor design for higher proeldst yi
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» Regulation of the fermentation pathway by altering environmental conditiohsasyzH,
temperature and medium composition to achieve higher production efficiencies and

improved product yields.

» Improvement in mass transfer coefficients for CO apdnathich have aqueous solubilities of

77% and 68% of @at ambient conditions (Kapic et al., 2006).

Choice of a suitable fermentor design is critical to the development of ed-bas
fermentation processes and the potential to replace existing chensedldmmmodity
processes. The choice of fermentor will also determine the development of arcahme

fermentation process and the corresponding capital investment.

Fermentors achieving high microbial cell densities and high mass traristeara
desirable in achieving high syngas conversion rates (Klasson et al., 199F)tranager rates of
syngas components have been identified as one of the critical parametéesnimniieg the size
of reactor and process capacity. Mass transfer of syngas componentdatungrgor operation
involves three heterogeneous phases: bulk gas phase, the liquid fermentation raeditma;
solid microbial cells. For an efficient syngas conversion, the gaseousaselnstist be
transported across the gas-liquid interface and diffuse into the microligal Dele to low
solubilities of CO and Hin aqueous media, the gas-liquid interface offers the greatest mass
transfer resistance and is observed to be the rate limiting step during $smmgentation
(Klasson et al., 1993). According to Henry’s law, the solubility of a gasasthiproportional
to its partial pressure and indirectly proportional to temperature. Syngadigoinl@igueous
media can be increased by improving the volumetric mass transfer iereffG a) which is an
important parameter in defining the gas conversion efficiencies (Kagic 2006). Several

different strategies have been shown to incr&asancluding increasing agitator power per
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volume ratio, increasing the superficial gas velocity, increasing theriesmenpeller speed,
increasing the partial pressure of gaseous substrate, or by micro-bubhigi@inspeDifferent

reactor designs have also been investigated to increase mass tragsfelnratstudy comparing

a continuous stirred tank reactor (CSTR), packed-bubble column reactor (PCBRgldeded
reactor (TBR) utilizing a triculture dkhodospirillum rubrumMathanobacterium formicicum
andMethanosarcina barkerit was observed that CO conversion rates at a gas loading rate of
0.4 K were 90%, 80% and 100%, respectively (Klasson et al., 1992). The authors attributed the
complete conversion of CO in the TBR to operation close to a plug-flow behavior. However,
CSTRs are the most common fermentors due to ease of operation and scalabllitg. aSca

PCBR is a major challenge due to plugging of microbial cells between thexgackterial and
controlling the process parameters since the medium is not-well mixed vated-ap

(Bredwell et al., 1999; Munasinghe and Khanal, 2010). In a TBR, syngas can be purged either
a co-current or counter-current direction to the flow of fermentation medias o8&t

advantages over other reactors in terms of lower power consumption due to the absence of
mechanical agitation (Bredwell et al., 1999) and high mass transfef(K#eson et al., 1992).
Some of the disadvantages include poor gas-liquid distribution over the packed bed (Maiti and
Nigam, 2007) and reduced reactor performance due to excessive biomass growthmacketie

bed (Weber and Hartmans, 1996).

Strain selection, enhancement and adaptation and process optimization arenimporta
steps in bioprocess development and commercialization. These steps are geyatatijed in
the laboratory using shake flasks or serum bottle fermentations. Aidedibtycstiay designed
experiments, several process and test variables can be screened andlesialuiteneously,

including the interaction effect between the tested variables. Thigygtfatéher helps in
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reducing material costs and when done precisely, can help in accurateltitrgnis&a

parameters during scale-up (Garcia-Ochoa and Gomez, 2009).

Once the optimal process variables have been identified, the bioprocess caadascal
in bench- and pilot-scale fermentors that are known to imitate the hydroayaachoperational
conditions closely (Garcia-Ochoa and Gomez, 2009). Garcia-Ochoa and Gomez &@®09) al
recommend a typical scale-up ratio of 1:10, but recommend that using conservatively lowe
scale-up ratios would address unexpected fermentor behavior. Four different agheaehe

been recognized to be helpful during scale-up.

a) Fundamental Method: Using mathematical models to define the influence of apairati
parameter and geometrical design on the flow pattern in the fermentor. Thkedsvae
complicated and frequently require simplifications (Nedeltchev et al., 1999gnRec
advances include using computational fluid dynamics to study hydrodynamictehatas

during scale-up (Dhanasekharan et al., 2005).

b) Semi-fundamental Method: Using simplified equations and modeling techniques to
practically approximate fermentor operation. The equations are still stigdiyacomplex

(Garcia-Ochoa and Gomez, 2009).

c) Dimensional Analysis: In this approach, dimensionless groups are keptrtahsiag scale-

up (Garcia-Ochoa and Gomez, 2009).

d) Rule of Thumb: Scale-up criterion and their corresponding percentages used commonly in a
fermentation industry include: specific power input, P/V, (30&# (30%); and constant
impeller tip speed (20%) (Margaritis and Zajic, 1978). This method usuallysré@sul

different parameters when scaled up since it is impossible to maintaimtaea#os of the

22



criteria in relation to each other (Garcia-Ochoa and Gomez, 2009). Shukla et al. (2001)
identified maintaining power input per unit volume or volumetric mass transfiiccad
constant as the best approach during scale-up. The ‘rule of thumb’ approach is simple but

care should be taken to identify the limiting range of process parameters.

In general, a combination of the above methods will prove beneficial in approximating
the optimal process conditions. Similar to aerobic fermentafianfor syngas fermentation can
be considered a significant factor. During scale-up, optimal performance czalibed by

keepingK, a constant and determining the other operational parameters (Liu et al., 2006).

The details of the mechanism and strategy involved with selective produetifmrm
during anaerobic fermentation are obscure. One determining factortiregthe process is the
balance between energy conservation and entropy generation (Thauer et al. Thé¥7)
translates to the mechanism where in metabolic fluxes are favored oredgig¢aending on the
ATP requirement. The mechanism was confirmed by limiting nitrogetaauay during
Clostridium acetobutylicurtilization of glucose in batch and continuous fermentations. It was
observed that the fermentation pH indirectly affected the bacterial gratetlamd uptake of
nitrogen thereby influencing the molar growth rate on ATP (Roos et al., 1985). halgene
nutrient limitation was observed to result in a decrease of cell yieldagh,lintinuous and
immobilized cell fermentations (Karkare et al., 1986; Meyer and Papoutsakis,M@88¢ et al.,
1984). In batch fermentation, limiting mineral nutrients resulted in a decreesk ytld and
the specific growth rate reduced to zero, while in continuous fermentatioplhosphate
limitation, cell yield, product concentration and ATP demand decreased(Hlil] #993).

Under iron limitation (8:M) with methyl viologen added at 1 mM, a metabolic shift favoring

butanol production was observedGnacetobutylicunn batch fermentation (Peguin and
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Soucaille, 1995). In fermentation wi@lostridium ljungdahlij limiting calcium panthothenate
and cobalt chloride resulted in the decrease of the acetyl-CoA cycle, whsdtcn increase in

the NADP(H) to NAD(P) ratio that favored ethanol production (Gaddy et al., 2007).

Several process parameters such as pH, temperature, buffer addition aruh dogiteet
been shown to affect the growth and metabolic activity of acetogens. Duringexte
fermentations two distinct phases are displayed: 1) an acidogenic phasporutires with
production of fatty acids such as acetate and butyrate and a decrease of mediumq bl be
5.0, and 2) a solventogenic phase that occurs as undissociated acetate and butyrate ion
accumulated in the fermentation medium during the first phase gradually pasé ttn@ggl|
membrane and are converted to ethanol and butanol, respectively (Huang et al., 1886; étlas
al., 1991; Kundiyana et al., 2010). The concentration of undissociated acids in the medium has
been found to be one of the critical factors in the initiation of solventogenesis (Woealgn e

1991).

Addition of reducing agents such as methyl viologen, sodium sulfide, and cysteine has
been found to alter electron flow towards solvent production (Klasson et al., 1991; Rao and
Mutharasan, 1988; Younesi et al., 2005). The presence of alternate electron gcasgias

nitrates, have been found to repress the acetyl-CoA pathway (Imkamp aed, [2Q02).

The cost of nutrients used in a fermentation medium must be reduced while increasing
product concentrations and fermentation productivity. Alternative nutrient sourced alsaul
be cheaper, reduce media complexity and be environmentally safe to handle and dispose.
Lignocellulose feedstocks are nutritionally poor and must be fortified with conmutrients
such as yeast extract, tryptone and peptone, which make the process cost prohibitory on a

commercial scale. In a study directed towards developing low-cost fetmennedium, found

24



that by replacing yeast extract and peptone with corn steep liquor (Glicetethe media cost
50-fold inSaccahromyces cerevisilementations (Kadam and Newman, 1997). Other

complex nutrient sources such as cotton seed proteins and soy products also have been used in
pharmaceutical industries for antibiotic production and in food and agriculture appkcat

(Kokoczka and Stevenson, 1976; Yu et al., 1997; Zabriskie et al., 1980).

From the above background, it can be observed that syngas fermentation gffieienc
be improved by employing several process strategies. Research rgpeswtted herein
addresses some of these strategies. The broad objectives for the reseatohmmrove
ethanol yields during syngas fermentation and to design an economical feiongoracess.

The specific objectives for the study were to:

1. Screen alternative and inexpensive fermentation media components and dettegmine

potential for improving ethanol yields and lower media costs

2. Determine the effect of process parameters such as pH, temperature andrbafingas

fermentation.

3. Determine the effect of key limiting nutrients on the acetyl-CoA pathwaycontinuous

series reactor design.

4. Scale up syngas fermentation in a pilot-scale fermentor.
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Abstract

Biomass gasification followed by fermentation of syngas to ethanol is a potential process to
produce bioenergy. To make this process more economical, the complexity of media should be
reduced while using less costly components. In this study, the feasibility of incongpaton
seed extract (CSE) as a media component for syngas fermentation to produce ethanol using
Clostridium strain P11 was evaluated. A factorial experiment was conducted to screen and
evaluate the effect of different media components, in relation to CSE, on ethanol production.
Also, different CSE concentrations as well as the presence of MES buffer weréoteste
determine their effect on ethanol production. Bottle fermentations with media containing only
1.0 g L* CSE produced more ethanol after 15 d (1.17*ythan fermentation using any other
media. Further bottle experiments showed that media containing only d.E§E produced
more ethanol after 15 days (2.67 g)lthan a control media (0.6 gl and media containing

only 1.0 g [* CSE (2.16 g ). Fermentations in 3 L and 7.5 L stirred fermentors with 0.5 g L
CSE media achieved similar ethanol concentrations to what was observed in bottle studies.
These results indicate that CSE can replace all the vitamin and mineral media components
generally used for fermentation of syngas to ethanol by Clostridium strain P11, thereby

improving the process economics.

Keywords. Ethanol, Syngas, Clostridium, Cotton Seed Extract, Acetogenic bacteria
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I ntroduction

Dwindling fossil fuel reserves, energy security and rapidly chargjoizal climate is
putting immense pressure on nations to switch from fossil based energy to renewelly
sources. A goal has been set by the US Department of Transportation to 38gtacd liquid
transportation fuel with biofuels (Chum and Overend, 2003). Gasification of cellulosiaggom
followed by microbial fermentation can be one approach in meeting the liquideiuneind for
the future. Gasification produces synthesis gas (syngas) in which CQ anel tHe essential
components for subsequent ethanol production. Fermentation of syngas offers several
advantages such as high specificity of biocatalysts, lower energy gestiergesistance to
catalyst poisoning and no requirement for a fixed GQdtlo (Bredwell et al., 1999; Klasson et
al., 1992). Acetogens are a class of anaerobic bacteria able to reduce syngas cengonent

acetate via the acetyl-CoA or the Wood-Ljungdahl pathway (Wood et al., 1982).

Ethanol production is a non-growth related product formed during anaerobic syngas
fermentation. Several acetogenic organisms have been shown to produce ethanolgasm syn
Prominent among these a@éostridium ljungdahlij which produced up to 48 g'lethanol in a
continuous stirred tank reactor (CSTR) with cell recycle after 560 hCstridium
carboxidivoransP7, which produced 25 g'lethanol after 59 d in a CSTR (Kundiyana et al.,
2010; Phillips et al., 1993). Recen@jostridiumstrain P11 was reported to produce 9.2'g L
ethanol using CO, and is currently the organism of choice at our research facgyyngas to

ethanol conversion (Saxena and Tanner, 2006).

It is necessary that fermentation media costs are reduced, which is ataimpoterion
in a large scale ethanol production facility. Cotton seed extract (CSE9 bérefits such as

lower cost, nutrient stability, extended shelf life, ease in handling and treatspgrand ease in
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media incorporation. Due to these benefits, CSE has been used extensivelynentafien
media supplement, primarily in the area of industrial antibiotic production and production of
xanthan gum (Zabriskie et al., 1980). Steam exploded cotton gin residues werrgderby
Escherichia colikO11 with a maximum ethanol yield of 191 Lk¢Agblevor et al., 2003).
Cotton seed flour was also used to isolate clinically important aerobicibg&kfkin and

Pouchet, 1975).

CSE at a cost of $0.91/kg (Traders Protein, USA) offers considerable econloemefis
compared to yeast extract ($183/kg, Sigma Aldrich, USA) as a fermentagitia supplement.
A detailed compositional analysis for different cotton seed products has been publishe
previously (Zabriskie et al., 1980). Comparison of the chemical composition showsnbedlmi
and vitamin content in CSE are very similar to the stan@&stridiumstrain P11 fermentation
medium (Kundiyana et al., 2010). CSE also contains eighteen amino acids. Some afgino aci
such as glycine, valine and methionine have been shown to serve as chemoorganotragphic ener
substrate in acetogens. Amino acids also have been shown to support the growth ofimesophil
Eubacterium acidaminophilutiZindel et al., 1988). Table 2.1 shows the proximate analysis for
Proflo cotton seed extract (Traders Protein, USA) used in the present stugyha€Shown
varied effects of its incorporation in fermentations. In one study it was shotthergrowth of
Clostridium pefringen®\TCC 3624 was possibly inhibited by the presence of different
carbohydrate fractions, such as glucose, xylose, mannose, ribose and rhamnossyant gos
(Kokoczka and Stevenson, 1976). In another study it was observed that the biological
availability of amino acid contained in CSE was better compared to the delfvaanirm acid in
crystalline form (El-Sayed, 1990). No literature has been cited for the @®Fofor ethanol

fermentation studies involving anaerobic fermentation. The main objective of fempstudy

38



was to determine the effect of CSE on ethanol productiddstridiumstrain P11 in a syngas

fermentation.

Table 2.1. Compositional analysis of Proflo cotton seed extract supplied from Traders
Protein, USA. Detailed Proflo composition included in Appendix 1.

Composition Analysis Per centage, % (dry matter basis)
Total Solids 98.33
Protein (N x 6.25) 59.41
Carbohydrates 23.18
Reducing Sugars 1.17
Non reducing Sugars 1.30
Fat (Oleic & Free Fatty Acids) 4.18
Ash 6.73
Fiber 3.19
Moisture 1.67
Free Gossypol 0.043
pH (aqueous solution) 6.5

Materials and M ethods

Bacterial Culture Maintenance

Clostridiumstrain P11 originally was obtained from Dr. Ralph Tanner, University of
Oklahoma. All subculture fermentations were conducted in 500 mL serum bottles taah wi
100 mL final working volume Clostridiumstrain P11 subculture currently maintained in our
laboratory was used as the starting inoculum at the rate of 10 % of the working valie
bacterium was maintained under strictly anaerobic conditions in a standard ncediaming
following components (per Liter): 30 mL mineral stock solution, 10 mL trace nodtdicn, 10
mL vitamin solution, 10 g corn steep liquor (CSL), 10 g morpholinoethanesulfonic acid (MES),
10 mL of 4 % cysteine sulfide solution, and 1 mL of 0.1 % resazurin indicator (Tanner, 2002).

