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ABSTRACT

The goal of this research is to optimize PHA production in the syngas fermenting
organism Rhodospirillum rubrum. Syngas fermentation is the hybrid thermochemical/
biological approach to processing biomass into valuable fuels and chemicals. The process
begins with the gasification of biomass to produce syngas, a flammable gas mixture
consisting primarily of carbon monoxide (CO), hydrogen (H), and carbon dioxide (CO,).
Microorganisms are then used to ferment the syngas into biofuels and chemicals.

Rhodospirillum rubrum, a non-sulfur purple bacterium, utilizes the CO in syngas to
produce H; and polyhydroxyalkanoates (PHAS), biobased-biodegradable polymers.
Information is limited pertaining to the optimization of growth media as well as the optimal
harvest point for R. rubrum in terms of H, and PHA production.

RRNCO growth media was optimized on the small scale (40 ml). The resulting
media recipe was scaled up to 10L for the evaluation of the optimal harvest point. A syngas
fermentation facility and control system was designed and developed for fermentation scale
(10L) experiments. The results of the small scale experiments did not agree with literature in
terms of the effect of the carbon to nitrogen balance on cellular PHA content. Yeast extract
may have been acting as an additional source of available carbon and nitrogen in the media.

The results of the harvest point optimization indicated that cell density and media
acetate levels may serve as good indicators of maximum PHA production. PHA production
appeared to maximize when cell growth reached late exponential phase or early stationary
phase. Maximum PHA production corresponded well with the point of media acetate

exhaustion.



CHAPTER 1. INTRODUCTION

The goal of this research is to optimize PHA production in the syngas fermenting
organism Rhodospirillum rubrum. The concept of a biorefinery has expanded beyond the
separation and fractionation of biomass feedstocks into bio-based products. The new
concept of a biorefinery also includes the separation and fractionation of biomass
feedstocks, but on a molecular level by means of hybrid thermochemical and biological
processing. Syngas fermentation is such a hybrid process.

In syngas fermentation, recalcitrant biomass enters the system and is thermally
degraded through gasification to produce a gaseous product mixture called syngas or
producer gas (the latter containing dilutant nitrogen from air used in the process). The
resulting product gas is cleansed of solid particulates and tars and fed to fermentors
containing syngas utilizing organisms. These organisms then use the available carbon
monoxide (CO), hydrogen (H;), methane (CH,), and carbon dioxide (CO,) as sources of
energy and carbon to produce valuable products.

Rhodospirillum rubrum, a purple non-sulfur gram negative bacterium, is capable
of utilizing the CO in syngas and producer gas as a carbon and energy source. R. rubrum
is an attractive syngas utilizer for its ability to produce polyhydroxyalkanoates (PHA) as
an energy storage molecule, as well as for its ability to biocatalyze the water-gas-shift
reaction.

CO +H,0 > CO, + 2H" + 2¢° Equation 1



This conversion is advantageous because the hydrogen content of the syngas is increased
and PHA can be processed into biodegradable plastics. Recent techno-economic analysis
has shown that with a hydrogen coproduction credit, PHA production via syngas
fermentation could compete with traditional methods of production [1].

Studies have shown that varying media composition and carbon sources in the
media affect PHA production by R. rubrum [2-4]. Rhodospirillum rubrum no-light CO
(RRNCO) growth medium is used for anaerobic dark growth [5, 6]. Do and colleagues
noticed that changing acetate concentration in the RRNCO media affected PHA
production in R. rubrum grown on simulated syngas [5]. Information is limited
pertaining to the optimization of growth media for R. rubrum for its effect on the co-
production of H, and PHA. The point of harvest for PHA produced from R. rubrum also
is not well understood. Understanding how to optimize PHA and hydrogen production
from R. rubrum could increase its value as a biocatalyst and potentially reduce the cost of
the growth media. This thesis investigates the optimization of RRNCO growth media on
a 40 ml fermentation scale. The results of the small scale experiments are to be scaled up
to the 10 L fermentation scale. It is hypothesized that the optimal growth medium will
have a high carbon to nitrogen ratio.

A challenging aspect of this investigation was the design and development of a
syngas fermentation facility. Generating a continuous flow of syngas from a gasifier was
not possible for the duration required by the fermentation experiments. A syngas
fermentation system was developed to provide a consistent and controllable supply of
artificial syngas to the experimental fermentors. Control software was also written to

control the system both locally and remotely.



CHAPTER 2. BACKGROUND

2.1 GASIFICATION

2.1.1 Principles of Gasification

Gasification is the thermochemical breakdown of carbonaceous substrates to
condensable and non-condensable gaseous products as well as char (solid particulate
consisting of carbon an ash). This complex set of reactions occurs in several steps [7].
First the carbonaceous substrate is heated and dried. Next, pyrolysis begins once the
temperature of the substrate reaches 300-400°C. Pyrolysis produces intermediate
products of char, CO, CO,, H,, water vapor (H,0), light hydrocarbons, and condensable
vapors with distribution based on the substrate, temperature, and heating rate. Gas-solid
reactions convert carbon into CO, H,, and CH, as described by the carbon-oxygen
reaction (Equation 2), Boudouard reaction (Equation 3), carbon-water reaction (Equation

4), and hydrogenation reaction (Equation 5).

C +%0,; « CO AHg =-110.5 MJ/kmol Equation 2
C+C0O; <« 2CO AHg = 172.4 MJ/kmol Equation 3
C+H;0O - H,+CO AHg = 131.3 MJ/kmol Equation 4
C+2H; < CHy AHg = -74.8 MJ/kmol Equation 5

The final step of gasification involves the gas phase reactions which include the water-
gas shift reaction (Equation 6) and methanation (Equation 7).

CO + H,0 « H, + CO, AHg = -41.1 MJ/kmol Equation 6



CO + 3H; < CH4 + H,O AHg =-206.1 MJ/kmol Equation 7

2.1.2 Gasification Product Distribution

The products of gasification include non-condensable gases, condensable vapors,
tars (short chain hydrocarbons, polyaromatic hydrocarbons, etc.), and char. The product
distribution of gasification depends on several factors including reaction time,
temperature, and inlet oxygen and steam levels. When the process uses air as a fluidizing
and/or carrier gas, the resulting nitrogen-diluted gas stream is referred to as producer gas.
When the gasification occurs with steam and oxygen (O,) as the fluidizing and/or carrier

gas, the resulting gas stream is referred to as synthesis gas or syngas.

2.1.3 Types of Gasifiers

The three major types of gasifiers are moving-bed, fluidized-bed, and entrained
flow gasifiers [8]. In moving-bed gasifiers, the feedstock moves downward by gravity
against a counter flowing heated gas. The counter-current arrangement allows for
preheating of the entering feedstock by the exiting syngas. The exiting gas is relatively
low in temperature (425-650°C) and contains hydrocarbons in the gas stream [9].

Fluid-bed gasifiers provide excellent heat transfer and mixing conditions. The
efficient heat transfer allows for rapid equilibrium and thus high throughput [10].
Feedstock is mixed with bed material and both are fluidized by the gas flowing through
the bed. This type of gasifier can be heated both directly and indirectly. The particle size
of both the feedstock and bed material is important to the operation of this type of

gasifier. Small particles can be entrained in the fluidizing gas and leave the reactor



prematurely resulting in lower carbon conversion. Outlet gas temperatures for fluidized
bed gasifiers are moderate (900-1050°C) [9].

Entrained flow gasifiers are noted for high carbon conversion and output gas
purity. In an entrained flow gasifier, the feedstock and carrier gas flow in the same
direction. The most common entrained flow gasifier is the entrained flow slagging
gasifier. Since the operating temperatures (1250-1600°C) are higher than the ash melting

point, the ash agglomerates and exits at the bottom of the reactor [8, 9].

2.1.4 Gas Clean-up and Product Upgrading

Syngas has several industrial uses. In addition to being combusted for use as
process heat or for power generation, syngas is a valuable intermediate in the synthesis of
many industrial chemicals. Carbon monoxide is used in the synthesis of several organic
chemicals including acetic acid, phosgene, butanols, acrylic acid, and formic acid [8].
These chemicals serve as precursors to other valuable industrial products from
polyurethanes to paints to preservatives [11]. In air blown gasification, ammonia can be
produced from the hydrogen and nitrogen in the syngas. Syngas can also be used as a
substrate for Fisher-Tropsch synthesis for the production of hydrocarbons and alcohols.
The upgrading of synthesis gas to the products mentioned above usually requires the use
of catalysts at elevated pressure and temperature.

Catalyst poisons as well as solid particulate must be removed before the syngas is
upgraded. Depending on the size, solid particulate is removed with cyclones and/or
barrier filters. High efficiency cyclones are capable of removing particles greater than 5

pm. Smaller diameter particles, down to 0.5 um, are removed with barrier filters, such as



candle filters and bag filters [12-14]. This particulate removal occurs at elevated
temperatures to prevent the condensation of tars and other vapors [13]. Tars are removed
from the syngas stream once the solid particulate has been removed. Oil and water are
commonly used to scrub tar from syngas, but the resulting waste is toxic and can be
costly to treat for disposal [13, 15]. Tar can also be removed via chemical or thermal

“cracking” into CO and H,.

2.2 SYNGAS FERMENTATION

Syngas fermentation offers a unique approach to processing the recalcitrant
components of biomass. Instead of using microorganisms to breakdown cellulose and
lignin, the “thermodynamic hammer” is used to break these complex molecules into
simpler compounds that can be utilized by microorganisms. Syngas utilizing organisms
can produce a variety of chemicals including acetic acid, biopolymers, butyric acid,
butanol, ethanol, hydrogen, and methane [16]. Syngas fermentation has several
advantages over mineral-based catalytic upgrading. Such advantages include higher
reaction specificity, higher yields, lower energy costs, greater resistance to poisoning, and
complete conversion [17-19]. The biocatalysts used by syngas fermenting organisms also
operate at lower temperatures and pressures compared to most mineral-based catalysts.
Some catalytic syngas upgrading processes, such as Fisher-Tropsch synthesis, require
very specific ratios of carbon monoxide to hydrogen in order for the process to work
properly, however, biocatalysts are less sensitive to such ratios. Slower reactions and the

need for sterility are disadvantages to syngas fermentation [20].



2.2.1 Syngas Utilizers

Many organisms are capable of utilizing the components of syngas as carbon and
energy sources. Products from these organisms range from CO, to alcohols to acids.
Table 1 lists organisms capable of utilizing syngas and the products produced by

those organisms.

2.2.2 Rhodospirillum rubrum

Rhodospirillum rubrum is a purple, non-sulfur, photosynthetic, gram-negative
bacteria. This loose spiral-shaped organism can range in size from 0.8 to 1 um [21]. In
nature, R. rubrum is found in pond water, mud, and sewage [22]. R. rubrum has a diverse
metabolism. Its ability for anaerobic CO growth, hydrogen production, and PHA
production makes R. rubrum an excellent candidate syngas organism. Several

investigations have been made into R. rubrum as a syngas organism [5, 19, 20, 23-27].

2.2.3 Carbon Monoxide Metabolism

Several types of Bacteria and Archaea have demonstrated the ability to oxidize
carbon monoxide. Carboxydotrophs, phototrophs, methanogens, acetogens, and sulfate
reducers all have been shown to oxidize CO [28-31]. The ability of these organisms to
utilize CO as an energy and/or carbon source is due to the presence of the enzyme carbon
monoxide dehydrogenase (CODH). CODH in R. rubrum provides a source of reductant,
energy, carbon, and serves as a protective mechanism by expanding its metabolic
capabilities to utilize CO [32]. Previous studies at lowa State University estimate that
20% of the CO fermented by R. rubrum is converted into cellular biomass, of which 35%

is PHA. The remaining 80% goes into producing extra cellular hydrogen [33].



Table 1. Syngas utilizing microorganisms and associated products (adapted from
Henstra et al. [34]).

Species Topt ['C] pHopt ta[h] Energy Source Source
Acetate Producers

Acetobacterium woodii 30 6.8 13 CO +H, [35]
Clostridium thermoaceticum 55-60 nr nr H, + CO,or CO  [36]
Eubacterium limosum 38-39 7.0-7.2 7 CO +H, [37, 38]
Moorella thermoacetica 55 6.5-6.8 10 CO +H, [16]
Moorella thermoautotrophica 58 6.1 7 CO +H, [39]
Peptostreptococcus productus 37 7 1.5 CO +H, [40]
Acetate, Ethanol Producers

Clostridium autoethanogenum 37 5.8-6.0 nr CO +H, [41]
Clostridium ljungdahlii 37 6 3.8 CO +H, [42]
Acetate, Ethanol, Butyrate, Butanol

Producers

Butyribacterium methylotrophicum 37 6 12-20 CO+H, [43-45]
Clostridium carboxidivorans 38 6.2 6.25 CO+H, [46]
Acetate, n-butyrate Producers

Oxobacter pfennigii 36-38 7.3 139 CO+H;, [47]
Acetate, formate, CH, Producers

Methanosarcina acetivorans strain 37 7 24 CO +H, [48]
C2A

Acetate, H,

Clostridium thermoautotrophicum 55-60 5.7 nr H, + CO,or CO  [49]
Acetate, formate, H,S Producers

Archaeoglobus fulgidus 83 6.4 nr CO +H, [50]
Acetate, H,S Producers

Desulfotomaculum kuznetsovii 60 7 nr CO +H, [51]
Desulfotomaculum geothermicum 54 7.3-7.5 nr CO,. H2 [52]
Desulfotomaculum thermobenzoicum 55 7 nr CO +H, [51]
subsp. thermosyntrophicum

CH, Producers

Methanosarcina barkeri 37 7.4 65 CO +H, [53]
Methanothermobacter 65 7.4 140 CO+H, [54]

thermoautotrophicus
H, Producers

Carboxydibrachium pacificus 70 6.8-7.1 7.1 CO +H, [55]
Carboxydocella sporoproducens 60 6.8 1 CO +H, [56]
Carboxydocella thermoautotrophica 58 7 1.1 CO +H, [57]
Carboxydothermus hydrogenoformans 70-72  6.8-7.0 2 CO +H, [58]
Citrobacter sp Y19 30-40 5.5-7.5 8.3 CO +H, [59, 60]
Rhodopseudomonas palustris P4 30 nr 23 CO +H, [61]
Rhodospirillum rubrum 30 6.8 8.4 CO +H, [6]
Rubrivivax gelatinosus 34 6.7-6.9 6.7 CO +H, [62, 63]
Thermincola carboxydiphila 55 8 1.3 CO +H, [64]
Thermincola ferriacetica 57-60 7.0-7.2 nr CO +H, [65]
Thermococcus strain AM4 82 6.8 nr CO +H, [66]
Thermolithobacter carboxydivorans 70 7 8.3 CO +H, [67, 68]
Thermosinus carboxydivorans 60 6.8-7.0 1.2 CO +H, [69]
H,, H,S Producers

Desulfotomaculum carboxydivorans 55 7 1.7 CO +H, [70]

*Optimum temperature not explicitly given; nr — not reported




2.2.3.1 Carbon Monoxide Dehydrogenase

CODH can be classified by its content (molybdenum or nickel containing), or by
its function (monofunctional CODH or bifunctional CODH/acetyl-coenzyme A synthase
(CODH/ACS) [71-73]. CO acts as both a ¢ bond donor and  bond acceptor, which
makes it a good ligand for transition metals [74]. At the heart of CODH lies a transition
metal ligand binding site. The reaction biocatalyzed by CODH is similar to the water gas
shift reaction except CODH produces two protons and two electrons as opposed to H,
[74]. Two mechanisms for CO oxidation by CODH have been proposed. Oelgeschlager
et al. [75] proposes:

CO+H,0 > CO, + 2H" + 2¢° Equation 8
Ferry et al. [76] propose the role of an acceptor:
CO + H,0 + acceptore = CO, + 2H" + acceptoreq Equation 9

Aerobic CO utilizers have CODH with a molybdenum (Mo) based metal center
and oxidize CO slower than its nickel-based counterpart. CO oxidation by this Mo-
CODH generates electrons which are then transferred through an electron transport chain
ending ultimately with O, [77]. Anaerobic CODHs contain a nickel (Ni) based metal
center. CODH/ACS activity, found in methanogens, acetogens, and sulfate reducers,
gives the ability to form/cleave acetyl-CoA from/into a methyl group, CoA, and CO [75].

