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Abstract

Succinic Acid (SA) is an intermediate in the pradue of fine and commodity
chemicals. No commercial SA bioproduction procegste due to process limitations including
end product inhibition and high product separatawsts, which account for 70% of total
production costs. Two-Phase Partitioning BioreactdifPPBs) can increase volumetric
productivity throughin-situ product removal, although SA uptake by polymerguires a pH
below the pk, of SA (4.2).

Sparging CQ gas into the bioreactor was proposed to tempgréoiter the pH of the
medium, allowing for SA uptake. At latm G¢®parging lowered the pH of Reverse Osmosis
(RO) water to 3.8 but only to 4.75 in medium, reing the use of K5O, and KOH for pH
adjustment in subsequent experiments. Polymers s@eened for SA uptake and the effect of
pH on uptake from 2.2 to 6.2 was also studied. ®iylyel® 8206 showed non-zero uptake with a
partition coefficient for SA of 1.3. Cell cultures Actinobacillus succinogenes was exposed to
pH 4.2 for times from 5 minutes to 4 hours to deiee whether cells could grow after low pH
exposureA. succinogenes resumed growth after up to 4 hours of low pH expesgiving a
sufficient time span for SA uptake in the bioreactd single-phase run was operated as a
benchmark for comparison to the TPPB system whichoved SA from the fermentation broth
by pH cycling; lowering the pH to 3.8 for uptakéeh increasing it to 6.7 to continue
bioproduction. Uptake from fermentation broth t&ikminutes, within the time causing no effect
on cell growth from low pH exposure. The two-phas@ yielded 1.39g/L-h, unchanged
compared to the single-phase run which gave 39§/8/oafter 28 hours. Though pH cycling
reduced the concentration of SA through polymemkgpt the salts added for pH adjustment
hindered further cell growth. The TPPB system destrated that SA can be efficiently removed

from solution without complex separation methodstuFe work will use pressurized vessels to



increase the solubility of CQand lower the pH of fermentation broth for SA Ugatavithout the

need for strong acids.
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1.0 Introduction

1.1 Background

The world in which we live relies heavily on thesusf petroleum not only as a source of
fuel but as a feedstock for the products we usetlamdontainers that hold them. Currently, the
chemical industry consumes over one billion bardélsil per year and overall consumption of
liquid fuels such as crude oil and natural gas art®dwo over 30 billion barrels per year
[Delhomme et al., 2008, Conti and Doman, 2010]tHf current consumption, only 1.4% comes
from biofuels. A current estimate of total accelesitil reserves is 1.3 trillion barrels, and with
the reported consumption levels, world oil resosiél be depleted by 2055 [Conti and Doman,
2010]. Given that oil reserves will eventually bemscarce, more focus is being put on catalyst
improvement to increase efficiency in traditionghthesis, particularly for the production of fine
chemicals [Sheldon and van Rantwijk, 2004]. Thik dbes not solve the problems associated
with chemical production from dwindling oil resesveldeally, biochemical production of
chemicals from fuels using renewable resourcesdcoeplace a large portion of petroleum
consumption.

In the United States alone, it is estimated thatr dvbillion tons of biomass per year is
available from the forestry and agriculture secteithout affecting food supplies; enough to
replace 30% of current US petroleum consumptiorfuag chemical production and energy
[Perlack et al., 2005]. This unused mass couldaaca starting material for bioproduction. As
biomass is plant and plant-derived material, iprieduced through the removal of atmospheric
carbon dioxide, a pollutant which has a large impacthe environment. Additionally, this large
volume of biomass available on an annual basisvallfor easier accessibility compared to oil
extraction. The ability of biomass to act as a carbioxide sink as well as its abundance in

agriculture and forestry makes it an ideal raw mialtéor the bioproduction of commodity and



specialty chemicals [Sauer et al, 2009].

Bioproduction is defined as the bioconversion ofjamic feedstocks to energy or
chemicals, either through the use of enzymes d@reemicroorganisms [Otero and Nielsen, 2010].
It is a preferred production method, as traditiomedthods of production face problems with
diminishing sustainability and increasing negatamvironmental impact [Otero and Nielsen,
2010]. Bioproduction has the advantage that it dailace at temperatures between 30°C and
40°C, far below temperatures required for chenmsgathesis [Sheldon and van Rantwijk, 2004].
Another advantage of bioproduction is the high celdy of target molecules when
stereoselectivity is important, particularly in thproduction of pharmaceuticals. L-
phenylacetylcarbinol (L-PAC), a precursor to ephesircan be produced by the microorganism
Candida utilis whereas chemical synthesis generates many by-giodimd does not have high
selectivity [Khan and Daugulis, 2010].

While there are many chemicals that can be prodfied renewable resources using
microorganisms as biocatalysts, one that can b taseake a wide range of products is succinic
acid. A 1,4-diacid, it is a precursor to commodityemicals such as 1,4-butanediol as well as
specialty chemicals for the pharmaceutical indugBpng and Lee, 2006]. This particular
chemical falls into a group known as diacids, whitdwe been highlighted in a 2004 US
Department of Energy report as one of the top valised chemicals produced from biomass
[Werpy and Petersen, 2004]. There are severahstidibacteria available which can efficiently
transform glucose and other sugars into succint; &at, overall, separation of the product from
the fermentation broth is difficult. While someeasch suggests that succinic acid production can
be as high as 100g/L, in most cases the maximurartexp concentration of succinic acid
produced is approximately 50g/L. This upper limitthe literature may indicate that end product
inhibition is taking place. As the succinic acidguction decreases near this 50g/L upper limit,
the volumetric productivity of the system decreagdsng a system that is less efficient than if it
were unaffected by end product inhibition. Overtdie bioproduction process has yet to be made
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commercially viable and competitive with the traatial chemical production process.

Aside from end product inhibition, the main botdek in developing a commercial
bioprocess for succinic acid is efficient produstavery. The fermentation broth must be filtered
of impurities such as cells, substrate and oth&saas well as reduced in pH to generate the
protonated form of the succinic acid. These pratinent steps result in a separation process that
is 60 to 70% of the total production cost of suiciacid [Hong and Hong, 2005]. Various
methods of succinic acid recovery have been praposguding ion exchange chromatography,
precipitation with calcium hydroxide, liquid-liquidextraction with trin-octylamine, and
electrodialysis, but all of these methods have Hemks in terms of high energy or chemical
inputs [Kurzrock and Weuster-Botz, 2010]. An ideatovery method for succinic acid would
have minimal chemical addition, require no addiiloanergy inputs beyond normal operation
and would leave the biomass unharmed to continceirsa acid production.

Two-Phase Partitioning Bioreactors (TPPB) are systdesigned for substrate delivery
or in-situ product removal depending on the biotransformatiidimg place. Previous work in the
Daugulis group has helped reduce the effects ofgenduct inhibition in the production of 2-
phenylethanol fronKluyveromyces marxianus [Gao and Daugulis, 2009]. With a second phase
chosen to effectively remove succinic acid fromutioh, a system can be created to perfarm
situ product removal, allowing the system to continui¢heut end product inhibition. While
previous TPPB systems used an organic solventeasettond, immiscible phase, recent research
has shifted to the use of polymer beads, the ksnefiwhich include lower cost, re-use and
nonbioavailability [Amsden et al., 2003]. One coioalion is that polymer uptake requires the
pH of the solution to be below the lower pKf succinic acid, a value of 4.2 [Gao and Daugulis
2010]. The addition of acid to lower the pH andeb&sraise it after succinic acid absorption is
undesirable because this would increase costseaudtd an excess of salts in the system. Carbon
dioxide gas, when dissolved in solution, reacthwiiter to form carbonic acid that dissociates
and lowers the pH. This reaction is reversible fgrging nitrogen through the liquid, driving out

3



the carbon dioxide and restoring the higher pHngsiarbon dioxide to ‘temporarily’ adjust the
pH of the system reduces the need for acids anesbasd decreases the mass of salts left in

solution.

1.2 Objectives

The proposed process was to use a TPPB systermtiveesuccinic acid from solution
and reduce end product inhibition. The processymed succinic acid to inhibitory levels, then
the pH of the system was adjusted below thg @i succinic acid using dissolved carbon dioxide
gas to create undissociated product. Polymers awithffinity for succinic acid absorbed it from
solution. After removing the polymers from the gynf the pH was returned to operational levels
by removing dissolved C{and production continued without inhibition.

The first set of experiments examined the physasglects of the system. The main
advantage of this process was the use of carbodddigas to lower the pH of the system below
the pK,, of succinic acid for absorption into the polymarset of experiments showed how the
pH of the system can be adjusted using, @Oultrapure water as well as in the presence of
growth medium components. A polymer was selectetlabsorbance at various pH levels was
characterized. The goal was to determine the palymase for succinic acid absorption from the
system and how effective the €@as was at adjusting the pH.

Biological testing showed how the selected micraaigm responded to exposure to a
low pH and how it recovered based on the lengtexpbsure time. The purpose of this test was
to show the maximum time span possible for succamici absorbance before lasting negative
effects were seen in the cells. A single-phase lmaack fermentation was also established
against which TPPB tests was compared. Proof otemnshowed through a combination of
physical and biological testing that a system wagetbped which produced succinic acid in high

concentrations and removed it from fermentatiorttbin a more efficient and less energy- and
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resource-intensive method than current separatiocepses in the literature while lowering end-

product inhibition.
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2.0 Literature Review

2.1 The use of Microorganisms in Biosynthesis

The most basic form of a biocatalyst exists as rglsi enzyme transforming one
compound to another. While a single step involvdmg enzyme is ideal, biotransformations are
often complex and can have many intermediate simgbk side-reactions. For more complex
biotransformations, the ultimate form of a biocggalis a living cell that has enzymes capable of
bioconverting a substrate, via multiple steps, theadesired product in one process [Sheldon and
van Rantwijk, 2004]. The term industrial biotectogy was first used in the early 1980’s,
defined as the bioconversion of organic feedsteckshemicals or energy [Pass, 1981]. The use
of industrial biotechnology is becoming more popués traditional chemical synthesis is
characterized by decreasing sustainability, inéngamaterial costs and environmental damage
[Otero and Nielsen, 2010]. In comparison with ttiadial synthesis, bioproduction has a few
distinct advantages. Because they are living, roiganisms prefer to operate at neutral pH
levels and lower temperatures compared to othercegses which can require reactor
temperatures of over 300°C [Sheldon and van Rant204]. Additionally, the selectivity of the
enzymes in biocatalysts results in less downstrpaonessing and less waste [Sheldon and van
Rantwijk, 2004]. These advantages have led to ssbae applications of biosynthesis in

commercial settings.

2.2 Industrial Applications of Biosynthesis

Total global chemical production sales will be @&ghhas $1 600 billion USD per year
within the next five years, 20% of which will confimm industrial biotechnology [Otero and

Nielsen, 2010]. Bioproduction will represent $320idn USD per year broken down into the



following areas: commodity, 15% polymers, 15%, sgecand fine chemicals, 70% [Kuhn et al.,
2010]. Several examples of commercially establidliegroduction in fine chemical markets are
given below. The antibiotic Penicillin is produckd Penicillium chrysogenum with a market of
$1.5 billion USD and the amino acids L-glutamatd &rysine are generated Iornybacterium
glutamicum with annual production exceeding 600 000 tons [Keh al., 2010]. Additionally,
over 1 600 000 tons per year of citric acid is pict commercially througAspergillus niger
[Sauer et al., 2008]. With increased focus on lbdpction, a wider range of chemicals will

continue to be produced, including succinic acid.

2.3 Succinic Acid

Succinic acid is a 1,4-diacid that has become anatad of significance in recent years,
and was identified as one of the top 12 value-adihesnicals to be produced from biomass in a
report released by the US Department of Energy pand Petersen, 2004]. The properties of
succinic acid are listed in the table below [J.@k&r, 2008]

Table 2-1: Physical properties of succinic acid

CAS Number 110-15-6
Molecular Formula (CH,COQOH),
Molecular Weight 118.09 g/mol
Melting Point 188TC
Boiling Point Decomposes at 235T
Specific Gravity 1.56
Solubility 100g/100ml at 100C
7.69g/100 ml at 25C
pKaz 4.21
pKaz 5.64

Succinic acid can be used to create a large arfashemicals including resins and
biodegradable polymers, as well as surfactantgrgents, pharmaceuticals and food additives
[Lee et al., 2002, Lin et al., 2008]. It can alsoused as an ingredient in animal feeds and used to

stimulate growth in plants [Wan et al., 2008]. Amat major area in which succinic acid can



serve as an intermediate chemical is in the cneatfol, 4-butanediol, a chemical that was
expected to have a demand of 479 000 tons perbyea008 and 1.5 million tons per year by
2011 [McKinlay et al., 2007, ChemWeek, 2008]. Idiéidn to succinic acid itself, succinate salts
were being consumed at a rate of 92 000 tons @aragof 2003, showing a very large demand
for succinic acid and its derivatives [McKinlay at., 2007]. An example of the chemical

derivatives of succinic acid is shown in Figure.2-1
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Succinic acid can be produced anaerobically thrdiegimentation by bacteria isolated
from ruminant animals and is an intermediate of thductive TCA cycle [Lee et al., 2002].
Through biochemical production, succinic acid exist its dissociated form since the pH of
fermentation is above its pKvalues of 4.20 and 5.61 [Lee et al., 2008]. Whercimic acid is
synthesized from petrochemical sources, it is ladehs chemically produced whereas succinic
acid from bioproduction is considered naturallydaroed as it is sourced from biomass [Zeikus et
al., 1999]. This distinction of chemical versusumat production can change the areas in which
succinic acid can be used as well as affect thingeprice. Industries such as foods and
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pharmaceuticals will prefer to use succinic aciddpiced from renewable resources to avoid
potential health hazards from production residuemnehough the product is identical through
both production methods [Gascon et al., 2006]. Raanly 2008, succinic acid was sold between
$6 and $9 per kilogram with annual demand of 15 @@®8 with growth at six to ten percent per
year [Bechthold et al., 2008]. As fermentation bmes a more cost-efficient method and the
number of chemicals synthesized from succinic awdeases, demand will rise [Song and Lee,
2006]. Current succinic acid production throughrgetiemical processing has raw material input
costs of $1.03 per kilogram whereas fermentatias tigher costs, although the bioproduction
cost estimate varies based on the scale of prasiuf®iong and Lee, 2006]. Currently there is no
process for bioproduction on an industrial scalé ak succinic acid produced today is done so

through chemical synthesis.

2.4 Current Production of Succinic Acid

Succinic acid produced using petrochemical resauiseerived from maleic anhydride,
which is produced fromn-butane through oxidation over vanadium-phosphomide catalysts
[Liu et al., 2008, Gascon et al., 2006]. A simgldireaction pathway of n-butane to maleic

anhydride is shown below in Figure 2-2.

CélHlﬂ + 35‘ 02 B ot O + 4H20

O
Figure 2-2: Reaction Pathway from n-butane to Malei Anhydride [Sutton et al., 2003]
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The reaction from maleic anhydride to succinic dmgins by hydrolysis, breaking one
of the single bonds between carbon and oxygen,ifigrmmaleic acid. The addition of hydrogen
breaks the carbon-carbon double bond and compleegaction, forming succinic acid.

Succinic acid produced from fossil fuels is whategi it the distinction of not being a
natural product [Song and Lee, 2006]. While thighméd of production is currently cheaper than
processing by fermentation, there are some veggldrawbacks [Wan et al., 2008]. As the term
petrochemical processing implies, succinic acich&le using non-renewable resources such as
natural gas which will become more difficult todims time passes. As this raw material becomes
harder to locate and demand continues to incréas#| become increasingly expensive [Isar et
al., 2006]. In addition, the removal of oil and demm deposits, transportation and processing
require a lot of energy and generate a large amoluetissions [McKinlay et al, 2007]. This
process is not sustainable in the long term andhansolution is required if industries want to

continue producing succinic acid with increasingndad [Wan et al, 2008].

2.5 Succinic Acid Production Though Fermentation

The process of fermentation is receiving increasittgntion as it can use renewable
feedstocks as substrates and is seen as a momn‘gerhnology compared to chemical
production because of its renewable resource copisoim and its limited impact on the
environment [McKinlay et al., 2007]. The directionwhich succinic acid production is heading
can be summarized in a quote from McKinlay et 80@. “Considering the current political and
economical climate of crude oil-based industrieés;bdased chemical production is in a position
to complement and compete with existing petrochahmarkets.”

Studies show that in the United States alone, lobiltons of biomass is available
annually from the forestry and agricultural secteithout hindering food production [Perlack et

al., 2005]. In a summary paper on the bio-basedisate industry in 2007, it was projected that
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with all the chemicals that can be synthesized wiittcinic acid as an intermediate, there exists a
market of $15 billion US [McKinlay et al., 2007].siimates are that succinic acid could be
produced through fermentation at $2.20 per kilogera production level of 5,000 tons per year,
but the price would drop to $0.55 per kilogramribguction levels reached 75,000 tons per year
[Kang and Chang, 2005]. This upper production lewsy seem high, but this area of
biochemical production will soon reduce the neeadpietrochemicals, so demand is expected to
rise [Werpy and Petersen, 2004].

Succinic acid, when produced through fermentat@mverts glucose to succinic acid
along a portion of the reductive cycle of the trimxylic acid (TCA) cycle [Lee et al., 2002].
Figure 2-3 depicts the reactions and enzymes ypiaal fermentation process that transforms

glucose to succinic acid.
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Figure 2-3: Metabolic pathway of a typical succiniacid producing microorganism [McKinlay and

Vieille, 2008]
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First, glucose is converted to glucose-6-phosplistehexokinase, which also adds
phosphate to the molecule [McKinlay and Vieille 08D Next, three separate enzymes that are
part of the Embden-Meyerhoff-Parnas glycolytic pai lead to the production of phospho-enol-
pyruvate (PEP) [McKinlay and Vieille, 2008]. FrontP, the metabolic pathway can take one of
two paths depending on the level of carbon dioxgailable to the system [McKinlay et al.,
2007]. If there is not enough GQ@resent in the system, the preferred metaboliavpat creates
end products of formate, ethanol and acetate, asrsion the right side of Figure 2-3. With
ample supply of carbon dioxide to the system, theraorganism favours the production of
succinic acid, the left half of Figure 2-3 [McKipat al., 2007]. Through this pathway, PEP is
converted to oxaloacetate by PEP carboxykinase thithaddition of C@ This creates a 4-
carbon chain, giving this series of reactions tlen@ ‘C4 pathway’ [Lee et al., 2008]. The
presence of high levels of carbon dioxide in thsteay strongly regulates the activity of PEP-
carboxykinase [Zeikus et al., 1999]. The next rieacadds hydrogen to oxaloacetate to produce
malate, which is converted to fumarate by fumarasth the removal of a water molecule
[McKinlay and Vieille, 2008]. Finally, with the adibn of hydrogen, succinate is formed in its
ionic state, which is common as the pH range oflpction is above the pKvalues for succinic
acid [McKinlay and Vieille, 2008, Zeikus et al., 99. Succinic acid can be created by
protonating the succinate ion and producing theissoediated acid, which can be done in a
number of different processes as discussed latez. theoretical yield of succinic acid from
glucose plus carbon dioxide should be 1.17 molesymde of glucose based on stoichiometry
[McKinlay and Vieille, 2007].