CSL was centrifuged at 20,000 g for 10 min, and the supernatant was added to thetfermenta
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bottles. Table 2.2 shows the detailed composition of the stock mineral, trace metéh@una vi
solutions (Huhnke et al., 2008). All fermentation serum bottles were incubated at &h &C w
constant agitation of 150 rpm on an orbital shaker for 15 d. The treatments were pthrged w
bottled syngas for 4 min (5 %,HL5 % CQ, 20 % CO, 60 % P to a pressure of 239 kPa every

24 h.

Table 2.2. Detailed media composition of vitamin, minerals and trace metal stock solutions
used in the Clostridium strain P11 standard media formulation (Huhnke et al., 2008

Trace metal stock solution g/L Vitamin stock solution o/L
CoCkL*6H,0 0.20 p-(4)-Aminobenzoic Acid  0.00!
Fe(NH:)2SOy)-*6H.0 0.80 d-Biotin 0.00:
MnSOy*H ;0 1.00 Calcium Pantothenate 0.00¢
NiCl,*6H,0 0.20 Folic Acid 0.00:
Nitrilotriacetic Acid 2.00 Mercaptoethanesulfonicéci 0.01(
NaMoO*2H,0 0.02 Nicotinic Acid 0.00¢
NaSeQ 0.10 Pyridoxine 0.01(
NawQ, 0.20 Riboflavin 0.00¢
ZnSQ*2H,0 1.00 Thiamine 0.00!

Vitamin B-12 0.00¢

Mineral stock solution g/L
NH,4CI 100
CaCb*2H,0 4
MgSO*7H,0 20
KCI 10
KH.PO, 10
NaCl 80

Effect of Incorporating CSE as a Media Supplement

To understand the effect of CSE as a potential media supplement, a Plackett-Burm
design was constructed to understand the effect of CSE and other media components on ethanol
and acetate production. TBé#ostridiumstrain P11 media contains stock solutions of minerals,
trace metals and vitamins, and yeast extract or corn steep liquor. Aallagperimental design
with six factors at two levels would require 64 sets of experimefjtswiich was not feasible.
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A Plackett-Burman design is a two level multi factor experimental desitgpstN-1
variables in N experimental runs. The runs, also referred to as assemblidse musultiple of
4. The design rationale represents a balanced incomplete design (Staahyh986). Table
2.3 shows the detailed assembly designed for the CSE experiment. The dummg iratfebl
table represents the factor not studied as only six factors were observed potianhfor the
current study. The dummy variable also increases the degrees of freedom in timeegxpé-
1" and “+1” refers to the lower (not present) and upper (standard media conoapteatels of
individual components, respectively. For CSE “1” and “+1"equaled 1.6 and 3.0 g L},

respectively. All runs were conducted in triplicate.

Optimization of CSE Concentration as a Media Supplement

Following Plackett-Burman experimental design to evaluate the effedfefent
fermentation media factors, a second series of experiments were cortduidéermine the
effect of CSE concentration on ethanol and acetic acid producti@fobyridiumstrain P11.
The experiments were conducted in triplicate in 250 mL serum bottles with 100 mickifigvo
volume. Two levels of CSE concentration, 0.5gdnd 1 g [*, were tested against standard
Clostridiumstrain P11 fermentation medium. The CSE fermentation media was prepared only
with CSE and no other media components were added. Incubation of the test bottles were

similar to the conditions described earlier.
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Table 2.3. A Plackett-Burman design to evaluate the affect of CSE incorporation in
conjunction with other Clostridium strain P11 components. The factors included in the
design are: Yeast Extract (A), CSL (B), Minerals (C), Trace méiglsvitamin (E), CSE (F)
and Dummy variable (G).

Factors — A B C D E F G
1 1 1 1 1 1 1
2 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1
Treatment 4 1 1 1 1 1 1 1
(Trt) 5 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1

Effect of MES Buffer on Media Supplement

A third set of experiments was conducted to study the effect of addition of ME$® buffe
when using CSE as a fermentation media component. The purpose of this experiment was t
determine the effect of presence or absence of buffer on fermentation and prodatbh. In
the present study, CSE was the only component in the fermentation media at a dumteftra
0.5 g L'*. Treatment with buffer was added with MES at a standard rate of 10 Bllmination
of buffer also offers improved process economics since MES accounts for apisdxiéy %
of the standarlostridiumstrain P11media cost. All the treatments were conducted in

triplicate, and were incubated under conditions described earlier.

Effect of Scale-Up on CSE I ncorporation
The final step in identifying the feasibility of CSE was to determinefteeteof CSE

incorporation in laboratory scale fermentors. Scale-up is important from aercrahzation

42



perspective because the complexity changes from cellular kinetics caohiggiitem response to
transport limitations controlled system responses. This becomes even incakicrgas-liquid
mass transfer systems, such as syngas fermentations, where saltibditlyjon monoxide and

hydrogen becomes a challenging operational limitation (Ungerman and HE0@g).

Fermentations were conducted in 3 L and 7.5 L Bioflo 110 New Brunswick Sicientif
fermentors with 2 L and 5 L working volume, respectively (New Brunswick, NJ). The
fermentation media contained only 0.5 § CSE and 1 % MES buffer. It was decided to add the
buffer because it was observed in preliminary experiments that presencéeofjaué a better
pH control during the growth stages of fermentation. Detailed proceduretaum
preparation and operation of a fermentor has been described previously (Kundiyar2&0a
The fermentors were maintained at 37°C under batch conditions with continuous microgspargi
(Mott Corporation, USA) of bottled syngas (5 %, H5 % CQ, 20 % CO, 60 % B. The gas
flowrate maintained at 0.1 L mifrwas observed to be appropriate to minimize foaming inside

the reactor and avoid excessive addition of antifoam reagent.

Media pH was controlled at 5.9 using 1 M KOH solution only in the first 48 h to promote
growth in order to achieve high cell densities in the fermentation medium. ThepH wa
controlled automatically using the New Brunswick Operator Interfaceimalf©IT) with a
pump dosing setting of 25 % and a deadband setpoint of 0.2. The total fermentation time in the
fermentor was 21 d. Fermentation broth samples were removed every 24 h for rgeasurin

product formation.

Analytical Procedures
Analysis samples were collected every 48 h from the serum bottles and evergi24 h f

the larger fermentors for determining the time course of product fammalithanol and acetic
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acid were separated by HPLC with an Aminex-HPX-87H ion exchange coluomadB
Hercules, CA, USA). The eluent was 0.005 molH,SO, pumped at 0.6 ml mthand column
temperature was 60 °C (Sluiter et al. 2005). Separated components were detactfddoiive
index detector (1100 Series, Agilent, Santa Clara, CA, USA). Peaks wereedenyif
comparing with known standards (Sigma-Aldrich, St. Louis, MO, USA). No cell dengiere
measured in the fermentation bottles or in the reactor studies because ofregihtaggy to the

CSE solids.

Overhead gas samples were collected every 24 h from the 5 L reactor beadspa
analyzed for syngas component utilization. The total run time for sampieianaas 20 min.
A ramped temperature profile was followed in the oven for resolving overlapped pe¥k$qB2
12 min— ramped to 236 °C at the rate of 30 °C WinThe separated components were
detected using a thermal conductivity detector (TCD) maintained at inlet datteatperatures
of 200 °C and 230C, respectively. Oxidation-reduction potential (ORP) of the fermentation
broth was measured using a Ag/AgCl reference ORP electrode (InPro 320#8iér Toledo,
USA) attached to a transmitter (M400, Mettler Toledo, USA) and the dataeatqging pDAQ
56 (lotech Corporation, USA). Redox potential)(&as calculated vs. standard hydrogen

electrode (SHE) using equation 1.
B.=E+2224mV [1]

where, E was the measured redox value and +222.4 mV is the standard electrode potential of

Ag/AgCI electrode (Kakiuchi et al., 2007).

Analysis of variance of data was performed using the GLM Procedure oR8k8se
9.1 (SAS, Cary, NC, USA) with a compound variance covariance structure and repeasedem

design. Level of significance was tested at0.05.
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Results and Discussion

The present study was conducted to evaluate the feasibility of CSE as iatétione
media component for ethanol production from syngas to replace more expensive media
components such as yeast extract, minerals, trace metals and vitaroorporation of CSE
offers new avenues for media optimization and cost reduction of fermentationsyseias.
To the best of our knowledge, no studies of CSE use in an ethanol fermentation process have
been mentioned in literature. The lower level of CSE was chosen according to theticiion
of yeast extract in the standard medium described earlier (I'{ gALsimilar amount of cotton
seed meal was added for antibiotic P-3355 production @&negtomycesp (Sumino et al.,
1976). In another study it was observed that the presence of (0.029%) gossypol and the (1%)
carbohydrate fraction from Proflo inhibited the growtrCédstridium perfringengKokoczka
and Stevenson, 1976). It was assumedGhadtridium strainP11 would be similarly inhibited e

by CSE and hence, 3.0 § 116 of CSE was chosen as the higher level.

Association of CSE with other Clostridium strain P11 Fermentation Media components

Influence on Ethanol Productivity

Figure 2.1 depicts ethanol production for the eight treatment runs averagesitaer
triplicate treatments plotted as a function of time. Ethanol production was notexbgethe
first 7 d of fermentation, with subsequent production observed in later stages. Maximanoi et
concentration of 1.17 gtwas produced at the end of 15 d in treatment with the lower level of
all factors (Treatment 8 contained only 1.0 §CSE as a fermentation medium component). A
similar ethanol production profile was observed previously in syngas fermentatioessvith
Clostridium carboxidivoran®7 (Ahmed et al., 2006). When treatments with 1.0 and 39 g L
CSE were compared, ethanol production was similar for both CSE levels. Theadéwrel of

1.0 g L* was sufficient.
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Overall, the presence of the mineral stock solution had a positive effect on ethanol
production (fr17=9.03,p = 0.0080) in the experiment. However, due to the high ethanol
production in treatment 8, which contained 1.0'g@SE and no mineral stock solution, the
possibility of replacing all of the media components with CSE was further igatest. CSE
contains a complex mixture of amino acids, vitamins and minerals; thus, it méy thetis
nutrient requirement dtlostridiumstrain P11 during syngas fermentation. This may justify the
possibility of including CSE as the sole fermentation media component (Zalatiskie1980).

The proximate analysis of CSE indicates 23.2 % of carbohydrates. At an indorpoate of 3.0
g L, the carbohydrate in CSE would theoretically yield less than 0:3af ethanol. Ethanol
yields observed in the present study are considerably higher than 8,3nglitating that syngas

components were utilized as the main carbon source for ethanol production.
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Figure 2.1. Clostridium strain P11 ethanol profilein a Plackett-Bur man designed
experimentsto assess theimpact of incorporating CSE as a fermentation media
component. The error bars represent the standard error (n=3). Details on treaareegtven
in Table 2.3.
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Influence on Acetic Acid Productivity

Figure 2.2 depicts the acetic acid production for the eight treatment ruaged@cross
the triplicate treatments plotted as a function of time. Acetic acid produsitiowed a linear
trend until 7 d, before th€lostridiumstrain P11 switched to ethanol production. A maximum
acetic acid concentration of 4.83 g as produced after 7 d in the second treatment of the
experimental design. Presence of vitamin and CSE concentration did noaedfiéciacid
production throughout the fermentatignX 0.05). The presence of yeast extragh{E 76.70,

p < 0.0001) and CSL ¢(R7=126.10p < 0.0001) both had a positive effect on acetic acid

production .
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Figure 2.2. Clostridium strain P11 acetic acid profilein a Plackett-Bur man designed
experimentsto assess theimpact of incorporating CSE as a fermentation media
component. The error bars represent the standard error (n=3).

Table 2.4 shows the mean ethanol and acetic acid concentration observed across all the
treatments. The above results indicate that production of acetic acid in thetages of

fermentation is necessary for subsequent production of alcohols in the seconthstégethe
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reduction of acids to solvents (Worden et al., 1991). In the present study, the specdton

of acetic acid to ethanol was not studied and similar interpretation cannot beatorbdracetic
acid plots, possibly because acetic acid was simultaneously produced alorng miduction to
ethanol. The possibility of acetic acid reduction to ethanol previously has beemeddldarst
and Lewis, 2010). Suitable methodology for determining if acetic acid reductitmatwmé

occurs would be to use C14- and C13-isotope labeling studies (Ragsdale and Pierce, 2008),

which was beyond the scope for present study.

Table 2.4. Mean ethanol and acetic acid production from treatments containing CS

Time, d Ethanol Acetic Acid

e gLt SEET | e gt | S
1 0.02 0.02 1.08 0.17
3 0.00 0.00 2.25 0.22
5 0.00 0.00 3.08 0.23
7 0.03 0.02 3.84 0.24
9 0.22 0.04 4.22 0.18
11 0.54 0.05 4.15 0.16
13 0.70 0.06 4.07 0.20
15 0.76 0.07 4.06 0.21

Effect of CSE concentration on Clostridium Strain P11 fermentation

The objective of this experiment was to determine the effect of differentrdosmoens
of CSE on product formation durir@ostridiumstrain P11 fermentation. The control for the
experiment was the treatment using the stan@&stridiumstrain P11 medium. Figure 2.3
shows the concentration effect of CSE on ethanol production. Maximum ethanol (256 g L

was produced in the treatment with 0.5 ddded CSE. Ethanol production in the control
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treatment was associated with a longer lag period, possibly due to the additi&$ dduffer in

the control medium. Bryant and Blaschek (1988) observed that the buffering effect was
dependent on the type of buffer used and also on the fermentation medium composition. They
observed that elevated pH was favorable for butanol producti@idsyridium acetobutylicum
(Bryant and Blaschek, 1988). Statistical analysis indicates a signiéiffant of CSE

concentration on ethanol production §& 19.62,p = 0.0023). The use of 0.5 §'|CSE resulted

in higher ethanol production than both 1.0°§CSE and the control treatmeni{f= 11.72,p

= 0.0206).

3.0
=3¢=(.5 g/L =€= 1.0 g/L == Control

2.5 -

2.0

15

1.0

0.5

Ethanol Concentration (gL 1)

0.0

0 2 4 6 8 10 12 14 16
Time, d

Figure 2.3. Effect of 0.5gL ™ and 1.0 g L™ of CSE concentration on ethanol production
with Clostridium strain P11. The control refers to fermentation@bostridiumstrain P11
standard media. The error bars represent the standard error (n=3).

Figure 2.4 shows the acetic acid profile observed during the CSE concentestoretrt.
The control treatment was associated with comparatively higher yieldstaf acid compared
to fermentation using CSE as the only media component. This is encouraging because the
fermentations with CSE were more specific to the production of ethanol with low aletiom

of acetic acid, which can subsequently improve the process economics lasohectike product
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complexity for the downstream separation process. Statistical anabjisates a highly
significant effect of CSE concentration on ethanol productigp €/6.65,p < 0.0001). CSE
concentration also had a significant effect at different time points wherdhe acid
concentration was measured4{k= 3.46,p = 0.0009). The significant effect of the CSE
concentration was due to the significant linear interaction between testleai(g s = 44.09 p

= 0.0003).