Not all CO utilizers have CODH/ACS activity. R. rubrum lacks ACS activity
[74]. CODH in R. rubrum is an oxygen labile nickel, iron-sulfur, and zinc-containing
protein that is induced by the presence of carbon monoxide CO [78]. The enzyme is
soluble, however, when in the presence of CO, CODH in R. rubrum becomes membrane

bound [78, 79]. Bound R. rubrum CODH is a peripheral membrane protein and can be
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made soluble when the membrane is reduced and subjected to detergents or by heating
[80], [78]. More specifically, it is tightly bound to the chromatophore membrane [6, 80].
Binding to the chromatophore membrane suggests that CODH is associated with the
photosystem’s ability of donating electrons. In R. rubrum, oxidation of CO is coupled to
the H” reduction by a hydrogenase resulting in hydrogen evolution [80]. CO is oxidized
by the Ni-CODH (CooS) and is coupled to the reduction via the Fe/S protein CooF [32].
This coupling of the oxidation of CO with the production of hydrogen is exergonic [81].
R. rubrum, and other phototrophic carboxidotrophs, contain homodimeric CODH
[75]. The CODH found in R. rubrum contains two metal centers, cluster C (Ni-X-
[FesS4]*"*) and cluster B ([FesS4]*>"**). The C-clusters are fully reduced at < -500 mV.
[82]. The C and B-clusters form what is called the B subunit. Each CODH contains two
B subunits linked by the [FesS4] D-cluster. The C-cluster is where the CO ligand binds
CODH (see Figure 1). Both the B and D clusters act as transporters of electrons between

the C-cluster and whatever is external to the CODH [83] (see Figure 2).

S —
Cys/ \Fe{E\T‘S/\ Fel Cve
S—|—Fe— / \ i
P —S N(His)
Cys / /
S Fe
AN
|
Cys

Figure 1. Model of [Ni;-Fe4-Ss] cluster of CODH in R. rubrum. The L represents
the ligand (CO) binding site [84, 85].
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Hydrogenase

2H" + CO;

H;O + CO

Figure 2. R. rubrum CODH with coupled hydrogenase activity via cooF (membrane
associated protein) resulting in an exergonic reaction (20.1 kJ mol™) [84].

The CODH active site for CO oxidation is cluster C [74]. There are at least four
redox states of cluster C: CO-reduced (Creq2), diamagnetic form (Coy), one-electron
reduced state (Creq1), and a state where the 3 g values are above 2 (Creq3) [74]. Feng and
Lindahl classify the 4 redox states as Cox, Cred1, Cint, and Creqz [83].

CODH in R. rubrum is inactive at redox potentials > -300 mV. In the presence of
CO, autocatalysis can occur (CODH goes from an oxidized inactive form to reduced
active form). Autocatalysis is initiated by small amounts of activated CODH which
oxidize CO and gradually lower the redox potential [86]. Feng and Lindahl attemped to
reproduce the results of Heo et al, but had difficulty. Their experiments suggest that CO
binds to state Creq; [83]. They also found that thionin, an oxidant used in Heo et al.
experiments, irreversibly inactivates CODH in R. rubrum. Cyanide as well as other

anions can bind to cluster C and act as inhibitors, however, this action is reversible [74].
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2.2.4 Hydrogen Production

Hydrogenases are enzymes that biocatalyze the oxidation of gaseous hydrogen

(Equation 10):

H,— 2H" + 2¢° Equation 10
This reversible reaction favors H, production in the presence of a reducing agent, and H,
uptake in the presence of an oxidizing agent, however, the direction of the reaction is
usually committed one way or the other in vivo depending on the organism [87, 88].
These enzymes can be found in several types of organisms and are not limited to bacteria
[89-96].

Hydrogenases can be categorized into three classes based on the composition of
their metal centers: [NiFe] hydrogenases, [FeFe] hydrogenases, and [Fe] hydrogenases
[97-102]. The [NiFe] hydrogenases are further subdivided into groups: Group 1 —
membrane-bound H; uptake hydrogenases; Group 2 — cyanobacterial uptake
hydrogenases / H, sensing hydrogenases; Group 3 — reducing hydrogenases,
hyperthermophillic hydrogenases, and NAD-linked hydrogenases; Group 4 — membrane-
bound H, evolving hydrogenases [87].

R. rubrum likely contains at least three unique hydrogenases. In addition to uptake
hydrogenases, R. rubrum contains a formate-linked hydrogenase that is regulated at the
transcriptional level and a Group 4 CO-linked hydrogenase that is induced by CO at the
transcriptional level (via the CooH gene) [88], [103]. The CO-linked hydrogenase
activity is membrane bound and complexes with carbon monoxide dehydrogenase

(CODH) [78, 80, 104]. This CO-linked hydrogenase is what enables R. rubrum to grow
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in the dark with CO as its sole source of energy, possibly by serving as a means of
pumping H* out of the cell [104, 105].

The CO-linked hydrogenase has a higher tolerance to CO than other hydrogenases
[106]. In fact CO stimulates the CO-linked hydrogenase activity, but CO concentrations
greater than 60% can be inhibitory. This activity increase has been linked to hydrogenase
association with CODH as well as de novo synthesis of hydrogenase upon exposure to
CO [104, 106].

Like CODH, the CO-linked hydrogenase is sensitive to O, [106]. The
hydrogenases found in R. rubrum are also sensitive to acetylene, which could be
problematic for syngas fermentation as C,H, can be found in syngas. As long as
acetylene levels do not exceed 10% (v/v), CO-linked hydrogenases should not show
much inhibition, however concentrations exceeding this level can lead to significant
inhibition (>70% decrease in activity) [103]. Since syngas usually contains only trace
amounts of acetylene, so inhibition is unlikely. The R. rubrum hydrogenase is heat
sensitive above 70° C [106]. The optimum extracellular pH for the CO-linked

hydrogenase is 7.2 [103].

2.3 POLYHYDROXYALKANOATE SYNTHESIS

Polyhydroxyalkanoate(s) (PHA) are water insoluble inclusion bodies produced by
many prokaryotes as an energy and carbon storage molecule [107]. PHAs are
thermoplastics with properties similar to polypropylene and as such, offer an alternative
to petroleum derived plastics. Since PHAs are produced by bacteria, they are also readily

biodegradable by other microorganisms [108, 109]. PHAs have several applications
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including biomedical implants, packaging items, coatings, diaper linings, and moldable
plastic products [110]. PHAS can also be chemically modified for use as flexible rubber-

like materials and polymer composites [111, 112].

2.3.1 PHA Structure

PHAs are bacterial polyesters which can take on many forms depending on their
monomer composition. The PHA monomers are derived from hydroxyalkanoic acids
used in the synthesis of the polymer. Poly(3-hydroxybutyratic acid) (PHB) was the first
discovered and most well known PHA, however, there are up to 150 hydroxyalkanoic
acids known as constituents of PHA [112, 113]. In the cell, PHA inclusion bodies are
coated with a phospholipid monolayer containing catabolic and non-catabolic proteins
[114, 115].

The general structure of a PHA molecule is a (R)-B-hydroxy fatty acid (Figure 3),
however, the fatty acid composition can vary widely. PHAs can be classified based on
polymer composition and akyl side chain-length. Short chain-length PHAs (sclPHA)
encompass homo and heteropolymers with chain-lengths typically less than 5 carbons,
while medium chain-length PHAs (mclIPHAS) typically encompass chain-lengths between
5 and 16 carbons [2, 116-118]. Alternating monomers of different composition can form

co-polymers such as poly 3HV-co-3HB.
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H n R PHA
O\ | /(CHZ{ 1 H; Poly(3-hydroxypropionate)

T ﬁ 1 CHs; Poly(3-hydroxybutyrate)

R O | womo L CaoHs Poly(3-hydroxyvalerate)
1 CsH; Poly(3-hydroxyhexanoate)
1 CsHi1 Poly(3-hydroxyoctanoate)
1 CgHj9 Poly(3-hydroxydodecanoate)
2 H; Poly(4-hydroxybutyrate)
2 CHj; Poly(4-hydroxyvalerate)

Figure 3. General structure of a PHA polymer. The alkyl group (R) is located on
the the B carbon of the hydroxyl fatty acid (adapted from Lee [119].

2.3.2 PHA Properties

PHAs can range in molecular mass from 50,000 Da to 1,000,000 Da [110]. The
properties of PHAs are dependent upon the monomer content. Short chain-length
homopolymers, such as PHB, are typically stiff and brittle, while medium chain-length
homopolymers can be more elastic, but typically have less mechanical strength [112].
Co-polymers of PHB and poly(3-hydroxyvalerate) (PHV) have both strength and
elasticity. The PHB-co-PHV polymer exhibits properties similar to polypropylene
including melting point, gas and water barrier properties, and processing capabilities
[120-124]. Table 2 provides a look at the properties of PHA as compared to two popular
petroleum based plastics.

Table 2. Comparison of PHAs with common petroleum derived plastics (adapted
from Sudesh et al. [125]).

Glass-

Melting transition Young's Tensile Elongation

temperature temperature  modulus strength  to break

(°C) (°0) (Gpa) (Mpa) (%)
P(3HB) 180 4 3.5 40 5
P(3HB-c0-20 mol% 3HV) 145 -1 0.8 20 50
P(3HB-co-6 mol% 3HA)* 133 -8 0.2 17 680
Polypropylene 176 -10 1.7 38 400

Low-density
polyethylene 130 -30 0.2 10 620




16

2.3.3 PHA Biosynthesis

PHA accumulation occurs when bacteria are stressed from unbalanced growth
conditions. This production can be initiated by limited availability of nitrogen,
phosphorus, magnesium, sulfate, or oxygen (if aerobic) as well as conditions of excess
carbon [107, 126-128]. Several pathways exist for PHA production, but the process can
be generalized as shown in Figure 4. PHAs are produced when the carbon for growth,
regardless if the carbon source is a product of metabolism or anabolism, is channeled to

hydroxyacyl-CoA thioesters [110].

/f Catabolism \\

/

Activated
Carbon Source P arbon Source —® (R)-Hydroxyacyl-CoA

NS

Anabolism

\

Figure 4. General process of PHA production from various carbon sources [125,
129].

The proteins associated with PHA biosynthesis are located on the surface of PHA
inclusions [114, 130, 131]. In PHA production by R. eutropha, 2 acetyl-CoA molecules
are condensed to acetoacetyl-CoA by the enzyme 3-ketothiolase (PhaA) [132]. Next,
acetoacetyl-CoA is reduced by the NAHD-dependant enzyme, acetoactyl-CoA reductase
(PhaB), to (R)-3-hydroxybutyryl-CoA. Finally, the previous product is polymerized by
PHA synthase (PhaC) while CoA is released. PHA production in R. rubrum is similar to
that in R. eutropha, however, the PhaB is an isoenzyme which yields (S)-3-

hydroxybutyryl-CoA. Since PhaC usually only accepts the R sterecisomer of 3-
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hydroxybutyryl-CoA, two enoyl-CoA hydratases must convert the S isomer to the R
isomer [133]. A simplified pathway for PHA production R. rubrum is shown in Figure
5.

The PHA biosynthesis pathway described above is regulated by the inhibition of
3-ketothiolase by free coenzyme-A from the Krebs cycle. During nutrient limitation in
the presence of excess carbon, the Krebs cycle is not using acetyl-CoA. This surplus
acetyl-CoA is then utilized for PHA synthesis [134].

There are three different types of PhaC differentiated by substrate specificities as
well as by structure [135]. The Type | PhaC, as found in R. rubrum, act on short chain-
length hydroxyalkanoates [2]. The Type 1l PhaC act on medium chain-length
hydroxyalkanoates. Type Il PhaC enzymes are not as well studied. These enzymes
generally act on short chain-length hydroxyalkanoates but have two subunits as opposed
to the one subunit found in Types I and 11 [136].

Co-polymers of PHB-co-PHV can be produced in media containing propionic or
valeric acid. This co-polymer can also be produced when propionyl-CoA is available as
a substrate for a specialized 3-ketothiolase in the PHA pathway. Propionyl-CoA can be
synthesized from an intermediate of the Krebs cycle, succinate. During anaerobic
conditions, succinate is not readily oxidized to fumarate and accumulates. The
accumulated succinate is forced to the formation of succinyl-CoA and is then converted
to propionyl-CoA [137].