This production method is not without unwanted lbgefucts, however. In a study on the
fermentation of wheat by Du et al. (2007), acetid and formic acid were moderate by-products
produced in concentrations of 9.2g/L and 6.1g/lspestively. These values are lower than the
final concentration of succinic acid at 27.2g/Lt Btill make the separation process more time
consuming and costly. Another major problem, showrthe metabolic pathway in Figure 2-3, is
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that the conversion of glucose to glucose-6-phasptakes place with the side reaction of
converting PEP to pyruvate, an irreversible step{ilay and Vieille, 2008].

Succinic acid is also a highly reduced producttlsoughout the fermentation process
from glucose, four electrons are required. Theggfor addition to carbon dioxide gas, hydrogen
has been suggested as an addition to act as aingdigent since reductant levels can limit the
reaction rate [Lee et al., 1999, McKinlay and M&il2008]. In studies done by Lee et al. (1999)
the addition of hydrogen often decreased fermemaiime, making the process more efficient.
However other studies make no mention of the amlditif hydrogen gas and obtain comparable
concentrations of succinic acid [Lee et al., 1998, et al., 2008b]. Additionally, other reducing
agents, including formate and Natural Red dye hbgen used with encouraging results
[McKinlay and Vieille, 2008].

For bioproduction of succinic acid to be economicahjor areas of biological process
improvement need to be addressed, including ligyitire use of low-cost amino acids, achieving
high yield and concentration and using inexpensaon sources [Glassner and Datta, 1989].
Fermentation requires both substrate and medialwdootain the energy sources, nutrients and
minerals needed to ensure optimal productivity gdiece et al., 2002]. Depending on the
microorganism chosen for the fermentation proct®se are many carbon sources available. In
the case of succinic acid production, most of trlgomsugars present in biomass can be used
effectively, including glucose, fructose, arabinassd xylose [McKinlay and Vieille, 2007].
While the cost of these sugars is relatively lotheo carbon sources have been examined, in
attempts to lower the cost of fermentation. Theferosugars range from glycerol and wood
hydrolysate to waste whey from milk and cheese ytidn [Bechthold et al., 2008, Wan et al,
2008]. McKinlay and Vieille (2007) suggest thatucanate-based market through fermentation
can be economical provided that the price of ailaims above $40 per barrel and if corn remains
above $90 per ton. McKinlay et al. (2007) suggbat productivity goals of 150g/L and 5g/L-h
are ideal production targets to compete with ofidzhsuccinic acid production.
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As succinic acid production from fermentation rezcl point where industrial facilities
are being constructed, they will be located vergrrie supplies of biomass as well as carbon
dioxide. An ideal location would be in close prokiynto an ethanol plant. These production
facilities could make their process more value-dddg using their waste carbon dioxide and
biomass, such as cane molasses and cheese whseiedimic acid production. Since fermentation
of succinic acid is considered a ¢€xing process, this would turn a by-product oé tfirst
process into an input for the second [Urbance.ef@04, McKinlay and Vieille, 2007]. This co-
product system would also reduce greenhouse gagdaqged in the creation of ethanol and the
waste plant material could also be used as a sabdtr succinic acid bioproduction [Zeikus et
al.,, 1999]. As with any bioproduction, a biocatalyis required and there are many

microorganisms in existence that can perform tlaissformation.

2.5.1 Bacteria for Producing Succinic Acid

The rumen is the primary chamber of the stomachraiminant animal, and it is here that
succinic acid-producing bacteria are found [Lealgt 2002]. Among the 200 bacterial strains
found in the rumen there aReiminococcus albus, Cellulolytic prevotella ruminicola, Bacteroides
amylophilus, andBacteroides fragilis, but these organisms are not the most efficiectinic acid
producers [Lee et al., 2002]. The bacteria thatlpce succinic acid in greatest concentrations
and those that are the focus of the majority ofeaesh areActinobacillus succinogenes,
Anaer obiospirillum succinoproducens, andMannheimia succiniciproducens [Corona-Gonzalez et
al., 2008]. SeveraEscherichia coli strains have been genetically engineered for sigceicid
production, but are not natural to ruminant aninf@srona-Gonzalez et al., 2008]. The succinic
acid concentrations generated by these bacterige faom 45g/L for one of the variants@©fcoli
up to 60g/L forActinobacillus succinogenes [Corona-Gonzalez et al., 2008]. Interestingly, the

metabolic pathway shown in Figure 2-3 fAr succinogenes is very similar to that ofA.

15



succinoproducens and the steps from PEP production to succinatadtion are identical [Van
der Werf et al., 1997].

The metabolic pathways in the mutant strainsEoftoli were designed to mimic the
reactions that produce succinic acid An succinogenes and A. succinoproducens with some
alterations made to ‘knock out’ some of the gertet tead to the production of undesired
products. This manipulation of the genes has led tdecrease in the overall succinic acid
production of the bacteria and overall the produrctif succinic acid is limited to 12 moles per
100 moles of glucose whereas the typical produdtiom A. succinogenes is 1.2 moles per mole
of glucose [Van der Werf et al., 1997]. Wu et @0(7) concluded that this slowed growth and
production is caused by the inability Bf coli to regenerate NADfrom NADH due to the
disruption of the LDH enzyme. For this researchjgmp manipulation of bacteria for succinic
acid production was not a goal, so the only workedwith regard to bacteria was organism
selection. Several criteria were determined fortdyéer selection, most importantly Biohazard
Level 1 to eliminate any special handling procedufhe strain best suited to production was

found to beActinobacillus succinogenes.

2.5.2 Actinobacillus succinogenes

The main succinic acid producing bacteria thattaeefocus of much of the literature
were evaluated and the microorganism selected Agtinobacillus succinogenes, in particular
strain 130Z, American Type Culture Collection (ATIC%5618. This bacterium was isolated from
bovine rumen at the Michigan Biotechnology Insgt(¢BI) International in Lansing [Guettler et
al., 1999]. This strain is facultatively anaeroliapnophilic and gram-negative and is considered
to have the most potential as a succinic acid gredin an industrial setting [Wan et al., 2008].
An alternate form ofA. succinogenes has been isolated from cow rumen at the School of

Biotechnology at Southern Yangtze University in i@hibut this strain is unavailable through
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ATCC and has been labelled as Biohazard Level 2 §tial., 2008]. Compared to the other major
producers of succinic acid, there are several adgas of this bacterium including tolerance to
high levels of substrate, high resistance to proohinbition, and high production rate. It also has
a high tolerance of oxygen, low production of unteanacid by-products and can use a number
of substrates in comparison to other succinic podiucing bacteria.

Guettler et al. (1999) stated that compared toraghecinic acid producing bacteri&,
succinogenes produced the highest quantities [Samuelov et E91]. Typical production
concentrations are reported between 30 to 60gkr &8 hours [Liu et al., 2008a, Liu et al.,
2008b]. Wan et al. (2008) stated that this bacthdad enormous potential as a succinic acid
producer because of the high concentrations it generate. Many sources state that
Actinobacillus succinogenes is the microorganism of choice for creating anustdal process,
having a high tolerance of succinic acid [Lin et 2008].

Another factor to consider is how product inhibitiaffects cell growth. As products
accumulate in the aqueous phase of the fermentgitronduction rates decrease as the cells are
forced to spend more energy maintaining the céflerathan fermentation and cell growth. Cells
that have a higher tolerance of products can coetproducing quickly and give a higher final
concentration. The succinic acid production rangestioned earlier seem to indicate that there
is an upper limit on the final concentration achigle fromA. succinogenes possibly due to end
product inhibition. A study by Wan et al. (2008)sled thatA. succinogenes could withstand a
succinic acid concentration of up to 66.4 grams ljex before production ceased after 84h,
showing that production can continue up to highceortrations before the system reaches end
product inhibition.

In addition to its high product tolerancigtinobacillus succinogenes can grow from a
wide variety of carbon sources. A study by Zeiktisle (1999) showed that this organism can
ferment L-arabinose, cellobiose, fructose, galagtghucose, lactose, maltose, manitol, mannose,
sucrose, D-xylose and salacin. Another study pewéar similar tests and agrees with the previous
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results, adding that xylose can be fermented intzisic acid as well [Wan et al., 2008]. For the
scope of this thesis, the ability to use many femds was not a criterion in bacterium selection.
The only carbon source that will be used in thieesch is glucose, but should this production
method be applied on an industrial scale, knowlelthgé a large number of feedstocks can be
used is beneficial.

All of the bacteria that can ferment glucose tocsic acid require anaerobic conditions
to function properly, but many of these differemyjanisms require strict anaerobic conditions.
This is not the case witActinobacillus succinogenes, however, and a small amount of oxygen
can be tolerated in the headspace of the ferm@dtbance et al., 2003]. This tolerance adds to
the list of desirable qualities in a bacterial istrfor producing succinic acid as there is less
preparation involved in removing oxygen from thetseyn.

The use ofA. succinogenes for the production of succinic acid yields far fawby-
products compared to other bacteria tested, makimgeparation process simpler and less costly.
Experiments performed by Guettler et al. (1995hwftis particular strain showed that the ratio
of succinic acid to acetic acid was 85 to 1 anctisuc acid to formic acid of 160 to 1. Another
study showed that when succinic acid was produeeth fcane molasses, a succinic acid
concentration of 39.4 grams per litre was achiewbde only 4.4 grams per litre of acetic acid
and 1.5 grams per litre of formic acid was formgigling ratios of 8.9 to 1 and 26.2 to 1 [Liu et
al., 2008]. These ratios are still quite large &nther show thafctinobacillus succinogenes is
an ideal choice for use in the production of succatid. Though there are many benefits of this

microorganism, there are still limitations with production that need to be addressed.

2.6 Current Limitations with Fermentation

The process of carbohydrate fermentation is aadite alternative to the production of

chemicals from crude oil because of the renewahtera of feedstocks, but it is not without
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limitations. First, fermentation takes place indfined pH range and fa@k. succinogenes this is
between 6.0 and 7.2 with the optimal pH for ferraéioh at 6.8 [Wan et al., 2008]. A higher pH
will lead to higher cell growth but will increasket amount of by-products formed [Lee et al.,
2002]. Below a pH of 6.0, little cell growth occuilsie to increased cell maintenance demand
[Lee et al.,, 2002]. Although studies show that #ete is the major product formed as pH
decreases, a point is reached at which the cedlsec ferment glucose [Van der Werf, 1997].
Unfortunately, the pK values of succinic acid are 4.20 and 5.61, so whgtinic acid is
produced it is as a dissociated molecule. This fgablem because most separation methods
require the undissociated acid form of succinidao additional steps are needed to lower the
pH to remove products.

Throughout the fermentation process, succinic scmoduced as well as the by-products
formic and acetic acid. Because of this, base neete constantly added to the fermentation to
keep the process operating at or near its optitdalTihis is usually done through the addition of
sodium hydroxide, which raises the pH and gives d¢agivalent salt disodium succinate
[McKinlay et al., 2007]. If too much sodium is add® the system the osmolarity of the solution
changes and cells will flocculate; their produdtivilecreases as they spend energy on cell
maintenance [Liu et al., 2008a].

Fermentation reactions also have problems becaglie are living organisms and as
production takes place, product inhibition can ecd cell growth and synthesis stop because
more energy is required to maintain cells [Leelet2@02]. In a recent example, the fermentation
of carvone from carveol was limited by end produatitbition because the product accumulated
and became toxic for the cells in the fermentatiooth [Morrish et al., 2008]. Studies have
shown that end product inhibition is a limitation succinic acid production using.
succinogenes, as well [Urbance et al., 2004]. To date, the bgijhproductivity seen from this

organism is 1.34 g/L, far below the target of 2L5y/suggested by the US Department of Energy
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[Yang, 2007, Werpy and Petersen, 2004]. Addressimdyproduct inhibition would increase this
low productivity by allowing increased productiohsoiccinic acid.

The formation of by-products can also hinder fertagon because it can have a similar
effect to product inhibition at lower concentrasonAs is the case with succinic acid
fermentation, by-products such as acetate and fergan limit succinic acid production as well
as take away from the carbon source used by therimto make the main product, reducing the
yield of the desired product [Huh et al., 2006]. ishibition study performed by Lin et al (2008)
found that formic acid was the strongest inhibtimrcell growth and succinic acid production.
The inhibitory concentration of formic acid was U6ga concentration 10 fold lower than
succinic acid inhibitory levels. The impact of bgegduct is also noticed in the downstream
process since there is more unwanted material teelvoved [Lee et al., 2008]. The idea of
altering organisms in a way to reduce or eliminayeproducts has been suggested and, as
mentioned earlier, some work has been done to thieegenetic code of bacteria to ensure that
only specific genes are expressed, limiting the lmemof unwanted products [Lee et al., 2008].
However, this can lead to decreases in growth aodugtion rates, as shown in the examples of
genetically engineereH. coli [Wu et al, 2007]. Because of these limitationse let al. (2008)
have said that as it stands, recovery volume agld gire not high enough to warrant fermentation
in large-scale applications using these geneticatidified strains.

Maintaining a proper level of substrate concendrais also a concern. In a patent by
Datta (1989) it was noted that initial concentnasi@f glucose over 100g/L inhibited cell growth
and succinate production, while concentrations tfawvan 20g/L produced so little product that it
was not practical to perform product separationdifioihal studies on optimal substrate levels
showed similar results, indicating that the optinmatial glucose concentration was between
50¢/L and 60g/L [Liu et al., 2008]. Another chalienis that fermentation reactions need to be
constantly monitored to ensure ideal substrate exttnations for optimal growth since the
glucose concentration decreases over time and bwiseplenished. While constant glucose
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monitoring is not explicitly necessary for biopration, studies show that when the glucose is
maintained at 15¢g/L production of succinic acid@ases [Liu et al., 2008].

As it stands, current fermentation technology it wet financially or operationally
competitive with the production of succinic acidrfr butane. The major problem outlined by the
US Department of Energy is the cost of fermentatamnd significant improvement needs to occur
if this process is to be used on an industrial esd&Verpy and Petersen, 2004]. A target
productivity of at least 2.5g/L-h is required to tempetitive with petrochemical production
[Werpy and Petersen, 2004]. In addition to thisdpiciion rate, purification stands as the largest
expense of the succinic acid production processisadmajor area for improvement [McKinlay
et al., 2007].

Some sources suggest that separation and puificeiin account for up to 60% to 70%
of production costs [Huh et al., 2006]. Based @séhestimates of separation cost and the price of
sugar at $0.32 per kilogram as of December of 2@lGermentation process with typical
separation would have a total cost of over $1.06kgegram with separation costs of at least

$0.74 per kilogram [Liu et al., 2008].

2.7 Current Downstream Separation Methods

Succinic acid production can be broken down into tmajor components, fermentation
of carbohydrates to succinic acid and its separai purification [Werpy and Petersen, 2004].
Most processes that use succinic acid as an imguiire it in its undissociated form, and this is
where the majority of costs are incurred [Glassarat Datta, 1989, Werpy and Petersen, 2004].
The step of separation and purification poses tbst whallenges in the overall process due to the
problems mentioned previously with fermentationf hus also the best step to improve the
economics of the process [Zeikus et al., 1999]d&sbrecovery, concentration, acidification and

purification are the steps necessary to get sureicid from succinate in the fermentation broth,
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and currently, there is no single approach thattsnak of these requirements [Jun et al., 2007].
There are a few methods that are currently in tsleealaboratory scale that convert succinate to
its undissociated form, remove impurities and iaseethe purity of the product. These include
reactive extraction, ion exchange resins, elecatgsiis, precipitation and nanofiltration [Lee et
al., 2008].

Amine-based extraction is a method of reactiveagtion that separates organic acids
based on their pKvalues as it removes undissociated acids [Huh.,e2@06, Hong and Hong,
2005]. It is a promising method of separation beeaseparation is possibie-situ at room
temperature and pressure, so no pre-treatmentjisree for this method to function properly
[Huh et al., 2004]. The focus of much literatureamine-based extraction is the use oftri-
octylamine (ToA) because previous studies have shibst it extracts succinic acid very well
[Huh et al., 2006]. Tri-n-octylamine for reactiveteaction is toxic to cells, however. Because of
this effect on cell growth and production, othertimels of succinic acid extraction need to be
investigated. There are additional steps that nakst place to continue the process of separating
and purifying succinic acid, such as vacuum dattdh and crystallization, but given that the by-
product organic acids have been removed, this Istepmes easier, reaching a final purity of
99.8% with a yield of 73.1% [Lee et al., 2008, Biboitd et al., 2008].

Reactive extraction of succinate usingrioctylamine seemed to be the most promising
separation method, a statement supported by Bddrehal. (2008), but there are some problems
that remain and would need to be addressed baidieef consideration is given to this method.
The main factor is that the extraction processiss#ive to pH changes, so as the pH increases,
there will be a decrease in the uptake in ToA [dual., 2007]. Because only undissociated acids
can be extracted using ToA, the pH needs to be lkepto ensure that acid is removed from
solution [Huh et al., 2006]. Given that this sepiara method has no selectivity and removes
acetic acid first, it should be considered moreagdre-treatment step rather than a process to
remove succinic acid from solution. Further protes®of fermentation broth is required after
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acetic acid removal. Finally, the process of usingne-based extractants to remove succinic acid
from the fermentation broth is relatively new ata tpossibility of long-term stability of this
process needs to be studied to ensure there atexiw or inhibitory effects on the cells,
especially if extractant is uséd-situ on an industrial scale [Bechthold et al., 2008jd&ional
information is also required to determine the @fshis process on an industrial scale.

lon-exchange resins have shown to be promising wised to separate lactic acid from
fermentation broth [Patel et al., 2008]. lon exdm®rechnology involves using a resin that
captures cations with an ionic resin. In the caseapturing lactate, a cationic resin is used,
meaning that there is no need to alter the pH efsifstem to remove the molecule [Patel et al.,
2008]. This method has also been suggested forwikke succinic acid as a step prior to
crystallization [Song et al., 2007]. There are, boer, very limited research papers that discuss
the use of ion-exchange resins with succinic aaidfipation. Datta et al. (1992) says that the use
of a highly acidic ion exchange resin followed bywaak basic exchange resin can remove
cations, anions and impurities, leaving behind &fipd stream with low concentrations of
nitrogenous impurities and sulphates. Using iorharge resins would require a purification step
to remove cells from the liquid and the selectivifythese resins is low, leading to additional
purification steps after acid removal

Glassner and Datta (1989) suggested a conventaaefrodialysis system to remove
succinic acid from the fermentation broth afteraflitration. Electrodialysis is a process that
incorporates ion exchange technology with membrases electric potential difference to
separate non-ionic or weakly ionic molecules frdrase that are ionized [Glassner and Datta,
1989]. In the fermentation broth, the dissociateccmate is ionic while other components, such
as proteins, amino acids and carbohydrates, ateereitery weakly ionic or non-ionic.
Electrodialysis targets the dissociated form ofcgic acid and removes it while leaving behind
other compounds. If electrodialysis is used wHike fermentation is taking place, liquid from the
fermentor could be run through the electrodialgsistem and as the succinate ions are removed
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the remaining fluid including cells can be recycketk to the fermentor [Lee et al., 2008]. Hong
and Hong (2005) have stated that electrodialysisidcdbe used in conjunction with other
separation methods, notably amine-based extrafitem et al., 2008]. Succinate removal using
ToA could be used as a pre-treatment, removingicaeetd before sending the succinate-rich
stream onto the electrodialysis stack, improving mholar ratio of succinic acid to acetic acid
[Lee et al., 2008].