—>=05¢g/L =&-= 10g/L =—e—Control

Acetic Acid Concentration (gL 1)

16

Time, d

Figure 2.4. Effect of 0.5 gL and 1.0 g L™ of CSE concentration on acetic acid production
with Clostridium strain P11. The control refers to fermentation@lostridiumstrain P11
standard media. The error bars represent the standard error (n=3).
Effect of MES buffer on media supplement

The objective of this experiment was to determine the effect of MES buffer during
Clostridiumstrain P11 syngas fermentation. Figure 2.5 shows the ethanol, acetic acid and pH
profiles measured to show the effect of syngas fermentation with- (“Baé)without buffer
(“WO-Buf”) treatments on productivity. Statistical analysis indisdtet the presence or

absence of buffer had a significant effect on ethang] £/30.27 p = 0.0053) and acetic acid

production (ff4=575.03p < 0.001). Treatment with added buffer produced higher amounts of
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acetic acid and ethanol compared to treatment without buffer. However, the added buffe
treatment also demonstrated a lag in switching from acidogenic to solvertpbase and also
showed a greater accumulation of acetic acid in the fermentation botdesm@lation of acetic
acid and butyric acid has been found to favor ethanol and butanol production during different
Clostridiumfermentations (Bryant and Blaschek, 1988). The authors also indicate that the pH of
the fermentation medium needs to be regulated in order to equilibrate the protonateuzaad |
forms of acetic acid and butyric acid, which enhances the productivities of etéimahiolitanol,
respectively (Bryant and Blaschek, 1988). Acetic acid, a weak organic agubgkilic when
undissociated and permeates through cell membranes. When diffusing through the cell
membrane, they conducf kbns resulting in a decrease of intracellular pH (Overmann, 2006).
At low internal pH values, the effect of extracellular pH is magnified, whrelssgs cells and

they counteract the situation by producing solvents (Ahmed et al., 2006).

—=—\WO-Buf_EtOH .-+ Buf_EtOH
- —e—WO-Buf_AA - @+ Buf_AA

Ethanol Concentration (gL 1)
N
Acetic Acid Concentration (gL -
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Figure 2.5. Effect of MES buffer addition on ethanol (EtOH), acetic acid (AA) and pH
profile during Clostridium strain P11fer mentations with CSE asthe fer mentation media
component. The error bars represent the standard error (n=3).

51



Effect of Scale-Up on CSE incorporation

Figure 2.6 depicts the acetic acid and ethanol production profiles observed indhe 3
7.5 L fermentors. The 7.5 L fermentor shows comparatively higher ethanatetrdaxid
productivity than the 3 L fermentor and the serum bottle fermentations, dledidgting
improved productivity due to scale-up with similar media composition and gas tiesvinghe
reactors. The measured acetic acid concentration is lower compareddttidérmentations,

corresponding with a favorable production regime and a lower downstream isepewastraint.
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Figure 2.6. Product profiles, acetic acid and ethanol, measured during scale-up of CSE
fermentationin 3L and 7.5 L fermentor.

The Wood-Ljungdahl pathway governing acetogenic bacterial fermentatiotidns as
an electron accepting, energy conservation pathway and as a pathway fophigot
assimilation of carbon (Ragsdale and Pierce, 2008). Redox measurement \edersgunique
metric to determine the product distributiorQlostridiumfermentations. In fermentation with
Clostridium acetobutylicumt was observed that the ratio of NADPH to NADH was important

in manipulating the fermentation end products (Peguin and Soucaille, 1996). These authors
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observed a linear relationship between the fermentation redox potential and NADH
concentration, with lower redox potential associated with higher NADH contientra he

redox and pH profile for CSE fermentation in the 7.5 L fermentor is shown (Figgre 2.7
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Figure 2.7. Redox and pH profile during the Clostridium strain P11 fer mentation with CSE
asthe mediacomponent in a7.5L fermentor. The redox values were registered every 1 min
and the values plotted are averaged over a 24 h time period.

At the beginning of the fermentation, #alue was -105.9 mV SHE with a corresponding
pH of 6.0. With the production of acetic acid, the pH value andhalke decreased until the
end of 3 d before the bacteria switched from acetogenic to solventogenic phasawitthisvas
observed to be earlier than the serum bottle fermentations and previous studi@s with
carboxidivoransP7 (Ahmed et al., 2006). The falue started increasing with the onset of
ethanol production to a value of -133.9 mV at the end of 15 d before the ethanol production and

redox value started plateauing. The redox profile indicates th@ids&idiumstrain P11 cells

prefer producing ethanol in the redox range of -240 (4 d) to -130 (15 d) mV SHE. The increase
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in redox values observed in the study is possibly due to the fermentation environmenbgecom

less reductive.

Figure 2.8 shows the exhaust gas sample analysis from the 7.5-L fermentdrO §es
analysis was lost due to improper integration of the chromatogram peaks. Theadvgak
sample analysis does not show any correlation with the fermentation pH, as dliserve
Butyribacterium methylotrophicufermentation (Worden et al., 1991). During the acetogenic
phaseClostridiumstrain P11 shows increased utilization of CO corresponding to acetate
formation and cell growth. The cells also show utilization pahkid CQ, possibly for cell
growth, and minimal amounts of ethanol were produced initially. Ethanol production shows an
interesting trend in relation to,HCO and C®@consumption. During the lag (0 - 3 d) and
stationary phase (12 - 17 d) an increased consumption of the syngas components e, obse
while the consumption decreased during the log (4 - 11 d) and death phase (18 - 21 d). The trend
indicates a higher requirement of reducing equivalents possibly for the macgesfahe cell.
Subsequent drop in ethanol productivity resulted in decreased CO consumption (8 - 13 d), which
led to the reduced consumption of pbssibly due to hydrogenase inhibition by CO (Ragsdale,
2004; Ragsdale and Pierce, 2008). This was further associated with no aceticaatidhior
and a very low productivity of ethanol. Reasons for consumption of CO andt@@@ end of
fermentation can only be speculated. One possible reason could be the utilizatrogasf sy

components as a source of maintenance energy under stressed conditions (Yaun2e0&).
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Figure 2.8. Exhaust gas sample analysisfrom the 7.5 L fermentor (H,- hydrogen, CO,-
carbon dioxide and CO- carbon monoxide). Inlet syngas had a standard composition of 5 %
H,, 15 % CQ and 20 % CO.

Conclusion

CSE can replace the standard media components used in acetogenic syragdation.
An average improvement in ethanol productivity of approximately 65% can be achiewed dur
the initial stages of fermentation (between 2 and 9 d) by eliminating MIE&. Under such
buffer deficient fermentations, the fermentation product distribution is ajstated more

towards ethanol production rather than acetic acid production.
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CHAPTER I11: Effect of Low Temperature, Low pH and Different
Corn Steep Liquor Pretreatmentson Synthesis Gas Fer mentation using

Clostridium strain P11
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Abstract.

The biomass gasification-fermentation process offers a viable approach for the utilizdten of

cost agricultural raw materials and ensures utilization of lignin for biofuel production.
Fermentation pH, incubation temperature, and presence or absence of media buffer can alter the
activity of microorganisms. For instance, carbon monoxide and hydrogen components of syngas
show decreased solubility with increasing fermentation temperature, Clostridiwnespe
preferentially switch from acetogenesis to solventogenesis phase at pH below 5.0, and
morpholinoethanesulfonic acid (MES) added as media buffer has been shown to have increased
lag time for ethanol production. The objective of the present study was to determinectise eff

of temperature, pH and MES Buffer on Clostridium strain P11 fermentation. Results indicate
that treatment at 32 °C without buffer was associated with higher ethanol concentration and
reduced lag time in switching to solventogenesis. Temperature above 40°C and pH below 5.0
were outside the optimal range for growth and metabolism of the bacteria Clostridium strain

P11.

Keywords., Ethanol, Anaerobic, Biomass, Syngas, Acetogens
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I ntroduction

Biologically, ethanol can be produced either by direct fermentation of i¢aivle sugars
in sugar crops, by enzymatic and physico-chemical degradation of celhilosiass to sugar
followed by fermentation by yeast or bacteria, or by biomass gdsifiiermentation
processes. One of the major disadvantages with the utilization of straw, wood and other
cellulosic biomass is the presence of a large proportion of non degradable compmieats s
lignin. Gasification of cellulosic biomass can be one approach of overcoming tbishuiagle.
Gasification produces synthesis gas (syngas) in which CO aarkkhe essential components
for subsequent ethanol production. Syngas fermentation offers several adventdgesical
catalyst conversion of syngas such as the higher substrate specificityatélyisis, lower
energy costs, greater resistance to catalyst poisoning and the lackjoiremnent for a fixed

CO:H, ratio (Bredwell et al., 1999).

Biological fermentation of syngas is irreversible in nature as it ensongglete
conversion of cellulosic feedstock. Production of acetate by utilizing C@a@eH can be

summarized by the following reactions (Ljungdahl, 1986):

4CO + 2H0 — CH,COOH + 2CQ (AG® = -37.8 KJ/g mol CKCOOH) [1]

2CO, + 4H, —» CH;COOH + 2HO (AG® = -18.6 KJ/g mol CECOOH) [2]

Based on the similarity with respect to equations [1] and [2] above, the following
stoichiometry for ethanol production in autotrophic acetogens has been proposed (Vega et al

1989).

6CO + 3HO — CHsOH + 4CQ (AG® = -59.9 KJ/g mol gHsOH) [3]

2C0;, + 6H — CHsOH + 3H0 (AG® = -23.2 KJ/g mol @HsOH) [4]
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Organisms that can reduce £ acetate via the Wood-Ljungdahl pathway (acetyl-CoA
pathway), are termed acetogens. Acetogens are strictly anaerobic amckpaoetate as the

major fermentation end product (Muller, 2003).

Production of ethanol by acetogens follows a path similar to the Wood-Ljungdahl
pathway for acetate production by acetogens su€Hasdridium acetobutylicuriJones and
Woods, 1986). Oxidation of Ho 2[H] or of CO with HO to CQ and 2[H] produces the
reducing equivalents needed for the conversion of&®d@ CO to acetate or alcohols (Henstra et
al., 2007). Ethanol is a non-growth related product formed during syngas fermentatiomal Seve
acetogenic organisms have been shown to produce ethanol. Prominent among these are
Clostridium ljungdahlii(continuous fermentation) ar@lostridium carboxidivorangbatch
fermentation), which produced up to 460 mM and 175 mM ethanol, respectively (Gaddy et al.,
2007; Liou et al., 2005)Clostridiumstrain P11 was reported to produce 200 mM ethanol using

CO in a batch process (Saxena and Tanner, 2006).

One potential bottleneck in the utilization of syngas to produce ethanol is the low
solubility of CO and H components of syngas in aqueous broths (Riggs and Heindel, 2006).
Experiments in a 100-L fermentor in our pilot scale facility have indicatedh@a&ionversion
efficiency of CO and Klis only 20% at a continuous gas flowrate of 0.9 liters per minute (LPM)
at 37 °C (Kundiyana et al., 2010). Also, it has been shown that higher temperatures have a
negative impact on the solubilities of CO ang Which also decreases the mass transfer rate of
these gases to fermenting cells (Henstra et al., 2007). Fermentation pH is faobdnelictating
the switch from acidogenesis to solventogenesis during the anaerobic tdromeot syngas.
Media pH values in the range of 4.5 to 4.8 results in the microbial cells switching from

acidogenesis to solventogenesis (ethanol production) (Ahmed et al., 2006; Wordetostial
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In addition to the process conditions affecting bacterial metabolism, it issaggehat
fermentation media costs are reduced to make the process economical fromesiactaimm
perspective. Morpholinoethanesulfonic acid (MES) used as a buffering agentas syng
fermentation media accounts for approximately 97% of the c&3pstridiumstrain P11
standard media. Removal of the buffer fr@mstridiumstrain P11 fermentation medium may
offer considerable process cost benefits. The overall objective of the presgntasud test
different operational parameters during syngas fermentatiorGAgtridiumstrain P11. The
specific objectives for the present study were to determine the effe(43 fefrmentation
temperature; (b) medium pH; and (c) buffer concentration, on ethanol production dugag syn

fermentation.

M aterials and M ethods

Bacterial Culture Maintenance

Clostridiumstrain P11 (ATCC PTA-7826) was originally obtained from Dr. Ralph
Tanner, University of Oklahoma. The bacterial strain is currently maadan our laboratory,
and was subcultured and used as the starting inoculum at the rate of 10% of thg waltkine.
The species name for this strain has not been officially assigned. All subdatimentations
were conducted in 250 mL serum bottles each with a 100 mL final working volume. The
inoculum was prepared by a procedure termed as ‘passaging’ wherein the inoaslgorbw
cultured sequentially with an incubation period of 48 h. The third passage was used as the
inoculum for all treatment fermentations. The bacterium was maintainedsiridly anaerobic
conditions in a standard medium containing the following components (per Liter: 30 m
mineral stock solution, 10 mL trace metal stock solution, 10 mL vitamin stock solution, 10 g

corn steep liquor (CSL), 10 g morpholinoethanesulfonic acid (MES), 10 mL of 4%n&ystei
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sulfide solution, and 0.1 mL 1% resazurin indicator (Tanner, 2002). Detailed composition of the
stock solutions has been described previously (Kundiyana et al., 2010). CSL wasgeshttf
20,000 g for 10 min, and the supernatant was added to the fermentation bottles. Removal of
solids was found to be necessary to minimize the variability in subculture prep&etause of

the varying solids concentration in CSL, and to avoid solid precipitation aftéizaten which

was found to be interfering with cell biomass optical density estimation. Himaet bottles

were purged with commercial syngas (Composition: 5/dB% CQ, 20% CO, and 60% )\

every 24 h and incubated at 37 °C with a constant agitation of 150 rpm on an orbital shaker.
Analyses samples were collected every 48 h for determining the time émubseterial cell

biomass, substrate, and product concentrations depending on the fermentation protocol. The cel
biomass was determined by measuring sample absorbance at a wavel&6gthrof (Asonm N

1-cm pathlength cuvettes using a UV-visible spectrophotometer (Cary 50 BianMdBA).

Ethanol and acetic acid was separated by HPLC with an Aminex-HPX-87H ibangp

column (Biorad, Hercules, CA, USA). The eluent was 0.03:8/®4 pumped at 0.6 ml mihand
column temperature was 60 °C (Sluiter et al. 2005). Separated components wéed bgtac
refractive index detector (1100 Series, Agilent, Santa Clara, CA, USA). Reaksdentified

by comparing with known standards (Sigma-Aldrich, St. Louis, MO, USA).

Preliminary Screening Experiment

A set of preliminary experiments were conducted to test and compare lowadampe
treatment (Trt_Temp) (30 °C) and low pH (Trt_pH) (5.0) against control (Trt_CnHC and
pH 6.0) treatment. A set of preliminary experiments was also conducted totevhkiaffect of
pre-treating CSL before adding to the fermentation media. The purpose of tleatpretit was
to determine if pretreating CSL had a significant effect on ethanol productven different

methods for CSL pretreatment were chosen. The first method involved autoclaving CSL
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(Trt_AC) at 121 °C for 30 min at 103.4 KPa and adding the whole CSL without separating the
solids. In the second method, CSL was centrifuged (Trt_CF) (to separatg a®lkittscribed in

the previous section and only the supernatant added to the fermentation medium. The two
fermentation treatments were compared with the control treatment ¢ogtg@ast extract

(Trt_YE) (1 g L'Y) instead of CSL. The incubation time for the first set of screening e>gresm
was 9 d while the second set of screening experiments was incubated for 15 d. All the

fermentations treatments were conducted in triplicate for statigttidlty.

Effect of Buffer, pH and Temperature on Syngas Fermentation

A 3 by 3 central composite was designed to evaluate the three factoet daee levels
(Table 3.1). In the table levels “-1”, “0” and “1” represent low, middle and highslefeach
factor. Each of the treatments was conducted in triplicate with threelqeitris serving as the
control (Level 0). The levels of each factor were determined based on tharaglitests.
Each of the treatment bottles was incubated for 15 d on an orbital shaker at incubation

temperature dictated by the experimental design.

Table 3.1. Coded Values for thetreatment variables

Coded Values
Treatment Variables -1 0 1
Buffer Concentration 0 1% 2%
pH 5.0 6.0 7.0
Temperature (°C) 32 37 42

Statistical Analysis
For all experiments, analysis of variance (ANOVA) was calculaged(.05) using the

mixed procedure in SAS (Enterprise Guide version 4.2 SAS, Cary, NC, USA) and dieren
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among means were calculated using Fisher's protected least siguifiterence testy < 0.05).
Statistical comparison of mean ethanol and acetic acid concentration, amgticell density
were performed using the repeated measure analysis and the meanparatedesing
Fisher’s protected least significance difference (LSD) method for aamgpaultiple treatments
at different sample times. Levels of buffer addition, temperature and pHnekréed as
independent variables for determining the main effects, two-way, and thsesteractions.