In R. eutropha, propionyl-CoA and acetyl-CoA combine to form acetoacetyl-
CoA and 3-ketovaleryl-CoA [138]. Both acetoacetyl-CoA and 3-ketovaleryl-CoA

continue through PHA synthesis and are modified into (R)-3-hydroxybutyryl-CoA and
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(R)-3-hydroxyvaleryl-CoA respectively. The polymerization of PHB-co-PHYV is then

catalyzed by PHA synthase [138].

Carbon Source

i PHA

2 x acetyl-CoA
, CoASH PHB synthase (PhaC)
3-ketothiolase (PhaA)
CoASH

acetoacetyl-CoA (R)- 3-hydroxybutyryl-CoA
NADH,

acetoacetyl-CoA reductase (PhaB) enoyl-CoA hydratase

NAD H,0

enoyl-CoA hydratase
(S)- 3-hydroxybutyryl-CoA \v » crotonyl-CoA

H,O

Figure 5. The simplified PHA production pathway for R. rubrum begins with two
acetyl-CoA molecules derived from carbon metabolism [132, 133].

2.4 TECHNO-ECONOMICS

PHAs have the potential to replace petroleum based plastics. Although the
advantages of replacement are numerous, current process economics make this transition
challenging. Industrial scale PHA production has been explored with the use of
microorganisms and plants. Currently, PHAs are produced commercially by only a few
companies. Monsanto produced a compolymer of Poly(3HB-co-3HV) under the name
Biopol™ [139]. In 2001, Massachusetts-based Metabolix bought the Biopol™ assets
from Monsanto. Metabolix produces its own biopolymer, Mirel™, via sugar

fermentation [140].
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As of 2008, only one study had been published which evaluated the techno-
economics for PHA production via a gasification-based biorefinery [1]. Choi, Chipman,
et al. reported that PHA production by R. rubrum cultured on syngas was both
economically viable and technically feasible. The co-production and sale of hydrogen
gas subsidized the operating costs of the biorefinery. As a result, PHA production by
syngas fermentation was $2 to $4 cheaper to produce per kilogram than PHA production
by sugar fermentation [1, 141].

Increasing PHA production without decreasing hydrogen output could further
drive down the price and make PHA more economically competitive with petroleum
based plastics. The techno-economic analysis by Choi, Chipman, et al. included process
optimization, but did not consider an optimized growth media or harvest point. This

thesis investigates these additional optimization strategies.
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CHAPTER 3. EXPERIMENTAL APPARATUS: SYNGAS

FERMENTATION FACILITY

3.1 BACKGROUND

A syngas fermentation research facility was constructed to study the conversion
of syngas to biofuels and biochemicals via syngas fermentation. This facility is located
in the Black Engineering Gasification Lab which provides a source of syngas/producer
gas. The lab houses a 5 kg/day fluidized bed gasifier with plumbing to five 14 liter New
Brunswick Scientific BioFlo 110 fermentation units and a custom gas mixing system.
The fermentors were plumbed so they could be operated in parallel or one fermentor
could be operated in series with the remaining four in parallel (Figure 6). A gas mixing
system was designed and built to supplement the fermentors with “artificial” syngas for

controlled testing and culture feeding.

3.1.1 System Requirements

Computer control and monitoring of the fermentors and gas mixing system is
necessary for data logging and system integration for manageable operation. Computer
control and monitoring are also important for safety, data synchronization, and system
upkeep.

Fermentation experiments in this lab can last several weeks. Having a fulltime
operator to run the lab was not feasible, so it was important to be able to monitor and

control the system remotely in order to be promptly alerted to problems should any arise.
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Figure 6. Syngas fermentation research facility reactor system schematic.
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3.1.2 Software

The operating system used by the control computer was Microsoft XP Professional,
Version 2002, Service Pack 2. A visual programming tool for measurement and
automation systems, National Instruments LabView (Version 8.2), was used to code the
fermentation control system program [142]. LabView drivers for the Alicat gas control
hardware (LabView 8.0.1 Rev 5) available from the Alicat Scientific website were
modified using LabView [143].

To integrate the fermentors with LabView an Object Linking and Embedding for
Process Control (OPC) server from New Brunswick Scientific, BioCommand OPC
Server Wizard was used [144]. An OPC server can be thought of as driver that acts as a
translator between hardware and client (the program needing the translation, LabView in
this case). Essentially, the server queried values from the fermentation hardware
(agitation speed for example) using Modbus protocol, organized it, translated it, and
made it available on a server so third party control software could access the data. An
advantage to using an OPC server was the client software (LabView) could operate
independently from the hardware. For example, if the New Brunswick BioFlo 110
fermentors were ever to be replaced by fermentors from a different manufacturer, the
LabView program would require minimal changing. The variables that LabView uses
would just be assigned by the new fermentors” OPC server or Modbus communicator.
Modbus is an industry standard network protocol and can be interfaced with any program

setup for Modus [145].
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Other software used in the fermentation control system included Microsoft Office
Outlook 2003 (11.8217.8202) SP3 and modified versions of publicly available code

written by Kevin Valentine, and Michael Bauer [146, 147].

3.1.3 Hardware

A Dell Optiplex GX745 with a 2.13 GHz Intel Core 2 CPU and 1.99 GB of RAM
was used as the system control computer. The computer was configured with an
additional 2 communication (COM) ports using a PCI card.

The controllable components of the gas mixing system included of four gas
mixing mass flow controllers (Alicat Scientific Inc. MC-5SLPM-D), five fermentor
supply mass flow controllers (Alicat Scientific Inc. MC-5SLPM-D), and one pressure
controller (Alicat Scientific PC-30PSIG-D) (Figure 7).

Each New Brunswick BioFlo 110 fermentation unit was comprised of the
following modules: Primary Control Unit (PCU), dissolved oxygen(dO,)/pH controller,
and a power controller (Figure 8). Probes for dO, and pH attached to the dO,/pH
controller. The agitation motor, temperature probe, and optional heating jacket attached
to the power controller, which supplied power to all of the modules. The sub components
were controlled by the PCU. The PCU was the hardware communication link between

the control program and each fermentor.
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Gas Mixing Mass Flow
Controller: CO

Gas Source Selection
Valve
Cylinder Gas: Handle

points to left (as shown)
Gasifier: Handle points
to right

Gas Mixing Mass Flow
Controller: H,

Mass Flow / Pressure
Controller Power Switch

Gas Mixing Mass Flow
Controller: CO,

Pressure Controller

GC Sampling Valve

Gas Mixing Mass Flow
Controller: N,

Off: Handle points
perpendicular to hosebarb
(as shown)

On: Handle aligns parallel
to hosebarb

Figure 7. Gas mixing system hardware panel with Alicat mass flow and pressure
controllers.

The BioFlo 110 could be controlled manually using the operator interface found
on the front of the PCU. Alternatively, it could be controlled using serial communication
with a computer. The BioFlo 110 communicated via RS-485, a robust serial
communication standard [148], with either the Modbus communication protocol or the
Andrew File System (AFS) protocol. The AFS protocol was used for connection with
New Brunswick’s BioCommand supervisory software. The fermentation control

program utilized the Modbus feature of the BioFlo 110.
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Figure 8. New Brunswick Scientific BioFlo 110 fermentation unit with PCU,
dO,/pH controller, and power controller.

3.1.4 Mobile alerts and remote system monitoring

The fermentation system control program took advantage of the fact that most

major cell phone carriers allow Simple Message Service (SMS) text messages to be sent
and received via email. For example, to send a text message to a Verizon cell phone an
email is sent to the address with the pattern: phonenumber@vtext.com, where
phonenumber is a valid 10 digit mobile phone number on the Verizon network.
Conversely, a text message from a cell phone can be addressed to an email address
instead of a phone number. Sending and receiving text messages in this manner does not
require fees beyond the carrier’s normal text messaging charges. These abilities were

capitalized in the fermentation control program remote message and alert functions.
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3.2 DESIGN METHODOLOGY

3.2.1 Hardware Integration

After construction of the system, the next major hurdle was getting all of the
equipment to communicate with the control computer. Without system integration, 16
different pieces of hardware would have to be controlled individually and data logging

would not be possible.

3.2.1.1 Alicat Scientific Mass Flow and Pressure Control Devices

The Alicat mass flow and pressure controllers used standard DC-62 type
connecting cables for external communication. The Alicat Mass flow and pressure
controllers were connected to a RS-232 multi-drop module (Alicat Scientific BB9 Multi-
Drop Box). The multi-drop module connected the wires in the RS-232 configuration in
parallel with each other. The BB9 had nine DC-62 input sockets as well as input screw
terminals for serial transmit, receive, power, and ground wires (Figure 9) The BB9 nine

pin output COM port was then connected to the COM 1 port on the computer.

Figure 9. Alicat Scientific BB9 Multi-Drop Box [149].
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Before connecting the Alicat control devices to the computer, each was
configured for serial input, a common baud rate (19200 bps), and a unique
communication ID. This was accomplished by following the instructions in the user
manuals [150, 151]. Computer communication was initially established by creating a
HyperTerminal connection file. The HyperTerminal configuration was carried out as
stated in the Alicat User Manual [150]. Integration of the Alicat control devices with
LabView was made easy with drivers provided by Alicat Scientific [143].

Once Hyperterminal was configured, the read-only memory (ROM) image was
saved for each controller. The ROM image contained firmware registry values for
important settings such as factory calibrations, Proportional, Integral, Derivative (PID)
values, etc. Saving the ROM image allowed for easy recovery from mass flow controller

firmware related issues.

3.2.1.2 New Brunswick Scientific BioFlo 110 Fermentation Units

Each BioFlo 110 control module was interconnected for power and
communication sharing between its sub modules as described in the Guide to Operations
[152]. For communication with the computer, the control modules were daisy chained
together using the New Brunswick Scientific RS-232/422 Adapter Kit (NBS part number
M1291-800). For this application, Modbus communication protocol was used. The
fermentor control units were configured for Modbus and given a unique address.
BioCommand OPC server from New Brunswick Scientific was installed on the control

computer. Variables were created on the OPC server for each fermentor.
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3.2.2 LabView Programming

The control program for the system was developed in LabView version 8.2.
LabView programs are organized hierarchically. The top level program is referred to as a
Virtual Instrument (V1). Subroutines are referred to as Sub Virtual Instruments (Sub VI).
Sub Vs for the control program were created and organized based on major subsystems

of the control program.

3.2.2.1 Device Interface

The Alicat device drivers and New Brunswick OPC Server allowed the
fermentation system hardware to communicate with LabView. The fermentation control
program took advantage of the Alicat device’s and BioFlo PCU’s internal control loops.
Set points were sent by the fermentation control program to each device and the response
was monitored. The device hardware firmware/software managed the feedback and

control loops, which allowed the fermentation control program to be simplified.

3.2.2.2 Alicat Device Interface

Each Alicat controller required its own driver in LabView (Figure 10). The Sub
VI, “Alicat Cluster Out,” was developed to utilize the drivers to collect the input set
points of each Alicat controller and parse the output from each controller into clusters.
The driver was “wired” with values for the VISA resource name (the name of the COM
port that the devices were connected to: COM 1), UnitID (the unit address), and SetPoint
(an integer value ranging from 0 — 64,000 where 64,000 = the full scale flow/pressure of

the unit).
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YISA resource name alicad dup YISA resource name
InitIl Hrite B=grrar aut
SetPoint {&4000=Full5cale) - I AlicatResponse
errar in (no error)

Figure 10. Alicat Scientific device driver (LabView 8.0.1 Rev 5) for LabView.

The Alicat devices were 16 bit and thus offered 65,535 selectable set points for
mass flow or pressure over the controllers full scale range (including a 2% over range).
A small Sub VI was developed to simplify the conversion from standard liters per minute
(SLMP) to a value understood by the controller. The Sub Vi used Equation 11 to
calculate the appropriate unsigned word (16 bit positive integer) when given a set point in

SLPM.

Desired SetPoint X 64000) Equation 11

Value = ( Full Scale Flow Range

The response signal from the Alicat devices was a string with the pattern shown in Figure

11.

O

G +025.13 +015.98 +00.026 +00.046 00.048 CO2

Address| [Pressure| [Temp.| [Volumetric Mass Mass | |Gas

[PSIA] °Cl flow rate flow rate| |[flow rate
[L/min] [SLPM]| [set point]
[SLPM]

Figure 11. Alicat Scientific mass flow controller device output response.

The output was parsed into its main components of pressure, temperature, volumetric
flow rate, mass flow rate, mass flow rate set point, and gas type. The output clusters in
“Alicat Cluster Out” contained all outputs values of the Alicat controllers in both string
form and double precision number form. This allowed the data to be accessible to other

Sub Vs in the control program.
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The pressure controller interfaced similarly but had an output response as shown

in Figure 12. The parsing for the output variables was adjusted accordingly.

J +018.63 019.00

Address| |Pressure| [Pressure
[PSIG] [PSIG]

Figure 12. Alicat Scientific pressure controller device output response.

3.2.2.3 New Brunswick Fermentor Interface

Using the “Shared Variables Proprieties” tool in LabView, the variables on the
OPC server were bound to variables that could be used and recognized by the block
diagram in LabView. Once bound, the shared variables were added to the front panel of
the “Ferm NBS OPC” Sub VI. The inputs to this Sub VI included the agitation and
temperature set points for each fermentation station. A cluster data type served as the
output of this Sub VI which contained the status (On/Off) of agitation and temperature
control as well as values for agitation, dO,, pH, and temperature for each of the five

fermentation stations (Figure 13).

Fermentar. 4. Agit. 5P
Fermentar, 3, Temp, 5P
Fermentar, 3, Agit,. 5P
Fermenktar.5, Temp. 5P
Fermentar. S, Agit. 5P

Fermentor. 1. Agit. 5PE Fr?fETs
Fermentor, 1. Temp, 5P§ porsgi
Fermenkar, 2, Agik. 5P
Lm=========-F|arm [ata

Fetrnentar, 2, Temp, 5P
Fermentar.4, Temp, 5P

Figure 13. “Ferm NBS OPC” Sub VI used to control set point values and monitor
the bound shared variables of the fermentors.