Electrodialysis is a method that has significanteptial, but there are also some
shortcomings with using this system on an indussgale. One of the most glaring problems is
that electrodialysis requires energy to functionive® that energy costs are on the rise and
electricity may come from non-renewable resourdewould seem counterintuitive to use this
method since the intent of succinic acid productimnfermentation is to reduce the use of fossil
fuels and provide a more environmentally friendhpgess [Bechthold et al., 2008]. This is a
sentiment also shared by Patel et al. (2008), imginbut that electrodialysis requires energy,
while adding that fouling of electrodialysis memtea are potential downfalls with the process.
The selectivity of electrodialysis is also an issh&t raises concern since using this separation
process, because acetate remains in the succidatetream and still needs to be removed to
achieve a high purity succinic acid product [Leeakt 2008]. Glassner and Datta (1989)
suggested the use of conventional electrodialymi$,then pointed out that the succinic acid
purity was much lower than expected at 79.6% iritanfdto 19.9% of the acetic acid remaining
from this process [Lee et al., 2008].

Precipitating succinic acid out of solution is paetion process that was first proposed
by Datta et al. (1992). In this process, after thiementation reaches completion, solids are
centrifuged and separated out of the fermentatiothb This broth is then treated with calcium
hydroxide, which creates calcium succinate; a shlad precipitates out of solution [Lee et al.,
2008].This solid is removed from the fermentatioatbh and washed three times with RO water
to remove remnants from solution. In an acidificatstep, sulphuric acid is added to the solid,
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which dissolves the calcium succinate and prodsuesinic acid. The calcium in solution reacts
with sulphate to produce solid calcium sulphatsg &nown as gypsum [Datta et al., 1992]. This
solid can be removed from the solution and theisigcacid, now dissolved in solution, can go
on to be removed through other separation methedsh as vacuum distillation. This

precipitation method can also take placsitu through the addition of a calcium buffer where it
helps maintain the pH of the system [Lee et al0820

Precipitation appears to be the most common anglegin method for succinic acid
separation, but it is also one of the most inegdfiti processes from an environmental and
economic standpoint. During fermentation, the pHhaf system is neutralized and buffered by
the addition of chemicals such as lime, or calchydroxide. Then, when the slurry is treated to
remove the succinic acid, large amounts of sulghadid are added to the solution, creating
succinic acid from calcium succinate and generatiigium sulphate [Corona-Gonzalez et al.,
2008, Davison et al., 2004]. Gypsum is unusablenftbis process as it can not be sold due to
discolouration and smell [Kang and Chang, 2005kré&fore, it must be disposed of in a landfill,
which adds to the cost of separation. The amourglwfy and solid waste created from this
process renders it unfit for commercial applicagio@alcium succinate also needs to be washed
after it is removed from the fermentor to ensurdesscontaminants as possible are carried into
the acidification step. This washing requires ayjdaamount of water for the process as well,
another environmental issue that makes precipitagio unappealing choice for succinic acid
separation [Davison et al., 2004].

Nanofiltration is another relatively new method feeparating out the different by-
products of the fermentation broth from succindtang and Chang (2005) studied how two
different nanofiltration membranes separated thanmeoducts of glucose fermentation By
succinogenes, including succinate, formate, and acetate. Theltgindicated that the filters had a
very high retention of succinate, the only dival@n product [Lee et al., 2008]. Tests were
completed on individual components, with increasinghbers of components up to a quaternary
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ion solution, and it was in this final test whehe highest retention of succinate was seen [Lee et
al., 2008]. This method can be improved upon asgkamd Chang (2005) suggested that the
succinate retention and the passing of other iontdde improved by reducing the feed volume
or increasing the area of the membrane. While nilération shows promise there are still some
aspects of the process that are not addressedasuble price of membranes, membrane fouling
and the application of this separation method &h fermentor broth. Tests in this study have only
used simulated, abiotic fermentation medium andrtigact of intermediate compounds such as
fumarate and malate on separation is unknown.

These five different separation methods each havstiype aspects which can be
compounded by combining steps to generate a highecinic acid recovery than individual
processes, but there are some drawbacks assowiditethem that require a new solution which
reduces or eliminates the problems mentioned al¥avédeal process is one that does not require
removal or destruction of cells, requires a miniraalount of additional chemicals and can be
donein-situ. A system that addresses all three of these nieeds Two-Phase Partitioning

Bioreactor, or TPPB.

2.8 Two-Phase Partitioning Bioreactors

A Two-Phase Partitioning Bioreactor is a bioreacgstem that contains an aqueous
phase in which a bioreaction takes place and anslegbase which can either supply substrate to
or remove products from the aqueous phase. Thigemnghe microorganisms used in the process
are not inhibited by toxic levels of substrate ooduct while at the same time maximizing the
amount of substrate present. When the process ivgicfeated and implemented, immiscible
organic solvents were used as the sequestering pasitested for the extraction of ethanol from
fermentation broth [Kollerup and Daugulis, 1985pwéver, as certain solvents could potentially

affect the organisms adversely, the selection mobecame troublesome [Amsden et al., 2003,
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Morrish et al., 2008]. Certain criteria had to betrwith regard to solvent choice, including
biocompatibility, bioavailability, volatility andast, among others [Amsden et al., 2003]

More recently, this solvent phase has been replagegolymer beads, making TPPBs
easier to operate because polymers are not biadlailo microorganisms and can be separated
more efficiently than a second liquid phase [Ljahns and Daugulis, 2008]. In addition, the cost
of the polymer is relatively low and the polymemdae reused after desorption of the target
molecules, and this longevity helps keep costs[lmsden et al., 2003]. A comparative study
performed by Amsden et al. (2003) showed that pelytbeads had no reduction in their
performance, regardless of whether they were foestals or recycled beads that had been used in
prior experiments. These results were confirmeldtier research by Prpich and Daugulis (2007).
Compared to solvents, polymer beads are already ongxpensive given that a polymer like poly
(ethylene-co-vinyl acetate), or EVA, costs $3.40 klbgram whereas the solvent 2-undecanone
can cost up to $80 per kilogram [Amsden et al.,30Bolymers can also be formed into many
different shapes and sizes as the situation rexjuadding to their versatility and the only change
that occurs in this alteration is that of the difinal length through the polymer [Prpich and
Daugulis, 2004]. Polymers are also capable of dsgrchemicals with small molecular weights
as observed in polymers used for drug deliveryesgst Since the polymers are solid particles in
an aqueous solution, separation of the polymer ftben fermentation broth is much easier
compared to removal of a second, immiscible phask a@mmplete removal of the polymer is
possible [Amsden et al., 2003]. A labelled schematia Two-Phase Partition Bioreactor making

use of polymer beads is shown below in Figure 2-4.
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Figure 2-4: Diagram of a TPPB system using polymdveads with aeration tube (A), acid input (B),
base input (C), agitator with 2 Rushton impellers D), sampling port (E), 4 steel baffles (F), polymer
in fermentation broth (G) and heating/cooling jacke (H)

TPPBs have been used for the degradation of takistances, such as benzene, toluene,
ethylbenzene and-xylene (BTEX) and phenol with excellent resultat these systems can also
be used for the formation of important productsttftjohns and Daugulis, 2008, Prpich and
Daugulis, 2004]. Carvone is a flavour and fragrataepound that is used in a number of food
products, and it was produced from carveol usinpwa-Liquid-Phase Partitioning Bioreactor
with an immiscible solvent as the second phase figloret al., 2008]. This reaction was limited
by end product inhibition as the accumulation af/oae became toxic to the cells [Morrish et al.,
2008]. The use of a polymer phase instead of ansetiquid phase increased the volumetric
productivity by almost 4 fold [Morrish and Dauguyl®008]. TPPB systems have also been used
in the production of 2-phenylethanol and L-phengtsitcarbinol to eliminate end product and
substrate inhibition, respectively [Gao and Daug®D09, Khan and Daugulis, 2010].

Initial research into polymer absorbance of succitid was performed by Gao and
Daugulis (2010). In this study, various polymergeviested to determine what chemical features
of the polymers led to succinic acid uptake. Vasiarades of Zyt8| a type of polyamide

provided by DuPont Canada were tested because st hadieved that hydrogen bonding
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interactions between the polymer and succinic acidld lead to uptake. One polymer, Hyfrel

8206, yielded a partition coefficient at 1.3 whielas the highest measured value in the study.
Hytrel® is a block copolymer of polybutylene terephthaléteephthalate and polytetramethylene
glycol ether and its structure is shown below igufé 2-5. The figure indicates that the second
block in the copolymer is terephthalate but in thse of 8206, it is believed that this block is
actually isophthalate, leading to a decrease istalinity and greater uptake compared to other

Hytrel® grades.
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Figure 2-5: Chemical structure of Hytrel® showing terephthalate as the second block instea
isophthalate as in the structure of 8206

All Zytel® polymer grades showed no uptake of succinic aeigtd the high crystallinity
of the polymers and correspondingly high glass siteom temperatures of 70°C [Gao and
Daugulis, 2010]. The hydrogen bonding sites withim polyamides were likely internally bound,
limiting the number available for succinic acid algt. The recommendations from Gao and
Daugulis (2010) were to use more amorphous polymlts lower Tg values as well as bulk
polymers with chemically similar functional grougeafted to their backbone. In particular, the
use of polymers containing maleic anhydride wasyestgd as it is a precursor to succinic acid
through chemical synthesis.

Two-Phase Partitioning Bioreactors are ideal factions that are end product limited
because they can remove final products from thendatation broth as soon as they are
generated, ensuring that the reaction rate doedetokase as the reaction proceeds. In the case of
succinic acid production, the pH of fermentatiomvidl above the pKvalues of succinic acid, so
it exists in solution as succinate. Interactionhvtie polymer is pH dependent and requires that

the succinic acid be in its undissociated form kse dt cannot be absorbed by the polymer
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[Davison et al., 2004]. This difference betweenrapeg pH and polymer absorbance pH means
that succinic acid cannot be removed as it is predwand, instead, a separate operational step is
required to lower the pH of the system below thep# succinic acid. As mentioned earlier, pH
adjustment has been shown to remove succinic aoid olution with the use of CaOH and
H,SQ,, but the waste generated makes this separatiohodhénfeasible. An ideal method to
adjust the pH would be temporary, reversible andegse little to no waste. This can be
accomplished through the use of carbon dioxidedissolved in solution to produce carbonic

acid.

2.9 Polymer-Solute Interactions

As all recent TPPB projects in the Daugulis reseanoup make use of polymers for
ISPR or substrate delivery, an understanding ofitiberaction between polymers and target
molecules is required. Diffusion of molecules ittte polymer phase is governed by the chemical
potential gradient and, in many cases, the coramir gradient, as well. As changes in
concentration can be measured and chemical pdteatiaot, concentration gradients are used to
measure diffusion in to the polymer phase. Thifedihce in potential is affected by the nature of
the polymer, solute and the interaction betweertloe An interaction parameter, used in Flory-
Huggins solution theory and the Benesi-Hildebranéthomd for determining equilibrium

constants, assuming regular solutions, is shoviggumtion 2-1 below.

_Vi(9,-9,) _ 2ha

2-1
12 RT KT (2-1)

In Equation 2-1, the most important variables 4 $olubility parameters$; and d,,
which are a representation of the energy density wiaterial. A polymer will absorb only target

molecules which share similar energy densitiesthim equation above, polymers will uptake
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target molecules when the difference betw&eands, is less than 2.045MPaThe requirement
for similar energy densities comes from the proa#sdiffusion itself. For a molecule to move
into the polymer phase, the molecule must brealotimels it has in the solution and the polymer
needs to effectively make space within itself foe target molecule to occupy and form new
bonds. This movement of the polymer chain to crepsee for the solute occurs through random
thermal motion within the polymer. In the case atdanic acid, this requires breaking the
interactions between the molecule and water sanitnaove into the polymer.

As the target molecule for a given process is fixedreasing the uptake of a target
molecule into the polymer require alterations @& golymer. In the case of diffusion of a solute
into a polymer, the target molecule will take thahpof least resistance to internally bond with
the polymer. Decreasing the resistance of diffusimough the polymer occurs through changing
the crystallinity of the polymer, either by incregasthe number of amorphous regions within the
polymer or by selecting a polymer with a glass siton temperature below the operational
temperature range of the bioreactor. In a blocloboper, for example, increasing the fraction of
amorphous monomer will disrupt the crystallinitges as interactions of the rigid sections, and
give a softer polymer with a lower,TAlteration of the T for a polymer can occur by
incorporating larger pendant groups on polymersctwhiinder alignment of segments of the
polymer chain and increase the flexibility of thelymer structure. The incorporation of
plasticizers such as phthalates can also lowef §H®y interfering with intermolecular bonding
within the crystalline regions of the polymer. AstT, of a polymer decreases, molecules are
more likely to leave the liquid phase provided tieg monomers that make up the polymer share

similar solubility parameters.
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2.10 Carbon Dioxide and Carbonic Acid

Carbon dioxide is a key component in the productibrsuccinic acid as it is fixed to
phospho-enol-pyruvate (PEP) to create a four-carbolecule. It is also a critical component in
producing the feedstocks that will be used in hkisdformation, adding more to the
environmental benefits of bioproduction. The enzyresponsible for the reaction to produce
oxaloacetate from PEP is PEP carboxykinase, wisictrongly regulated by the amount of £LO
in the system [Song et al.,, 2007]. Production leviekrease as carbon dioxide is added to
saturation in the system as it can also act aseatr@en acceptor [Song et al., 2007]. The addition
of carbon dioxide for succinic acid production haen equivalently performed with the addition
of MgCO; which can also act as a buffer for the pH, bu tids the risk of inhibiting production
and cell growth with the accumulation of magnesisafts [Lin et al., 2007, Samuelov et al.,
1991]. Because of the risk of salt inhibition fréhe use of carbonates in the reactor and due to
the fact that this reaction is carried out anaeally, it is better to supply carbon dioxide gas to
the system. When carbon dioxide is dissolved irewat forms carbonic acid, which dissociates
and can lower the pH of the system. When carboxidbois dissolved in a liquid phase it forms

carbonic acid and dissociates through the reastiomwn in Equation 1 [Song et al., 2007].

C02+H20:Hcos‘+H+,Kl=w
[CO,]

(1)

In the above equation, carbonic acid@;) dissociated once, contributing a proton to
the solution. Carbonic acid is a diacid, but theildgyium coefficient is such a small value for the
second dissociation of carbonic acid that the eféecpH is negligible. The reaction between
carbon dioxide and water and the dissociation diagc acid are reversible through the removal
of the CQ headspace. As an example, if the carbon dioxideldpace of a reactor is replaced

with nitrogen, the carbonic acid reverts back tdewand dissolved CQthe latter of which
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desorbs from solution. It is possible with Henriaw and work done by Song et al. (2007) to
accurately predict the pH of a system given thesqaree of C® in the gas phase. Through
calculations, a target pH can be attained by aljettie pressure of the gas phase in the reactor.
The novel idea proposed in this work is to use, @the reactor to help lower the pH
and protonate succinic acid, allowing it to be reathfrom the aqueous phase. If the pH of the
system cannot be lowered with carbon dioxide abapheric conditions to below the lower pK
of succinic acid, pressurized @@ay be required. This inhibition of G@t 1latm may be due to
the buffering effects of the growth medium or praidun their dissociated form. A pH just below
the pKy, value of succinic acid can be set with a speqgifiessure to allow for succinic acid
uptake. By lowering the pH with carbonic acid, rerdh chemicals such as sulphuric acid are
required to change the pH and generate undissdgatzinic acid. Not having to use acid for pH
adjustment will lower the cost of materials neeftedhe process as well as reduce the amount of
waste products created in the process. The usarlodr dioxide will become a large focus of the
work done in this project, because if it is feasibithout having an adverse effect on the bacteria,
succinic acid can be removed from solution witheardase in chemicals, additional energy and
processing steps. It will help by lowering the pHtlee solution, which will protonate succinate
and give succinic acid to be removed from solutir@alucing end product inhibition. It will also

eliminate the need for complex separation stepls as@lectrodialysis or amine-based extraction.

2.11 Scope of Project

The overall goal of this project is to use a bictea system withActinobacillus
succinogenes to generate succinic acid to the point of end peodthibition, remove this product
using polymer beads, allowing continued bioproductiProduct removal will take place by
adjusting the pH of the system below thepkf succinic acid using carbon dioxide gas,

protonating the succinate molecule for uptake thto polymer. Once absorption is finished and
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the polymers are removed from the system, the cadmxide gas will be replaced with nitrogen
so the pH of the system is raised to the opergtih@f the bioreactor, allowing bioproduction to
continue without end product inhibition.

The first phase of this research will examine thgspral aspects of the system, with
separate focus on how carbon dioxide affects theoplhe system as well as which polymers
show the highest absorbance of succinic acid. &hes with carbon dioxide will determine if it
can be used to lower the pH below the,pKf succinic acid and how temperature and agitation
rate affect this pH change. These tests will bedooted in water and growth medium to see how
the presence of nutrients affects pH adjustmerthdfgrowth medium impedes carbon dioxide
lowering the pH below 4.2, then an alternative gfomedium is required. This will not consist
of experiments in the lab, but rather determinat@fna growth medium will be from a
compilation of the various mediums currently in usditerature. The growth medium chosen
may need modification if results show that the ssalsed, which may contain many buffers,
adversely affect the ability of carbon dioxide tieathe pH of the system.