All the treatments were performed in triplicate unless otherwise noteatl designificance was

tested atr = 0.05.

Results

Preliminary Experiment

Two different sets of experiments were conducted. In the first set oirepes, the
incubation fermentation pH was reduced from 6.0 to 5.0 (Trt_pH), and the incubation
temperature decreased from 37 to 30 °C (Trt_Temp). In the second experimeaivadt@GdL
(Trt_AC) was compared against centrifuged CSL treatment (Trt_CFharwbntrol treatment

with yeast extract (Trt_YE).

In the first set of experiments, Trt_Temp showed comparatively higher ethanol
(3.02 g LY, acetic acid (4.94 g'1) and cell biomass (0.68 g').concentrations at the end of 9 d
compared to the Trt_pH and the Trt_Cont (plots not shown). At the end of 9 d, the ethanol,
acetic acid and cell biomass concentration in the Trt_pH was 1.863y36 g * and 0.30 g !
respectively. In the Trt_Cont, ethanol concentration peaked at the end of 7 d (Z¥angl L
subsequently decreased to (1.42% &n the § d. The acetic acid and cell biomass

concentration at the end of 9 d was 4.75"ghd 0.46 g L' respectively.
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In the second set of experiments, it was observed that pretreating CSL either by
autoclaving or by centrifugation did not have a significant effect on ethanol et ac
production at the end of 15 d. Maximum ethanol (1.0'pvas produced in the Trt_AC
treatment while maximum acetic acid (5.609 toncentration was produced in the Trt_YE
treatment. Statistical analysis indicated that pretreating GBé&rdiay autoclaving or
centrifuging (both treatments at 37°C and pH 6.0) was not observed to have a sigefifieznt

on ethanol production.

Together these results suggest that lowering the initial pH will not ealtec
production of ethanol. Low temperature fermentation may give better ethanol apidmelss
concentration compared to other treatments. Hence it was necessary fetestt devels of pH
and temperature on syngas fermentation. Since autoclaving or centrifudirdidd®t have a

positive impact on ethanol formation, no further testing of CSL pretreatment was ezhduct

Effect of Buffer, pH and Temperature on Syngas Fermentation
Preliminary experiments indicated the possibility of improving the syngaversion by
reducing the fermentation temperature. A previous study indicated improvienagimanol
yield and possibility of decreasing the media cost by the removal of bufied{yana et al.,
2010). The ethanol, acetic acid and cell optical density for the different éreatombinations
of buffer concentration, incubation temperature and incubation pH levels observed in tBe 3 by

experiment are shown (Table 3.2).
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Table 3.2. The experimental data for thetested processvariables at the end of 15d (n=3).

Treatment Buffe® pH® Temperaturgé Acetic Acid Ethanol Cell Density pH

1 0 1 1 0.22 0.00 0.08 6.46
2 0 1 -1 6.35 0.58 1.07 4.77
3 0 -1 1 0.34 0.00 0.06 5.19
4 0 -1 -1 3.71 0.52 0.81 4.29
5 1 1 0 7.88 0.30 0.70 5.14
6 -1 1 0 1.60 1.65 0.84 4.50
7 1 -1 0 3.58 0.43 0.62 4.40
8 -1 -1 0 2.41 0.39 0.50 4.34
9 1 0 1 0.21 0.00 0.08 5.98
10 -1 0 1 0.28 0.00 0.08 5.47
11 1 0 -1 3.53 0.73 1.038 4.85
12 -1 0 -1 1.45 1.89 0.95 4.39
13 0 0 0 3.94 0.69 0.74 4.74

2 See Table 3.1 for code values. Units for acetic acid and ethanol concentratiog Eresind
cell density at Asonm

Effect on Ethanol

Figure 3.1 compares ethanol production in 13 different treatments. Maximum ethanol
concentration (1.89 g1) was produced in the £2reatment (No buffer, pH 6.0, 32 °C). In
general ethanol concentration in all treatments except treatments 6 (M pkiff7.0, 37 °C)
and 12 were lower than 1 g'L The control treatment (1% MES, pH 6.0, 37 °C) (treatment 13)

was associated with a longer lag time (5 d) compared to the other treatments.
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Figure3.1. Clostridium strain P11 ethanol production profilefor the thirteen different
treatment conditions plotted as a function of time. The error bars represent the standard error
(n=3).

The repeated measures ANOVA (within-subject effect, multivaridi©®¥A analysis)
showed that the main effects of buffer presengesg= 43.85, p < 0.0001), incubation
temperature (Fis2= 119.58, p < 0.0001) and incubation pH {&= 16.54, p < 0.0001) were
significant during the course of the fermentation. The two way interactioede the
temperature and buffer levels; ({fg.= 20, p < 0.0001), and between buffer and pH levelssfF
=47.62, p < 0.0001) were found to be significant while the interaction between temperature and
pH levels were not found to be significant (= 2.1, p = 0.0982) during the course of
fermentation. A lag time of at least 3 d in ethanol production was observed iatalldrgs. A
fermentation temperature of 32 °C and removal of MES buffer were observed to have
significantly positive effects on ethanol concentrations after 15 d. The inberaetiween

temperature and presence or absence of buffer determined when the switch fogenaset to

solventogenesis occurred, as it varied between the different treatmenigsaoldserved to be
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significant throughout the incubation period of 15 d. For instance, at 42 °C, no ethanol was
produced at any buffer addition levels irrespective of the fermentation pld.le&eB2 and 37
°C, the switch was delayed with increasing buffer concentration. Similarlyararg the
interaction between buffer addition and pH levels, it was observed that irrespddhiee
fermentation pH, treatments with no buffer addition switched to solventogenesis 6hathe 3

The lag time in switch increased with the increase in buffer addition levels.
Effect on Acetic Acid

Figure 3.2 shows the acetic acid production profileCimstridiumstrain P11 for the 13
treatments as a function of time. Maximum acetic acid concentratiopra@sced (7.88 g 1)
in the treatment at pH 7.0, 37 °C and with 2gadded buffer. This concentration of acetic acid
was higher than previous studies udigstridiumstain P11 (Ahmed et al., 2006; Kundiyana et

al., 2010).

The main effects of concentration of buffer addition £4&= 37.18, p < 0.0001),
incubation temperature {Fs= 393.8, p < 0.0001), and incubation pH ¢g= 29.09, p <
0.0001) were found to be significant for acetic acid production. Statistical arelsimdicated
that the interaction effect between temperature and buffer §24.7, p < 0.0001), and
temperature and pH {Rs= 24.79, p < 0.0001) was significant. The interaction between buffer
and pH (k, 26= 2.45, p = 0.1293) was observed to be not significant. An incubation temperature
of 32 °C gave a higher concentration of acetic acid compared to 37 and 42 °C. Buffenadditi
showed a mixed production profile with 1% concentration resulting in a higher acetic acid
concentration compared to 2% or no buffer for the first 4 d of fermentation. Froffi thendil
the end of fermentation, 2% buffer concentration resulted in a higher concentrattetiofaid

than 1% or no buffer. Similar acetic acid production profile was observed with pH 7.@hgesult
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in higher acetic acid production compared to other incubation pH levels. The repeatenan
ANOVA showed that within the treatment levels (within-subject effedig)nain effects of
buffer concentration ¢Rg,=12.82, p < 0.0001), pH level{k.= 4.25, p = 0.0013) and
incubation temperature {ls2= 15.43, p < 0.0001) were significantly at different sampling
times. The interaction between temperature and buffgg{E 2.15, p = 0.0627), and
temperature and pH {s2= 1.74, p = 0.1286) at different times was not significant at different
sampling time points. Since buffers typically modulate the fermentation pghiéicsint two-

way interaction was observed between buffer concentration and pH leygls{(B.66, p =

0.0006) as the fermentation progressed.
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Figure 3.2. Clostridium strain P11 acetic acid production profilefor thethirteen different
treatment conditions plotted as a function of time. The error bars represent the standard error
(n=3)
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Effect on Cell Biomass

Cell biomass concentration showed an increasing trend in the first 5 d beéirgleff
(Figure 3.3). In general, the treatments incubated at 42 °C showed minimal or nmo growt
Fermentations at 32 °C showed higher cell densities than fermentations at 3th@awimum
cell concentration observed in treatment 2 @Ahs = 1.34). This may have been due to the
increased solubility of CO and:kh the fermentation medium at 32 °C as opposed to the higher
temperatures; thereby, providing more available substrate for the fetimentdowever, CO
and H concentrations in the media were not measured. From the cell density profileaisaas
observed that a combination of pH 5.0 and higher fermentation temperature (42 °C) offered an
unfavorable environment for cell growth and cell metabolism as was previoustiyotiee

lack of ethanol production in this treatment.
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Figure 3.3. Clostridium strain P11 cell mass concentration profile for the thirteen different
treatment conditions plotted as a function of time. The error bars represent the standard error

(n=3).
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The cell density plot is further supported by repeated measure ANOVA , whicht@sdica
that the two way interactions between the tested variables (betweenselfect) were
significant (k26 p< 0.05). The statistical analysis indicated that at different samptieg,ti
buffer concentration (fs= 27.97, p< 0.0001) and temperaturgg= 5.94, p< 0.0001) was
significant. Pair-wise t-tests (Least Square Difference) furtitkcated that at all sampling
times, the treatment containing no buffer and incubation temperature of 32 °C hadlighsity
cell mass concentration than other treatments, thereby substantiatingitire péfect of syngas

fermentation at 32°C and without buffer.

Discussion

In this study we have observed different times at which acidogenesis shifted t
solventogenesis depending on the treatment conditions. Unless the fermentationduased
at higher temperature and buffer levels, treatments at different tfvaldfer, pH and
temperature showed production of ethanol along with cell growth and acetate prodiaibien (
3.2). This contradicts an earlier study that stated ethanol production was only priocuce-
growth conditions (Ahmed et al., 2006). Concurrent increase in ethanol and acetic acid
concentration during cell growth possibly has been cited because the inoculuroruked f
fermentation may be in different stages of growth (Vega et al., 1989). Taissieat some of
the cells may be in lag phase, some in log phase and some in stationary phasehiBue to t
reason, cells will exhibit acetic acid and ethanol production along with iecireasll mass

concentration.

Process parameters, such as temperature, pH, and media buffers added & regulat
fermentation pH interact in a complex manner and are known to affect acetoggabolism

(Dabrock et al., 1992). In this study we have observed a significant interactioméwfter
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and temperature on acetic acid and ethanol formation and on bacterial growth. Thedrdfuenc
high fermentation temperature of 42 °C and starting incubation pH of 5.0 was observed to
negatively impac€Clostridiumstrain P11 metabolism. Previous studies in our laboratories with
cotton seed extract as the only media component in syngas fermentation havehshwfier
addition did not significantly improve ethanol concentration after 15 d of incubation time
However, the presence of buffer was associated with higher accumulatiotiofaice
(Kundiyana et al., 2010). Bryant and Blaschek (1988) have indicated that accumulatetiof
acid and butyric acid was necessary for subsequent ethanol and butanol formation during
different clostridialfermentations. Similar observations were made in fermentatiorGuith
acetobutylicunwhere it was observed that the level of butyrate needed to switch from
acidogenesis to solventogenesis was dependent on the external pH of tidetevmmedium
(Monot et al., 1984). They also observed that high levels of fatty acids were requivddd® |
solventogenesis. Lowering fermentation pH resulted in the decrease of ateshfatty acid
content. The “fatty acid effect”, which is the ability of weak acids to abdishransmembrane
pH-gradient along with suitable concentration of acetic acid, has been shown to induce
solventogenesis i@. acetobutylicunstrains (Gottschal and Morris, 1981; Holt et al., 1984). In
general the majority of prokaryotes are neutrophiles with pH optima fallimgeba pH 5 and 9.
During bacterial growth production of extracellular products, such as orgaas; ehanges the
fermentation pH and the cells counteract the situation by displaying metptmgerties not
exhibited at their optimal pH range. One such phenomenon is the production of non-acidic
products, such as ethanol, resulting in the shift from acidogenesis to solventgeévhemsk
organic acids in their undissociated form are lipophilic and diffuse through celbraees.
During this process they conduct lns along the transmembrane gradient resulting in the

lowering of intercellular pH (Overmann, 2006). At lower intercellular pH, riiy@aict of
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extracellular pH is magnified, which imposes a physiological stress dratherial cells and the
cells possibly counteract the situation by producing solvents (Ahmed et al., 2008na@ne
(2006) suggested the use of a buffer to regulate fermentation pH in the optimallrange
contrast, we observed that absence or lower concentration of buffer may haezlisgigent
production earlier than the treatment with 2% buffer addition. In this study when pHdroppe
below 5.0, un-ionized acetic acid regulated the pH gradient between the medium and the
intercellular space by moving passively into the cell, a mechanism which pilgwassfound
necessary for production of ethanol with a subsequent cessation of acetic acitiggroduc
(Baronofsky et al., 1984). On the other hand, fermentation treatment at pH 5.0 may have
exhibited an unfavorable environment for cell growth and adaptation leading to lower cell
concentrations during fermentation (Huhnke et al., 2008). The results from the piedent s
suggest that lowering the initial pH is not favorable for ethanol production. Production of
alcohols in the solventogenic phase also corresponds with the reduction of acids to ethanol. |
has been shown that acid concentration produced in the acidogenic stage isynEoebsar

production of solvent in the solventogenic stage (Worden et al., 1991).

From theClostridiumstrain P11 growth profile, even though ethanol was produced
during the growth phase, the productivity of ethanol was enhanced during the non-grgeith sta
(Ahmed et al., 2006). Formation of ethanol further inhibited bacterial growthingsinl a
decrease in cell density. The exact mechanism by which alcohols inhibiiddagpt@wth is not
understood; however, it is speculated that the formation of alcohols interferesemitbrame
physiology by partitioning the lipid bilayers. Furthermore, they interatt the lipid-lipid and
lipid-protein interactions with a net effect of decreasing the membracmsitis (Lepage et al.,

1987).
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Syngas fermentation temperature impacts microbial growth and solabiityngas
components. Influence of temperature on ethanol production is two-fold. First, sphifbilit
gases in aqueous media decreases with increasing temperature. y,\guedtigenic bacteria
are mesophilic bacteria optimally growing between 37 and 40 °C (Munasinghe aral,Khan
2010). However in this study, we have shown the abili@lostridiumstrain P11 to grow and
produce more ethanol at 32 °C compared to its standard incubation temperature of 37 °C.
According to Henry’s Law, gas solubility increases with decreasingaeatpe, hence it is
possible that at 32 °C, molar concentrations of CO agnddfeased in the fermentation medium
due to increased solubility, thereby improving the overall gas-liquid neassfer rates and
increased availability of reducing equivalents for the fermentation protes®ased availability
of dissolved substrate could have resulted in increased cell densities and higherypetitkic
compared with treatments at 37 and 42 °C. Second, temperature has been shown to affect
membrane lipid composition and the compositional adaptation of membrane lipids via
‘homeoviscous adaptation’ (Sinensky, 1974). The general response of this addeéals to
decrease in fatty acid chain length and degree of unsaturation at highentgron

temperatures (Lepage et al., 1987).