3.2.2.4 Data Logging

In the fermentation system control program, each fermentation station was

configured with the option to log data. The Sub VI “Data Logging SubVI 1” was
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developed for this purpose (Figure 15). All values (except the device address and gas
name) from the mass flow controller associated with the fermentation station as well as
all of the mass flow and pressure controllers in the gas mixing station were set to record
to that station’s data log file. Recorded values for the fermentor included agitation rate,
temperature, dO, level, and pH. All data was configured to log synchronously with

reference to the time stamp.

Diata
Lagging
ki 1
Add naoke ko Data file - kAdd note ko Data
Alert Evenky e b Alerk Event?
Alert Mote b Alert MNoke
Combined Data In =====r Zomhined Data In
Minukes Eo Wait *
Minutes ko whaik During Alert "
Make * Mote
Mumber of samples taken dur... ——rMumber of sample
Stark Data Colleckion - kStart Daka Collect
Skop Data Calleckian - rStop Daka Colleck
Datalogging Skakykpee Daktalogging Skatus

Figure 14. “Data Logging SubVI 1” Sub VI used to log data in the fermentation
system.

The Sub VI was programmed to initiate a chain of events when the “Start Data
Collection” Boolean was true. First a series of dialogs would prompt the user to create or
append a comma separated value (csv) file and to fill out information to be placed in the
file header (such as the operator name, test name, beginning gas mixture settings, etc.).
Next, the Sub VI would create the data file and begin data logging. The rate of data
collection was made configured as a user controlled input. Additional capabilities, such
as adding a note to the data file and automatic logging of alert events, were programmed

into the Sub V1 as well.
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3.2.2.5 Overpressure Protection

The 14 L glass fermentation vessels included with the New Brunswick Scientific
BioFlo 110 fermentors were rated to a maximum pressure of 10 PSIG [152]. Code was
written to prevent exceeding the maximum pressure. A Sub VI was built on the
capability of the mass flow controllers to measure downstream pressure. Since the mass
flow controller at each fermentation station was located so close to the inlet of the
fermentor, the pressure measured in the controller was assumed to equal the head
pressure of the fermentor. The code was designed to shut off gas flow to the fermentor if
the set maximum pressure was exceeded and to restore flow should the pressure go below
the set maximum pressure. An override was also included.

The pressure controller and mass flow controllers reported different units for
pressure, PSIG and PSIA respectively. The downstream pressure in the gas mixing mass
flow controllers was assumed to equal the system pressure controlled by the pressure
controller given the proximity of the controllers (Figure 7). Using this assumption,
Equation 12 was developed to bring all pressure measurements on the same basis:

Pyrc-¢ = Purc—a — (ﬁMFCGM—A - PPC—G) Equation 12
where
Pmec-c = mass flow controller gage pressure
Pmec-a = mass flow controller absolute pressure
Ppc.g = pressure controller gage pressure

PMFCGM_A = mean of the four gas mixing mass flow controllers’ absolute pressure.
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3.2.2.6 Gas Mixture Control

To simplify gas mixture controlling, a Sub VI, “Set Gas Mixture” was developed
(Figure 15). A user dialog was made that would give the option of using a previously
saved composition when the “Set Gas Mixture” Boolean is true. If the user chose not to
load a previous gas composition, a new dialog would allow the user to enter the desired
gas composition in volume percent as long as the total percentage equaled 100%. The
Sub VI was written to allow the user to save the newly created composition. Saved gas
compositions were stored in composition files. To ensure that the gas mixing mass flow
controllers supplied enough gas to meet the system gas flow demand, a final dialog was

made prompting the user to estimate the total gas flow demand on the system.

Set Gas Mixkurg e ot Zarbon Monoxide In 0.000-5....
Gas Hydrogen In 0.000-5,000 [SLPR]
Brror in Micture Carbon Dinxide In 0,000-5.0,..
E Mitrogen In 0,000-5,000 [SLPM]
Sek Gas Mixkture Error out

Figure 15. “Set Gas Mixture” Sub VI used control the gas mixture composition in
the fermentation system.

3.2.2.7 Alert System

An alert system was developed to allow the user to monitor key values and to be
alerted should those values deviate by a specified amount. Each “Email Alert System”
Sub VI was programmed to monitor the mass flow rate and mass flow rate set point of

one fermentation station as well as the gas mixing mass flow controllers (Figure 16).
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Figure 16. “Email Alert System” Sub VI used to monitor and send alerts for mass
flow rates and mass flow rate set points in the fermentation system.

When enabled, the alert system would compare the mass flow rates to the mass

flow rate set points. The alert system logic was based on Equation 13.

|mass flowrate — mass flowrate setpoint| Equation 13
> Error Factor

mass flowrate setpoint

If the value on the left was greater than the user defined “Error Factor”, the alert
sequence would be activated. Once activated, the alert sequence would send an email to
the “RCPTTO:” input with the offending value in the email subject and the current values
and set points in the message body.

The email functionality of the “Email Alert System” Sub VI was made possible
by a modified open source Sub VI [146]. Two email addresses were created for the
syngas fermentation system, isu.syngas.fermentation.lab@gmail.com and

syngas.fermentation.lab@iastate.edu. The former email address served as a default to
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receive alerts. The latter email, which utilized the lowa State University Simple Mail
Transfer Protocol (SMTP) outgoing server, was used for all outgoing mail. Cell phone
SMS text message alerts were made possible using the ability of most cell phone

providers’ capabilities to receive text messages from email.

3.2.2.8 Remote Monitoring and Control

LogMeln Free remote login software from LogMeln, Inc. was used for general
remote monitoring and control of the fermentation system [153]. LogMeln Free allowed
for control of the remote computer via any internet connection. To allow for system
monitoring and control of the fermentation system via email or cell phone text messages,

the Sub VI “Email Cmnd.” was developed (Figure 17).

rr—— Command Processed?

Command sender Address
5 —
User Werification Required? e — o OutoLts
Combined Diata = ; Comnd B p
Enable Text Commands - E..... .
Cornmand email
Password
i Errar ook
error in (no error) .
i Murnetic 2
Murmeric
Allowable users

Figure 17. “Email Cmnd.” Sub VI used to control the text message based control
and monitoring function of the syngas fermentation control program.

The Sub V1 scanned for email/text messages sent to the address
isu.syngas.fermentation.lab@gmail.com. Since there was no real good way to access a
Post Office Protocol version 3 (POP3) server with Secure Socket Layer (SSL)
capabilities in LabView (required for receiving emails, and thus remote commands, from
the Gmail POP server), another solution had to be found.

A solution for the POP3/SSL issue was developed that took advantage of

LabView’s ability to scan for files in file folders. If an incoming email could be saved as
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a text file in a known folder location, LabView could then find that text file in the
specified folder, read it, parse out the sender address, command password, and command
codes, and move it to another folder to avoid repetitive reading of the same file. To
convert incoming emails as text files, a publicly available macro written by Michael
Bauer was modified and nested in Microsoft Outlook [147]. Microsoft Outlook was
configured to check the server for messages every minute. The command email/text
required the following format (text in italics is actual entered text):

To:

isu.syngas.fermetnation.lab@gmail.com

Subject: (password entered in subject; may not be available for cell phone text

messages)
password (case sensitive)
Message Body: (a carriage return must follow the password and between

subsequent commands; when texting from a cell phone, the
carriage return can usually be found as the special symbol “LF”)

password (case sensitive)
CommandName (case sensitive; refer to Table 3 for valid command names)
CommandName (multiple commands are allowed)

Once the password (and sender address if this security was enabled by the user) was

verified, the text message was parsed for the command. Valid commands are shown in
Table 3. If a valid command was received, the sender would receive a reply with all of
the current system gas controller set points. The reply Sub VI, “SMS Cmnd. Confirm,”

utilized the same modified open source Sub VI as used in the alert system [146].
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Table 3. Fermentation system control program email/text remote command list.
(MFCSP = mass flow controller set point)

Command Name Command result

(case sensitive)

Status Returns the values for all mass flow controllers and pressure controller
set points to the sender of the Status command

CO #.## Sets the CO MFCSP to #.### SLPM (example: CO 0.100)

H2 # ##Ht Sets the H, MFCSP to #.### SLPM (example: H2 0.100)

CO2 # #it# Sets the CO, MFCSP to #.### SLPM (example: CO2 0.100)

N2 # #Ht Sets the N, MFCSP to #.### SLPM (example: N2 0.100)

F1 ### Sets the Fermentor 1 MFCSP to #.### SLPM (example: F1 0.100)

F2 # #H Sets the Fermentor 2 MFCSP to #.### SLPM (example: F2 0.100)

F3 # #tH Sets the Fermentor 3 MFCSP to #.### SLPM (example: F3 0.100)

F4 # ### Sets the Fermentor 4 MFCSP to #.### SLPM (example: F4 0.100)

F5 #### Sets the Fermentor 5 MFCSP to #.### SLPM (example: F5 0.100)

Pressure #i.## Sets the Pressure Controller to ##.## PSIG (example: Pressure 20.00)

3.2.2.9 Front Panel Design

The front panel was divided into 5 major sections: a tabbed section, gas mixing
section, system gas flow summary section, system pressure summary section, and the
alert summary section (Figure 18). The gas mixing section displayed the controls and
indicators for the gas mixing mass flow and pressure controllers. Located below the gas
mixing section was the summary chart of all system mass flows as well as the summary
chart for all system pressures. The Alert Summary section, which displayed the status of
each fermentation station alerts, was located in the bottom right hand corner of the front
panel. The first five tabs in the tabbed section displayed the controls for each
fermentation station. Values for inlet gas mass flow, agitation speed, fermentor
temperature, dissolved oxygen, and pH were displayed and controlled from each station’s
tab (Figure 19). The controls for that station’s alert, data logging, and overpressure

functions were also displayed in each of the fermentation station tabs.
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The remaining tabs displayed the Alert Settings, Advanced Settings, and Error
Reports tabs. The Alert Settings Tab allowed setup of the alert system via user dialogs
for each fermentor station (Figure 20). The Advanced Settings included options for both

gas mixture control and system control through SMS/email commands (Figure 21).
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Figure 18. Syngas fermentation system control program front panel layout.
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Figure 19. Fermentation system control program front panel “Fermentation
Station” control tab.
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Figure 20. Fermentation system control program front panel “Alert Settings”
control tab.
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Figure 21. Fermentation system control program front panel “Advanced Settings”
control tab.
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CHAPTER 4. EXPERIMENTAL METHODS

4.1 EXPERIMENTAL DESIGN

4.1.1 Media Optimization

Two experimental approaches were used to determine an optimal media
concentration on the 40 ml fermentation scale. Batch testing as well as a central
composite design experiment was used to evaluate the optimum media component
concentrations for PHA production. The media to be optimized, referred to as
Rhodospirillum rubrum no-light carbon monoxide (RRNCO), was based off of the media

described in Kerby et al. [6].

4.1.1.1 Hypovial study

Ammonium chloride (NH4CI), yeast extract (YE), and sodium acetate (NaAct)
concentrations were varied to examine their effect on growth and PHA production. In
each treatment, all media component concentrations were held constant except for the
ingredient being evaluated. The experimental media concentrations are shown in Table
4,

Table 4. Experimental media component concentrations. All vials had the same
concentration of media components except for the component being evaluated. An

asterisk denotes the nominal media component concentration. The nominal NH,CI
concentration was 18.7 mM.

Hypovial level Ammonium Chloride Yeast Extract Sodium Acetate
number [mM] [o/L] [mM]
1 0 0 0

2 2.5 0.25 2.5
3 5 0.50 5

4 10 1* 10*
5 25 2 25
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All media was prepared anaerobically using the procedures described in the
anaerobic preparation section. Stock solutions of 1 M NH,CI, 10 g/L YE, and 1 M
NaAct were prepared anearobically. Concentrated RRNCO media lacking additives and
the three experimental media components was also prepared anaerobically. The
concentrated media was adjusted to pH 7.1 using NaOH. The concentrated media and
component stock solutions were combined and reconstituted in the anaerobic chamber
with anaerobically prepared deionized (dI) water. After autoclaving the vials, 1.9 M
phosphate buffer, 0.5 M sodium bicarbonate, and 200 mM Na,S were added.

Starter cultures were combined and mixed prior to inoculation to ensure
uniformity between all of the cultures. Cultures were inoculated with 7% innoculum and
grown in hypovials with 40 ml of fermentation volume and 60 ml of headspace. The
headspace gas was purged daily with carbon monoxide. Each day, samples were taken
from the cultures and analyzed for optical density (absorbance at 680 nm).

After reaching late exponential or early stationary phase, the cultures were
harvested. The cultures were harvested at this time to ensure an adequate cell density for
sample processing as well as to prevent any produced PHA from potentially degrading.
Optical density and pH were measured for the last sample. The samples were then

processed for dry cell mass, media acetate concentration, and PHA content.

4.1.1.2 Central composite design

A central composite design of experiments was used to determine an optimal
hypovial media component concentration as well as to determine the presence of

interaction effects between the media components. The central composite design is an
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efficient means of evaluating the effects of several variables on a response. Itisa
powerful tool that can output a model to describe a system using a minimal number of
experimental runs and has been recently used widely in microbial fields [154-157].

The central composite design for this study was based on a modified rotatable
central composite design [158]. The levels evaluated in the central composite design
were divided into three categories. The center point, coded Level 0, corresponded to the

nominal RRNCO media concentrations of the three experimental variables. The star
points, coded Levels ++/3, were based on the distance of the center point to the corner of

a theoretical design space cube with dimensions 2x2x2 (¢ = +/3). The remaining points,
coded Level £1, were based on the distance between the center point and the faces of the
theoretical cube.

Three factors, yeast extract, ammonium chloride, and sodium acetate, were
examined at five levels using the central composite design. The range for the variables
was based on the lower limit of O for the concentration in the media. The upper limit was
based on the maximums used in the hypovial studies. Table 5 displays the coded and
actual values for the five-level-three factor design.

Table 5. Coded and actual values for component concentrations in the central
composite design. Level 0 represents the nominal RRNCO media concentration of

that component.
Variable Name Level

-3 -1 0 1 V3
Ammonium Chloride [mM] 00 7.9 187 295 374
Yeast Extract [g/L] 00 04 10 16 20
Sodium Acetate [mM] 00 42 100 158 20

The central composite design is shown in Table 6. The entire design was

replicated once. The results of the central composite design were used to create a second
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order polynomial to describe the affects of the response variables on dry cell mass and
PHA production.

Table 6. Central composite design for PHA optimization showing both coded and
actual values.