Experiments will also be carried out to determinkioh polymer will allow for the
greatest uptake of succinic acid from the systemsuRs from Gao and Daugulis (2010) has
examined what factors led to an effective polymar $uccinic acid absorption, but will be
expanded upon with this research. Because pH chahgeprotonation of succinic acid, tests be
performed to see how changes in the pH will chgzalgmer uptake and as well as the effect of
nutrients on succinic acid absorption.

The second phase of this research will focus orbiblegy of the project. The first test
will find how the length of exposure to a low pHeadts growth of the organism. The maximum
exposure length the cells can withstand and sumwillegive a maximum time frame for succinic
acid absorption into the polymer phase. Next, glsiphase biotransformation of succinic acid
will take place to produce a high product concdittnain the shortest time possible. This single-
phase run will be optimized in terms of growth medj agitation and pH control and the
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optimized run will serve as a benchmark againstciwhiwo-phase bioreactor runs will be
compared. A system will be designed for contactimg polymer beads with the fermentation
broth at a low pH while ensuring that the beads easily removable from solution to allow
bioproduction to continue. This system will be uséth the results from the low pH tolerance
test of the cells to produce and remove succinid #om solution, allowing the system to
continue producing product. Desorption tests wdtedmine how much waster is required to

completely wash succinic acid from solution and lmoany washes are required.
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3.0 The use of carbon dioxide for pH adjustment in a
Two-Phase Partitioning Bioreactor and the effect of pH
on succinic acid absorption in polymer materials

3.1 Preface

Based on the information presented in Chapter @prbduction of succinic acid is
preferred to chemical synthesis because it useswvadrle resources and the reaction does not
require high temperatures or expensive catalystsumber of bacterial strains exist which can
produce succinic acid, béctinobacillus succinogenes has been chosen for this research as it is
the most robust and, therefore, most likely micgamism to be used in industrial-scale
bioproduction. The major problem with bioproductiés the separation process. There is
currently no separation method that can be apmie@n industrial scale without excess waste
generation or high energy requirements. Anothedraince to industrial-scale bioproduction of
succinic acid is end product inhibition, a limitati that can be reduced through a system
incorporatingin-situ product removal. Two-Phase Partitioning Bioreac{d@PPBs) can separate
succinic acid from solution and allow bioproductiorcontinue without end product inhibition.

While using a TPPB system to absorb succinic asi@rn effective way to improve
separation, there are interactions between polymsuscinic acid and pH that must be
characterized and understood before this procasseaimplemented in a bioreactor. Carbon
dioxide gas will be used to lower the pH of thaulijbelow the pk, of succinic acid, but the
effect of agitation, temperature and presence a@ivtir medium must be determined to elucidate
their effect on pH adjustment. No project in thauBalis lab to date has been this complicated by
the need to change the pH of the system to effectyst removal. A polymer must be chosen for
use in the system which can effectively absorbisizacid. While polymer selection is part of
any TPPB protocol, the hydrophilic nature of sucarcid complicates this selection process as
all other projects in the Daugulis group have death the removal of generally hydrophobic
compounds. Once a polymer is chosen, tests mustntiee how the pH of the solution affects
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uptake. While the effect of pH on succinic acidapsion will be tested initially in water, the
bioreactor will have growth medium, cells and pratdy so tests on these materials must also be
undertaken. Chapter 3 hopes to develop an unddmstaof pH adjustment using carbon dioxide
and how polymer uptake of succinic acid will besafed by growth medium components and the

pH of solution.

3.2 Abstract

Succinic acid is a 1,4-diacid that can act as ecyssar for pharmaceuticals and
detergents as well as commodity chemicals, inclyudiolyesters. Currently, no commercial
bioproduction process exists for succinic acid beeaof low volumetric productivity from end
product inhibition. A Two-Phase Partitioning Biootar can reduce end product inhibition
throughin-situ product removal although the pH needs to be lodvdog polymer uptake to
occur. Additionally, the pH of the system will affeuptake, so its impact was also studied.

A study was conducted to determine whether theehitior pH could be lowered to the
pKaz of succinic acid with carbon dioxide gas and risack to the operational pH with nitrogen
gas stripping. The effects of temperature, agitatate and growth medium on pH adjustment
were also tested. The salts of the growth mediuch products were tested individually to
determine which one(s) buffered the pH. ScreeningOopolymers found only one which had a
partition coefficient of 1.3 for succinic acid upéa Hytref’ 8206. The partition coefficient was
also tested against changes in initial pH and terdéne the impact of growth medium on the
partition coefficient.

While carbon dioxide reduced the pH of RO wateB#®, pH reduction was limited to
4.75 in a dilute medium solution. The succinate iad the greatest negative effect on pH

adjustment. No succinic acid uptake occurred altbeepK,, and the only change to uptake in
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growth medium was an increase in sample equilibripiy indicating stronger pH control is

required during absorbance.

Keywords: Succinic acid, carbon dioxide, Two-Ph&satitioning Bioreactor (TPPB)n-situ

product removal (ISPR)

3.3 Introduction

A report released by the US Department of Energylinmd twelve value-added
chemicals which can be produced from biomass, dnehich was succinic acid [Werpy and
Petersen, 2004]. Succinic acid is a 1,4-diacid Wwhian be used as a derivative for specialty
chemicals in the food and pharmaceutical indussryall as commodity chemicals including
butyrolactone and 1,4-butanediol [Zeikus et al. 999 Current chemical annual production of
succinic acid is approximately 16,000 tons [Saned,e2009]. Chemical synthesis begins with n-
butane converted to maleic anhydride, which is thgdrated and hydrogenated to produce
succinic acid [Kurzrock and Weuster-Botz, 2010]e donversion of n-butane to succinic acid is
a chemical synthesis process which consumes petncded requires both a high temperature and
expensive catalysts for the reaction [Li et al1@0

Bioproduction is becoming a more favourable pro@ssmicroorganisms assume the role
of catalysts for reactions. Biotransformations tgiace at 37°C and neutral pH conditions,
greatly reducing energy inputs compared to chemsgathesis [Sheldon and van Rantwijk,
2004].The added benefit of biochemical productienthiat a compound produced naturally
without the risk of contamination from harsh chesgccan be used in industries which require
high purity such as pharmaceuticals [Song and [2896]. Additionally, consumers are
developing a preference for naturally produced pets] so biological production will increase

[Gao and Daugulis, 2009].
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While a process to create succinic acid from retésveesources has been established
and is preferred to chemical synthesis, no commkngiocess exists. Due to end product
inhibition, the current volumetric productivity bfoproduction is lower than the target set by the
US Department of Energy as the minimum value reguiior an industrially viable process
[Werpy and Petersen, 2004]. Additionally, the sapian process for succinic acid production can
account for as much as 70% of the overall costg;hwihas prevented the process from becoming
commercially realized [Huh et al.,, 2006]. Curremiparation methods include precipitation,
electrodialysis, crystallization by temperaturedghand reactive extraction, each of which are not
without limitations. Precipitation produces largelumes of waste and uses many additional
chemicals [Corona-Gonzalez et al., 2008]. Electidydis and temperature crystallization are
energy intensive in terms of electricity or cooligd reactive extraction has a low selectivity for
succinic acid [Bechthold et al., 2008, Huh et 2006]. A new production and separation method
is required if commercial bioproduction of succinitid is to be realized.

Two-Phase Partitioning Bioreactors (TPPBs) have hesed in the synthesis of specialty
chemicals including carvone and L-phenylacetylaaobiL-PAC) [Morrish et al., 2008, Khan
and Daugulis, 2010]. A TPPB system increases vdiiengroductivity over single-phase
bioproduction by using a second, immiscible phasetove target molecules and eliminate end
product inhibition. Extending the use of TPPB sysdo succinic acid production will allow for
more efficient downstream processing of the compowithout the need for extra energy and
chemical inputs compared to current separation oasthCarbon dioxide gas must be supplied to
the system for anaerobic growth, but can also bd as a source of carbonic acid to lower the pH
of the system. pH adjustment is critical for suxarcid absorption as polymers will only remove
the molecule in its undissociated form [Gao andddéig, 2010].

If carbon dioxide is used to lower the pH of a bamtor below the pk of succinic acid,
the effects of temperature, agitation and growthlioma must be determined. Polymer selection
will be critical as a polymer must be found to remosuccinic acid, a very hydrophilic
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compound. Previous Daugulis group research focusedydrophobic compounds including
phenol and polycyclic aromatic hydrocarbons (PAHghmann and Daugulis, 2006, Rehmann
and Daugulis, 2007]. Polymer uptake of succiniadasi also affected greatly by the pH of
solution as this can change the ratio of the undiagsed acid to its dissociated anion. An

understanding of how various pH levels on polynadasorbing succinic acid will be developed.

3.4 Materials and Methods

3.4.1 Chemicals and Polymers

Unless otherwise specified, all chemicals were Ipased from Fisher Scientific
Company, Ltd. (Ottawa, ON) or Sigma-Aldrich Canadld. (Oakville, ON). Monosodium
succinate was purchased from Tokyo Kasei Kogyo GompLtd. (Tokyo, Japan). Medical grade
carbon dioxide and ultra-high purity nitrogen wertgplied by Linde Canada, Ltd. (Kingston,
ON). Polymer samples were all of commercial graud donated by various companies as listed
in Table 3-1. In general, polymers were in the sisapf spheres or ellipsoids with diameters of
approximately 3mm to 5mm. Prior to use, polymersengashed three times with hot tap water
on a stir plate and twice with RO water. After mafi overnight wash in RO water, they were

allowed to air dry.
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Table 3-1: General information for polymers testedor succinic acid absorption

Trade Name Grade Source Ty (T) Structure
Co-acrylic acid N/A Sigma- Aldrich 102 poly(ethylene-co-acrylic acid)
Co-methacrylic poly(ethylene-co-methacrylic
acid N/A Sigma- Aldrich 61 acid)
Polyester-based thermoplastic
Desmopan 453, 9370A Bayer Canada -33.9, -70 polyurethane
Elvax 40W, 650Q, 770 DuPont Canada N/A ethylene-vinyl acetate copolymer
8003, 8100, 8200,
8407, 8450, 8480, -46, -52, -53, -54, -
Engage 8842 Down Chemical 32, -31, -58 Ethylene octane copolymer
EVAL 27%, 38%, 44% Sigma- Aldrich 46, -30, -45 Ethylene vinyl acetate
Eval H-101BD, LC-E151B EVAL America 62, 55 Ethylene vinyl alcohol
PP1042 Exxon Mobil N/A MA modified polypropylene
Exxelor PP-g-MA Exxon Mobil N/A Polypropylene
N416D DuPont Canada N/A MA modified nylon
MA modified ethylene vinyl
Fusabond C190D, C250D DuPont Canada N/A acetate
3548, 4078, 5544,
6108, 8206, 8238, -45, N/A,-55, N/A, - PBT and Polyether block
Hytrel 8532 DuPont Canada 59, -50, N/A copolymer
Kraton styrene and butadiene triblock
Kraton 6175M, D1102K Polymers -80, -80 copolymer
Makrolon 2658 Bayer 145 Polycarbonate
Ethylene and Methacrylic acid
Nucrel 925 DuPont Canada N/A copolymer
Nylon 50DB 66, 6-6 N/A 47, 60 Polyamide
PD 702, 1274 LyondellBasell N/A Polypropylene homopolymer
PEBAX 2533, 7033 Arkema Group -65, -65 Polyether block amide copolymer
Polyethylene LDPE, LLDPE, HDPE Sigma- Aldrich -110, -70, -110 Various densities of polyethylene
Pro FAX PF611, Isotactic, 6253 LyondellBasell N/A Polypropylene
SBR Pillows N/A N/A -55 Styrene butadiene rubber
Si Rubber N/A N/A -127 Silicone rubber

3.4.2 Analytical Methods

Succinic acid concentrations were measured usingh-Rerformance Liquid

Chromatography (Varian Prostar, Mississauga, ONh wiVarian Hi-Plex H column (300 x 7.7

mm) at 60°C with a 10mM }$0O, mobile phase at 0.7mL/min. Absorbance was measuarad

UV-Vis detector (Varian Prostar, PS325) at 220nrddifionally, a UV spectrophotometer was

used (Ultrospec 3000, Pharmacia Biotech, Swede2)%m with quartz cuvettes as a secondary

method of measuring liquid concentrations of sucacid.
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3.4.3 Temporary pH Shifting using Carbon Dioxide an  d Nitrogen

Tests to determine the effect of bioreactor agitatind temperature on pH shifting were
carried out in a 5L BioFlo Il reactor (New BrunskiScientific, Edison, NJ) with a 3L working
volume. Two Rushton turbine impellers were fixedhe agitator shaft above a perforated steel
tube which acted as the gas sparger. Experiments eanducted at three temperatures from
10°C to 20°C and at each temperature the agitatimmwas varied from 200rpm to 800rpm, a
typical range of agitation for lab-scale bioreast@H was measured using the reactor’s pH probe
and tracked using TracerDAQ data acquisition saftw@MicroDAQ.com, Ltd., Contoocook,
NH). CO, and N were sparged into the system at 1.6vvm. The presdithe system remained at
atmospheric conditions and tests were first peréatim RO water. The tests were repeated using
the following growth medium (in g/L): yeast extrach;, glucose, 55; NaHCO 12.6;
NaH,PO,-H,0, 8.5; KHPO,, 5.5; NH,CI, 2; NaCl, 1. ImL/L of a trace elements mix wsoa
added which contained the following compounds (ig/lh nitrilotriacetic acid, 3 000;
MgSQO,-H,O, 3 000; MnSQH,0O, 500; FeSQ7H0O, 100; CaGl2H,0, 100; CoCl-6KD, 100;
NaMoO,, 25; NIiChL-6H0, 25; NawWO,2H0, 25; ZnC}j, 13; CuSQ@5H0, 10;
AIK(S0O,)2-12H,0, 10; HBO;, 10; NaSe@ 10. This medium, referred to as the original edi
was created from a compilation of several growthlimsince there seemed to be no standard in
previous research. A second growth medium, referess the minimized medium, was created
by decreasing the mass of buffers present to faiglthe pH adjustment in the system using.CO
It contained the following components (in g/L): geaxtract, 5; glucose, 55; NEI, 2; NaCl, 1;
K,HPQ,, 0.5 as well as 1 mL/L of the mineral mix showrowad This growth medium was also
tested using the same methods as tests in RO waadkethe original growth medium. The test
started by reaching the set temperature and amitafihe pH was tracked for 60 seconds prior to

sparging to show initial pH conditions, then £@as was sparged into the system. After
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equilibrium conditions were reached, the gas watched to nitrogen and left sparging for up to
20 minutes, long enough for the pH to return teiiginal level.

A second set of tests was performed to determinehwvimdividual growth medium
components affected lowering of the pH by £SQamples containing only one of each of the
growth medium components were prepared in 100mR®@fwater in a 250 mL Erlenmeyer flask.
These salts in solution were at the same concentgatisted above in both the original and
minimal growth medium. Cowas sparged into the samples through a 27ga. eveed the pH
change was monitored. Samples were left spargitignmpH change was seen for 10 minutes.
In addition to these tests on growth medium, safitthe bioreaction products were subjected to
the same testing in the following concentrationsgflL): monosodium succinate, 35.58; disodium
succinate, 41.16; ammonium formate, 6.85; sodiuptahe, 13.63. These concentrations were
used to give succinate, formate and acetate caatiems of 30, 5, and 10g/L, respectively. The
target concentrations were chosen as they aresamtedive of the lower range of concentrations

attained in bioreactor runs from other researcfiéuset al., 2008a, Liu et al., 2008b].

3.4.4 Partition Coefficient Testing

Samples for partition coefficient testing were egal by creating a solution of 20g/L of
succinic acid in RO water and placing 10mL into 20scintillation vials. Polymer beads were
weighed and put into these vials to give polymexctions ranging from 5% to 25% (w/v) for
initial polymer screening and 15% to 90% for albbsequent tests. The pH was adjusted up using
5M KOH and down using 5M 50, for tests of the partition coefficient at diffetggH values
from 2.2 to 6.2, a range of 2 full pH units abovel delow the pl,. Tests involving growth
medium contained the minimal medium as outlinedvab&cintillation vials were sealed and
placed in an open air shaker overnight at room &atpre and the liquid concentration was then

measured, allowing for calculation of the succia@d in the polymer. Based on the equation
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used by Rehmann and Daugulis (2006), the partitmefficient was calculated as the ratio of

polymer phase concentration and liquid phase cdratémn, as shown below in Equation 3-1.

S&)
Kew = S_l (3-1)

ag.

The partition coefficient in this form is a simjptifition of the equation of Gibb’s free
energy describing a mixture of chemicals and tbe&mical potentials. Equation 3-2 shows the
simplified form of this equation relating the stand free energy change for the reaction to the
equilibrium constant. Isolating for the equilibriuconstant and replacing the activities with the
concentration and activity coefficient gives EqoatB-3, assuming a hypothetical reactioraf
+ BB < oS +1T. While this equation shows the true equilibriuomstant as it includes activities,

the Equation 3-1 presented above is a more practbdaulation and is suitable for this research.

A,G°=-RTInK (3-2)

K = [S.aTﬁxV;V; (3-3)
[AI“[B)  vav

K = [S.aTﬁxV;V; (3-3)
[A]"[B)  vav

3.5 Results and Discussion

3.5.1 pH Adjustment using Carbon Dioxide

With the flowrate of CQinto the reactor at 1.6vvm, the pH of the systeams weduced to
approximately 3.8 in less than 2 minutes, as shiowkigure 3-1. This lower limit was reached

with every RO water test, though sample groupsedaslightly with temperature. As the
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temperature was decreased from 20°C to 10°C, therldimit on pH decreased slightly from

3.85 to 3.75 due to the slight changes in,GQubility at lower temperatures.

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Figure 3-1: pH change in RO water using C@and nitrogen, 15°C, 500rpm

The gases were sparged in from the bottom of tbec@ctor and allowed to bubble
through the liquid before reaching the headspacehef system. COis denser than other
components of air and the gas filled the headspétee bubbling through the liquid with excess
venting through an open port in the headplate.hatdas-liquid interface as the bubbles passed
through the liquid in the bioreactor, the gas wasepcarbon dioxide and equilibrium was
established quickly. As the G@lissolved into solution, it reacted with waterftom carbonic
acid, which dissociated and caused the pH to dBmtause the )k for carbonic acid is
4.69x10", there was no appreciable change in pH from therskproton dissociating. Given the

rapid change to pH 3.8, the pH of the system wiagdausing nitrogen.
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Nitrogen sparging raised the pH of the systempalgih the time to reach the starting pH
was much longer, as seen in Figure 3-1. The raptdhcrease with the addition of nitrogen gas

changed with the agitation rate of the systemplgsin Figure 3-2.