Conclusion

Findings from this study indicate that it is a feasible option to conduct syngas
fermentation at 32 °C without any buffer addition. This holds promise for the developmant of a
economical syngas fermentation process. Temperatures above 37 °C are abovendihe opti
temperature range for growth and ethanol productio@logtridiumstrain P11. Conducting
fermentation at an incubation pH less than 6.0 did not reduce lag time and was nateassoci

with increased ethanol concentrations.
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CHAPTER 1V: Effect of Nutrient Limitation and Two-Stage
Continuous Fermentor Design during Clostridium strain P11 Syngas

Fermentation
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Abstract

The effect of three limiting nutrients, calcium pantothenate, vitamiar®l cobalt chloride

(CoCbh), on syngas fermentation using Clostridium strain P11 was determined using serum
bottle fermentation studies. Significant results from the bottle studies wereteahisito

single- and two-stage continuous fermentor designs. Studies indicated that three-way
interactions between the three limiting nutrients, and two-way interactionsdretiamin B,

and CoC} had a significant positive effect on ethanol and acetic acid formation. Ethanol and
acetic acid production ceased at the end of 9 d. Reactor studies indicated the three-way nutrient
limitation in two-stage fermentor showed improved acetic acid and ethanol yield compared t
treatments in single-stage fermentors. In the two-stage fermentor during the end of the
fermentation, the redox values were positive, resulting in the cessation of solventiproduc

This was further confirmed by hydrogenase activity, which showed decreasing activity as the
fermentation progressed, possibly due to CO inhibition. Results indicate that it idg@tssib
modulate the product formation by limiting key nutrients, while use of continuous fermemtation i

two-stage fermentor design improves product yields.

Keywords. Ethanol, Syngas, Clostridium, Nutrient Limitation, Two-stage fermentor
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I ntroduction

Gasification has been identified as a potential process in converting biomadsstsiibs
subsequent fermentation into secondary metabolites such as ethanol (RagaalskaB06).
Compared to other processes, gasification overcomes the major hurdle in utiezing
recalcitrant lignin, along with hemicelluloses and cellulose fractioheobtomass. The lignin
fraction is not directly available for microbial conversion. Biomasg#igason produces
synthesis gas (syngas) in which CO andk¢ the essential components for subsequent ethanol

production from all organic compounds.

Compared to chemical processes, fermentation of syngas offers selenatages such
as higher specificity of biocatalysts, lower energy costs, gresgistance to catalyst poisoning
and the lack of need for a fixed CQ:Hhtio (Bredwell et al., 1999; Klasson et al., 1992).
Anaerobic bacteria such &$ostridium ljungdahliiandClostridium cabroxidivoransonvert
biomass generated producer gas composed of CQ,aB@H to ethanol and acetic acid
(Ahmed et al., 2006; Vega et al., 1990). Organisms able to reduct @Cetate via the Wood-
Ljungdahl pathway (also referred to as acetyl-CoA pathway) are terraemyans. Acetogens

are a group of bacteria which synthesize acetate fromo€@Gther one carbon precursors.

Previous studies have indicated that production of ethanol is favored under bacterial non-
growth conditions (Ahmed et al., 2006). The reduction of acetic acid to ethanol with the
formation of acetaldehyde as an intermediate has been proposed conformirng Witbad-

Ljungdahl pathway (Phillips et al., 1994). These reduction/oxidation reactions al&eoxi
NAD(P)H to NAD(P). Different reducing agents such as benzyl viologen, methyl viologen and
neutral red have been used to regenerate NAD(P)H to increase ethanol productidn@ad re

acetate concentration during syngas fermentation (Ahmed et al., 2006; Klaakp©h392).
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Gaddy et al. (2007) recently described a method of increasing the NAD(E)Hjumgdahlii

cells by limiting key nutrients, namely calcium pantothenate, cobalt chlandeitamin B,.
Calcium pantothenate is a precursor of acetyl-CoA and by limiting its etvatien, the rate of
acetyl-CoA formation will be reduced relative to the CO oxidation rate in thedvijungdahl
pathway. This will result in the build-up of reduced ferredoxin, resulting in regemecd
NAD(P)H. Cobalt is involved during the transfer of the methyl group of methghtgdrofolate
to the cobalt center of the corrinoid iron sulfur protein (C/FeSP) (Ragsdaleeand, 2i008).
Vitamin Bz plays an important role during acetogenesis as an integral component of the
cobalamin-dependent methyl transferase synthase (MeTr) (Ras2Q07; Lu et al., 1993). Itis
assumed that by reducing the tetrahydrofolate cycle rate, the ratio ffNIABo NADH can be

increased with subsequent increase in ethanol production (Figure 1).

A two-stage reactor comprising of a growth reactor and a product réasttieen
proposed to meet the requirements of cell growth and ethanol production during sacigealb
fermentation (Gaddy et al., 2007; Jain et al., 1993). Multi-stage fermentorshoene ®© have
a higher ethanol productivity compared to single stage bioreactSBexgharomyces cerevisiae
fermentation (Chen, 1990; Laluce et al., 2002). Multi-stage fermentor Systimcell
recycling were observed to be advantageous compared to cell immobilizatioteshue to
improved diffusion and total recycling of microorganisms creating a homogegronsHtation
broth (Tashiro et al., 2005). Use of hollow fiber recycle membranes for cellingclyas been
shown to offer several advantages due to high filtration area and relativielijuxiglue to cross
filtration, but are associated with disadvantages such as low strength cortapaeeamic or

steel filters and inability for steam sterilization (Damiano et al., 1985)

The broad objective for the present study was to test the hypothesis of improaimgj eth
production during syngas fermentation by limiting key nutrients of the Wood-Ljungdahl
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pathway. Specific objectives for the study were to test the effectslwifiti)g calcium
pantothenate, vitamin;Band CoCJ on ethanol production during syngas fermentation, and b)
To design a continuous syngas fermentation system testing the signifteaattions between

the limiting nutrients.

) |
CHs[COJE > 1 1 1
MeTr M

p— + +
NADH +H 2Fd.
2H*
H,ase Co
H,
NAD+ 2FCOX COZ
A 4
CH3 cc COA CH; CC
[
X Y Z
W COA W
> NADH+H >l
> NADH+H >l

Ethanol

Figure4.1. Modified Wood-L jungdahl Pathway showing the mechanism of growth with

CO or CO and H; asthe carbon and energy source. THF- tetrahydrofolate, [Co]E-corrinoid
enzyme, XY Z- CO dehydrogenase with its three binding site, H2ase- hydseg&ua\-
coenzyme A, MeTr- methyl transferase synthasee &t F¢.q are the oxidized and reduced
forms of ferredoxin(Adapted and modified from Pezacka and Wood (1984); Wood (1991)).
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Materials and M ethods

Microbial catalyst and culture medium

Clostridiumstrain P11 (ATCC PTA-7826) was originally obtained from Dr. Ralph
Tanner, University of Oklahoma. The bacterial strain is currently maedan our laboratory,
and was subcultured and used as the starting inoculum at the rate of 10% of the vaukirey
All subculture fermentations were conducted in 250-mL serum bottles each 1@€hmaL final
working volume. The inoculum was prepared by a procedure termed as ‘passagreghvhe
inoculum was sub-cultured sequentially with an incubation period of 48 h. The third passage
was used as the inoculum for all treatment fermentations. The bacterium wesmad under
strictly anaerobic conditions in a standard medium containing following compdpents): 30
mL mineral stock solution, 10 mL trace metal stock solution, 10 mL vitamin stock solution, 10 g
corn steep liquor (CSL), 10 g morpholinoethanesulfonic acid (MES), 10 mL of 4% cysteine
sulfide solution, and 0.1 mL 1% resazurin indicator (Tanner, 2002). A detailed composition of
the stock solutions has been previously described (Kundiyana et al., 2010). CShiwaged
at 20,000 g for 10 min in a micro-centrifuge to remove the solids and the supernatdrtbadde
the fermentation medium. Removal of solids was found to be necessary to minimize the
variability in subculture preparation because of the varying solids concentiratCSL, and to
avoid solid precipitation after sterilization which was found to be interferitigaeil biomass
optical density estimation. The subculture bottles were purged with comhsgruas
(Composition (volume %): 5% £15% CQ, 20% CO, and 60% N every 24 h and incubated at

37 °C with a constant agitation of 150 rpm on an orbital shaker.
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Analytical Procedures
Samples were collected every 48 h for determining the time coursecteriakcell
biomass, substrate, and product concentrations depending on the fermentation protocol. The cel
biomass was determined by measuring sample absorbance at a wavel&6gthrof (Asonm N
1-cm pathlength cuvettes using a UV-visible spectrophotometer (Cary 50 BianMdBA).
Ethanol and acetic acid were separated by HPLC with an Aminex-HPX-87H ioarnge
column (Biorad, Hercules, CA, USA). The eluent was 0.03:8® pumped at 0.6 mL mih
and column temperature was 60 °C (Sluiter et al. 2005). Separated componentteoted thy
a refractive index detector (1100 Series, Agilent, Santa Clara, CA, USAs Reee identified

by comparison with known standards (Sigma-Aldrich, St. Louis, MO, USA).

Gas samples were collected every 24 h from the reactor headspace aretidoalyz
syngas component utilization. The total run time for sample analysis was 20 mampAd
temperature profile was followed in the oven for resolving the overlapped peaks (32 °C for 12
min, then ramped to 236 °C at the rate of 30 °ChifThe separated components were detected
using a thermal conductivity detector (TCD) maintained at an inlet and outletr&iures of
200 °C and 230 °C respectively. Oxidation-reduction potential (ORP) of the ferropriiaith
was measured using a Ag/AgCl reference ORP electrode (InPro 3200/Sler Vigtdo, USA)
attached to a transmitter (M400, Mettler Toledo, USA) and the data acquired usiQyFDA
(lotech Corporation, USA). Redox potentiaf®as calculated vs. standard hydrogen electrode

(SHE) using equation 1.
En= E +222.4 mV [1]

where, E was the measured redox value and +222.4 mV is the standard electrode potential of

Ag/AgCl electrode (Kakiuchi et al., 2007).
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Analysis of variance of data was performed using the Mixed ProcedureésoR8lkase
9.1 (SAS, Cary, NC, USA) with a compound variance covariance structure and repeasedem

design. Level of significance was tested at0.05.

Serum Bottle Fermentation

A two-level, three-factor design was used to determine the limitingtefdé calcium
pantothenate, vitamin;Band CoCl(Table 4.1). ‘High’ level concentration for the limiting
nutrients was chosen based on the individual concentrations @dsgeidiumstrain P11
standard medium (Kundiyana et al., 2010). ‘Low’ level concentrations were chosdrobhdke
concentrations previously indicated in similar nutrition limitation studries for vitamin B,
which was 2.5 times lower than the ‘High’ level. The nutrients were testeg ag factorial

statistical design.

Table4.1. Concentrationsof thethreelimiting nutrients

Variables _ Levels
High (1) Low (0)
Calcium pantothenate (A 5.0 x 10°g L* 50x 1P g L?
Vitamin By, (B) 50x10°gL*! 20x10gL?
Cobalt chloride (C ) 2x10%¢gL? 20x10gL?

Table 4.2 shows the experimental design for each of the treatment bottles eand thei
corresponding levels of individual nutrients. Factorial design experimerdsh\aaatageous in
identifying critical factors compared to the traditional method of manipulatsiggle variable
per trial since factorial design can identify main and interacfii@ctebetween tested variables.
Factorial design and RSM have been used previously in optimizing culture conditions,
optimizing process parameters such as pH, temperature, and aeration ratefeedingeate

(Kalil et al., 2000).
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Table4.2. Experimental plan showing the treatment and the levels of tested independent
variables. See Table 4.1 for the reference to individual levels. (n=2).

Treatment Calcium Pantothenate | Vitamin By, | CoCl,
P 0

B

C

PB
PC
BC
PBC
CONT

ORr O pRrpPr OO

OpRrbr FPoOoOpRr Oor
O R, PR pRLp o OO

Treatment bottles were prepared in 250 mL serum bottles with 100 mL working volume
and inoculated with 10%lostridiumstrain P11 inoculum from passage 3. The bottles were
pressurized with a customized syngas mixture of 30%,@0% CO, 30% kito 239 kPa. Each
treatment was conducted in duplicate and incubated at 37 °C for 21 d on an orbital shaker at 150

rom. Headspace gas was exchanged every 24 h by flushing the treatments for 3 min.

Fermentor Studies

Results from serum bottle studies were replicated in series of continuoer &tk
fermentors. Two different reactor configurations were considered in 3viefgors with a
maximum 2 L working volume. The first configuration included a single fermeBiofi¢ 110,
New Brunswick, NJ USA) operated in a continuous mode with cell recycling usingua 0.2
hollow fiber membrane (Model KRB12-3PS, GE HealthCare, USA) (Figure 4&tpnite
returned from the recycle membrane contained cells, while cell-free germas collected

downstream.

The fermentor was operated in a semi-continuous mode (syngas with a composition of
H,- 30%, CQ- 30%; CO- 40% sparged in continuous mode and fermentation in batch mode)

during the growth stage typically for 3 d. At the end'8ti3the operation was switched to
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continuous mode and fresh fermentation media was added to the fermentor, composition of

which was determined by experimental treatment.

The second reactor configuration involved design of two stirred-tank fermentaysadf e
volume in series with partial cell recycle (Figure 4.2). In this ceattheme, the first reactor
functioned as a ‘Growth Reactor’ (GR) and the second reactor as a ‘ProdcicirigeR). The
GR was operated in semi-continuous mode (without cell recycle) for the first 3 ldeaind t
operated on a continuous mode (with cell recycle) until Day 10. On Day 7, 1.8 L of the media
was flushed from the GR and the volume made with fresh limiting media. On Day 10, cell
recycle was stopped on the GR, and PR was brought online with a working volume of 1 L. The
PR was added with the inoculum from GR to a working volume of 2 L. Working volume in the
GR was made up to 2 L by feeding in fresh media. Both fermentors were opersdeu-i
continuous mode for the next 3 d. At the end of Day 3, PR was operated in continuous mode
with a constant media plus cells fed from the GR. The volume in the GR was continuously mad
up with fresh limiting media. Both the fermentors operated in a steady sthéedortinuous
mode. The gas strategy in the second fermentor configuration differed fromstermentor
configuration as it flowed in the counter current direction to the feed mediay(igasswas first
purged into the PR and the exhaust then sparged through the GR). Our previous studies have
shown that during the solventogenic phase, increased consumptigrud IEQ was observed
(Kundiyana et al., 2010). Based on this observation, an assumption was made that tleslincreas

availability of reducing equivalents may increase ethanol production.
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Figure4.2. Schematic diagram of the continuous stirred tank reactor set-up to test the
effect of the three limiting nutrientsin single stage and two-stage reactor design. Single
stage reactor was used for thefirst three treatments and the two stage reactor was used to
test the nutrient limitation treatment. (1- Growth reactor; 2- Product reactor; 3- f0 2ollow
fiber membrane; 4- Permeate collection vessel; 5- Syngas spargingftlarouicro-sparger; 6-
agitator with rushton impellers; 7; Bleed collection)

Syngas was bubbled through a single orifice sparger attached withoaspacger with a
mean pore size of 2 (Mott Corporation, USA) at the rate of 100 cc thirfPositive impact of
micro-spargers on gas mass transfer limitations has been describedigye(Birch and
Ahmed, 1996; Kundiyana et al., 2010). The fermentor was constantly stirred at 100 rpm using

an agitator assembly with two Rushton impellers.

Specific growth rateu, equation 2) was calculated using the measured cell densities
during the initial growth phase. The specific growth rajeMas subsequently used to determine
the dilution rate (D) for each fermentor operation. Using the substrate feednd the known

values transfer tube diameter (0.0048 m) and the pump capacity (60 Hz, 14.4 rpm) of 23.5 mL
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min™, the peristaltic feed pump setting on the fermentor was calculated. Refroeathe

recycle module was collected in a separate reservaoir.

Inx, — Inx;
= - 2
I " [2]
D = F 3
=5 [3]
At steady state,
u=D [4]

where,
F- flowrate of the feed media (L'
V- working volume of the reactor, L

Xi- Cell density at time t

Results and Discussion

Productivity profile during fermentation can be altered by optimizing teencdal and
physical environment of the process to which the fermenting organism is dxgogais study,
the effect of some of the key limiting nutrients involved in the Wood-Ljungdahl pgthave
been tested in an effort to improve the syngas conversion efficiencies. Ingdiinique two
stage continuous fermentor design was used to test the significant &fiecthe serum bottle

fermentation in fermentor studies.