Standard Coded Actual
Order
NH4CI YE NaAct NH,4CI YE NaAct

1 -1 -1 -1 7.9 0.4 4.2
2 1 -1 -1 29.5 0.4 4.2
3 -1 1 -1 7.9 1.6 4.2
4 1 1 -1 29.5 1.6 4.2
5 -1 -1 1 7.9 0.4 15.8
6 1 -1 1 29.5 0.4 15.8
7 -1 1 1 7.9 1.6 15.8
8 1 1 1 29.5 1.6 15.8
9 /3 0 0 0.0 1.0 10.0
10 V3 0 0 37.4 1.0 10.0
11 0 /3 0 18.7 0.0 10.0
12 0 V3 0 18.7 2.0 10.0
13 0 0 /3 18.7 1.0 10.0
14 0 0 V3 18.7 1.0 20.0
15 0 0 0 18.7 1.0 10.0
16 0 0 0 18.7 1.0 10.0
17 0 0 0 18.7 1.0 10.0
18 0 0 0 18.7 1.0 10.0

As with the hypovial study, all media was prepared anaerobically using the
procedures described in the anaerobic preparation section. Stock solutions of 1 M
NH4CI, 10 g/L YE, and 1 M NaAct were prepared anearobically. Concentrated RRNCO
media lacking additives and the three experimental media components were also prepared
anaerobically. The concentrated media was adjusted to pH 7.1 using concentrated
sodium hydroxide (NaOH). The concentrated media and component stock solutions were
combined and reconstituted in the anaerobic chamber with anaerobically prepared dl

water according to Table 6. After autoclaving the vials, 1.9 M phosphate buffer, 0.5 M
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sodium bicarbonate, and 200 MM Na,S were added. As with the hypovial study, cultures
were inoculated with 7% innoculum and grown in hypovials with 40 ml of fermentation
volume and 60 ml of headspace. The headspace gas was purged daily with carbon
monoxide. Each day, samples were taken from the cultures and analyzed for optical
density.

After 300 hours, the cultures were harvested. Optical density and pH were
measured for the last sample. The samples were then processed for dry cell mass and

PHA content.

4.1.2 Harvest Point Optimization

The optimal harvest point was determined by scaling up the results of the
hypovial experiments to 10 L using the syngas fermentation system. A media recipe was
developed based on the results of the hypovial study. The yield of PHA was multiplied
by optical density to give the PHA Production Factor (Equation 14).

PHA mass Equation 14
Dry Cell Mass

PHA Production Factor = 0.D.X

The measurement was compared across all of the treatments and the largest value was
determined the optimal value for PHA production. The experiments on the fermentation
scale were performed in triplicate.

The media was prepared aerobically. Heat stable ingredients were combined and
the pH was adjusted to 7.1. The concentrated media was brought to a volume of 9.67 L
(to compensate for the 0.33 liters of additives to be added later) in 14L New Brunswick
Scientific fermentors and then autoclaved. Immediately after autoclaving, the media was

cooled while purged with argon gas in order to make the media anaerobic. The additives
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Na,S, bicarbonate buffer, and phosphate buffer were prepared anaerobically by
reconstituting the dry form of the additive with anaerobic dI water in the anaerobic
chamber (Coy Laboratory Products, Inc.). Once the media was cooled to room
temperature, the buffers and Na,S were added to the media through a sterile rubber
septum using a syringe and 0.2 um syringe filter (Whatman).

The 14 L fermentors were equipped with dual six blade Rushton-type impellers.
Impeller configuration and gas sparger location were patterned off of reactor geometry
described by Ungerman and Heindel [159]. The fermentors were connected to the syngas
fermentation system and purged with gas mixture containing 50% CO, 28.5% H,, and
21.5% CO,. The gas mixture composition was based on steam-oxygen gasification
syngas compositions from literature [160-162]. Once the exhaust gas composition
reached equilibrium, the fermentors were inoculated with 1-2% (by volume) light grown
SMN R. rubrum. The cultures were agitated at 500 RPM and kept at 30° C for the
duration of the fermentation.

Initial samples were taken for optical density and pH. Exhaust gas was monitored
semi-continuously with a gas chromatograph (Varian CP-4900). Fermentation media
samples were taken every 12 — 24 hours and analyzed for optical density, pH, media
acetate concentration, dry cell mass, and PHA content. An aliquot of each sample was
saved for transmission electron microscopy analysis. Sample size decreased as optical
density increased in order to maximize the number of samples. Samples were taken until

the cells reached stationary phase or until the fermentation volume reached 7 liters.
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4.2 ANAEROBIC MEDIA PREPARATION

All media for the hypovial studies was prepared anaerobically. Heat stable
ingredients were combined and the pH was adjusted to 7.1. The concentrated media was
then boiled and cooled under argon purge to drive off dissolved oxygen. The
deoxygenated media was distributed to vials anaerobically in a Coy anaerobic chamber
with an 3% H, 97% Ar atmosphere (Coy Laboratory Products, Inc.). Vials were capped,
removed from the chamber, and autoclaved.

Heat sensitive ingredients were brought into the chamber and reconstituted with
anaerobic de-ionized water in the anaerobic chamber. These ingredients were filter

sterilized and injected into the media.

4.3 STARTER CULTURE MAINTENANCE

Starter cultures were maintained with photosynthetic growth on supplemented
malate-ammonium (SMN) medium developed by Kerby et al. [32]. The 40 ml cultures
were contained in 100 ml Belco Glass serum vials and capped with butyl rubber septa.
The growth media was prepared anaerobically. Starter cultures were inoculated with 5
ml of well grown (O.D. A680 > 2.0) photosynthetic SMN — grown R. rubrum in late
exponential phase, early stationary phase. In some cases, light grown SMN R. rubrum in
late stationary phase was used for inoculation.

Starter cultures were incubated in a lighted Innova 42R shaking incubator at 30° C
and 200 RPM (New Brunswick Scientific). A New Brunswick C76 water bath shaker
with an external growth lamp was also used at the same temperature and agitation rate.

The headspace was purged daily with CO.
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Starter cultures not immediately used as inocula were stored in the dark at 3° C
until needed. Once needed, the cultures were reactivated with incubation and CO

headspace purging prior to use as inoculums.

4.4 ANALYTICAL TECHNIQUES

4.4.1 Cell Density

A 200 pl aliquot from the well mixed sample was diluted with 800 ul of dI water
in a 1.5 ml disposable polystyrene cuvette (Fisher Scientific). Cell density was measured
using a Cary 50 Conc UV-Visible spectrophotometer (Varian). The Varian software,
Simple Reads, was used to measure absorbance at 680 nm. A blank of deionized (dI)
water was used as a zero reference. Each output value of the program corresponded to
the average reading over a 2 second period at a sampling rate of 80 Hz. The blank
cuvette was re-read at the end of each session in order to check for baseline drift during

analysis.

4.4.2 Media Acetate Concentration Determination

Media acetate concentration was determined using high pressure liquid
chromatography (HPLC). After harvesting the cultures, 30 ml of each sample was
centrifuged at 9000 rpm for 10 minutes at 4° C using a Beckman Avanti J-25 centrifuge.
The supernatant was decanted and frozen. Prior to HPLC analysis, the supernatant was
thawed and centrifuged at 14,000 rpm for 15 minutes in an Eppendorf 5415C desktop
centrifuge to minimize any remaining particulate. A minimum of 500 pl of supernatant

was then filtered with 0.2 um filters (Whatman) into 1.8 ml autosampler vials (Thermo).
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The supernatant was analyzed using a Varian ProStar HPLC system. The system
included a ProStar 355 Refractive Index Detector, ProStar 230i Solvent Delivery Module,
ProStar 325 UV-VIS Detector, and a ProStar 430 Autosampler. The system was
controlled by Star Chromatography Workstation System Control Version 6.41. The
sample was separated using an HPLC Organic Acid Analysis Column (Aminex HPX-
87H lon Exclusion Column, 300 mm x 7.8 mm) with 5 mM sulfuric acid as the mobile
phase.

Standard solutions of 0 mM, 0.1 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, and 25 mM
sodium acetate were used to determine the retention time of acetate as well as to develop
a standard curve. Sample peak areas were determined using forced peak and valley-peak
integration methods. Acetate concentration was calculated using the calculated area and

the standard curve.

4.4.3 Dry Cell Mass Determination

Dry cell mass was determined gravimetrically. Upon harvesting the cultures, an
aliquot of each sample was centrifuged at 9000 rpm for 10 minutes at 4° C using a
Beckman Avanti J-25 centrifuge with a JA-25.50 rotor. The pellets were washed with
25 ml of DI water. The re-suspended pellets and rinses were transferred to pre-weighed
centrifuge tubes and centrifuged at 9000 rpm for 10 minutes (Mettler Toledo AB54-
S/FACT Classic Plus). The pellets were saved and frozen. Prior to lyophilization, the
centrifuge tubes were covered with Kim wipes and placed in a -80° C freezer for 30
minutes. The pellets were lyophilized for a minimum of three days (Labconco Centrivap

Cold Trap). The vials were reweighed. The weights for the pre and post measurements
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were made in triplicate and the difference of the averages was reported as the dry cell
mass. Specific dry cell mass was determined by dividing the dry cell mass by the sample

volume used to determine the dry cell mass.

4.4.4 PHA Extraction

PHA was extracted using chloroform and quantified gravimetrically. The
procedure was developed at lowa State University and based on a method by Brandl et al.
[2]. In this procedure, 0.1 L/ g dry cell mass of 1.5% sodium hypochlorite solution was
added to lyophilized cells. The mixture was vortexted until the cells were well mixed and
then placed in a 37° C bath. Once at temperature, the vials were incubated for one hour.
The mixtures were transferred with dI water rinses to Kimbal HS No. 45600-15 15 ml
glass centrifuge tubes. The tubes were centrifuged at 9500 rpm for 10 minutes in a
Beckman Avanti centrifuge at 4° C using a JA25.50 rotor.

Next, the pellets were washed once with dl water (0.1 L / g dry cell mass dI
water), and twice with 190 proof ethanol (0.05 L 190 proof ethanol/ g dry cell mass).
Each wash was followed by centrifugation at 9500 rpm for 10 minutes in a Beckman
Avanti centrifuge at 4° C using a JA25.50 rotor. The supernatant was discarded after
each centrifugation.

After the second ethanol wash, pellets were sometimes flaky and not well formed.
In these cases, the supernatant was filtered using a Whatman borosilicate glass filter (0.2
to 0.4 micron). This filter (with retentate) was then placed back into the centrifuge tube

for subsequent PHA extraction.
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Three ml of chloroform was added to each centrifuge tube. After vortexing for 30
seconds, the chloroform mixture was heated to a boil for 2 minutes. The mixture was
hot-filtered through a Whatman borosilicate glass filter (0.2 to 0.4 micron) into a pre-
weighed Fisher 5 ml culture tube (Mettler Toledo AB54-S/FACT Classic Plus). The
centrifuge tube was rinsed with hot chloroform which was filtered as well. The
centrifuge tube was checked for any remaining pellet. If detected, the pellet was
loosened with a Pasteur pipette, washed with hot chloroform, and filtered. The filtrate
was set aside to allow the chloroform to evaporate. The filter (with retentate) was placed
back into the centrifuge tube. To ensure complete PHA extraction, the entire hot
chloroform wash was repeated two more times. Once all of the chloroform evaporated,
the culture tubes were weighed again. The sum of the difference between the average pre
and post weight of the three repetitions was reported as the PHA mass. Specific PHA
mass was calculated by dividing the PHA mass by the sample volume used to determine
the PHA mass. PHA content was calculated by dividing the specific dry cell mass by the

specific PHA mass for each sample.

4.4.5 Exhaust Gas Analysis (Fermentation Scale)

Exhaust gases from the fermentor were analyzed using gas phase
chromatography. Prior to GC analysis, water was removed from the gas stream with an
inline condenser and an inline Drierite moisture trap.

Gas compositions were analyzed using an on-line Varian CP-4900 Micro Gas
Chromatograph. The gases were separated with CP740148 M5A and CP740143 PPQ

columns (Varian). Argon was used as the carrier gas. Star Chromatography Workstation
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System Control software was used to control the hardware and process the data (Version
6.30, Varian).

Before each use, the GC calibration was verified using custom calibration gases
containing varying concentrations of the gases of interest. Peak areas were integrated by
software methods based on expected gas retention times and calibration data. The CO
peak retention time had a tendency to shift over long sampling periods. To correct for the

shift, sample data was recalculated based on corrected CO retention times.

4.4.6 Transmission Electron Microscopy (Fermentation Scale)

An aliquot from each fermentor sample taken on the fermentation scale was saved
for transmission electron microscope (TEM) imaging. Approximately 15 ml of sample
was centrifuged at 2500 rpm for 10 minutes at 4° C in a Beckman Avanti J-25 centrifuge.
The supernatant was discarded. The pellet was re-suspended in 1ml of a fixative buffer
containing 2% paraformaldehyde, 2% glutaraldehyde, and 0.1 M sodium cacodylate and
stored at 4 C.

The fixed cells were placed on a copper grid with carbon film and observed using
a 200kV JEOL 2100 scanning transmission electron microscope (STEM). Images were

captured with a GATAN E1000 digital camera using Digital Micrograph software.

4.5 DATA ANALYSIS

45.1 Statistical Analysis

The statistical software package, JMP 7.0.2 (SAS Institute Inc.), was used for data

analysis.  For the hypovial study, Tukey-Kramer honestly significant difference (HSD)
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tests were used to determine which means within the three treatments were significantly
different.

The software package Design Expert 7.1.6, Stat-Ease, Inc., Minneapolis USA was
used to analyze and fit a second order polynomial to the central composite design data as
well as to determine interaction effects of the three variables. Dry Cell mass and PHA
production were the responses optimized in the central composite design and were used
to determine interaction affects. Response surface regression was used to develop a

second-order polynomial model of the form:

Yi=pBo+ Z Bix; + Z Buxi + Z BijxiX; Equation 15

where Y; was thei predictediriesponse, B;jwas the constant, x was the independent
variables, and B;, Bii, and Bj; were the linear, quadratic, and interaction coefficients
respectively. The equation with the three independent coded variables of the central
composite design took on the form:
Response = By + B1[NH,Cl] + B,[YE] + B3[NaAct] Equation 16

+ B11[NHLCI]? + B, [YE]? + B33[NaAct]?