6.5
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Figure 3-2: The effect of agitation rate on incredasg the pH of the system using Ngas

This figure shows only the linear portion of theva) but the test was continued until the
system approached the initial pH of approximately. The linear portion of these graphs was
used because the slopes of these lines could bleagsa method of comparison for the effect of
agitation rate on pH increase while sparging ngrogas. As the agitation rate increased, the rate
of change increased up to 500rpm where the pHafathange reached a plateau. Regression
performed on the linear portion of these curvesfiomed that above 500rpm there was no
difference in how fast the pH increased. The pHidase rate at 500rpm and above was more than
double that at 200rpm (rates not shown). The treshdsvn in Figure 3-2 were similar in all test

groups regardless of temperature.
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The difference in rate of pH change between cadioxide and nitrogen gas was due to
the difference in solubility between the two gases the effect of agitation on the gas-liquid
interface in the bioreactor. When the sparging was changed to nitrogen it began to bubble
through the liquid and reach the headspace, whelisplaced the carbon dioxide gas that had
filled the headspace. The nitrogen gas in the bido began to strip carbon dioxide from the
liquid, causing the pH to increase, but the soltybdf nitrogen in water, 0.019g/kg at 20°C, is
lower than CQ, 1.7g/kg at 20°C. The removal of carbon dioxidesvgiower because of this
difference in solubility, which led to a longer &nmo increase the pH of the system. As the
agitation rate increased, the shear force of theeller caused the nitrogen from the aerator to
form smaller bubbles, allowing for faster dissadatinto the liquid, causing the pH to rise faster.
Above 500rpm this shear effect peaked and thedidfuof nitrogen into the liquid became the
rate limiting factor.

From these experiments it was concluded that it pessible to quickly decrease the pH
of liquid to below the pl; of succinic acid using carbon dioxide gas in th@dactor. When
using CQ and nitrogen gas to adjust the pH of the systenaggtation rate of 500rpm to 800rpm
allowed for fastest pH change to the system. 500as used as this agitation rate would use the
least amount of energy while still achieving thensaeffect as a higher rate. Using this set of tests
as a ‘best case scenario’ for adjusting the pH lmbeeactor, focus shifted to the growth medium
proposed for this process and its impact on thagjHdstment process.

As different temperatures were not a large faatothie rate of pH change, tests across
temperature were not made when using both thenaligind minimal growth media. Figure 3-3
shows the effects of GQbn water with growth medium present under the saomaitions as

Figure 3-1.
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Figure 3-3: pH change in growth medium using C@and nitrogen, 20°C, 500rpm

Figure 3-3 shows the lower limit of pH was only B@mpared to the previous value of
3.8. The pH of the system still decreased quicklyih tests in RO water, but the increase in pH
when sparging with nitrogen differed consideralaly,confirmed by observing the slopes shown
in Figure 3-4. At 200rpm, the system responded satnigentically to tests performed with RO
water, but all other agitation rates showed fagk¢lincreases. In particular, tests in the range of
500rpm to 800rpm showed an almost 66% increasénénpH rate of change with nitrogen
sparging in medium. In biotransformations when phEneeds to be adjusted back to operating
conditions, the faster increase in pH means tHs aet exposed to a low pH for a shorter period
of time.
The inability of the carbon dioxide gas to decrethgepH to the previous lower limit was
due to the addition of buffering salts in the growtedium. In water without growth medium, as
CO, dissolved in solution it reacted with the waterlecoles and formed carbonic acid, a diacid

which immediately dissociates once and lowers thdgaving a carbonate ion HGQOn solution.
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The salts added as part of the growth medium ptedetine dissociation of carbonic acid by
acting as buffers, reacting with the protons redddsom the dissociation and limiting the impact
on pH adjustment.
The rate of pH increase with the addition of nigngn growth medium, as shown in

Figure 3-4, can also be explained by the presemdsuffering salts in solution. As nitrogen

passed through the system, it stripped out carboxidd, which caused the carbonic acid to
revert back to carbon dioxide. Because of the bnffeagents present in the growth medium,
there was also less carbonic acid in solution, itepdo a faster pH change over time.
Additionally, the buffers in solution hastened fh®cess of removing carbonic acid by forcing

the dissociating carbonic acid to the products.
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Figure 3-4: Effect of agitation rate on increasinghe pH of the system using blgas in growth medium

The studies that were used to determine a growtffiumefor this work were performed
in serum bottles rather than bioreactors. As stiEhsealed bottles did not allow for external pH

control and relied on buffers in solution to maintdne pH near a desired value of approximately
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6.5. Therefore, the original medium was used fawgng cells in serum bottles, but a new
growth medium was created when buffering was neaesgary in the presence of external pH
control. This new medium, referred to as the mithigr@wth medium, used fewer buffering
compounds but retained salts which would be reduisethe cells in a bioreactor. The NaHCO
was completely removed and the phosphates werdlygrealuced because these components
were believed to have the greatest buffering affBiee minimal growth medium was tested in the

same way as before and an example of the res@t®isn in Figure 3-5.
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Figure 3-5: pH change in minimal growth medium usiig CO, and nitrogen, 20°C, 500rpm

The figure above showed similar trends with thevioes two groups of experiments;
when nitrogen was used to raise the pH, the reswdte comparable to the previous group of
tests with the original growth medium. The pH was as low as the tests performed using RO
water but reached a pH of 4.75 compared to theénadigirowth medium which only reached pH
5.0. While the minimal growth medium reached a lop#H, it was not lowered to the piKof

succinic acid (4.2). However, the medium componeiiltsbe consumed during fermentation and
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are expected to have a smaller impact on pH adgrgtms succinic acid production progresses.
Since some components of the growth medium stillibied pH reduction using G@hey were

tested individually to determine if they shouldreenoved from the system.

3.5.2 pH Adjustment in the Presence of Individual G  rowth Medium
Components

Each growth medium component was tested at theeotrations found in both the
original and minimal growth media. The initial pldrfeach component started with no prior
adjustment and is the pH of solution from dissajvieach growth medium component. The
results from the original growth medium are presénih Figure 3-6. The top of the bar indicates

the starting pH and the bottom shows the equilibmH with CQ sparging.

pH
o

Figure 3-6: Individual component pH adjustment forthe original growth medium
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The figure above shows that, prior to assessinggtb#th medium components, the
water used in the bioreactor could have had an d¢impa pH adjustment. In most industrial
circumstances, tap water is preferred becausegitines no additional processing. Kingston’s
water contains large amounts of dissolved calciarb@nate which would have hindered the pH
adjustment process. RO water was used for all guivork to remove this confounding aspect
from the results. With regard to the original grbwhedium, KHPQO, and NaHCQ clearly
prevented the pH from being lowered usingC{ostifying their removal when the minimal
growth medium was formulated. The next major hindeato pH adjustment came from yeast
extract, but it was deemed essential to cell growtfact that agrees with the work of Liu et al.
(2008b) which stated that yeast extract gave onéhefhighest succinic acid concentrations
compared to other nitrogen sources. A repeat &stuminimal growth medium components and
product salts of the bioproduction process, sutejrecetate and formate, are shown in Figure 3-

7.
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Figure 3-7: Individual component pH adjustment for the minimal growth medium and product salts
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The figure above shows the decrease in concenirafi¢t,;HPO, reduced the lower pH
limit almost one full pH unit from 6.1 to 5.17. Gin that the concentration oblHPO, was only
0.5g/L, the sensitivity of pH to buffering compotemwas apparent. The effect of growth medium
was considered a ‘worst-case scenario’ as the fimatdl consume some of these salts during
growth and reduce the impact they have on pH réaludty CQ. Another compound that was
tested in this group was MgGQ@vhich had been suggested for use in pH contrblerathan
NaOH or KOH [Liu et al., 2008a]. While a concentatof 55g/L was used in this test, chosen to
match the amount of glucose added, it had a lowbdldly and existed mostly as a solid slurry. It
caused the most hindrance to pH reduction of amyponind, even at its agueous concentration of
266.6mg/L at room temperature. The use of Mg@® pH control would seriously undermine
any attempt to alter the pH using €ifit was not completely consumed.

One concerning feature of Figure 3-7 was how satejnacetate and formate salts
hindered pH reduction using G@parging. In a bioreactor where succinic, aceatit farmic acid
are produced, the pH is controlled using a basé siscKOH. As such, the products are in
solution in their ionic form. As succinic, acetiocaformic acid are weak acids, their salts act as
strong conjugate bases. Therefore, the compoundshwalause the greatest impediment to pH
adjustment are the products of the biotransformagigen though they will be removed using
situ product removal.

There were two solutions to the problem of suceinatetate and formate hindering pH
reduction using C@gas. The first solution to the problem was to ¢jeatihe solubility of carbon
dioxide in the system. Data presented by Dodds €1956) in Figure 3-8 show the solubility of
carbon dioxide in water at 1atm shows little chamid respect to temperature. It is not until the
pressure is increased above 5atm that any appleahbnge in solubility is seen. The second
solution was to use a strong acid to lower the @H.2, though this was undesirable. One of the
problems with current succinic acid production noeth is the number of chemicals that are
added in the separation process, so the additi@tidfto adjust the pH is counterproductive to
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developing a more efficient separation method €mcanic acid. However, because the proposed
pH adjustment system for this biotransformationldawot be performed above latm without
damaging the equipment, the conclusion of thisofetxperiments was that for the remainder of
research, strong acids would be used to lower theapjowing product uptake to show proof of

concept for the overall research goal of ISPR a&ddcing EPI.
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Figure 3-8: Graph from Dodds et al. (1956) showingarbon dioxide solubility as a function of
temperature and pressure

3.5.3 Polymer Screening

An initial group of ten polymers was chosen to datae which would give the highest
partition coefficient for succinic acid. Polymedesgtion followed the work of Gao and Daugulis
(2010) which showed that HytfelB206 gave the highest partition coefficient whthe other
polymers tested showed little or no uptake of suiccacid. For initial polymer screening, the

following polymers were selected: HytfeB206, G4078W, G3548L; PEBAX2533, 4033;
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Fusabonfl N416, C190, C250; Nucf®l925, ElvaX 650Q. Varied grades of Hytfelwere
selected to determine how the measured hardneabe ofiaterial altered the partition coefficient,
though the exact composition of Hyfte8206 was unknown for proprietary reasons. PEBAX
was selected based on the polyamide groups inritstsre and the belief that the main force
between polymer and succinic acid molecules is dgein bonding, which the polyamide
provided. Fusaborffdwas used based on recommendations from Gao anguls2010) that
polymers with molecules chemically similar to sumiciacid grafted to them would aid in uptake.
Given that Fusabofidpolymers have been modified with maleic anhydritteey met the
recommendations of Gao and Daugulis (2010). Nfi@2b and Elvax 650Q were chosen based
on recommendations from DuPont that the methacagdid and vinyl acetate may help succinic
acid uptake. High percentages of these componeeitsase softness in the polymer and allow for
a higher availability of amorphous regions withire toolymer to absorb succinic acid. For initial
screening, the pH of the samples was left unadjusteapproximately 2.64, well below the pK

to avoid any changes in acid-salt equilibrium asilic acid was absorbed and the pH changed.
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Figure 3-9: Equilibrium concentrations of polymer samples contacted with succinic acid solutions
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Of the ten polymers tested, five showed no signsuaftinic acid uptake as the liquid
concentration of those samples were left unchanfeel remaining polymers are shown in Figure
3-9. Of the results in Figure 3-9, only two polysishowed any non-zero partition coefficient -
Hytrel® 8206 and G3548L - which is consistent with theiltssof Gao and Daugulis (2010). The
partition coefficient and equilibrium polymer comteation of succinic acid did appear to
increase as polymer hardness decreased in thé Bigtrel® samples. The comparison amongst
Hytrel® samples did not include 8206 because it is undiear similar its structure is compared
to the other two Hytré&l polymers. The three remaining polymer samples sdoslight uptake of
succinic acid, but there was no appreciable tréfidle uptake of succinic acid from solution was
observed for both Hytr8land PEBAX polymers, it was a fraction of that shown for 82UGe
slope of the line from the data points in Figur@ @&ould yield a partition coefficient but in the
case of all polymers except Hyffe8206, the slope was either zero or had a negedine.

Some polymers from the initial screening were sttbjg to another one using pH change
as an indicator of uptake. Changes in pH can itglitliat succinic acid is leaving the liquid
phase, thereby raising the pH of the aqueous salulamples were prepared with a succinic acid
solution of 5g/L and the polymer beads were instime fractions as the previous test. The initial
pH of all samples was 3.14 and the pH of the systerm measured after each sample reached
equilibrium. The results are presented in Figurt03and show that in the case of Hytr8R06,
the pH rose, which agreed with Figure 3-9 showingt tsuccinic acid was leaving the liquid
phase. In addition, Fusabdhdshowed no uptake of succinic acid and the pH reedhi
unchanged. For the sake of comparison, an adsoNari&in BondEIt, was tested knowing that
succinic acid uptake would occur and be reflected pH change. This adsorbent has the same
structure as the resin inside the HPLC column dsednalysis, which confirmed succinic acid

removal from solution.
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Figure 3-10: Equilibrium pH after succinic acid uptake

Hytrel® 8206 showed the best uptake, though the partitaefficient was not a large
value, as shown in Figure 3-9. It was the only pwy of ten selected to give a consistent, non-
zero partition coefficient value. A wider rangepaflymers was tested with a 25% (w/v) polymer
fraction to determine if any performed as well agrel® 8206. Because of the large number of
polymers involved only one polymer fraction wastédsand the spectrophotometer was used to
measure the liquid concentration of succinic atite results of this larger test are presented in
Figure 3-11. The results show a similar result ftytrel® 8206 although there were slight
differences for G4078W and G3548L. These tests wWepticated to ensure that the difference in
the results was not the result of equipment usegird\ from all the polymers tested, Hyftel
8206 performed far better than any other polyménuBh the results here indicated that H¥trel
3548 performed moderately well, the initial polynmareening determined that there was no

discernible trend for a partition coefficient.
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Figure 3-11: Succinic acid capacity in 25% polymefraction samples

To ensure the secondary screening was reliablgyadimers from secondary screening

were tested using the HPLC, shown in Figure 3-1f fest confirmed the reliability of work

using the spectrophotometer as the results foraffy@&206 and G3548L remained the same.
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Figure 3-12: Capacity of select polymers using HPL@nalysis

Through all polymer selection and screening, thet berforming polymer was Hytfel
8206, with a partition coefficient of approximately3, which was used for all future research.
Given these polymer beads will be used in a systemhich pH plays a significant role, tests

were performed to understand how variations in fiecaisuccinic acid uptake by the polymer.

3.5.5 Partition Coefficient as a Function of pH and Concentration

The pKa of succinic acid is 4.2, a point at which 50% lod succinic acid in solution is
in its undissociated form and, therefore, only ludilthe succinic acid in solution is available for
uptake by amorphous polymers. While decreasingptheof the system below pH 4.2 would
ensure that more succinic acid is undissociatezl|diver pH may require the addition of more
acid or higher carbon dioxide pressure. A decréasige pH of solution far below 4.2 would also

put greater strain on the microorganisms duringpiHeshift/polymer uptake phase of the ISPR
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cycle. To determine which pH level was require@nsure high levels of succinic acid uptake, a
series of experiments was prepared to test houtipartoefficient varied with respect to pH. The
results for the equilibrium concentrations in tlgeiid and polymer phase are shown in Figure 3-

13a and the calculated partition coefficient valaesshown in Figure 3-13b.
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Figure 3-13: (a) Equilibrium liquid concentration of succinic acid versus equilibrium polymer
concentration at various initial pH conditions and(b) partition coefficient as a function of initial pH
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In the Figure 3-13a, the data at pH 2.53 showedrdtipn coefficient where the pH
remained unchanged from the 20g/L succinic acidtewl. In data sets for pH 2.2 and 3.2, initial
liquid concentrations were lowered, showing dilntivpom acid and base addition for adjusting
the initial pH. As a result, the concentration lie fpolymer was lowered due to a slight decrease
in the concentration gradient. Most importantlyweoer, this change in liquid concentration had
no effect on the partition coefficient and all threets of data below pH 4.1 gave values of
approximately 1.3, as shown in Figure 3-13b. Agtiis is comparable with the results of Gao
and Daugulis (2010).

In the case where the pH was set to 4.1, the datdaspfollowed a predictable trend in
Figure 3-13a until the polymer fraction of the gystreached its upper values where the polymer
concentration sharply declined. A similar phenonmren@s noticed with the data at pH 4.2 and
started at a lower polymer fraction than at pH #hen the initial pH was set to 4.3, the data
showed no trend at all, remaining in the same regiothe outlying points from the pH 4.2 data.
While the data in Figure 3-13a indicated a partitomefficient of approximately 2.3, these data
were considered unreliable due to the shape ofctitee. Because of the deviations from a
predictable trend in the data at pH 4.1 to 4.3pautition coefficient was determined, as shown in
Figure 3-13b. Additionally, while Figure 3-13a shemvan increase in polymer concentration as
polymer fraction increased for pH 5.2 and 6.2, ttds believed to be caused by water absorption
by the polymer, the effect of which is expanded rupo Appendix A. To help explain the
problems of absorbance at pH 4.1 to 4.3, the dmjiin pH was measured in all samples to
determine if correlation to succinic acid absorlgamas present. The results are shown in Figure

3-14.
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Figure 3-14: Equilibrium pH values for partition coefficient samples

The samples from 4.1 to 4.3 showed pH increaséseapolymer masses increased, but
plateaued at approximately 4.65, another indictttat less succinic acid was being absorbed by
the system. An equilibrium was established wheeedtive of equilibrium to maintain succinate
ions in solution equalled the drive of polymersatisorb succinic acid and absorption ceased. In
tests performed at a pH well above thexpKhe results showed no change in the liquid sigcin
acid concentration with increasing polymer fracsiotdeally, a pH of 3.2 to 3.8 should be used
for succinic acid absorbance as it shows no i@ for absorption compared to pH 4.2.