Serum Bottle Fermentation
A 23 factorial incomplete block design was designed to test the effect of théihiteey
nutrients, calcium pantothenate, vitamipy Bnd CoCJ. Figures 4.3 and 4.4 show ethanol and

acetic acid productivity for the eight treatments. Acetic acid productiomlsdtga Day 1 and
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production of ethanol began after Day 3 for most treatments. The overall effeettcddtments
(F7s p < 0.05) and the interaction of treatment with time & p < 0.0001) were observed to be
significant for both acetic acid and ethanol production. The high concentrationiofrcalc
pantothenate resulted in greater concentration of acetic acid and ethar@ddaftdowever, the
two-way interaction between vitaminnd CoCJ was significant for ethanol production (s,

p = 0.0002). In general, both acetic acid and ethanol production ceased after 9 d.

Treatments BC, PC, and control produced the highest ethanol concentrations after 9 d
with maximum ethanol produced in the treatment with three limiting nutrients (2.15ag the
end of 21 d. Treatments with the higher level of calcium pantothenate and vitgrpnoduced
less ethanol than treatments with lower level of these nutrients over the obthie experiment.
At the end of 9 d when ethanol production ceased, calcium pantothenate was observed to have a
significant effect on ethanol production (p<0.05). The two-way interaction isreédédy the
fact that the mean ethanol production for treatments containing high levels of hatimv& ,
and CoC} or low levels of both vitamin Band CoCj were 1.67 and 1.84 ¢'i_respectively.
However, mean ethanol production was less than 0.84fgrltreatments where either vitamin

Bi,0r CoCh was at a high level and the other was at a low level.

All treatments produced more than 3§ acetic acid after nine days with treatments
vitamin B;,and CoC} limitation producing the greatest concentrations of acetic acid after 9 d.
Maximum acetic acid concentration of 5.19 §Wwas produced in the treatment with CoCl
limitation at the end of 21 d. The three way interaction between calcium pantotitzo@ke
and vitamin B, was observed to be significant at all sampling timessgp < 0.0001). In
general, acetic acid production began to decrease after Day 5, whiclpood®$o when the

cells began to produce more ethanol.
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Figure4.3. Ethanol production profilefor the serum bottle study testing thethree limiting
nutrientsin a 2 factorial design. (n = 2) (P: calcium pantothenate limitation; B: vitamip B
limitation; C: CoC} limitation; Cont: Standar@lostridiumstrain P1Imedium)
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Figure4.4. Acetic acid groduction profilefor the serum bottle study testing the three
limiting nutrientsin a 2° factorial design. (n= 2) (P: calcium pantothenate limitation; B:
vitamin By limitation; C: CoC} limitation; Cont: Standar@lostridiumstrain P11 medium).
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Fermentor Studies

Results from the serum bottle fermentations showed that two-way inberaetween
vitamin By, and CoCJ was significant for ethanol production, and the three-way interaction
between calcium pantothenate, vitami 8hd CoClwas significant for acetic acid product.
These results were further translated into single stage and two stagetfa studies. In the
single stage fermentor design the three treatments tested were: ChiitolTreatment with
standardClostridiumstrain P11 fermentation medium; Trt2: Treatment testing the limiting
concentration of vitamin B and CoCJ; Trt3: Treatment testing the limiting concentration of
calcium pantothenate, vitaminBand CoCJ. The single stage fermentor study indicated that
the product yield in Trt 3 was higher compared to the other treatment waschulisequently
tested in the two-stage series reactor design. Figures 4.5 and 4.6 shawanbéartd acetic
acid yields for the reactor studies. In general, it was observed that thetpjiettiscwere higher
when the cell biomass concentration in the corresponding fermentor was higher. Wheh Cont
Trt2 and Trt3 (all treatments were operated as single stage with diffierteieint treatment) are
compared, it can be seen that Trt3 was associated with higher ethanol andcidtgimids.
When the reactor designs were compared with similar nutrient limitatgod,rt3 with single
stage and Trt 4 with two stage, the ethanol and acetic acid concentvati@enisigher in Trt4
(two stage reactor with the same media as Trt3). The control treatnaemiafsiClostridium
strain P11 fermentation medium) was associated with a longer lag timecandamitant
decrease in acetic acid production, a trend commonly observed in similar ssimgestation
studies using this medium (Ahmed et al., 2006; Kundiyana et al., 2010; Kundiyana et al., 2010).
The higher product yields associated with treatments with one or more toidimutrients,
indicates that the tested nutrients are part of the complex nutrients ak@ygole in the

activity of enzymes involved in modulating the Wood-Ljungdahl pathway. The nutnnégits
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have resulted in the build-up of NAD(P)H before the ethanol production stopped (Gatdy et a
2007). Furthermore, the utilization of cell recycling might have contributed to tleagsx
product yields since cell-recycling has been shown to offer homogenéiity tdrmentation
medium, allow total recycling of microbial cells and overcome diffusionatdimns (Ferras et

al., 1986). When cell recycling was coupled to a two stage fermentor design (Trt4)t produc
concentrations were higher compared to a single stage fermentor desiglar t3ioistage
fermentor designs in which, the strategy of operating the first reacéograsvth reactor and the
second reactor as product reactor, and by using cell bleed with high celiedeingih the

growth reactor to be reused as inoculum in the second reactor has been shown to bedassocia
with higher ethanol production rates (Ben Chaabane et al., 2006; Nishiwaki and Dunn, 1999;
Nishiwaki and Dunn, 2005). The authors also indicate that it is necessary to achieeellhig

mass concentration to attain higher productivities (Nishiwaki and Dunn, 2005).

However, one of the reasons for low ethanol yield in this run was due to low cell biomass
concentration o€lostridiumstrain P11, a factor which was found necessary for higher ethanol
concentration in previous study with ljungdahlii(Gaddy et al., 2007). When the observed
biomass data was fit to the logistic equation, it was observed that the gaapiacity
coefficient (k) for the four treatments 1, 2, 3 and 4 were 0.21, 0.19, 0.12, 0.21 (GR) and 0.01
(PR), respectively (Shuler and Kargi, 2002). The apparent decrease in calé®iom
concentration in response to nutrient limitation might have resulted in thewéling to

solvent production to reduce the demand for ATP (Hill et al., 1993).
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Figure4.5. Ethanol yield for thereactor studiestesting the different interactions between
thethreelimiting nutrients. (Control: Standar€lostridiumstrain P11 medium, Trt2:

Treatment with limiting vitamin B and CoCJ, Trt3: Treatment with limiting vitamin B, CoCb

and calcium pantothenate limitation, Trt4_GR: Treatment with limiting wtdg,, CoCh and

calcium pantothenate limitation in the Growth Reactor, Trt4_PR: Treatmémlimiting

vitamin By, CoC}h and calcium pantothenate limitation in the Product Reactor). Note: 0 d on PR
corresponds with the 10 d of the two-stage fermentor run.
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Figure4.6. Acetic acid yield for thereactor studiestesting the different interactions

between thethreelimiting nutrients. (Control: Standar@lostridiumstrain P11 medium, Trt2:
Treatment with limiting vitamin B and CoCJ, Trt 3: Treatment with limiting vitamin 8,

CoCl and calcium pantothenate limitation, Trt4_GR: Treatment with limiting vitdB,

CoCl and calcium pantothenate limitation in the Growth Reactor, Trt4 PR: Treatritlent w
limiting vitamin B;,, CoChL and calcium pantothenate limitation in the Product Reactor). Note: O
d on PR corresponds with the 10 d of the two-stage fermentor run.
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One possible strategy of achieving higher cell biomass concentratipaliswing the
cells to grow for a longer time and concentrating the cells by flushing odtexelinedia, as was
done with Treatment 4. This resulted in cell mass concentration comparatgredy thian Trt 1
(Control), 2 and 3, and compared to previous syngas fermentation studi€dasitindium
carboxidivoransP7 (Ahmed et al., 2006). However, in Treatment 4, it was observed that the
product yields decreased with the progression of fermentation, possibly duento strai
degeneration coupled with nutrient limitation. Similar observations were madg dagtone-
butanol-ethanol (ABE) fermentation wi acetobutylicun262, where the authors observed
strain degeneration associated with high cell densities leading to reducetydagaoduce
solvents (Ennis and Maddox, 1989). This may indicate the need to conduct future serum bottle

experiments studying the interaction between limiting nutrients and cedl coacentration.

The redox and pH profile in Treatment 4 (limiting three nutrients) fermenitdy &
shown in Figure 4.7. The pH profile shows similar trend for acetic acid production and the
switch to solventogenesis in the Treatments 1, 2 and 3, with single-stagetterdesign. In
treatment 4 with a two-stage fermentor design, the operation strateggirfexigbreviously in
Materials and Methods) was different than other treatments, resultirgjfferant pH profile.
Redox value was measured only in the product reactor (PR, Figure 1). With the onset of
fermentation and acetic acid production, the redox value decreased to -235 mV arattibeén st
increasing when the fermentation switched to solvent production. At the end of Dayetidke
value peaked and stabilized, corresponding to the cessation in ethanol formation. dlhe initi
redox value profile observed in this study was similar to the trend observed in pemgas
fermentation studies, but a positive redox value during later stages indicdfesemtdirend
(Ahmed et al., 2006; Kundiyana et al., 2010). Redox potential has been found to be an important

process parameter that can be regulated to shift microbial metabolismd aacthgeikus (1980)
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observed that the presence ofditered electron flow to lactate or ethanol formation in
fermentation with strains @lostridium thermocellungrowing on cellobiose. The cessation of
ethanol formation at the end of the Day 4 may have been due to the unavailability efireduc
electron acceptors, lack of regeneration in reducing equivalents and/or thedradticity of

key Wood-Ljungdahl pathway enzymes such as formate dehydrogenase and carbadenonox
dehydrogenase that are linked to reduced electron acceptors (Ljungdhal, 2886gPal.,

2008).
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Figure4.7. pH profile observed during the four treatments conducted in fermentors
(Control: Standarlostridiumstrain P11 medium, Trt2: Treatment with limiting vitamiyy B
and CoC}, Trt3: Treatment with limiting vitamin B, CoC} and calcium pantothenate
limitation, GR_pH: Trt4: Treatment with limiting vitamim B CoChk and calcium pantothenate
limitation in the Growth Reactor, PR_pH: Treatment with limiting vitamig) BoC} and
calcium pantothenate limitation in the Product Reactor, PR_ORP: Redox patesdsgired in
product reactor during Trt4). Note: 0 d on PR corresponds with the 10 d of the two-stage
fermentor run.

Conclusion

The present study indicates that nutrient limitation coupled with a two stagenfer

design offers operational strategies for improved syngas productivity gimer Isiyngas
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conversion efficiencies. The study shows a significant interactiort ééween the limiting
concentration of calcium pantothenate, vitamia &)d CoCJ in theClostridiumstrain P11
fermentation medium. The effect of tested nutrients plays a role in modulaingduction
cycle of the Wood-Ljungdahl pathway in relation to the oxidation cycle, causing aasedre
availability of reducing equivalents. However, presence of CO (40%) in the fegassy
imparted an inhibitory effect on hydrogenases resulting in the fermentatatianrmbecoming
oxidized. This resulted in the depletion of available reducing equivalents, vatheamonding
leveling of solvent production in the second stage reactor. Future work should focus on
correlating nutrient limitation with partial pressure of individual syngaspoorants, and
understand the overall effect on the activity of key enzymes such as alcohdiadgmases,

hydrogenases and CODH’s involved in the Wood-Ljungdahl pathway.
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CHAPTER V: Syngas Fermentation in a 100-L Pilot Scale Fer mentor:

Design and Process Considerations

“The following chapter has been published indbernal of Bioscience and

Bioengineeringand appears in this thesis with the journal’s permission.”

“Kundiyana, D.K., Huhnke, R.L., Wilkins, M.R., 2010. Syngas fermentation in a 100-L
pilot scale fermentor: Design and process considerationsnal of Bioscience and

Bioengineering109, 492-498.”
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Abstract

Fermentation of syngas offers several advantages compared to chemical catalystshégiclras
specificity of biocatalysts, lower energy costs, and higher carbon efficiency. Scaleymgads
fermentation from a bench scale to a pilot scale fermentor is a critical step leading to
commercialization. The primary objective of this research was to install and ceiomespilot

scale fermentor, and subsequently scale-up the Clostridium strain P11 fermentatican 5-L
fermentor to a pilot scale 100-L fermentor. Initial preparation and fermentations were
conducted in strictly anaerobic conditions. The fermentation system was maintained in a batch
mode with continuous syngas supply. The effect of anaerobic fermentation in a pilot scale
fermentor was evaluated. In addition, the impact of improving the syngas mass transfer
coefficient on the utilization and product formation was studied. Results indicate a six fold
improvement in ethanol concentration compared to serum bottle fermentation, and formation of
other compounds such as isopropyl alcohol, acetic acid and butanol, which are of commercial

importance.

Keywords: Syngas; Ethanol; Anaerobic; Clostridium; Biomass
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I ntroduction

Ethanol is typically produced either by direct fermentation of fermentabésugsugar
cane or sweet sorghum, or by enzymatic or chemical hydrolysis of stdlolgses and
hemicellulose to sugars that are then fermented by microbes to produce ethanof thene
major disadvantages with the utilization of straw, wood and other cellulosic lsasrths
presence of a large proportion of non degradable components such as lignin. ®asificat
cellulosic biomass can be one approach of overcoming this hurdle in the utilization adfioma
Gasification produces synthesis gas (syngas) in which CO aarkkhe essential components
for subsequent ethanol production. Fermentation of syngas offers several advantages suc
higher specificity of biocatalysts, lower energy costs, greatstaase to catalyst poisoning and

the requirement for a fixed CO;Hatio (Bredwell et al., 1999; Klasson et al., 1992).

Since biological fermentation of syngas is irreversible in nature, it ensumgdete
conversion and prevents the formation of thermodynamic equilibrium. Productionaitdnet

utilizing CO, CQ and H can be summarized by following reactions (Ljungdahl, 1986).

4CO + 2HO — CH;COOH + 2CQ (AG® = -37.8 KJ/g mol CECOOH)  [1]

2CO; + 4H, — CH;COOH + 2HO (\G° = -18.6 KJ/g mol CkCOOH)  [2]

Stoichiometry for ethanol production is not available since an autotrophic ethanol
producing microorganism has not been identified. Hence based on the reactions2]] and [

above, following stoichiometry for ethanol production has been proposed (Vega et al., 1989).

6CO + 3HO — C,H:OH + 4CQ (AG® = -59.9 KJ/g mol gHsOH) 3]

2C0;, + 6H — CHsOH + 3H0 (AG® = -23.2 KJ/g mol €H:OH) [4]
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Organisms able to reduce € acetate via the acetyl-CoA or the Wood-Ljungdahl
pathway are termed acetogens. This class of bacteria are anaerobic and gethieas their
major fermentation end product (Wood et al., 1982). Acetogens play an important role in
scavenging the carbon dioxide and converting it to acetate. Acetogens axeastaetiobic

bacteria utilizing @ compounds such ast€0O,, CO or formate (Diekert and Wohlfarth, 1994).

Production of ethanol by acetogens follows an analogous path similar to the Wood-
Ljungdahl pathway for acetate production by acetogens suClossidium acetobutylicum
(Jones and Woods, 1986). Oxidation eftél2[H'] or of CO with HO to CGQ and 2[H]
produces the reducing equivalents for the conversion gfa@@® CO to acetate or alcohols
(Henstra et al., 2007). Ethanol production is a non-growth related product formed during
anaerobic syngas fermentation. From an economic perspective, several aceiggensms
have been shown to produce ethanol. Prominent among theSlestredium ljungdahliiand
Clostridium carboxidivoranswhich produced up to 460 mM and 175 mM of ethanol,
respectively (Gaddy et al., 2007; Liou et al., 2005). Rec€idgtridiumstrain P11 was
reported to produce 200 mM of ethanol using CO, and is currently the organism of choice at our

research facility for syngas to ethanol conversion (Saxena and Tanner, 2006).