+ B12[NHLCL] - [YE] + B13[NH,C!] - [NaAct]

+ B,3[YE] - [NaAct]
where Response was the dry cell mass or PHA production factor and [NH,4CI], [YE], and

[NaAct] were the concentrations of NH4Cl, YE, and NaAct, respectively.

4.5.2 Uncertainty Analysis

Uncertainty analysis was performed on fermentation scale for dry cell and PHA

mass measurements using the methodology of Figliola and Beasley [163]. The same
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balance was used for both dry cell mass and PHA mass measurements. Manufacturer
specifications reported repeatability and linearity errors of 0.0001 g and 0.0002 g
respectively. Precision error of the mass measurements was also observed and used to
calculate uncertainty.

The uncertainty for dry cell mass ranged from +2% to 11% (4.3% average) (see
APPENDIX Il and APPENDIX 1V). PHA mass uncertainty ranged from *4% to 73%
(34% average). The uncertainty associated with PHA yield (DCM mass/PHA mass)
ranged from £6% to 123% (34% average). The large uncertainty associated with PHA
mass and PHA yield was due in large part to precision error being propagated through

calculated response variables.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1 MEDIA OPTIMIZATION: HYPOVIAL STUDY

Growth in the hypovial scale was difficult to achieve. Often times the cell growth
would stagnate with long lag phases or simply not grow at all. Several actions were
taken which effectively improved growth including remaking of stock solutions,
improved and more frequent seed culture maintenance, improvement of anaerobic
techniques, and increased inoculation volume. The hypovial experiments were carried
out once the growth issue was resolved. Detailed results of the hypovial studied can be

found in APPENDIX I.

5.1.1 Results

5.1.1.1 Growth

Differences in growth between levels of concentration were observed for all
treatments (Figure 22 - Figure 24). The final cell density for cultures containing 25 mM
NH,4CI was significantly greater than the other NH4CI concentration levels (Figure 22).
Cell density increased with increasing concentration of YE. With an average final cell
density of 1.7 absorbance units, cultures with 2.0 g/L yeast extract had the highest final
cell density of all treatments (Figure 23). In the NaAct treatment cultures, cell growth
was similar for all levels until early stationary phase. NaAct concentrations between 2.5
and 5 mM resulted in the highest final cell density for that treatment (Figure 24).

The mean final pH for all levels in each treatment was 7.31, 7.33, and 7.32 for the

NH,4CI, YE, and NaAct treatments respectively.



58
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Figure 22. The dark, CO-dependent growth of R. rubrum in modified RRNCO
media is displayed as a function of time for the NH,CI treatment. The concentration
of NH,Cl was varied while the remaining media component concentrations were
kept at their nominal values. The cultures were incubated at 30°C, shaken at 200
RPM, and purged daily with 100% CO. The data represents the average optical
density (Absorbance 680nm) from three cultures per level per treatment. Error
bars represent confidence intervals (Cl) at £95% (N=3).
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Yeast Extract Growth Averages
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Figure 23. The dark, CO-dependent growth of R. rubrum in modified RRNCO
media is displayed as a function of time for the YE treatment. The concentration of
YE was varied while the remaining media component concentrations were kept at
their nominal values. The cultures were incubated at 30°C, shaken at 200 RPM, and
purged daily with 100% CO. The data represents the average optical density
(Absorbance 680nm) from three cultures per level per treatment. Error bars
represent confidence intervals (Cl) at £95% (N=3).
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Sodium Acetate Growth Averages
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Figure 24. The dark, CO-dependent growth of R. rubrum in modified RRNCO
media is displayed as a function of time for the NaAct treatment. The concentration
of NaAct was varied while the remaining media component concentrations were
kept at their nominal values. The cultures were incubated at 30°C, shaken at 200
RPM, and purged daily with 100% CO. The data represents the average optical
density (Absorbance 680nm) from three cultures per level per treatment. Error
bars represent confidence intervals (Cl) at £95% (N=3).
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5.1.1.2 Media Acetate Consumption

Final media acetate concentration was measured using HPLC. Over varying
concentrations of NH,CI, the amount of acetate consumed remained relatively constant at
4 mM (Figure 25). Acetate consumption decreased with increasing concentration of YE
(Figure 26). For the NaAct treatment, acetate consumption increased with increasing

concentration of NaAct (Figure 27).

5.1.1.3 PHA Production Factor

The yield of PHA (dry cell mass basis) was multiplied by optical density to give
the PHA Production Factor (Equation 14). Figure 28 through Figure 30 display the PHA
production factor for the three treatments. For levels 2.5 mM NH,CI, 5 mM NH,Cl and
10 mM NaAct, calculations and statistics were based on two measurements for PHA
mass instead of three.

The 25 mM NH,4CI concentration had the largest PHA production factor for the
NH,4ClI treatment group (Figure 28). The 25 mM concentration level was significantly
different than the 0 mM and 2.5 mM levels.

The 2 g/L YE concentration had the largest PHA production factor for the YE
treatment group (Figure 29). The 2 g/L concentration level was significantly different
from the 1 g/L level, but not from the remaining levels.

The 2.5 mM NaAct concentration had the largest PHA production factor for the
NaAct treatment group (Figure 30). The 2.5 mM concentration level was significantly

different than all levels except the 5 mM concentration level.
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Figure 25. PHA production (blue bars) and acetate consumption (m) are plotted as a
function of media component concentration for NH,CIl. The nominal NH,CI
concentration in the fermentation media is 18.7 mM. The error bars represent the
standard error.
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Figure 26. PHA production (blue bars) and acetate consumption (m) are plotted as a
function of media component concentration for YE. The nominal YE concentration
in the fermentation media is 1 g/L. The error bars represent the standard error.
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Figure 27. PHA production (blue bars) and acetate consumption (m) are plotted as a
function of media component concentration for NaAct. The nominal NaAct
concentration in the fermentation media is 1 g/L. The error bars represent the
standard error.
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PHA Production Factor, Ammonium Chloride
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Figure 28. PHA Production Factor for various concentrations of ammonium
chloride. The nominal RRNCO ammonium chloride concentration is 10 mM.
Columns not connected by the same letter are significantly different (Tukey-Kramer
HSD; 0d=0.05). The error bars indicate the standard error.
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PHA Production Factor, Yeast Extract
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Figure 29. PHA Production Factor for various concentrations of yeast extract. The
nominal RRNCO yeast extract concentration is 2 g/L.. Columns not connected by the
same letter are significantly different (Tukey-Kramer HSD; 6=0.05). The error
bars indicate the standard error.
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Figure 30. PHA Production Factor for various concentrations of sodium acetate.
The nominal RRNCO acetate concentration is 10 mM. Columns not connected by
the same letter are significantly different (Tukey-Kramer HSD; 0=0.05). The error
bars indicate the standard error.
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5.1.2 Discussion

Determining how media components affect cell density was valuable since cell
density is an important factor in PHA production. The maximum cell density for each of
the treatments did not occur at the normal RRNCO media concentrations. For NH,Cl and
YE treatments, the maximum cell density occurred at higher respective concentrations
than nominal RRNCO media.

Acetate consumption was consistent across the different levels of concentration
for NH4CI (Figure 25). These data suggest that NH,CI does not control the rate of acetate
consumption. When levels of NaAct were increased, consumption of acetate increased
(Figure 27). This makes sense when considering most of the starting amount of acetate
was consumed by the time of harvest for first three concentration levels of the NaAct
treatment. Interestingly, acetate consumption decreased with increasing YE
concentration (Figure 26). Since growth increased with increasing YE concentration, it
seemed counter intuitive that acetate consumption would decrease. Yeast extract may
have been limiting acetate consumption. Alternatively, yeast extract could contain
components that could lead to acetic acid production in R. rubrum. Since acetate
consumption is calculated by subtracting the final acetate concentration from the starting
concentration, an increase in acetic acid would show up as a decrease in acetate
consumption.

An optimized media was developed for scale up to the fermentation scale based
on the PHA production factor results. The maximum PHA production factor from each
treatment was chosen for the optimized media. The concentrations for NH4CI, YE, and

NaAct chosen for the optimized media were 25 mM, 2 g/L, and 2.5 mM, respectively. In
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cases where the optimal PHA production factor was not statistically significant from
another level, mean difference, maximum optical density, and maximum PHA mass were
considered when determining the optimal concentration.

The results of the hypovial experiment did not agree with literature in terms of the
effect of the carbon to nitrogen balance on cellular PHA content [107, 126-128]. A high
carbon to nitrogen ratio was expected, however the opposite was observed indicating an
unknown presence of bio-available nitrogen. Yeast extract may contain available sources
of carbon and nitrogen which would throw off the nitrogen limitation in the low NH,CI
concentration media. Unpublished data for thermal gravimetric analysis (TGA) of three

different brands of yeast extract indicated the presence of nitrogen.

5.2 MEDIA OPTIMIZATION: CENTRAL COMPOSITE DESIGN

5.2.1 Results

Detailed results of the central composite design experiment can be found in

APPENDIX II.

5.2.1.1 Dry Cell Mass

The central composite design actual and predicted values for dry cell mass are
presented in Table 7. The software package Design Expert 7.1.6 was used to develop the

second order regression equation:
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DCM = (2.83 x 1071) + (5.15 x 1073)[NH,CI] Equation 17

+ (2.73 x 1071 [YE]

+ (8.96 x 10~%)[NaAct]

+ (—2.25 x 1073)[NH,CI]?

+ (=2.55 x 10~%)[YE]?

+ (=5.79 x 1073)[NaAct]?

+ (—1.08 x 10~%)[NH,CI] - [YE]

+ (—3.47 x 1073)[NH,Cl] - [NaAct]

+ (1.03 x 1074)[YE] - [NaAct]
where DCM was the dry cell mass response and [NH,4Cl], [YE], and [NaAct] were the
concentrations of ammonium chloride, yeast extract, and sodium acetate respectively.

The results for the Analysis of Variance are shown in Table 8. The Model F

Value of 62.34 implied that the model is significant. There was only a 0.01% chance that
a Model F-Value this large could have occurred due to normal process variation. The
significance of each term in the quadratic model was determined by p-values. P-values
less than 0.05 indicated significant model terms. In the case of dry cell mass, all terms
were significant except the quadratic terms [YE]?and [NaAct]>. The relative importance
of each term is shown by plotting the absolute value of the t-statistic (Figure 31). The
“Lack of Fit” value of 0.22 implied that the lack of fit was not significant relative to the

pure error. This meant that there was a 95.2% chance that the lack of fit was due to

normal process variation. The R-Squared value for the model was 0.956.
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Table 7. The central composite design matrix with predicted and actual values for
dry cell mass is presented.

Factors Response, DCM [g/L]

Standard NH4CI YE NaAct Predicted Actual
Order [mM] [g/L] [mM] Value Value
1 7.9 0.4 4.2 0.41 0.39
2 7.9 0.4 4.2 0.41 0.42
3 29.5 0.4 4.2 0.39 0.39
4 29.5 0.4 4.2 0.39 0.38
5 7.9 1.6 4.2 0.67 0.67
6 7.9 1.6 4.2 0.67 0.69
7 29.5 1.6 4.2 0.60 0.59
8 29.5 1.6 4.2 0.60 0.60
9 7.9 0.4 15.8 0.39 0.36
10 7.9 0.4 15.8 0.39 0.41
11 29.5 0.4 15.8 0.31 0.28
12 29.5 0.4 15.8 0.31 0.32
13 7.9 1.6 15.8 0.58 0.57
14 7.9 1.6 15.8 0.58 0.59
15 29.5 1.6 15.8 0.44 0.40
16 29.5 1.6 15.8 0.44 0.47
17 0.0 1.0 10.0 0.51 0.48
18 0.0 1.0 10.0 0.51 0.54
19 37.4 1.0 10.0 0.38 0.38
20 374 1.0 10.0 0.38 0.39
21 18.7 0.0 10.0 0.31 0.31
22 18.7 0.0 10.0 0.31 0.32
23 18.7 2.0 10.0 0.65 0.60
24 18.7 2.0 10.0 0.65 0.71
25 18.7 1.0 0.0 0.57 0.54
26 18.7 1.0 0.0 0.57 0.59
27 18.7 1.0 20.0 0.42 0.42
28 18.7 1.0 20.0 0.42 0.44
29 18.7 1.0 10.0 0.48 0.47
30 18.7 1.0 10.0 0.48 0.50
31 18.7 1.0 10.0 0.48 0.48
32 18.7 1.0 10.0 0.48 0.47
33 18.7 1.0 10.0 0.48 0.53
34 18.7 1.0 10.0 0.48 0.48
35 18.7 1.0 10.0 0.48 0.47
36 18.7 1.0 10.0 0.48 0.47
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Table 8. The ANOVA results for the response surface quadratic model of dry cell
mass are presented.

Sum of Mean p-value
Source Squares df Square FValue Prob>F
Model 0.397 9 0.044 62.34 <0.0001 Significant
A-NH4CI 0.044 1 0.044 62.46 <0.0001 Significant
B-YE 0.279 1 0.279 394.20 <0.0001 Significant
C-NaAct 0.054 1 0.054 76.83 <0.0001 Significant
AB 3.403E-03 1 3.403E-03 481 0.0374 Significant
AC 4.082E-03 1 4.082E-03 5.77 0.0237 Significant
BC 6.489E-03 1 6.489E-03 9.18 0.0055 Significant
AN2 4.326E-03 1 4.326E-03 6.12 0.0202 Significant
BA2 4.280E-05 1 4.280E-05 0.06 0.8076 not significant
CA2 3.319E-04 1 3.319E-04 0.47 0.4993 not significant
Residual 0.018 26 7.070E-04
Lack of Fit 0.001 5 1.791E-04 0.22 0.9522 not significant

Figure 32 displays the 3-D surface and contour plots for dry cell mass. Each
paired inset shows the surface and contour for the interactive variables of the quadratic
model for dry cell mass. The variable not displayed was fixed at the nominal RRNCO
concentration level while the two remaining variables were varied infinitely in the design
space. The contour curves represented the dry cell mass for those infinite combinations.
Dry cell mass was optimized using the Design Expert software package. For the
quadratic model created, the optimal predicted dry cell mass was 0.762 g/L with optimal

NH,4CI, YE, and NaAct concentrations of 4.9 mM, 2.0 g/L, and 3.9 mM respectively.
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Figure 31. The absolute value of the t-statistic for each model term is shown for the
dry cell mass model. The dotted line represents value of the critical t-static

(terit (0.0, 26) = 1.706). Values of the t-statistic greater than terit (0.0, 26) COrrespond to
significant model terms.