In addition to testing how the pH of the systeneetiéd succinic acid uptake, a test was
performed to ensure there was no change in thé&iparcoefficient as concentration increased
for a fixed mass of polymer used. In tests randiogn 20g/L to 60g/L, the partition coefficient

remained at 1.3 (data not shown).
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3.5.6 The Effect of Medium Components on Partition Coefficient

The impact of medium salts on succinic acid abgompis important given their
inevitable presence in the bioreactor. The resntticated that the growth medium had no effect
on succinic acid uptake by Hytrel 8206 as previpdemonstrated by Khan and Daugulis (2010)
for another target molecule, benzaldehyde (datasin@ivn). Similar to previous results in which
the pH of the system was higher than the péf succinic acid, the polymers did not absorb any
succinic acid. The partition coefficient was, agaialculated to be 1.3, which is comparable to
the results above. The only difference with thé pesformed in the presence of growth medium
components was the equilibrium pH after equilibribed been reached, which showed a much
higher increase than samples in only RO water.rEi@d17 shows that the equilibrium pH rose
by almost one full unit, indicating that the presenf salts acting as buffers caused a greater rise
in the pH of the samples. This increased pH coedpiire a larger mass of acid added to maintain
the pH at 3.8 given that the pH of the system risk faster in growth medium as succinic acid is
removed. As shown in Figure 3-16, when the pH ef $fistem rose, the mass of succinic acid
removed from the system decreased. Lowering thegoBL8 will ensure succinic acid uptake
while minimizing acid added to the system, howeterpH must be controlled or the increase in

pH arising from the presence of salts could hittderabsorbance process.
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3.6 Conclusion

Carbon dioxide at atmospheric pressure has thétyabil lower the pH of agueous
solutions and, in the case of RO water, achievéd ebplow the pK, of succinic acid. While
temperature had a limited affect on the systemalleain agitation rate up to 500 rpm greatly
affected the rate at which the pH rose while spagiitrogen into the system. The rate of pH
increase from nitrogen was slower compared to thel@crease using carbon dioxide due to the
lower solubility of nitrogen gas in solution. Unfonately, carbon dioxide is a weak acid and
cannot overcome the effects of growth medium coraptswhich acted as buffers in the system.
Even a minimal growth medium with greatly reduceatt soncentrations impeded the pH from
being reduced by sparging with carbon dioxide dhsarbon dioxide gas is to be used to
temporarily lower the pH of a bioreactor, a highegssure is needed to increase the mass ef CO

dissolved and carbonic acid formed.
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The individual growth medium components tested shtbthat most compounds did not
have a significant impact on the ability to adjti® pH using C@except for KHPQ,. This
impediment was seen as a worst-case scenarions tef growth medium components as their
concentrations would decrease as the fermentatmcepded. The main problem seen with pH
adjustment came from the succinate ion itself &satweak acid which forms a strong conjugate
base in solution. The problem of succinate hindemd reduction using CQOsparging was
unavoidable as biotransformation occurs at appratéty pH 6.7 where succinic acid would be
present as a dissociated ion.

Of the 50 polymers tested, only Hyf?e8206 showed a partition coefficient with a value
of approximately 1.3. The partition coefficient attte mass of succinic acid absorbed were
greatly affected by the pH of the system. Sampteleast one unit below pH 4.2 showed no
change in partition coefficient, but samples atgKg, had lower succinic acid concentrations in
the polymer and absorbance ceased above pH 4.6&.inthcated that only the undissociated
form of succinic acid was removed from solution.e@all, a pH lower than 4.2 is required in the
bioreactor to ensure succinic acid is effectivelyjnoved

Succinic acid absorption from a bioreactor whicts heeen affected by end product
inhibition is possible. Until a system can be desijto allow for pressurization with carbon

dioxide, however, an alternative method to lowat eaise the pH must be used.
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4.0 Succinic Acid Bioproduction and Removal Using a
Two-Phase Partitioning Bioreactor

4.1 Preface

The results from Chapter 3 indicated that carboride was not effective at atmospheric
pressure to lower the pH of the bioreactor to betlogvpK,, of succinic acid. As the reactor used
for this research does not allow for pressurizabegond 1 atmosphere, strong acids and bases
are required to lower the pH until a means is dal/i® operate at high G@ressures.

The physical testing also showed that, of the pelgonsidered, only HytféB206 was
able to effectively take up succinic acid and yéeldhe highest partition coefficient. When the
effect of pH on uptake was tested, samples witmiial pH of 4.1 or higher showed little or no
uptake. All subsequent tests took place at pH @.8ite elevated polymer concentrations and
avoid low partitioning at pH levels approaching.4A2lditionally, in future testing, the pH in the
bioreactor will be maintained at 3.8 during polymgtake using 5M k80, pH control ensures
there are no changes in pH and shifts from undistmt to dissociated succinic acid as the
product is taken up.

Having established the physical characteristicthefsystem, Chapter 4 will turn to the
biological components of the system. The most ingmrtest is to determine the impact of low
pH on cell growth. If the cells cannot recover frexposure to a low pH in a bioreactor then a
new system design is needed to remove the celts folution and recycle them to allow for
continued biotransformation.

Succinic acid production can benefit from TPPB afien by eliminating end product
inhibition, but a single-phase bioreactor run mhesperformed to determine a benchmark against
which a two-phase system can be compared. Whilewtly medium has already been decided

upon, small salt additions may be required if treglimm does not result in efficient production of
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succinic acid. Inefficiencies would include incomig glucose consumption, a final product
concentration lower than other reported values usideilar conditions.

Once the base case is established, tests will ferped to determine whether the mass
of succinic acid removed from fermentation brotkimilar to uptake in abiotic tests performed in
Chapter 3. The goal will be to lower the pH to &l remove succinic acid using Hyft&206
using 5M HSQ,, then remove the polymers and raise the pH ofé¢hmentation broth with 5M
KOH to 6.7, allowing bioproduction to continue. Timlymers will also be desorbed to
determine what volume of RO water is required taaee at least 90% of succinic acid and how

many wash cycles are required.

4.2 Abstract

Succinic acid is a 1,4-diacid and an intermediatéhné production of pharmaceuticals and
commodity chemicals. Although bioproduction is pblesno industrial processes exist, limited
by end product inhibition (EPI) and high separaticmsts which amount to 70% of total
production costs. Two-Phase Partitioning Bioreact@mPPBs) can reduce EPI throuighsitu
product removal from the liquid phase. The pH & thrmentation broth must be adjusted below
the pKa, of succinic acid for polymer uptake to occur.

To ensure cell growth was unaffected after exposufew pH conditions, serum bottles
containing cells were lowered to pH 4.2 for varitinzes. Cell growth was measured after raising
the pH to 6.7. All samples exposed for up to 4 hdwad similar cell density increases after 24
hours at pH 6.7. Therefore, lowering the pH to wdlld not hinder cell growth after succinic
acid uptake occurred in the bioreactor as londgn@siptake period did not exceed 4 hours.

To determine the time required for succinic acitblp from fermentation broth, 1kg of

polymer beads was added to 3.5L of fermentatiothbrith pH control at 3.8. The succinic acid
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concentration in the liquid phase was reduced Byg/B. after 1h, within the acceptable pH
exposure time of 4h.

A single-phase biotransformation yielded 39¢g/L wéanic acid after 28 hours. The two-
phase run performed similarly but after pH cyclumging HSO, and KOH to remove succinic
acid, cell growth did not resume due to the exaadts from pH adjustment. This work has
provided a preliminary demonstration of conceptt thalymers can reduce EPI and separate

succinic acid from solution without requiring corapldownstream separation methods.

Keywords: Succinic acid, Two-Phase Partitioning rBactor (TPPB)jn-situ product removal

(ISPR)

4.3 Introduction

Over 1 billion tons of renewable resources arelalbke annually in the United States
from the forestry and agriculture sectors [Perlatkal., 2007]. With abundant renewable
resources available that do not affect food suppfieocesses are being developed which can use
these materials as feedstocks for biosynthesis. @@mgpound of interest which can be created
from biomass is succinic acid. A 1,4-diacid, suixiacid serves as an intermediate in the
production of food additives, biodegradable polysnand commodity chemicals including 1,4-
butanediol [Zeikus et al., 1999]. Succinic acidlso mentioned by the US Department of Energy
as one of the top twelve value-added chemicalsuymed from biomass [Werpy and Petersen,
2004]. Succinic acid bioproduction requires a vadtme productivity of 2.5 g/L-h to be
competitive with chemical synthesis frombutane through maleic anhydride [Werpy and
Petersen, 2004]. The suggested volumetric prodtictiarget has not been reached in research
due to end product inhibition (EPI). Additionall\geparation of succinic acid from the

fermentation broth can account for up to 70% adltproduction costs, hindering bioproduction
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on an industrial scale [Huh et al., 2006]. Currergthods of succinic acid separation include
precipitation, electrodialysis and reactive exi@ttusing trin-octylamine, each of which has
distinct advantages [Kurzock and Weuster-Botz, 20Hdwever, crystallization suffers from
excess waste generated, and electrodialysis recaiiditional energy inputs [Corona-Gonzalez et
al., 2008, Bechthold et al., 2008]. Reactive exiomcprimarily removes acetic acid and becomes
a pre-treatment step rather than a succinic agidragon method [Huh et al., 2006].

Two-Phase Partitioning Bioreactors (TPPBs) havenbslkeown to alleviate EPI by
removing products from the fermentation broth, emdnstrated recently in the production of 2-
phenylethanol and benzaldehyde [Gao and Daugudid9,2Jain et al., 2010]. The sequestering
phase can be a polymer material which targets jgtedand removes them from solution by
absorption. Previous work done by Gao and Daud@id0) showed that succinic acid can be
taken up from the liquid phase using polymer bealibpugh the research in Chapter 3 indicated
that this uptake was dependent on the pH of thatisol Because the pH increases as succinic
acid is removed, the pH of a bioreactor must bentaiied at least below the pKof succinic
acid for polymer uptake to be possible.

The requirement of a low pH for polymer uptake prds problems for the cells in a
fermentation broth. Research has shown that apHhef fermentation broth approaches pH 6.0,
cell growth decreases and below 6.0, no cell grawtturs [Van der Werf et al., 1997, Liu et al,
2008b]. Given that the pH must be brought below #2 polymer uptake Actinobacillus
succinogenes must be tested to determine how long the micrausga can be exposed to a low
pH and continue growth after raising the pH to afieg levels. Additionally, a system is needed
to contact the polymer beads with the fermentatiooth during uptake but allow for easy
polymer bead removal. Otherwise, as the pH is daifee polymer beads would leach succinic
acid back into the fermentation broth.

The purpose of this research is to show thaduccinogenes can withstand exposure to
low pH conditions long enough to allow for succiaitid removal from fermentation broth. A set
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of single-phase biotransformations will determine highest succinic acid concentration possible
in our lab. A bioreactor configuration will be erapéd for polymer uptake from solution that

allows for ease of polymer removal before the pHhef solution is increased and bioproduction
continues. Succinic acid uptake from fermentatimttbwill be tested and a desorption study will

determine the volume of water and number of wasihhesmove over 90% of the absorbed acid.
Finally, a two-phase biotransformation will lookgooduce a high concentration of succinic acid,
reduce the pH to 3.8 for product removal using pay beads and return the pH to operational

conditions for continued bioproduction.

4.4 Materials and Methods

4.4.1 Chemicals and Polymers

Unless otherwise specified, all chemicals were lmased from either Fischer Scientific
Company, Ltd. (Ottawa, ON) or Sigma-Aldrich Canat#]. (Oakville, ON). Medical grade
carbon dioxide and ultra-high purity nitrogen wetgplied by Linde Canada, Ltd. (Kingston,
ON). Samples of commercial grade Hytr8206 were donated to the research group by DuPont
Canada (Kingston, ON). In general, the polymersdbeaere in the shape of ellipsoids with
diameters of approximately 2mm to 5mm. Polymersewsrepared by washing three times with
hot tap water on a stir plate, then twice with R&ewv. After a final overnight wash in RO water,
the polymers were left to air dry. The washing psscwas required to remove residue from the

polymer beads remaining from their manufacturingcpss.
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4.4.2 Organism and Media Formulation

Actinobacillus succinogenes was purchased from the American Type Culture Ctitia
(ATCC), 55618. As per ATCC instructions, cells wéirst grown in a 250mL solution of 40g/L
TSB which was autoclaved at 121°C for 15 minutésrgo inoculation. Cells in solution were
incubated at 30°C and 200rpm for 48 hours, themD.&f the cell solution was mixed in a 2mL
cryo vial with 0.5mL of a 20% glycerol storage g@n. Cryo vials were stored at -75°C until
required.

The growth medium used in serum bottle preparatisierred to as the original medium,
contained the following (in g/L): yeast extract, aHCQ;, 12.6; NaHPQ,-H,0, 8.5; KHPQ,,
5.5; NHCI, 2; NaCl, 1. 1mL/L of a trace elements mix wadsoaadded which contained the
following compounds (in mg/L): nitrilotriacetic aki 3 000; MgS@H,O, 3 000; MnSQ@H.0,
500; FeS@7H0, 100; CaGI2H,0O, 100; CoCl-6KD, 100; NaMoO,, 25; NiCL-6H,0, 25;
NaWO,-2H,0, 25; ZnC}, 13; CuSQ-5H,0, 10; AIK(SQ),-12H,0, 10; HBOs;, 10; NaSe@ 10.
This growth medium was created after reviewing tegs formulations in the literature and
incorporating the most consistently used componekxtsecond growth medium, referred to as
the minimal growth medium, was used in fermentatiand contained fewer buffering salts. This
minimal growth medium contained the following compats (in g/L): yeast extract, 5; W&, 2;
NacCl, 1; KkHPQ,, 0.5 as well as 1 mL/L of the mineral mix showmwzda

A glucose concentration of 55¢g/L was chosen fotrhitsformations based on studies
from Lin et al. (2008) and Liu et al. (2008b). Thgsapers showed that at this glucose level
succinic acid production and optical density werahair highest. Also, this was the highest
concentration which showed no residual glucoser dftementation in a bioreactor [Liu et al.,
2008a]. Acetic acid production was also higher g&iig/L of glucose compared to other glucose

concentrations but it was a marginal increase coetbt the increase in succinic acid.
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4.4.3 Serum Bottle Preparation

Sealed serum bottles were used to grow cells uadaerobic conditions. 50mL of the
original growth medium was placed in a 125mL sehotile. The headspace was sparged for 30
seconds with medical grade carbon dioxide and thernserum bottle was closed with a butyl
rubber plug. A solution of 60g/L glucose was prepaseparately and autoclaved with the serum
bottles at 121°C for 15 minutes. Autoclaving thecglse separately ensured it did not caramelize
in the presence of the growth medium, a phenomenmbith prohibited growth with this
microorganism. The serum bottles were allowed tw tmroom temperature and then sealed with
crimp caps. 10mL of the glucose solution was adiethe serum bottles bringing the total
volume to 60mL with 10g/L glucose in solution. Tiid of each serum bottle was adjusted to 6.7

using autoclaved 5M $$0,.

4.4.4 Serum Bottle Preparation for Cell Exposure to a Low pH

This experiment was designed to determine how baatesponded to a low pH exposure
and how long recovery took based on length of expdn this experiment, cell recovery was
considered to be an increase in optical densitpeNierum bottles were prepared as described
above, one of which was inoculated with 200uL okén cell stock and placed in an incubator at
37°C and 200rpm for 20 hours. A 3mL sample was driram this initial bottle and injected into
one of the eight remaining abiotic or ‘fresh’ be#tl This serum bottle acted as the control for the
study and was placed in the incubator. 56, was added to the initial serum bottle to obtain a
pH of 4.2. After 5, 10, 15, 30, 60, 120 and 240 ut#s of low pH exposure, 3mL aliquots were
removed from the low pH serum bottle and inject&#d fresh bottles. The optical density of the

fresh serum bottles was monitored at intervals, & 8, 12 and 24 hours after inoculation.
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4.4.5 Bioreactor Preparation

A 5L BioFlo Il (New Brunswick Scientific, Edisor\J) with a 3L working volume was
used for all bioreactor runs with control for pHdatemperature. A 3x concentrated solution of
the minimal growth medium was prepared in 1L of Réter and added to the bioreactor. An
additional 1L of RO water was added to the bioreaahich was sealed and autoclaved at 121°C
for 60 minutes. Separately, a 3x solution of 55giicose was prepared in 1L of RO water and
autoclaved, then added to the bioreactor aseptic@klls were grown in serum bottles in an
incubator at 37°C and 200rpm for 18 hours, themegeand added to the bioreactor to begin the

biotransformation.

4.4.6 Analytical Methods

Cell concentration was measured using optical tenmsia spectrophotometer at 660nm
(ODeggp) (Ultrospec 3000, Pharmacia Biotech, Sweden). @sllweight was calculated from a
calibration curve where an absorbance of 1.0 eggial cell dry weight of 401.2mg/L. Acid
products were measured using High-Performance diqDhromatography (Varian Prostar,
Mississauga, ON) using a Varian Hi-Plex H colum®Q(X 7.7 mm) with a 10mM $$0, mobile
phase at 0.7mL/min and 60°C. Glucose was measwwiag a DNS assay as described by Miller
(1959) which contained the following components @f.): sodium potassium tartate, 200;
NaOH, 10; dinitrosalicylic acid, 10; sodium sulghi#; phenol, 2. The absorbance of DNS assay

samples were measured in a spectrophotometer atr640
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4.5 Results and Discussion

4.5.1 Cell Exposure to a Low pH

Figure 4-1 shows the optical density of the cellsérum bottles from inoculation after
removal from low pH conditions. Each line represeat different exposure time to low pH
conditions, ranging from 5 minutes to 4 hours a8 aga control sample without any exposure.
Also included in this figure is the optical densif the original serum bottle from which all
samples were drawn. This optical density valuedhatea standard to compare against all other
samples in this test. The figure shows that tha@robtest grew quickly and reached a maximum
OD within 12 hours. This was expected as the ingoulor the control sample was not exposed
to a low pH and showed unhindered growth. Sampligls exposure times up to 15 minutes
shared the same trend and reached a maximum OD I&ft@ours at normal pH conditions.
Samples with exposure times of 30 minutes to 4wbad a distinct lag phase which lasted for a
minimum of 12 hours. At some point between 12 afich@urs, the OR, of the serum bottles

increased and rose to levels comparable with the@oand samples showing no lag phase.
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Figure 4-1: Optical density over time after low pHexposure

These results show that a longer cell exposure liéxahéo a longer cell recovery time for
the resumption of cell growth. However, the mospamtant information from this test was that
Actinobacullis succinogenes withstood up to four hours of low pH conditionsdatiie biomass
formation recovered to levels similar to those elixcnot exposed to low pH. This, therefore,
demonstrates that removing succinic acid usingmetybeads can take place by temporarily
lowering the pH to 4.2 and raising it to the norrb&lreactor operating pH without permanently
hindering cell growth. In this test, however, otthe optical density of the cells was tracked, so
effect on succinic acid production is unknown. Rajmg the test and monitoring succinic acid
production would determine whether there any negagifects on the cells and their production
ability. Previous research into polymer uptakeamfiet molecules indicated that times required to
reach equilibrium were on the order of one houteptially, minimizing the negative effect of

low pH exposure on cells [Daugulis et al., 2003iéh and Daugulis, 2004].