Commercialization of fermentation involves the scale-up of laboratory feati@nto
pilot scale and industrial scale fermentors. With an increase in the fermentoeyal larger
deviation in the ideal behavior can be observed. A large ‘non-ideal’ fermentsditim its
‘ideal’ laboratory counterparts in terms of macroscopic homogeneity o¢timehtation broth,
and influx of disturbances (Patnaik, 2002). Larger fermentors are also chaeady severe
and uncertain changes in the extracellular environment. This is important becaunstant
interaction exists between the cells and the environment in terms of inwaspdreof the

nutrients and outward transport of the products.
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With an increase in fermentor size, mass transfer becomes a cstioal iMass transfer
can be increased by considering several design strategies, such asigt¢heagas flow-rate
per liquid volume (Ungerman and Heindel, 2007) or use of micro-spargers to produce micro-
bubbles (Birch and Ahmed, 1996). Mean bubble diameter and gas hold-up affects both the
interfacial area and mass transfer coefficient, which in turn araedfey the fluid dynamics

existing within a fermentor (Heijnen and Van't Riet, 1984).

Corn steep liguor (CSL) offers a cheaper nutrient alternative comparaditanally
used yeast extract, thereby, improving the overall process economics. lHawevef the main
disadvantages of using CSL is its variable composition primarily due to the tgpmaind the
conditions employed for starch processing (Liggett and Koffler, 1948). Prexi@8L has
been successfully incorporated in the industrial production of penicillin. CSL coatgnosip
of active biological compounds favoring the metabolism of bacteria, yeast@ddJohnson,
1946). In a fermentation medium wiflymomonas mobilisCSL provided a complete source of
nutrients and other growth factors such as trace elements and vitamins (LamddRousseau,
1996). In a previous study it was observed that clarified CSL was 1.33 times maieesffec

compared to whole CSL on a volume basis (Lawford and Rousseau, 1997).

Objectives of the present study were to validate the fermentat@lostiridiumstrain
P11 in a pilot scale fermentor, validate anaerobic fermentation procedure inscaléot
fermentor and to assess the feasibility of fermentor run and the systiéyrdasigned over an

extended fermentation period.
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Materials and M ethods

Fermentor Description

A pilot scale fermentor, Biostat D-75 (Sartorius BBI, USA) conforming tcABME
Section VI, Division | code for an Unfired Pressure Vessel, was instatddommissioned to
study syngas fermentation. The fermentor was installed in line with igtengXluidized bed

and down draft gasifiers existing in our research facility (Figure 5.1).

Syngas 1200
L Storage Syngas
Exhaust

Cyclone
Separators

A A come
1910 | Compression 0
Biomass \\i n | :

A

Feed Tank
H
] —>
=L _06
” Egl ’ \ Drain
Fluidized Bed / Down Syngas Scrubber Biostat D-75
Draft Gasifier System Fermentor

Figure5.1. Schematic representation of the Oklahoma State University Syngas-
Fermentation pilot scale process.

Biostat D-75 is a stirred tank reactor (STR) which was operated in a semiuoui
mode i.e. syngas is purged continuously through the fermentation medium while the medium is
not replaced. Vessel surface in contact with the liquid media is constructed oft8ibbtss
steel (SS). The jacketed vessel consists of a closed loop circulation forastéavater for a

precise temperature control via a PID (proportional-integral-derivatorgjal loop. The vessel
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is equipped with a pH probe, temperature probe, dissolved oxygen (DO) probe, foam wensor, t
septum ports with 19-mm adapters for external media addition and needle inoculdteon a

single orifice sparger (SOS). The fermentor is equipped with four removablerdtaatiées,

and a top driven agitator shaft mounted with three standard six blade Rushton sngéiler
instrumentation and control of the fermentor includes a digital microprocessalieahstystem,

with an operator interface terminal (OIT) that ensures a direct digitéiat of the process
parameters: temperature, speed, gas flow rate, pH, foam control and loamsdior external

media component addition. Measurement and control firmware includes Multi Ferment
Control System (MFCS) Data Acquisition (DA) system for real time ldafging. Table 5.1

shows the detailed dimensions for the Biostat D-75.

Table5.1. Dimensions of the Biostat D-75 fermentor used for syngas fer mentation studies

Parameters Reference Symbol Biostat D-75
Total volume Vi 0.1
Working volume (maximum) Y] 0.075 m
Working volume (minimum) Y 0.03 m
Vessel diameter D¢ 0.406 m
Vessel height H¢ 0.914 m
Impeller diameter D 0.152 m
D//D; Ratio 0.38
Agitator speed range (11197s 60-600 rpm
Tip Speed 4.796 ms
Max. working pressure (176.7°C, full vacuum) 3.48 bar

Utility Sizing
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The Biostat D-75 fermentor requires several utility requirements fanopt, and
trouble free operation (Figure 5.2). The utility supply for the fermentor showldrest
minimum quality requirements to ensure high quality processing and maintahie st
fermentation environment. The different utilities required for the Biostab iclude clean and

dry compressed air, utility steam, clean steam, softened water, and ztadiomaiter.

Return Condensate (2.54 cmﬁ-ﬁ 12 Clean Steam (1.27 cm)

Jacket Recirulcation
Water (1.91
11

Utility Steam (3.8 cm)

>

13
10

City Water (2.54 cm)

s I =

[ [l
U U U_U Recirculation
3

1 2 Water (1.91 cm)

Biowaste (2.54 cm)

Chilled Water (2.54 cm

Figure 5.2. Schematic representation of the utility design for the Biostat D-75 fer mentor.
Piping dimensions are shown in parentheses. The steam and water utilities heddrméntor
are shown. Temperature inside the fermentor is maintained by jackettorcwater. 1-
Water prefilter; 2- Activated carbon bed; 3- Twin water softener bednibn-Cation
Exchange Bed; 5- 1900 L water storage tank; 6- circulation pump; 7- 0.2 micrdesstateel
filter; 8- Water chiller; 9- Plate heat exchanger; 10- Vdrboder; 11- Tubular heat
exchanger; 12- Clean steam filtration station; 13- Biostat D-75 fermeMenVater
circulation pump.
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The utility requirements were sized to accommodate two additional 100-kerieors
with an additional 15% contingency. The utility system is flexible and can aisiteltae
requirements of a much larger fermentor, for instance, a 1000-L fermentoe 5T2lshows the
minimum flow capacity (pressure and flowrate) of the utilities instadie the fermentor
required to ensure trouble free operation of the fermentor. Plant steam and cot#inig wa
required for maintaining the fermentor jacket temperature, which in turnamarihe desired
fermentor temperature during sterilization and fermentation incubationn €tleam is required
for maintaining the differential pressure between the agitator seal h@usirthe fermentor
vessel. Compressed process air is required for the operation of pneumatic vahees on t

fermentor.

Table5.2. Utility requirementsfor Biostat D-75

Utility Capacity

Cooling Water (60 psig) 3.15 x Ton’s?

Plant utility steam (45 psig) 8.44 xikg s’

Clean steam (30 psig) 2.52 x4Rg s’
Process and Instrumentation air (80 psjg) 2.08 %
Electrical 120-208/3/60 15 amps

A vertical high pressure tubeless natural gas fired boiler (Model HEt3elgFederal
Corporation, USA) was installed to meet the steam requirement for the ferrapatation. The
boiler package conforms to the American Society of Mechanical Engineem®iSamtd Safety
Devices (ASME CSD-1) requirements for the state of Oklahoma code foupresssels,
delivering 147 kW at 1135 kPa with an input of 200 kW. The main steam header was branched

to a clean steam filtering station mounted with two sintered 316L SS f{i§pirax Sarco, USA)
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with a steam filter efficiency of 2 micron or less. The unit conformed to thea&cépted

practice number 609-01 for the production of culinary steam meeting the clean stea
requirement for the fermentor. A condensate receiver (Model FHC-112, Armsti8Ay was
installed to continuously return the steam condensate back to the boiler feed tank. A modula
water treatment system (US Filter-Siemens, USA) consisting dfl{enes, activated carbon, and
ion-exchange resin based twin water softener was installed for pliegreater to the required
quality standards for fermentor and boiler operation. An anion-cation based exchange bed uni
was installed to deliver de-ionized quality water (18 késistivity), required for the media
preparation and fermentor jacket circulation. The jacket circulation watecontinuously fed

through a chiller (Model # 8301, Unitrol, USA) with a nominal rating of 35 kW.

A 0.00873 nis™ capacity rotary screw compressor, Model Ingersoll Rand UP6-5-TAS
(Ingersoll Rand, USA), was installed to deliver high quality (dust- and @}-trempressed air
for the operation of pneumatic valves on the fermentor. The compressor was pre-equipped wit
integrated dryer and prefilters. Two additional filters were instatiestiies to remove oil

aerosols and water up to 0.01 micron, and dry particles removal down to 1 micron.

Several modifications were sought on the fermentor to improve the performance during
syngas fermentation. Mixing plays an important role in the distribution ofrghtha overall
mass transfer coefficienOne approach considered in the present research was the installation
of a 5.1 cm SS micrsparger (Mott Corporation, USA) for increased gas mass transfer in the
fermentation mediumThe positive effect of a micro-sparger in improving the mass transfer
coefficient by generating very fine gas bubbles for effective gas digpdras been indicated
earlier. The bubble size generated from a micro-sparger is a function of the pyrgaszxit
velocity, liquid viscosity, and face velocity across the sparger pores. Theslsiddwas not
evaluated either by us or by the manufacturer purely due to the lack of equiprestttihe

116



bubble size. However, visual examination indicated that the bubbles generated were muc
smaller compared to the SOS and uniform in size, larger in number, and uniformibythsit
throughout the fermentation medium. Table 5.3 shows the dimension of the micro-sparger
installed on the Biostat D-75 fermentor. The syngas feed inlet line was modifresiall a new
bypass line to prevent the dosing of plant steam into the fermentation medium during the

fermentor sterilization.

Table5.3. Engineering design for micro-sparger installed at the end of SOSin the Biostat
D-75 fermentor.

Design Parameters Engineering Data
Sparger outer diameter 3/8”
Porous Length 2"
Mean Pore Size 2 micron
Impingement Length 2"
Media Grade 2
End Fitting %" MNPT to 1/8” FNPT reducer bushing
Material 316L SS porous/ 316 SS hardware

A stainless steel exhaust gas condenser was fabricated in-house to enthemiz
evaporation of fermentation medium and to prevent the loss of fermentation gaspnoduet
exhaust gas stream (Figure 5.3). The main fermentation products during ethrapatdéon
are ethanol, 2-propanol and 1-butanol. Since these products are volatile at théaftesme
temperature of 37 °C, it is necessary to capture volatilized products for acanadysis of the
fermentation products. Water from the 1900 L water tank was used as the cooling mealium

cross flow direction to maximize the fermentation product condensation in the condenser
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f

Cooling Water Inlet

Cooling Water Outlet

Figure 5.3. Schematic of the exhaust gas condenser built in-house for Biostat D-75
Fermentation

Clostridiumstrain P11 fermentation medium was maintained in the laboratory in serum
bottles by a periodic subculturing regime. Protocol for the inoculum preparation for the
fermentor involves repeated inoculum transfer also termed as ‘passdgattied Gagefers to
the mixed gas purchased commercially having a customized composititar singas produced
by gasifying switchgrass at the OSU Biomass GasificationifgacRroducer Gasefers to
syngas produced by gasifying switchgrass at our facility. The congpositthe bottled gas was
5% H,, 15% CQ, 20% CO, and 60% N Composition of the producer gas varied between the
different gasification batches, feedstock, and process conditions. Differerggsgomposition
were observed in the quality of gas generated from the fluidized bed and dowadrfadtrs.
The gas composition from the fluidized bed gasifier was comparable to the byptided $H-
5%, CO- 20%, C®15%). On the other hand, the gas composition from the downdraft gasifier
ranged from about 7-12%,H12-18% CO, and 10-17% GOSampling and instrument error of
approximately 0.1% existed during the gas analysisw#3 also observed in the producer gas

from both gasifiers ranging between 0.04% - 2.6%.
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Clostridiumstrain P11 originally was obtained from Dr. Ralph Tanner, University of
Oklahoma. All subculture fermentations were conducted in 250 mL serum bottles taah wi
100 mL final working volumeClostridiumstrain P11 subculture currently maintained in the
laboratory was used as the starting inoculum at the rate of 10% of the working voheme
bacterium was maintained under strictly anaerobic conditions in a semi-defa@chm
containing following components (per L): 30 mL mineral stock solution, 10 mL trag met
solution, 10 mL vitamin solution, 10 g corn steep liquor (CSL), 10 g morpholinoethanesulfonic
acid (MES), 10 mL of 4% cysteine sulfide solution, and 0.1 mL 1% resazurin indicatoe(Tann
2002). Detailed composition of the stock solutions has been described previously (Hulhnke et a
2008). CSL was previously centrifuged at 13000 revolutions per minute (rpm) for 10 min a
micro-centrifuge to remove the solids. Removal of solids was found to be ngdessamimize
the variability in subculture preparation because of the varying solids cataantn CSL.
Removing the solids also helps in cell optical density measurement in a UV specinogteot
Bottled syngas was used for all inoculum preparation. The serum bottles were pitinged w
bottled gas every 24 h. All fermentation serum bottles were incubated at 3th°Coenstant

agitation of 150 rpm on an orbital shaker.

Passage 1 was prepared by inoculating the previously maint@iogidiumstrain P11
inoculum and fermenting the serum bottles for 36 h. In a similar procedure, Passage 2 and
Passage 3 were prepared which were then incubated for 72 and 60 h, respectively. Passage 3
was prepared in five serum bottles giving a total inoculum volume of 500 mL requittie for
preparation of the final inoculum. The final inoculum was prepared in a 7.5 L Bioflo 110 (New

Brunswick Scientific Corporation, USA) STR operated in a semi-continuous fetmanteode.

Preparation of the final inoculumina 7.5 L STR (NBSC, USA) is an elaborategsto
The total working volume in the reactor was 5 L. The only difference between the medi
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composition in serum bottles and the 5L fermentor was the reduced addition of MES (@ 0.5%
w), addition of CSL with solids, and addition of cysteine sulfide after stetdizat the

fermentor. These media components were prepared in Pyrex glass bottles dreksetdally

into the fermentation medium. All media components were weighed and added toftibre reac
and the volume was made to 4.5 L by adding deionized water (DI). Dissolved oxygeandO)
pH probe calibration procedures are explained in the section below. Experiesbewashat

it is a good practice to check the condition of gaskets and O-rings on the headspdafior any
leaks from the fermentor by purging compressed nitrogen gas befdieagten. Immediately

after sterilization, Mwas continuously purged through the fermentor. The medium components
were autoclaved and cooled to ambient temperature before adding tp6ysteine sulfide. N

is continuously purged for another 3 h and later switched to syngas for 3 h. Passagkiinoc

is then added at the rate of 10% tyunder sterile anaerobic conditions.

Biostat D-75 Fermentor Operation

The fermentor operation requires a thorough manual cleaning followed iy atien-
in-place (SIP) before the start of a fermentation batch. Experience govkmpilot scale
fermentors has shown that it is a good practice to test the SIP procedure gtemfiiag
fermentation. This procedure ensures that the fermentor is performing normelanyaleaks
or other maintenance requests are rectified before the start of thef@chentation run. During
this preliminary SIP, the modified bypass line was opened to the fermentorthath¢o the

drain.