The model results were also examined by plotting a single factor while holding
the remaining two factors constant at nominal RRNCO concentrations (Figure 33).
Hypovial and CCD experimental data points were plotted along with the model for

comparison. A 95% confidence interval was plotted over the range of the model design

space.
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Figure 32. The interactive effects of the DCM quadratic model are plotted as 3-D
response curves and contour plots. The interactive effects evaluated are NH,CI-YE
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Figure 33. The dry cell mass model results are shown with two factors held constant
while the third is varied. Constant factor concentrations were fixed at nominal
RRNCO concentrations: A) YE — 1 g/L; NaAct — 10 mM B) NH4CI - 18.7 mM;
NaAct — 10 mM C) YE - 1 g/L; NH4CI - 18.7 mM. The blue line represents the dry
cell mass model. The dotted black line represents the 95% confidence interval for
the model over the design space. Black circles represent experimental CCD data
points. “X”s represent experimental hypovial data points.
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5.2.1.2 PHA Production Factor

A second order regression equation was developed for the PHA production factor
using the central composite design. The actual and predicted responses are displayed in
Table 9. The PHA production factor was based on seven center points. The resulting
model had the following form:

PHA production factor Equation 18
= (258 x10™1) + (—1.28 x 1073)[NH,Cl]
+ (—=1.19 x 107 Y)[YE]
+ (—1.76 x 1072)[NaAct]
4+ (—3.84 x 10~%)[NH,CI]?
+ (3.78 x 1075)[YE]?
+ (3.69 x 1073)[NaAct]?
+ (1.13 x 10™%)[NH,CI] - [YE]
+ (5.04 x 1072)[NH,CI] - [NaAct]
+ (5.06 x 10~4)[YE] - [NaAct]

The results for the Analysis of Variance are shown in Table 10. The Model F
Value of 2.10 implied that the model was not significant. There was a 6.95% chance that
a Model F-Value this large could have occurred due to normal process variation. The
only significant terms in the model were [NaAct] (p<0.05), [YE]* (p<0.05), and [NaAct]*
(p<0.05). The relative importance of each term is shown by plotting the absolute value of
the t-statistic (Figure 34). The “Lack of Fit” value of 0.90 implied that the lack of fit was
not significant to relative to the pure error. This meant that there was a 49.8% chance
that the lack of fit was due to normal process variation. The R-Squared value for the

model was 0.430. The predicted R-Squared value (-0.1527) was negative which implied

that the mean was better predictor for the PHA production factor than the model.
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Table 9. The central composite design matrix with the predicted and actual values
for the PHA production factor is presented.

Factors Response, DCM [g/L]

Standard NH4CI YE NaAct Predicted Actual
Order [mM] [g/L] [mM] Value Value
1 7.9 0.4 4.2 0.15 0.15
2 7.9 0.4 4.2 0.09 0.15
3 29.5 0.4 4.2 0.16 0.13
4 29.5 0.4 4.2 0.10 0.13
5 7.9 1.6 4.2 0.20 0.14
6 7.9 1.6 4.2 0.09 0.14
7 29.5 1.6 4.2 0.14 0.11
8 29.5 1.6 4.2 0.10 0.11
9 7.9 0.4 15.8 0.08 0.08
10 7.9 0.4 15.8 0.07 0.08
11 29.5 0.4 15.8 0.11 0.08
12 29.5 0.4 15.8 0.03 0.08
13 7.9 1.6 15.8 0.12 0.13
14 7.9 1.6 15.8 0.13 0.13
15 29.5 1.6 15.8 0.17 0.11
16 29.5 1.6 15.8 0.10 0.11
17 0.0 1.0 10.0 0.13 0.10
18 0.0 1.0 10.0 0.11 0.10
19 37.4 1.0 10.0 0.08 0.07
20 37.4 1.0 10.0 0.04 0.07
21 18.7 0.0 10.0 0.20 0.12
22 18.7 0.0 10.0 0.10 0.12
23 18.7 2.0 10.0 0.11 0.15
24 18.7 2.0 10.0 0.15 0.15
25 18.7 1.0 0.0 0.16 0.16
26 18.7 1.0 0.0 0.19 0.16
27 18.7 1.0 20.0 0.07 0.10
28 18.7 1.0 20.0 0.12 0.10
29 18.7 1.0 10.0 0.11 0.08
30 18.7 1.0 10.0 0.02 0.08
31 18.7 1.0 10.0 0.08 0.08
32 18.7 1.0 10.0 0.09 0.08
33 18.7 1.0 10.0 0.11 0.08
34 18.7 1.0 10.0 0.04 0.08
35 18.7 1.0 10.0 0.11 0.08
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Table 10. The ANOVA results for the response surface quadratic model of the PHA
production factor are presented.

Sum of Mean p-value
Source Squares df Square F Value Prob>F
Model 0.029 9 0.003 2.10 0.0695 not significant
A-NHACI 0.002 1 0.002 1.56 0.2228 not significant
B-YE 0.001 1 0.001 0.83 0.3711 not significant
C-NaAct 0.009 1 0.009 5.74 0.0244 Significant
AB 9.884E-05 1 9.884E-05 0.06 0.8026 not significant
AC 8.953E-05 1 8.953E-05 0.06 0.8119 not significant
BC 2.634E-03 1 2.634E-03 1.70 0.2041 not significant
AN2 4.490E-05 1 4.490E-05 0.03 0.8662 not significant
BA2 8.577E-03 1 8.577E-03 5.54 0.0268 Significant
Cn2 7.554E-03 1 7.554E-03 4.88 0.0366 Significant
Residual 0.039 25 1.549E-03
Lack of Fit 0.007 5 1.427E-03 0.90 0.4980 not significant
[NH4CI]
[YE]
[NaAct]
E [NH4CI]*[YE]
= [NH4CI*[NaAct] Lerit (0.05, 25)
S [vE*INeAct
[MHACI]*[MHACI]
[YE]*[YE]

[Nasct]*[NaAct]

0.0 0.5 1.0 15 20 25 3.0

t-statistic (absolute value)

Figure 34. The absolute value of the t-statistic for each model term is shown for the
dry cell mass model. The dotted line represents value of the critical t-static

(terit (0.0, 25y = 1.708). Values of the t-statistic greater than terit (0.0, 25) cOrrespond to
significant model terms.
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The PHA Production Factor model results were examined by plotting a single
factor while holding the remaining two factors constant at nominal RRNCO
concentrations (Figure 35). Hypovial and CCD experimental data points were plotted
along with the model for comparison. A 95% confidence interval was plotted over the
range of the model design space. The model was a poor fit for the experimental data in

all cases which agrees with the ANOVA results.

5.2.2 Discussion

The PHA production factor model was not significant. According to the analysis
of variance for the PHA production factor model, the mean would serve as a better
predictor for the PHA production factor than the model itself. As a result, the central
composite design for this data set was not a good predictor for the PHA production
factor.

Although the PHA production factor was not a good predictor, the model for dry
cell mass indicated that interaction effects may have been present between treatments. It
also indicated the nominal RRNCO media was not optimized in terms of dry cell mass.
Since dry cell mass is an integral component of PHA yield and the PHA production
factor calculations, the result of the model indicated that standard RRNCO was not

optimized for PHA production.
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Figure 35. The PHA Production Factor model results are shown with two factors
held constant while the third is varied. Constant factor concentrations were fixed at
nominal RRNCO concentrations: A) YE -1 g/L; NaAct-10 mM B) NH,CIl -18.7
mM; NaAct — 10 mM C) YE - 1 g/L; NH,Cl — 18.7 mM. The blue line represents
the PHA Production Factor model. The dotted black line represents the 95%
confidence interval for the model over the design space. Black circles represent
experimental CCD data points. “X”’s represent experimental hypovial data points.
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5.3 HARVEST POINT OPTIMIZATION

5.3.1 Results

5.3.1.1 Growth

The optical density at 680 nm and dry cell mass shared very similar trends when
compared on adjusted scales (Figure 36). On average, 1 absorbance unit corresponded to
0.38 g/L dry cell mass. During the linear portions of the exponential stage, the growth
rate of the three replicates was calculated as 0.015 absorbance units per hour, resulting in
an average doubling time of 34 hours. The average stationary phase optical density for
replications A-C was 2.2, 2.8, and 2.9 absorbance units respectively. The average
stationary phase dry cell mass for replications A-C was 0.8, 1.0, and 1.0 g/L dry cell mass

respectively.

5.3.1.2 PHA Yield

The PHA vyields on a dry cell mass basis followed similar trends to the growth
curve during exponential growth (Figure 37). At the end of the exponential phase and
early stages of stationary phase, PHA yield began to plateau and then decreased unlike
optical density. For replicates A and B, the peak PHA yield occurred between 130 and
140 hours elapsed fermentation time. Replicate C PHA yields begin to level off at 130
hours, but then increase to a new peak almost 100 hours later. The mean maximum PHA

yield for all replicates observed was 18.1% (dry mass basis).
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Figure 36. Optical density (absorbance 680 nm; blue diamonds) and dry cell mass (red
squares) data are plotted against total elapsed fermentation time for three replicates (A, B
& C). These cultures were dark grown on the fermentation scale (10 L) using modified
RRNCO media (2.5 mM NH,CI, 2 g/L yeast extract, and 20 mM sodium acetate).
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Figure 37. Optical density (absorbance 680 nm; blue diamonds) and PHA yield (black
triangles) data are plotted against total elapsed fermentation time for three replicates (A, B
& C). These cultures were dark grown on the fermentation scale (10 L) using modified
RRNCO media (25 mM NH,CI, 2 g/L yeast extract, and 2.5 mM sodium acetate).
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5.3.1.3 PHA Yield and Media Acetate Concentration

The starting acetate concentration for all replicates was 2 mM. Interestingly,
media acetate concentration increased from the starting concentration, peaked, then
decreased to zero (Figure 38). When comparing acetate concentration side-by-side with
PHA vyield, PHA vyield began to decrease once the acetate concentration approached zero
(Figure 38). In fact, for replicates A and B, peak PHA yield occurred at the same time

the media acetate concentration reached zero.

5.3.1.4 Exhaust Gas Composition

During early exponential phase, exhaust CO concentration decreased with
corresponding increases in H, and CO, concentration (Figure 39). The exhaust gas
composition reached a new equilibrium within approximately 70 hours for all replicates.
The concentration of hydrogen shifted from 28.5% to a maximum measured
concentration of 32.4%, 34.1%, and 31.6% for replicates A, B, and C respectively. The
level of H, stayed approximately the same even as PHA production increased. Carbon
dioxide concentration increased from 21.5% to a maximum of 27.7% for replicate A,
28.9% for replicate B, and 28.7% for replicate C. The average equilibrium exhaust gas

composition was 31.0% H,, 40.4% CO, and 27.5% CO..
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Figure 38. PHA yield (black triangles) and acetate concentration (red squares) data are
plotted against total elapsed fermentation time for three replicates (A, B & C). These
cultures were dark grown on the fermentation scale (10 L) using modified RRNCO media
(25 mM NH,CI, 2 g/L yeast extract, and 2.5 mM sodium acetate).
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Figure 39. Exhaust gas composition (CO — blue circles, H, — green circles, CO, —
yellow circles), PHA yield (black triangles), optical density (absorbance 680 nm;
blue diamonds), and acetate concentration (red squares) data are plotted against
total elapsed fermentation time for three replicates (A, B, &C). These cultures were
dark grown on the fermentation scale (10 L) using modified RRNCO media (25
mM NHA4CI, 2 g/L yeast extract, and 2.5 mM sodium acetate).
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Figure 39 shows the timing of all the events monitored during the fermentation.
Acetate concentration peaked as CO concentration deceased, close to the point at which
the exhaust gas reached its new equilibrium composition. Like OD, PHA yield continued
to increase while CO concentration decreased. As the cells reached stationary phase,

PHA vyield decreased and acetate concentration reached zero.

5.3.1.5 Transmission Electron Microscope Imaging

TEM pictures were taken using a 200kV JEOL 2100 STEM and captured with a
GATAN E1000 digital camera. Images were taken from replicate A samples collected at
21 and 134 hours elapsed fermentation time, Figure 40 and Figure 41 respectively. No
staining was required for contrast because the photopigment of R. rubrum was electron
dense. PHA inclusion bodies, which are not electron dense, could be seen as white
circles inside the cells. The number of inclusion bodies per cell appeared to be similar
between the two time periods, however, the size of the inclusion bodies appropriately

appeared larger in the 134-hour cells.
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Figure 40. Transmission electron microscope picture of R. rubrum at 20 hours
elapsed fermentation time of replicate A. PHA granules are visible as lighter
colored circular inclusion bodies. The calculated PHA yield for this sampling time
was 4.3% (dry cell mass basis).



89

Figure 41. Transmission electron microscope picture of R. rubrum at 134 hours
elapsed fermentation time of replicate A. PHA granules are visible as lighter
colored circular inclusion bodies. The calculated PHA yield for this sampling time
was 19% (dry cell mass basis).
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5.3.2 Discussion

5.3.2.1 Carbon Availability

The availability of carbon is important for PHA production. PHA production
increases in the presence of excess carbon [164]. In Figure 39, exhaust gas CO
concentration decreased then leveled off. The observed CO uptake was likely due to
mass transfer limitations. Mass transfer limits carbon uptake via CO, however acetate
(and possibly even yeast extract) served as an additional source of carbon. The exhaust
gas CO composition reached equilibrium while there was still cell growth (Figure 39). If
CO was the only source of carbon, one would have expected the new equilibrium
concentration to begin at an elapsed time similar to the start of the stationary growth
phase. Instead, cell growth continued after CO concentration reached plateau. In each
replicate shown in Figure 39, cell growth reached its plateau only after the CO
consumption leveled off, acetate concentration decreased to zero, and PHA yield
declined. PHA production likely slowed due to lack of available carbon and as a result,
PHA began to be consumed or broken down as a source of carbon in these carbon

limiting conditions.