83



The above tests were conducted by inoculating teghfserum bottles from the one
containing the cells at pH 4.2. As such, the dedld to grow in the fresh serum bottles whereas in
a bioreactor the cells would not have to regrowdnly return to producing succinic acid, which
would shorten lag times in the bioreactor compdoethese serum bottle tests. Using a TPPB
system, which does not require cell separation @g-dreatment step, also eliminates the need to
restart the bioreactor from frozen stock.

Previous experiments described in Chapter 3, Figtk8, indicated that lowering the pH
of the system to 4.2 may not be effective basedwatinic acid removal using HytfeB206.
Uptake at pH 3.8 was suggested in Chapter 3 taldwwi succinic acid uptake from fermentation
broth. With a short exposure time to pH 3.8, it wapected that the cells would experience less

lag before bioproduction continued than samplgsad.2 for longer periods.

4.5.2 Initial Single-Phase Biotransformation

The initial bioconversion of glucose to succiniédawas performed at 37°C and 200rpm.
CO, gas was sparged into the system at 0.4vvm angtkheas maintained at 6.7 using 5M
NaOH. The biomass, glucose and product concemisatwer time are shown in Figure 4-2. The
main point of interest in this figure was that thgtical density reached over 4.0 after 12 hours,
then dropped to 25% of its maximum value. This diopoptical density was due to cell
flocculation which was confirmed visually by theepence of 1mm diameter particulates in
bioreactor samples, similar to the results of Liuagé (2008b). Overall, glucose was not
completely consumed and the volumetric productiatysuccinic acid was low, only reaching
0.688g/L-h after 48 hours. Previous research itelicahat the same cell type in the same
bioreactor operating conditions would completelywsume an initial glucose concentration of

55g/L [Liu et al, 2008a].
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Figure 4-2: Products, glucose and O, for initial biotransformation

The succinic acid concentration reached 33g/L afterthours while formic and acetic
acid levels stayed close to 5g/L. After 36 houcgtia acid apparently increased sharply, reaching
27g/L after 48 hours. This apparent increase waartafact of overlap of fumarate and acetate
elution in the HPLC and the accumulation of fumaratthe fermentation broth. Fumarate is an
intermediate molecule on the anaerobic pathwapeoproduction of succinic acid, causing it to
increase as succinic acid production slowed. Oletlaé results from this single-phase run
indicated three areas for improvement with regar@érhancing cell growth and succinic acid
production. The first recommendation was to replde®H with KOH for pH control. NaOH
was shown by Liu et al (2008b) in previous reseawmltause cell flocculation, leading to a
reduced succinic acid concentration. The secondme@ndation was to increase the agitation
rate in the bioreactor from 200rpm to 500rpm. Thereéase in agitation would also reduce
flocculation by increasing the shear forces on floes. The same study which showed the

negative effects of NaOH for pH control determinibéht the use of magnesium carbonate
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(MgCO:s) for pH control and C@addition gave the highest succinic acid conceptran their
study, approximately 50g/L [Liu et al., 2008b]. Whihe third recommendation would be to use
MgCGQ;, this strong buffer would greatly reduce the #pidif carbon dioxide gas to lower the pH
of water, as seen in Section 3.5.2. Its effechin hioreactor was shown in Appendix A, but the
conclusion was to add 5g/L Mg$@ the growth medium rather than Mge&@he sulphate salt
gave the benefit of the magnesium ion without agldirstrong buffer to the system. A bioreactor
run was prepared with KOH for pH control, an agitatrate of 500rpm and 5g/L MgQ@resent.
These changes led to an increase in glucose cotismmgnd produced succinic acid to a
concentration of 39g/L after 28 hours, a volumepricductivity of 1.39g/L-h (see Appendix A).
Having improved the final succinic acid concentratand volumetric productivity, the focus of

research became polymer uptake from fermentatioth br

4.5.3 Polymer Uptake from Fermentation Broth

To this point, polymer uptake was measured in abgmlutions containing only succinic
acid. New partition coefficient tests were undestakn fermentation broth to determine the
uptake results relative to the abiotic study. Fis test of uptake over time, 1kg of Hyft€206
was placed directly into a bioreactor containingL3of fermentation broth at the end of a
biotransformation. The polymer fraction in the leactor for this test was approximately 26%
(w/v). The pH of the system was lowered to 3.8 araintained using 5M }80,. The agitation
rate was set to 500rpm and the liquid concentratias monitored over 3 hours. The results are

shown in Figure 4-3.
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Figure 4-3: Polymer uptake of succinic acid from fementation broth

Figure 4-3 shows that the liquid concentration dased quickly through the first hour,
then levelled off for the remainder of the expemnét the agitation rate used, the time required
for succinic acid uptake into the polymer phase Wasminutes. Based on the experiments
subjecting cells to a low pH, one hour at pH 3.8doccinic acid uptake was acceptable. The
exposure time required for polymer uptake was 25#rter than the maximum time tested in
section 4.5.1 which showed that there would be asting negative effects on the cells. The
succinic acid uptake from the fermentation brothvegaa polymer capacity of 13.1mg/g,
comparable to studies performed in Section 3.5.8revlthe capacity was 12mg/g in abiotic
capacity tests. The reason for this difference heye been due to pH maintenance at 3.8 rather
than no pH control in abiotic tests in Section 3.;aH increases during succinic acid uptake led
to a decrease in the mass of succinic acid rembyedhanging the ratio of undissociated to
dissociated molecules in the abiotic tests. Manigi the pH at a fixed value ensured that the

ratio of succinic acid to succinate remained ungbdn
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Using the equilibrium concentration in the liquishda polymer phases, a partition
coefficient was calculated to be 1.00. This pamiticoefficient was lower than the previous
values, but the difference may be due to the vargaits in solution, possibly the other products
and intermediates of the bioreaction; formate, teaad fumarate. The effects of succinic acid in
its dissociated form were known to decrease thttiparcoefficient values in Section 3.5.4. The
acids mentioned above have pKalues below 3.8 and in order to maintain equilitor they
resisted the removal of protons from the soluttmough the protonation of succinate. In spite of
this, succinic acid was successfully removed frdma kiquid phase using polymer materials,
which were easily separated from the fermentatiathb The next research focus was desorbing

succinic acid from the polymer beads.

4.5.4 Desorption of Polymers Removed from Fermentat  ion Broth

Desorption was carried out using the polymers fthenprevious section with a succinic
acid capacity of 13mg/g. Various polymer fractiavere tested ranging from 1% to 100% (w/v)
polymer to RO water. The percent of succinic a@daitbed from the polymer phase after one
wash as well as the equilibrium pH values of solutare shown in Figure 4-4a. Figure 4-4b
shows the equilibrium liquid phase concentratiohssuccinic acid as a function of polymer
fraction. A polymer fraction of zero shows the cohsample with a succinic acid mass of 130mg
in 10g of polymers in Figure 4-4a and as a liqugdikorium concentration of zero in Figure 4-

4b.
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Acetic acid was present in all tests in the ligplthse at equilibrium, but its mass was
less than 10% of the succinic acid mass in solufitata not shown). The 1% polymer fraction
sample resulted in 99% desorption of succinic &wd the polymer phase. The high mass of
succinic acid in the aqueous phase indicated alowsplete desorption from the polymer with
an equilibrium pH of 4.08. Doubling the polymerdtian led to a decrease in the percent of
succinic acid desorbed from 99% to 81%. The nexi samples also showed decreases of
succinic acid in solution, but the interesting datae the equilibrium pH values at these polymer
fractions. The samples with polymer fractions of,28% and 20% had an equilibrium pH of
3.72. This indicated that in these samples, desormf succinic acid into the liquid phase was
limited by low pH rather than solubility or partiti coefficient. Similar to how a high pH
impeded further uptake of succinic acid in Sec8dn4, a low pH impeded further desorption of
succinic acid into RO water. At pH 3.72, the sutciacid was more in the undissociated state
rather than dissociated in solution. More desorptiom the polymers would further decrease the
pH, bringing it further away from the pK Instead, equilibrium was reached between thediqu
phase and polymer phase where the pH limited fudhsorption from the polymers, even though
the partition coefficient of these three samples Wigher than values from the other desorption
samples or those calculated in Section 3.5.5.

In desorption samples where the polymer fractiors W8% or higher, the partition
coefficient was reached before decreasing pH hetl&rrther desorption. As a consequence, the
equilibrium pH was higher than the lower limit of73. In all samples, over 50% of the total
succinic acid was desorbed from the polymers aaddwest equilibrium liquid mass observed
was 70.57mg. A second round of washing was prephbyedeplacing the water volume to
maintain the same polymer fractions and allowing shmples to reach equilibrium again. The
results from the second round of desorption inditadhat polymer fractions of 50% or higher did
not show at least 90% total desorption (data notvel. The conclusion from this experiment
was that a polymer fraction of 40% and 2 washed® WO water gave the best desorption of
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succinic acid. It used the least amount of wateitememoving over 90% of succinic acid from

the polymer phase.

4.5.5 Bioreactor pH Cycling to Remove Succinic Acid

The results from Section 4.5.1 on cell exposurwpH and Section 4.5.3 on succinic
acid uptake were used to perform a bioreactor cyide bioreactor was prepared as described
previously, including 5g/L MgSQand 1kg of Hytrél 8206 added prior to autoclaving.
Temperature and agitation were maintained at 3ntC500rpm, respectively. pH was controlled
at 6.7 using 5M KOH. The results of the bioprodurctand cycling process are shown in Figure

4-5.
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Figure 4-5: Products, glucose and O, for final biotransformation including pH cycling and
polymer uptake

Figure 4-5 shows that the optical density incredsadhigher level than the initial single-

phase run and remained at a high value for longertd the addition of MgS{to the growth
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medium. At 28 hours into the biotransformation, 0rBL autoclaved bolus was added to the
bioreactor containing the initial mass of substeatd nutrients normally added to the bioreactor.
It was because of this bolus that the product cainatons and optical density decreased. The
glucose concentration increased from the bolustiaddibut due to fermentation broth dilution
from pH control and bolus addition, the glucosecaamtration did not increase back to 55g/L or
higher. Prior to bolus addition, the concentrat@nsuccinic acid was at its highest, reaching
40g/L at 28 hours, giving a volumetric productivitfy1.42g/L-h. The succinic acid concentration
achieved was comparable to the final single-phasdrom Appendix A.

At 34 hours, the pH of the system was lowered ® sing 5M HSQ,, taking 30
minutes. While a more concentrated acid would ltleeeased the pH faster, it may have caused
cell damage as it entered the bioreactor. AfterptHevas adjusted to 3.8, the bioreactor was left
for 60 minutes. The decrease in the succinic amigtentration from 34.5 hours to 35.5 hours was
due to polymer uptake from the fermentation brdthe decrease in succinic acid over this time
resulted in a polymer concentration of approximatidg/L, a value close to those found in
Section 4.5.3. After one hour had passed, the atparof polymer beads and fermentation broth
was achieved by pumping the liquid from the firgtrbactor into a second, autoclaved bioreactor.
The pH of the fermentation broth was then raised.i using 5M KOH, which required 30
minutes. The bioreactor then continued to run &@rhours but cell growth did not resume,
glucose was not consumed and no additional produete formed. This lack of cell growth
seemed to contradict the results of Section 4M5ut,the difference can be explained by the
presence of salts, both from pH adjustment andiemitaddition. In pH exposure tests using
serum bottles, cells were transferred to freshHdmtihich did not already contain products of the
bioreaction. The increased presence of salts irbiteactor, especially from the use ofS@,
and KOH to adjust the pH, hindered further cellvgtoand succinic acid production. In spite of

this lack of cell growth, the two-phase run did y@gdhat succinic acid can easily be removed
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from solution using polymer beads with minimal deiveam processing required and no

fermentation broth pre-treatment.

4.6 Conclusion

Cell exposure to pH 4.2 for up to four hours did permanently affect the ability of cells
to grow. A distinct difference in recovery time wagaticed in tests with low pH exposure for 30
minutes or longer. A lag phase lasted for at lé@shours but after 24 hours at operational pH
conditions, all serum bottles showed the same alpdiensity as the control test. The first attempt
at a single-phase run showed incomplete consumpfigifucose and a lower final succinic acid
concentration than other values reported in therditire. After 48 hours, the succinic acid
concentration was 33g/L, giving a volumetric praikity of 0.688g/L-h. The low productivity
was remedied by using KOH for pH control, adding9@y to the growth medium and increasing
the agitation rate of the impellers. The optimizdgle-phase run gave a final succinic acid
concentration of 39¢g/L after 28 hours.

Succinic acid uptake into the polymer phase wasedesising fermentation broth
containing all products and intermediates. Theltesuere comparable to those obtained during
physical testing of Hytr&l 8206 in abiotic solutions. One hour was required the polymer
phase to reach equilibrium in removing succinicddaBiecause of this short exposure time, there
was to be no adverse effects on the cells in tefmrexposure length to low pH conditions during
polymer uptake. Desorption of succinic acid froma golymer phase showed that, at equilibrium,
the majority of samples desorbed to match thetmartcoefficient calculated in Chapter 3. The
suggested strategy was to use two RO water wasttlesavpolymer fraction of 40% to desorb
over 90% of the succinic acid present in the polypiase.

Combining the information on low pH exposure, timgke-phase run and the polymer

uptake data, a two-phase run was performed in wiiehpH was ‘cycled’ to remove succinic
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acid using polymer beads. While succinic acid remhovas successful, the cells did not recover,
no further glucose was consumed and succinic acidugtion ceased. The reason cell growth
ceased was due to the presence of salts from ph$taggnt hindering continued succinic acid
production. This bioreactor cycling system was prob concept that succinic acid can be
removed using polymer materials. Using polymer beadremove succinic acid can take place
without pre-treatment of the fermentation brothli©&ere retained in the fermentation broth and
no complex downstream separation methods were resuo desorb succinic acid from the
polymer phase. Future work should include systemravements in terms of cell growth and
succinic acid production as well as mass of succuaid removed using polymer beads. These
improvements will allow succinic acid bioproductitm become effective on an industrial scale.
Developing a system which allows for continued #iccacid production after polymer uptake
will increase volumetric productivity by eliminagirthe cell growth period required for restarting
a bioreactor. Finding a polymer which can absorlensoiccinic acid from the fermentation broth
will increase separation efficiency and decreasg groduct inhibition, allowing for greater

succinic acid production after pH cycling and poimptake occurs.
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5.0 Conclusions and Recommendations for Future Work

5.1 Conclusions

In a bioreactor containing only RO water, carbasxile gas at atmospheric pressure was
able to lower the pH of solution to 3.85 in undgo tminutes. However, the presence of growth
medium components and products in the bioreactatened pH reduction. If the pressure of CO
can be increased, the solubility of carbon dioxidevater will increase and a lower pH can be
reached in the presence of growth medium. The t1€0g gas at high pressures will eliminate
the need for B0, to lower pH for succinic acid uptake as was regglin this research.

Hytrel® 8206 was the only polymer that absorbed succiciit & any significant extent.

It had a partition coefficient of 1.3 when the pfHsaccinic acid in RO water was below thepK
pH levels at 4.1 and above decreased uptake imopttymer and did not yield a partition
coefficient. A pH of 3.8 was used for polymer umakfter bioproduction ceased. The
components of the minimal growth medium used in hi@eactor had no effect on polymer
uptake or the partition coefficient at or below BH. Studies of polymer uptake in a bioreactor at
pH 3.8 showed that one hour was the maximum timeired for succinic acid to absorb into the
polymer phase. Desorption studies showed that a @2%) polymer fraction with 2 washes in
RO water was sufficient in desorbing 90% of suacatid from the polymer phase.

Studying the effect of low pH 0A. succinogenes showed that cells could grow after up
to 4 hours of exposure at pH 4.2. Samples withoup5t minutes of exposure showed no growth
lag while samples with exposure times of 30 minated hours showed at least a 12-hour lag
period before cell growth began. 24 hours after ptvexposure ceased, all samples reached the
same optical density as the control sample.

Succinic acid was removed from fermentation brosing polymer beads during one
cycle where the pH was lowered to 3.8 for one htiwam raised to 6.7. The cells in the bioreactor

could not continue succinic acid production becarfshe salts added for adjusting the pH with
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H,SO, and KOH. Succinic acid was removed from the bici@ain one hour while retaining the
cells and without the need for pre-treatment, prgvihe concept that a TPPB can improve

succinic acid production through polymer uptakdung end product inhibition.

5.2 Future Work

While carbon dioxide could reduce the pH of RO w&be3.8 at atmospheric conditions,
K,HPQ, and yeast extract in the growth medium prevent¢dauluction to this level. An external
vessel which can withstand high pressures shouldsed to increase the solubility of carbon
dioxide in fermentation broth. This will increadgetconcentration of carbonic acid formed to
lower the pH of the solution for succinic acid W@a At higher pressures, decreasing the
temperature of the solution increases the solybdit carbon dioxide in KD. As such, tests
should be performed with high GQyressures while decreasing the temperature beioset
values tested in Chapter 3. As the fermentatiothbadll contain many salts, the freezing point of
the liquid will be reduced. Studying the impacttemperature on CQsolubility and pH should
include temperatures down to the freezing poinfesmentation broth as they will give the
highest solubility of carbon dioxide gas before liqaid freezes. To this point no data have been
found for CQ solubility below 0°C and the effect of low temptras on cells must also be
studied.

Physical testing showed that only Hyft&206 was effective at removing succinic acid
from abiotic samples, although the partition caédfit was minimal compared to other
compounds and polymers tested in the Daugulis gr@ymthesizing polymers with greater
succinic acid uptake must take place by systenitidatermining which polymer functional
groups give the best succinic acid absorbance whdimtaining a low crystallinity. pH 3.8 was
recommended for succinic acid uptake in the bidmrathough no abiotic partition coefficient

samples were tested at this initial pH level. Tfane a test to determine the partition coefficient
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at pH 3.8 is required to confirm that succinic agftake remains high as the equilibrium pH
approaches 4.2. Tests in Section 3.5.5 showedtitainic acid uptake was reduced as the pH of
the solution approached 4.2. Testing the effeq-bbn the partition coefficient must be repeated
in the presence of pH control. These new tests pithcontrol will determine if succinic acid
uptake is feasible near pH 4.2. Succinic acid uptiakm a solution at 4.2 will reduce the €0
pressure and low temperature required to reactatbet pH.