For accurate process measurement, it is necessary that the attachecqoeperly
maintained and calibrated according to the manufacturer's recommendatigferiGaius VP

120 pH probe (Hamilton, USA) was calibrated with respect to standard solutions Hefore S
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From a good manufacturing practice (GMP) perspective, it is necessagettain the condition
of the DO probe membrane, and replace the electrolyte solution. Calibration of {he0s
usually done during or after SIP, and is calibrated against two referemte ‘gero’ and ‘span’.
During sterilization, the DO probe was zero calibrated, but the 100% span was natexltre
to the limitation existing in the calibrating procedure of a DO probe irgar@naerobic
fermentor. For the 100% span calibration of the DO probe that is performed afteigBIP
purity compressed air has to be purged through the fermentation medium. This step poses
significant process limitation under anaerobic fermentation conditions becagsegpafr
compressed air needs to be followed by purging with nitrogen gas to make thennaediic.
This step proves uneconomical and impractical under pilot scale and commerciatiprodu
environments. Our research group is in the process of finding a solution for the optimal

functionality of the DO probe.

A total fermentation working volume of 70 L was prepared in a manner similar to the
media preparation in a 7.5-L fermentor. Following the pre-SIP, fermentatidia cemponents
were weighed and added to the fermentor. Det&@ledtridiumstrain P11 media composition
has been described earlier. The fermentor with fermentation medium, wiazestevith the

bypass line opened to the drain.

Following sterilization M and syngas was purged continuously through the fermentor as
explained in the previous section. Cysteine sulfide (1%)was dosed anaerobically using a
peristaltic pump, followed by the addition Gfostridiumstrain P11 inoculum (10% VY.

During the fermentation growth phase, bottled syngas was purged through the&déone
medium. After seven days, gas source was switched to switchgrass prafucéhig

minimizes interference or inhibition @lostridiumstrain P11 cell growth from tar and other
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compounds during the growth phase of the cells and reduces the variability due to proglucer ga
composition. Temperature, pH, agitation rate, and gas flow rate wereregiseal time using

Biostat D-75 MFCS software.

Samples were collected to determine the time course for bacterisiloreass, substrate,
and product concentrations (ethanol acetic acid, isopropyl alcohol and 1-butanol). | The cel
biomass was determined by measuring sample absorbance at a waveléegthof Asso) in
1cm pathlength cuvettes using a UV-visible spectrophotometer (Cary 50 BianVdB8A).
Product concentrations were separated by HPLC with an Aminex-HPX-87H ibangpe
column (Biorad, Hercules, CA, USA). The eluent was 0.03:8® pumped at 0.6 mL mih
and column temperature was 60 °C (Sluiter et al., 2005). Separated componedetectesl
by a refractive index detector (1100 Series, Agilent, Santa Clara, CA). US#aks were
identified by comparing with known standards (Sigma-Aldrich, St. Louis, M@)U&thanol
production was calculated by subtracting initial concentrations from coatiens at other time
points. The inlet and outlet gas samples were analyzed using a gas chrapa(6§00 Agilent
Co., USA) equipped with a Hayesep-DB column and a thermal conductivity detectorguith a
as the carrier gas. A ramped temperature profile included 40 °C for 6 min laiiterthe

temperature was increased to 140 °C for 20 °C at an increment of 100C min

Results and Discussion

A fermentor is central to the economical production of useful biological prodkets |
ethanol, acetic acid, 2-propanol and 1-butanol. An ideally designed fermentor witlgoeovi
controlled environment for optimal growth and product formation. Of the differenefeam
designs currently available in the market today, STR either in a batch orimuoast mode is

the most desired and widely used fermentor system for industrial applications.
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Fermentor Design and Operation

The present study did not evaluate the effect of increasing gas float raiestant
impeller speed due to limited availability of the constant supply of producetrgtss study,
we have successfully incorporated the use of a micro-sparger to improve theansfer rates
without considering changes in the impeller configuration or the gas flosv ritiero-spargers
have been shown to produce micro-bubbles that improved the overall mass transfeecorffic

fermentation systems (Birch and Ahmed, 1996).

The impeller blade and baffle design used in Biostat D-75 as well as othelr vess
geometries used in the present study corresponds to a standard reactor camfif\egh et al.,
1989). A dual six-blade impeller along with four symmetrically located bafféesfound to

reduce vortex formation, thereby improving the mass transfer performance.

The fermentor was run for a period of 59 d without any major downtime in the utility
requirement. Unexpected failure was observed in the operation of the air cantéss
leading to the unavailability of compressed air to the fermentor. This resulerthientor
temperature to drop to 30.2 °C after a failure time of 6 h. On the resumption of comh@iesse
supply, the bacterial cells resumed metabolism, as evident by the changeduct profile and
cell densities. No failure was observed in case of steam boiler, and as pantifacturer’s
recommendation, it was necessary to blow-down and monitor the feed water qualitgibn
basis. This practice also qualified per se GMP requirement. The perforofaritigy set-up on
the fermentor validates the sizing and the functionality of the designesisisimeet the utility

requirement of the fermentor, in order to keep the fermentation medium viablerded ste

The process parameters on the fermentor included syngas/producer gastel(Ovo

standard liters per minute, SLPM), agitation (150 rpm), and temperature (37 °Cas Sy
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producer gas was purged continuously through the fermentation medium, which wasidiffer
from the subculture bottle fermentation where the gas exchange was done every #dtlonAg
in the fermentor was also different compared to serum bottles and it is askamedh Ruston
impellers, the gas mass transfer rates will be improved when comparedsttranater rates in

serum bottles.

Fermentor Product Profile

The main products analyzed from the Biostat D-75 fermentation were ethatial, ace
acid, 2-propanol, and 1-butanol (Table 5.4). The product profile can be divided into two main
phases considering ethanol productivity as the criteria: Phase 1 extend3dyd to Day 24
(acetogenic phase) and Phase 2 from Day 24 to Day 59 (solventogenic phaseb(#)gure

Results for 1-butanol are not discussed because of low productivity.

In Phase 1, ethanol concentration increased from 0.17 gniDay 1 to 4.46 gt with a
productivity of 0.18 g [*d* at the end of 24 d. The productivity for acetic acid was 0.1%dg L
! with the concentration increasing from 1.244dn Day 1 to 4.82 gL at the end of 24 d.
Comparatively, 2-propanol showed a higher productivity of 0.39dy*Wwith concentration

increasing from 0 g . on Day 1 to 9.25 gL at the end of 24 d.

Phase 2 corresponded with a linear increase in ethanol production while the agetic aci
and 2-propanol concentration was constant. The ethanol concentration increased to 24.57 g L
with a productivity of 0.87 g td™ at the end of 59 d. The productivity for ethanol was
comparable to productivity observed with carboxidivoransn a 7.5 L fermentor (Ahmed et al.,

2006).
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Table5.4. Product concentration recorded during the Clostridium strainP11 fer mentation
run in Biostat D-75.

Product Time Period (day) Concentration (g L™
Ethanol 59 25.26
2-propanol 24 9.25
Acetic acid 24 4.82
n-butanol 13 0.47
Total Cell biomass concentration 59 1.13
30 1 —e—AceticAcid —s—Ethanol ——2-Propanol —<n-Butanol

Product Concentration (g L1)

Figure5.4. Product profilefor Biostat D-75 fermentor during the time cour se of
fermentation.

Production of acids in the first stage is necessary for the production of solvdms in t
second stage (Worden et al., 1991). From a bioenergetics point of view, production ®f acid i
necessary for the generation of ATP and no consumption of electrons, whereas, alcohol
production is associated with consumption of electrons and no production of ATP. 2-propanol
concentration also decreased in Phase 2 reducing from 9:25the end of 22d to 8.86 g [*

on 59" d with a corresponding productivity of -0.02 gd*. Reason for decrease in 2-propanol
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concentration is unknown. 2-propanol production has not been previously reported during a
syngas fermentation. In related work in our lab, lgithstridiumstrain P11 an€.
carboxidivoransvere cultured in glucose media containing acetone (unpublished data).
Clostridiumstrain P11 reduced acetone to 2-propanolChuarboxidivoranglid not. This
indicates thaClostridiumstrain P11 has the necessary enzyme system to reduce acetone to 2-

propanol.

The ethanol concentration in the fermentation run is higher compared to previously
reported concentrations during syngas fermentation@lihbtridium carboxidivoranand
Clostridiumstrain P11 as the microbial agent (Saxena and Tanner, 2006). Formation of 2-
propanol has not been shown in previous studies while the production of acetic acid was
comparable to other studies (Ahmed et al., 2006; Datar et al., 2004). Probably the higher
productivity in the present run could be due to pilot scale fermentor, gas spardgiegystra
process modifications done on the fermentor, and comparatively longer fermeunbatioc

time compared to previous studies.

Figure 5.5 shows the cell concentration with corresponding pH profile observed during
the Biostat D-75 fermentation. The cell concentration increased to 0.44ithe end of Day 2
with a corresponding pH of 5.62. From Day 3 to Day 7, the cell concentration essentially
remained constant, however the pH dropped exponentially to 4.95. The gas source was changed
to biomass producer gas at the end of Day 7, which caused further lag in the fieomeritia
no change in pH or cell concentration. This is probably because the bactesialarelladapting
to the producer gas environment. Producer gas components such as nitric oxide &rtkacety
has been shown to inhibit hydrogenase activity and result in a growth lag in asegfoipelius

and Knowles, 1984). The total cell density in the fermentation broth peaked at the end of 14 d
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reaching a concentration of 0.84 g hefore plateauing until the end of the fermentation. This
may also correspond with the switchGtostridiumstrain P11 metabolism from acetogenic to
solventogenic phase, in accordance with the non-growth associated production of solvents
(Ahmed et al., 2006). The total cell concentration at the end’bdl 5&as 0.87 gt The cell
densities observed in the present study were much higher compared to edliksrsith

Clostridium carboxidivoran®7' (Ahmed et al., 2006; Datar et al., 2004).
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Figure5.5. Clostridium strain P11 cell concentration and pH profile observed during
Biostat D-75 fer mentation run.

The pH continued to decrease to 4.74 observed at the end of 24 d before the fermentation
switched to solvent production. Regulation of pH further alters the flow of electrbes teit
acetate or solvent production and it is necessary for the bacterial cells togpastito ensure
subsequent solvent production (Worden et al., 1991). Itis also expected that the drop in pH
observed during the time course of fermentation, may also increase theansfes t
performance due to the presence of carbonic acieC @), produced by simultaneous chemical

reaction and C®mass transfer during syngas fermentation (Kapic et al., 2006). The autbors als
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observed that presence of carbonic acid resulted in the decrease of medium pH @vhaith ha

instantaneous effect on the solubility of CO and a greater sensitivity toststraasfer.

Large scale production of inoculum is one of the critical factors for maintaanvaple
inoculum volume in large scale fermentations and for multi stage inoculum developbrerg
the process operating conditions have been optimized, the reaction rate can bedifmprove
increasing the microbial cell density. A hiGtostridiumstrain P11 cell concentration was
observed in the fermentation medium, which was beneficial in efficiently convérgrgyngas
components, and may have resulted in high productivity observed in the present run. A high cell
concentration was shown to impact substrate utilization (Datar et al., 200&thahol
fermentation using yeast cells it was found that high cell densities wassagy to achieve high
fermentation rates (BOSTID, 1983). It can also be deliberated that a Higbree#ntration, the
inoculums will have a greater probability of survivability and adaptation in presg¢nc

inhibitors.

The ethanol productivity was much lower than that observed for fermentations adegluc
and other monosaccharides to ethanol. Low cell densities and low mass traesfere ée
main reasons for low ethanol productivity during syngas fermentationsntReseveral patent
applications have been filed detailing the use of hollow fiber membrane reactsysdas
fermentation (Tsai et al., 2009a, 2009b, 2009c)). In these reactors a biofilm forms die tbfe si
the membrane in contact with the liquid media with syngas diffusing through the amenand
into the biofilm. Mass transfer rates are much greater in these reaudiseaells are
immobilized in the reactor by the biofilm, thus, increasing cell densilypaeventing cell
washout if continuous operation is used. Other novel strategies such as altelisng me
composition, nutrient feed rate, operating conditions such as temperature, agidfoh and
syngas composition and feed-rate, have also been mentioned in order to maintaly state
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condition associated with ethanol productivities greater than 1bamtl a stable culture growth

(Gaddy et al. 2007).

Effect of Contaminants on the Fermentor Product Profile

The effect of biomass producer gas components, specifically nitric oxide etytene,
has been shown to inhibit the hydrogenase activity and subsequent uptake of hydrogeg. A stud
with nitric oxide andClostridium carboxidivoranshowed that at a nitric oxide concentration of
150 ppm, hydrogenase activity was consistently inhibited (Ahmed et al., 2006). lorgdde
authors also observed that tar in biomass producer gas was responsible for egltgoather
than ash. This may be the reason for the lag observed in cell growth when the fgad gas

switched from bottled gas to producer gas.

Acetogens are strict or obligate anaerobes. However, in the present stpcydilneer
gas generated from the gasifier was constantly contaminated with oxggsons for which are
presently being investigated. Oxygen concentration as measured by headspactygad on
the gas chromatography ranged between 400 to 26000 ppm (data not shown). In spite of the O
presence in the gas feélpstridiumstrain P11 inoculum demonstrated growth and product
formation. Ability of Clostridiumstrain P11 to grow and metabolize under micro-aerophilic
conditions (5% @concentration) is surprising and encouraging from a process scale-up
perspective. Acetogens isolated from anoxic soils and termite guts weerdatpd to contain
certain mechanisms to cope with i@ an in-situ environment. Acetogens sucivaorella
thermoaceticandClostridium magnundisplayed peroxidase and NADH oxidase activity which
enables it to grow in media supplemented with 219/@") (Karnholz et al., 2002). It can be

speculated that under prolonged exposurestm@e producer gas, it is possible that some of
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these oxygen consuming enzymes were over expressed er@blstigdiumstrain P11 to grow

and metabolize the syngas components to ethanol, 1-butanol.

Conclusion

In this study, the installation and operation of a pilot scale fermentor with improved
productivity was successful compared to serum bottle fermentation and benditisealéank
reactors. The study also elaborates the sizing and design of utilifiesecefor a trouble free
operation of a fermentor. The fermentor was operated over an extended period dtioed
in this study was a staggered procedure for preparing final inoculum for thecpllfermentor.
Future research should address the effect of different nutrients usingticathtidesigned

procedure.
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APPENDI X 1: Detailed composition of Proflo Cotton Seed Extract (Adapted from
(Zabriskie et al., 1980)

AMINO ACIDS*

% %
Lysine 4.26 Alanine 4.13
Histidine 2.89 Cystine 1.68
Arginine 12.12 Valine 451
Aspartic Acid 9.72  Methionine 1.63
Threonine 3.50 Isoleucine 3.25
Serine 4.82 Leucine 6.31
Glutamic Acid 22.95 Tryosine 1.15
Proline 4.15 Phenylaianine 5.66
Glycine 4.40 Tryptophan 2.87

VITAMIN CONTENT

ngg” ngg”
Carotene 0.11 Pantothenic Acid 12.510
Total Tocoherols 14.00 Choline 33.480
Ascorbic Acid 25.11 Pyriodoxine 0.885
Thiamine 4.36 Biotin 0.784
Riboflavin 5.11 Folic Acid 1.500
Niacin 83.90 Inositol 0.364

MINERAL CONTENT SOLUBLES*

ppm %
Calcium (Ca) 2530 Total Solubles 32.560
Chloride (CI) 632 Soluble Amino Nitrogen 1.650
Iron (Fe) 109 Soluble Phosphorous (P) 0.346
Magnesium (Mg) 7480 Soluble Iron (Fe) 0.00036
Phosphorous (P) 13100 Soluble Magnesium (Mg) 0.467
Potassium (K) 17300
Sulphates (S9) 15600

*Percent of Total Protein
*All values determined relative to one gram of Proflo autoclaved in 100 mL of
water for 15 min at 12C.
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