In terms of biological testing, another study iggmbially required on cell exposure to a
low pH, taking place at 3.8 rather than 4.2. A nehl exposure test will reflect the
recommendation that succinic acid uptake occur.&tA® pH control reduced succinic acid
production, new methods are required allowing cedlsproduce succinic acid to higher
concentrations than with KOH. In Chapter 4, KOHHge presence of MgS@ave a succinic acid
concentration of 39g/L after 28 hours. However,/48gas reached after 28 hours when using
MgCO; for CO, addition and pH control. Appendix A showed thateduced concentration of
MgCG; in the bioreactor did not hinder pH adjustmenit agas entirely consumed. A hybrid pH
control method is recommended where a low concemtraf MgCG,; is first used until pH 6.5 is
reached, then KOH is used for the remainder obtb&ansformation. While bolus addition to the
bioreactor can replenish substrate and nutriergstedised succinic acid production can occur
with the addition of excess salts. In Section 4tBebsuccinic concentration did not increase after
bolus addition. Decreased succinic acid produdtiom bolus addition cannot be confirmed, but
the effect of the salt addition must be isolated anderstood. A study is required to determine
the mass of growth medium added before bioprodudiud cell growth is halted due to excess
salts in the system. The effect of salts hindecelygrowth should include glucose additions as a
large mass of glucose may reduce bioproductionedk hiterature shows data on maintaining
glucose levels in the bioreactor yet no researdstern one-time glucose addition. The effect of

one-time glucose addition on succinic acid produrcéind cell growth is required.
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Appendix A: Water Uptake using Hytrel © 8206

In Section 3.5.5, succinic acid uptake as a functb pH was studied with initial pH
conditions in solution ranging from 2.2 to 6.2. Thesults indicated that when the pH was
between 2.2 and 3.2, the equilibrium polymer cotregions changed similarly as polymer
fractions increased. This led to similar partitiomefficient values, as seen in Figure 3-13b. In
tests where the initial pH ranged from 4.1 to 4@take was seen but as the polymer fraction
increased, the linear trend seen in previous eduttke down and at pH 4.3, all data points
clustered in one location, yielding a partition ffio&ent of zero. Uptake at pH 5.2 and 6.2
showed an increase in the equilibrium liquid comegion of succinic acid, which led to
consideration of water absorbance by the polymke. dnly way that the liquid concentration of
succinic acid could increase was through an additibsuccinic acid to the liquid phase or a
removal of water without succinic acid uptake. &g tundissociated form of succinic acid is
required for uptake, at pH 5.2 and 6.2, none oftéinget molecule was moving into the polymer
phase, indicating that water was moving into th&rmer phase, effectively concentrating the
succinic acid in the liquid phase.

To determine a true estimate of succinic acid uptako the polymer phase, the water
absorbed by the polymer had to be factored intdélibgum liquid concentration measurements.
Research from DuPont Canada indicated that thervedisorbance of Hytr&18206 was 30%,
leading to a water removal of 0.45 to 2.7 gramsvafer over the range of polymer fractions
tested. Recalculating the equilibrium liquid cortcations with this water loss added led to the

data seen in Figure A-1.
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Figure A-1: Equilibrium liquid and polymer concentr ations as a function of initial pH, factoring in
water absorbance by the polymer phase

The data in the figure above closely resembled ith&igure 3-13a from pH 2.2 to 3.2.
The main change in this new data was a decreabke iequilibrium liquid concentrations, leading
to an increase in the equilibrium polymer conceitrs. The change to the results caused a shift
in the data up and to the left, though the trenth@an data points remained the same. The most
interesting data came from the results at pH 4.4.3owhere the trends changed. In Figure A-1,
the results at pH 4.1 to 4.3 showed very similapas$ to those at the lower pH values. It was not
until pH 5.2 that the results formed a differentveu The equilibrium concentration of succinic
acid in the polymer phase showed almost no chatitheinereasing polymer fraction. At pH 6.2
the data showed no trend at all and were all lacet®ne area with almost no uptake of succinic
acid. Calculating the partition coefficient valudesm the figure above gave the results in Figure

A-2.
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Figure A-2 showed that the partition coefficientues are the same as in Section 3.5.5
when swelling was not factored into calculations émjuilibrium liquid concentration. More
importantly, however, was that through these neautations, similar partition coefficient values
were found up to pH 4.3. This indicated that whatehigher pH values less succinic acid was
removed from solution compared to the water abshrieccinic acid was still removed to give a
partition coefficient. At pH 5.2 where the percefiundissociated acid dropped to approximately
9%, succinic acid uptake was much lower and didgi¢ a partition coefficient as high as at
lower pH values. Again at pH 6.2 the partition diméEnt was zero as there was no trend in the
data in Figure A-1.

The conclusion from this set of calculations waat ttvhen the water absorbed from
solution was factored into the equilibrium concatitms of succinic acid in the liquid phase, the
results give a more expected trend. In spite ofsthieer removed from solution, succinic acid was

still being absorbed though the effect was maskeddier absorption changing the succinic acid
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concentration in solution. In practice, howevehjgher mass of succinic acid was removed from
the liquid phase at pH 3.2 and lower, so uptakgtaé.1 to 4.3 was not practical. All following
research in this project still continued to use 8 to ensure a high mass of succinic acid

removed from solution.
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Appendix B: Improved Organism Performance using
MgCO3;

B.1 Introduction

The first biotransformation shown in Chapter 4 didt yield a high succinic acid
concentration relative to other reports in theditere under the same conditions. In studies on the
optimal glucose concentration fdét succinogenes, 55g/L in solution was shown to give the
highest succinic acid concentration while showingrasidual glucose in the bioreactor after 60
hours [Liu et al., 2008a]. This showed that theylsrphase biotransformation in Chapter 4 was
not as efficient as possible, which may have baentd cell flocculation as a stress response to
non-ideal conditions in the system, particularlyQtth for pH control [Liu et al., 2008b].
Research by Liu et al. (2008b) showed similar tesuhen NaOH was used for pH control in a
bioreactor. Flocculation occurred after 16 hounsicgse was not completely consumed and
succinic acid concentrations were low; below 30gfter 40 hours [Liu et al., 2008b]. The
explanation was that as the sodium ions accumulatéte fermentation broth, the osmolarity of
the solution changed and the cells flocculated stsems response. The study by Liu et al (2008b)
was the only one to show the negative impacts @®dor pH control. Other research did not
encounter flocculation using NaOH because the dranedia contained buffering compounds in
higher concentrations than the minimal growth medused in this research.

In an effort to improve the single-phase run anthi@® a higher succinic acid
concentration, recommendations were followed framet al. (2008b) and magnesium carbonate
was added to the bioreactor. The use of magnesiubooate (MgCg) for pH control was first
used in the patent presented by Guettler et aB7)1l%Bolid magnesium carbonate was added to
the bioreactor producing a slurry due to the lovulsility of the salt. It dissociated into the

magnesium cation and a carbonate anion,CDhe anion reacted with protons released during
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bioproduction to form carbon dioxide and water. Tise of magnesium carbonate acted as both a
pH controller and a source of G@r the tests in this study [Liu et al., 2008b].

Of five pH controlling agents tested by Liu et @008b), MgCQ was the only one to
effectively control the pH without causing cell dulation. Tests using this buffer completely
consumed 55g/L of glucose and produced the higlwestentration of succinic acid in the study,
reaching 40g/L after 32 hours. While the solid Mg@@l not maintain the pH at a specific value
during fermentation, it was able to keep the pHhimitthe optimal range for succinic acid
production [Liu et al., 2008b]. Additionally, thenpact of the magnesium ions on optical density
and succinic acid production was tested using MJ®k results showed that optical density
remained high over the MgCl concentration testgrfal0.3mol/L. NaCl and Caglvere also
tested and as the concentrations of these two ssdtshed 0.3mol/L, the optical density and

succinic acid concentrations were drastically reduc

B.2 Biotransformation with MgCO; for pH Control and CO,
Addition

This biotransformation was prepared as describe@hapter 4. It was conducted at
500rpm and 37°C with pH control from 55g/L Mgg@®ecause Cowas generated through pH
control, no gaseous GQOwas added to the bioreactor. In preparation fag thin, the 3x
concentrated solutions of minimal growth mediumjcgse and MgC®in RO water were
autoclaved separately to ensure there were nattiens between the growth medium, glucose
and magnesium carbonate. After autoclaving, afighsolutions were combined aseptically in the
bioreactor. Prior to inoculation, the Mgg@aused the pH of the system to increase to oer 8.
Medical grade C@gas was sparged into the bioreactor until the ghthmed approximately 7.0.

Figure B-1 shows the optical density and pH oflilmtransformation.
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Figure B-1: ODggo and pH versus time for the first MgCO; biotransformation

Because MgC@was used for pH control, no target pH could be 8&gnesium
carbonate dissolved slowly in solution to keep phehigh, forming CQ and HO. If the rate of
proton release in the system was faster than Mg©0ld dissolve, the pH decreased. As succinic
acid production slowed, magnesium carbonate comdirdissolving and the pH rose. Throughout
Figure B-1 the pH remained above 6.4 and succinid production was not hindered, also
evident as the optical density reached a high valug.0 and remained high. Measuring the
optical density of the samples required dissohsotjd MgCQ; which was taken up with each
bioreactor sample. Solid magnesium carbonate wesoldied by adding 5M 30O, dropwise
until no MgCQ was visible. Cells in solution without magnesiuarhonate present were tested
and the acid addition did not affect optical densigsults (data not shown). The product

concentrations as well as glucose and optical tieoger time are presented in Figure B-2.
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Figure B-2: Products, glucose and OR, for the first MgCO 3 biotransformation

The most important part of this biotransformatioasvthe optical density which quickly
increased and reached a level almost two fold hitfen the first bioreactor run in Chapter 4.
The level of optical density remained high througththe experiment, only decreasing a small
amount compared to the previous test where thgs{d2creased to 25% of its peak value.
Because the cells were not flocculating as a stesgmonse to changes in osmolarity from NaOH
addition, they maintained productivity, shown b tiear complete consumption of glucose and
high level of succinic acid produced. The glucosacentration was reduced to 3g/L after 28
hours whereas in Section 4.5.2 the glucose remaie2Dg/L after 48 hours. The complete
consumption of glucose in this biotransformatiod te a succinic acid concentration of 48g/L,
giving a volumetric productivity of 1.71g/L-h aft@B hours. While the volumetric productivity
did not reach the target of 2.5 g/L-h set by the M&partment of Energy, this result was
comparable with other research into succinic acatlpction [Liu et al., 2008b, Du et al., 2008,

Werpy and Petersen, 2004]. The peak in succinid eshcentration occurred at 28 hours then
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began to slightly decrease as the glucose in thtesyapproached zero. This decrease in succinic
acid seemed to coincide with a slight increaseonmfc and acetic acid concentrations. In the
production of succinic acid fror. succinogenes, two intermediates in anaerobic bioproduction
can be converted to pyruvate; oxaloacetate andtendlais conversion is an irreversible process
which removes C© from the four-carbon molecules [McKinlay and Viejl 2008]. This
conversion to pyruvate is governed by enzymes whiotk to produce pyruvate as the carbon
dioxide present in the system decreases. As themsisonly supply of C@came from MgC@

with its low solubility, the amount of carbon dide present in the system decreased as
production progressed, leading to a shift towaodsic and acetic acid production.

The growth medium used in this work had fewer congmds and used smaller
concentrations of salts compared to other growtkdianased in the literature. This decrease in
inputs will lower expenses for an industrial pragdselping the bioproduction of succinic acid to
better compete with chemical synthesis. Unfortugatbe MgCQ used in this biotransformation
was not completely consumed and a large mass reth#@inthe bioreactor after 36 hours. Given
the previous study of individual growth medium caments on pH adjustment, any magnesium
carbonate present in the system would greatly hittie ability of carbon dioxide gas to lower
the pH. While this run was considered a successrins of high optical density and succinic acid
production, the excess magnesium carbonate presarmeoblem. Not only is MgC{eduction
required to allow for pH adjustment with G@ut remaining tests in this research requiredsaci
and bases for pH adjustment. An excess of Mg@G6uld have required more acid to lower the
pH to 3.8. Based on the excess magnesium carbadnatsolution at the end of this

biotransformation, a new concentration of 40g/L waleulated for the next bioreactor run.
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B.3 Biotransformation with Reduced MgCO; Concentration

The next biotransformation took place under thees@onditions as above except the
MgCO; concentration was reduced from 55g/L to 40g/L. fdwilts in Figure B-3 showed a high

optical density for the length of the experimemhikar to the previous biotransformation.
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Figure B-3: ODggo and pH versus time for the reduced MgCQ biotransformation

In measuring the optical density of the system,ntagnesium carbonate was dissolved
as described previously, but in this experiment thagnesium carbonate had completely
dissolved after 20 hours. As the pH continued weBse after 20 hours, the Mggdissolved in
solution was completely consumed which causedréiffiebehaviour of the bioreactor pH. In the
previous run, the pH reached its lowest point d7@fter 24 hours, then increased to 6.9. In this
most recent test, pH 6.5 was passed just afteolistand continued to drop until the end of the
experiment where the final measured pH was 5.6dvi®us research showed that at this pH
level, succinic acid production would not occur,iethwas visible in Figure B-4 [Liu et al.,
2008b].
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Figure B-4: Products, glucose and OR, for third biotransformation

In this biotransformation, the glucose was not cletety consumed and appeared to
level off near 24 hours, which occurred at the séime that the pH of the system fell below 6.0.
Until this point, the consumption of glucose anddarction of succinic acid were similar to the
previous run where MgC{Qwas in excess. Because of the incomplete glucossumnption, the
final concentration of succinic acid was 44g/L, gy a volumetric productivity of 1.57g/L-h,
lower than the previous run. This difference wasl§nbut it reaffirmed that the pH must be
maintained above 6.0 to ensure high succinic acdyction. The succinic acid concentration in
solution continued to rise after the pH fell bel6y@, but it was a small increase compared to the
succinic acid production earlier in the biotransfation. This slight increase may have been due
to the conversion of intermediates along the méiipathway to succinic acid, but no further
glucose was consumed to produce succinic acid.dBeeeased pH also led to an increase in

acetic acid production as the final concentrateached 14.5¢g/L, almost double the concentration
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in the previous bioreactor run. This was, agair ttuthe lack of carbon dioxide present and the
conversion of anaerobic intermediates to pyruvetentermediate itself for acetate and formate.
After 28 hours of running the bioreactor, £Qas was sparged into the system to
determine if the pH could be adjusted given theeabs of magnesium carbonate. Unfortunately,
the carbon dioxide had no effect on pH and it resdiunchanged (data not shown). Even though
the results indicated complete consumption of satid dissolved magnesium carbonate, the pH
could not be changed using carbon dioxide gasmabsyiheric pressure. Because an excess of
MgCO; would require additional acid to lower the pH t8 and the minimized buffer amount led
to an incomplete consumption of glucose, magnesiarhonate was ruled out as a candidate for
pH control. Given the benefits of the magnesium iming MgCQ, an alternate form of
magnesium was supplied to the system to maintaitigh optical density in future

biotransformations.

B.4 Biotransformation using MgSO, for Flocculation Control

For this biotransformation, pH was controlled at @sing 5M KOH and 5g/L MgSQ
was added to the growth medium. Temperature, amit@nd CQ sparging rates remained the
same from Chapter 4 experiments at 37°C, 500rpmQehd/m, respectively. The results from

this bioreactor run are presented below in Figute B
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Figure B-5: Products, glucose and OR, for the biotransformation with MgSO, present

The above figure indicated that the addition of dg®enefited the optical density.
Flocculation still occurred though it was not asese as the first biotransformation in Chapter 4
without magnesium sulphate. Additionally, the oplttidensity did not reach the upper values
shown in the two previous bioreactor runs. Becaidtocculation, glucose was not completely
consumed and was only reduced to 12g/L after 28shdthe final succinic acid concentration
was 39g/L, giving a volumetric productivity of 148-h in 28 hours. The succinic acid
concentration from this bioreactor run was lowartlthe previous work with MgCGQpresent in
the system, but higher than the initial biotransfation with no magnesium present. Formic and
acetic acid final concentrations were both belog/ILO

An additional test was performed attempting to sidjhie pH of the fermentation broth
using CQ gas. The flowrate of the gas was increased tovin@wt the pH showed no change as
the system was already saturated with,G@ata not shown). When the temperature was

decreased from 37°C to 12°C , the pH changed framds6.5 while maintaining CGsparging at
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1.6vvm (data not shown). While the pH change ofWa3 insufficient for the purposes of this
research, it was an indicator that the pH can heided with CQ provided the solubility of the
gas in the liquid can be increased by reducing &atpre and/or increasing the pressure in the

system.

B.5 Conclusion

In an effort to increase succinic acid productioritie bioreactor, MgCOwas added for
CO; addition and pH and flocculation control. The financentration of succinic acid was 48g/L
after 28 hours with a much higher volumetric prddity compared to the initial bioreactor run
in Chapter 4. Because MgGQvas in excess and hindered pH adjustment using, @O
biotransformation took place with a reduced comegioin of magnesium carbonate. The reduced
MgCO; concentration could not keep the pH of the bidimaabove 6.0. As a consequence, the
final succinic acid concentration in the bioreastas 44g/L after 28 hours. The pH of the system
could not be adjusted using €@as despite the complete consumption of MgCO

MgSO, was added to the minimal growth medium to gainkeefits of magnesium ions
on flocculation without the buffering effects ofrbanate. A final succinic acid concentration of
39g/L was reached after 28 hours; a volumetric petidity of 1.39g/L-h. Despite the lowered
succinic acid production, the minimal growth mediwith magnesium sulphate present became
the formulation for all future work in this projedhe use of carbon dioxide gas over MgGQ@
CO, addition was also preferred as it enhanced thérammental benefits of succinic acid
production. Both biomass growth and biosynthesiswfcinic acid are Cg&fixing processes
which can utilize waste carbon dioxide gas fromeotimdustrial processes. Having established
the base-case single phase bioreactor run for réaceicid production, attention shifted to

polymer uptake in fermentation broth and succicid @esorption.
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Appendix C: Calibration Curves

C.1 HPLC Calibration Curves
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Figure C-1: UV-vis calibration curve for succinic aid, elution time 10.8 minutes
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Figure C-2: UV-vis calibration curve for formic acid, elution time 12.3 minutes
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Figure C-3: UV-vis calibration curve for acetic acd, elution time 13.2 minutes
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Figure C-4: UV-vis calibration curve for oxaloacett acid, elution time 9.75 minutes
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Figure C-5: UV-vis calibration curve for malic acid, elution time 9.13 minutes
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Figure C-6: UV-vis calibration curve for fumaric acid, elution time 13.2 minutes
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Figure C-7: RI calibration curve for glucose, elutbn time 15.4 minutes
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Figure C-8: RI calibration curve for ethanol, elution time 33.1 minutes
C.2 UV Spectrophotometer Calibration Curves
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Figure C-9: Spectrophotometer calibration curve forsuccinic acid, absorbance at 220nm
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Figure C-10: Spectrophotometer calibration curve baveen optical density and cell dry weight,
absorbance at 660nm
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Figure C-11: Spectrophotometer calibration curve beveen optical density and glucose concentration
using the DNS assay, absorbance at 540nm
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