5.3.2.2 Yeast Extract

Yeast extract may serve as a source of carbon and nitrogen and could be
throwing off the C:N ratio. Kerby et al. noted that CO-dependent growth was
enhanced by an undefined component in yeast extract and noticed a decrease in

growth by three-fold in cultures grown in media lacking yeast extract [6]. That same
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study mentions that a carbon and electron imbalance may be the result of CO

dependant consumption of YE components.
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CHAPTER 6. CONCLUSIONS

6.1 SYNGAS FERMENTATION FACILITY

The Syngas Fermentation Facility, comprised of five 14 L fermentors along with
a custom gas mixing system, was designed and built in 1056 Black Engineering building
at lowa State University. A control program for the Syngas Fermentation System was
also developed using National Instruments LabView. The program successfully
integrated mass and pressure controllers with BioFlo 110 fermentor controllers for total
system control and monitoring, including data logging capabilities. Remote monitoring
of the control program was achieved using both remote desktop software as well as

custom software for email/text message control and alerts.

6.1.1 System Limitations

In order to get the most out of the syngas fermentation control program, it is
important to understand its limitations. In terms of hardware, the Alicat mass flow
controllers have an accuracy of +/-(0.8% of Reading + 0.2% of Full Scale) [150]. The
control program user must be aware of this limitation when setting low flow rates. Also,
the Alicat mass flow controllers depend on gas viscosity to calculate mass flows. The
complex gas compositions used in the fermentation system are unique and not available
as selectable gas mixtures on the Alicat controllers. Therefore, the fermentation station
mass flow controllers are set to control N,. Wilke’s viscosity equation for gas mixtures
can be used to correct for this discrepancy [165]. For the fermentation hardware, the

temperature can only be controlled using the fermentation program when a heating jacket
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is used. The heated circulating baths currently used for temperature control are not
integrated into the control system.

The fermentation control program cannot detect leaks. The ability to recognize
leaks in the system is based on how the user interprets the pressure and mass flow data.
Similarly, the fermentation system is not currently capable of monitoring gas cylinder
levels. Empty cylinders could be detected by observing the behavior of the control
program outputs. The control program can be used to isolate leaks once they are found
by shutting off gas flow to the appropriate lines. Gas leaks between the cylinder gas and
the gas mixing mass flow controllers can only be mitigated manually.

The remote control and monitoring system monitors all values of the control
program when using the remote desktop software. Currently, only mass flow rate and
pressure set points of the gas controllers are monitored and controlled via email/text
message control. Remote capabilities are useful and convenient, but should not provide
a false sense of security. The fermentation system should be monitored in person
regularly for proper operation and safety.

In the event of a power failure to the entire system, the mass flow controllers
default to an always closed state. When power is returned, the controllers will remain
closed. If the control computer loses power or the control program is shut down, the
mass flow controllers will hold their current set points if power is maintained to the

controllers.
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6.2 MEDIA OPTIMIZATION

Statistics were useful in analyzing the subtle differences in the responses of R.
rubrum to different concentrations of media components. A high carbon to nitrogen ratio
was expected for maximizing PHA production, however the opposite was observed.
When compared with the literature, the results indicated an unknown presence of bio-
available nitrogen [107, 126-128]. Based on preliminary TGA analysis, yeast extract
appeared to be a contributor of this nitrogen. Future work could further investigate this
hypothesis.

The central composite design experiment failed to produce a significant model to
predict the PHA production factor; however, the model developed for predicting dry cell
mass was significant. This model for dry cell mass indicated the presence of interaction
effects between media components. Based on the model, nominal RRNCO media was

not optimized for dry cell mass.

6.3 HARVEST POINT OPTIMIZATION

6.3.1 Scale Up

The scaled up fermentation experiments were less difficult to establish culture
growth than the smaller scale experiments. The success rate of initial growth was almost
100%, and the stationary phase cell densities were consistently greater. The key enzyme
for CO utilization, CODH, is oxygen sensitive [106]. On a smaller scale, oxygen
exposure could have a more detrimental effect with less chance for recovery than on a

large scale.
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The fermentation scale fermentors were purged continuously with simulated
syngas. This continuous gassing along with the optimized rushton impeller setup in the
fermentors improved mass transfer over the hypovial scale and likely played a major role

in the success experienced on the larger scale.

6.3.2 Harvest Point Indicators

Cell density and media acetate levels may serve as good indicators of maximum
PHA production. PHA production appeared to maximize when cell growth reached late
exponential phase or early stationary phase. Maximum PHA corresponded well with the
point of acetate exhaustion. Both parameters are relatively inexpensive, quick, and easy
to monitor. These characteristics make optical density and media acetate concentration

potentially valuable tools for harvest point selection.

6.4 RECOMMENDATIONS FOR FUTURE WORK

6.4.1 Syngas Fermentation Facility

The following recommendations would provide enhanced capabilities to the
control program depending on future usage requirements and available time and funds to
work on the changes.

Currently, the system is not fully capable of monitoring gas cylinder usage. This
could be accomplished by adding pressure transducers to the high pressure side of the gas
cylinders. With this capability, warnings could be sent out before a cylinder is empty

which would avoid gas supply interruption.
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Future updates to the program could include streamlining the block diagram to
reduce clutter and unnecessary redundancy in the code. Also, the list of email/test

message commands could be expanded to include values for the fermentors.

6.4.2 Yeast Extract Replacement

Yeast extract may be acting as an additional source of available carbon and
nitrogen in the growth media. PHA is also an expensive ingredient, so increasing the
amount of yeast extract in the media will also increase the cost of the media. Future
investigations could replace yeast extract with a vitamin mixture to better control the

carbon to nitrogen ratio in the media.

6.4.3 Novel Carbon Source Investigation

Co-polymers of PHA can be customized by varying the carbon source fed to the
bacteria [166]. R. rubrum grown in RRNCO media currently uses acetate as a carbon
source. Acetic acid and other small carboxylic acids are found in the aqueous fraction of
bio-oil derived from fast pyrolysis. The aqueous phase of liquid bio-oil may serve as an
inexpensive source of carbon and could produce unique PHA co-polymers.

Another interesting idea would be to co-culture R. rubrum with an acetogenic
syngas organism such as Clostridium ljungdahlii. C. ljungdahlii produces ethanol and
acetic acid as products of syngas fermentation [167]. R. rubrum, which has tolerance to
exogenous ethanol, could reduce acetic acid concentration in the media by incorporating
it into PHA. Should the organisms not form a viable co-culture due to different pH
requirements, etc., the spent media from C. ljungdahllii could be fed to R. rubrum_after

ethanol extraction.
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6.4.4 Examination of Other Media Components

This thesis focused on the optimization of carbon and nitrogen sources in RRNCO
media. PHA production can be initiated by limited availability of nitrogen, phosphorus,
magnesium, sulfate, or oxygen (if aerobic) as well as conditions of excess carbon [107,
126-128]. Future studies could include examining other media components such as

biotin, phosphate, and 3-(N-morpholino)propanesulfonic acid (MOPS).

6.4.5 Measurement Uncertainty Improvement
A large contributing factor to the uncertainty of the PHA measurement and

derived calculations was due to the small sample volumes. Larger sample volumes

and/or higher precision analytical equipment could improve the measurement uncertainty.
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Hypovial Data: Ammonium Chloride Treatment

(* = calculation based on 2 samples)

Mean
NH,CI (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 1.251 0.457 0.039 8.6% 5.7 43 7.31 0.11
2.5 1.267 0.449 *0.057 *12.7% 6.0 4.0 7.36 0.16
5 1.347 0.464 *0.057 *12.3% 5.6 4.4 7.32 0.17
10 1.361 0.471 0.073 15.4% 6.2 3.8 7.31 0.21
25 1.520 0.523 0.085 16.3% 5.5 4.5 7.27 0.25
Standard Deviation
NH,CI (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.037 0.012 0.006 1.7% 0.2 0.2 0.08 0.02
2.5 0.030 0.004 *0.001 *0.3% 0.1 0.1 0.04 0.01
5 0.097 0.012 *0.007 *1.1% 0.5 0.5 0.02 0.02
10 0.040 0.025 0.004 1.3% 0.1 0.1 0.03 0.01
25 0.013 0.015 0.013 2.8% 0.2 0.2 0.02 0.04
Standard error
NH,CI (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.0214 0.0071 0.0037 1.0% 0.1 0.1 0.05 0.01
2.5 0.0170 0.0022 *0.0006 *0.2% 0.1 0.1 0.02 0.00
5 0.0563 0.0068 *0.0050 *0.8% 0.3 0.3 0.01 0.01
10 0.0234 0.0144 0.0021 0.7% 0.1 0.1 0.02 0.01
25 0.0077 0.0084 0.0077 1.6% 0.1 0.1 0.01 0.03
95% confidence interval (mean +/- values given below)
NH,CI (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.0921 0.0305 0.0160 4.14% 0.5 0.5 0.20 0.05
2.5 0.0733 0.0096 *0.0071 *2.77% 0.3 0.3 0.10 0.06
5 0.2421 0.0291 *0.0635 *9.75% 13 13 0.05 0.18
10 0.1005 0.0621 0.0089 3.20% 0.2 0.2 0.08 0.03
25 0.0333 0.0361 0.0329 7.00% 0.6 0.6 0.04 0.11
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Oneway Analysis of OD By NH4CI [mM]
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NH4CI [mi
M 0.05
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
* Alpha
3.29108 0.05
Abs(Dif)-LSD 25 10 5 25
25 -0.13992 0.01924 0.03258 0.11241
10 0.01924 -0.13992 -0.12659 -0.04676
5 0.03258 -0.12659 -0.13992 -0.06009
2.5 0.11241 -0.04676 -0.06009 -0.13992
0 0.12908 -0.03009 -0.04342 -0.12326

Positive values show pairs of means that are significantly different.

Level

25 A

10 B
5 B
25 B
0 B

Mean
1.5196667
1.3605000
1.3471667
1.2673333
1.2506667

Levels not connected by same letter are significantly different.

Level - Level
25 0

25 25

25 5

25 10

10 0

5 0

10 25

5 25

25 0

10 5

Difference
0.2690000
0.2523333
0.1725000
0.1591667
0.1098333
0.0965000
0.0931667
0.0798333
0.0166667
0.0133333

Lower CL
0.129076
0.112410
0.032576
0.019243
-0.030090
-0.043424
-0.046757
-0.060090
-0.123257
-0.126590

Upper CL Difference

0
0.12908
-0.03009
-0.04342
-0.12326
-0.13992
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0.3922570 [

0.3124237 [
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0.2364237 | I

0.2330904 [ I
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0 25 5 10 25 AllFays
NH4C! [mM] Tukey-Kramer
0.05
Missing Rows
2
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
*
3.45476
Abs(Dif)-LSD 25 10 5 25
25 -0.07800 -0.03800 -0.00720 0.00780
10 -0.03800 -0.07800 -0.04720 -0.03220
5 -0.00720 -0.04720 -0.09553 -0.08053
25 0.00780 -0.03220 -0.08053 -0.09553
0 0.06534 0.02534 -0.02387 -0.03887

Positive values show pairs of means that are significantly different.

Level
25

10

5

25

0

> > >
W W W

[eXeXe]

Mean
0.25000000
0.21000000
0.17000000
0.15500000
0.10666667

Levels not connected by same letter are significantly different.

Level - Level
25 0

10 0

25 25

25 5

5 0

10 25

25 0

25 10

10 5

5 25

Difference
0.1433333
0.1033333
0.0950000
0.0800000
0.0633333
0.0550000
0.0483333
0.0400000
0.0400000
0.0150000

Lower CL
0.065335
0.025335
0.007795
-0.007205
-0.023871
-0.032205
-0.038871
-0.037998
-0.047205
-0.080528

Upper CL Difference

0
0.06534
0.02534

-0.02387
-0.03887
-0.07800
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Hypovial Data: Yeast Extract Treatment

Mean
(Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
YE[g/L] Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 1.068 0.319 0.0885 27.7% 1.8 8.2 7.46 0.30
0.25 1.263 0.386 0.0919 23.8% 3.9 6.1 7.39 0.30
0.5 1.336 0.402 0.0778 19.3% 5.1 49 7.31 0.26
1 1.408 0.421 0.0663 15.7% 7.6 2.4 7.30 0.22
2 1.720 0.508 0.0937 18.4% 11.0 -1.0 7.22 0.32

Standard Deviation

(Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used

YE[g/L] Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.041 0.012 0.012 3.2% 1.5 1.5 0.01 0.04
2.5 0.030 0.013 0.011 2.2% 1.1 1.1 0.06 0.02
5 0.028 0.005 0.003 0.9% 1.5 1.5 0.02 0.01
10 0.041 0.028 0.009 1.4% 1.8 1.8 0.07 0.03
25 0.050 0.010 0.015 2.8% 2.8 2.8 0.02 0.05

Standard error

(Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used

YE[g/L] Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.0239 0.0068 0.0072 1.8% 0.8 0.8 0.01 0.02
2.5 0.0172 0.0073 0.0061 1.3% 0.6 0.6 0.04 0.01
5 0.0162 0.0029 0.0017 0.5% 0.8 0.8 0.01 0.00
10 0.0238 0.0160 0.0055 0.8% 1.0 1.0 0.04 0.01
25 0.0287 0.0059 0.0087 1.6% 1.6 1.6 0.01 0.03

95% confidence interval (mean +/- values given below)
(Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate

Acetate Used

YE[g/L] Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.1027 0.0291 0.0308 7.90% 3.6 3.6 0.03 0.11
2.5 0.0739 0.0313 0.0262 5.44% 2.7 2.7 0.16 0.05
5 0.0698 0.0126 0.0073 2.23% 3.6 3.6 0.05 0.02
10 0.1023 0.0689 0.0235 3.50% 4.4 4.4 0.17 0.06
25 0.1233 0.0253 0.0373 7.00% 7.0 7.0 0.04 0.12

4%



Oneway Analysis of OD By YE [g/L]
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YE[g/L] Tukey-Kramer
0.05
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
q* Alpha
3.29108 0.05

Abs(Dif)-LSD 2 1 0.5 0.25
2 -0.10438 0.20762 0.27979 0.35279
1 0.20762 -0.10438 -0.03221 0.04079
0.5 0.27979 -0.03221 -0.10438 -0.03138
0.25 0.35279 0.04079 -0.03138 -0.10438
0 0.54795 0.23595 0.16379 0.09079

Positive values show pairs of means that are significantly different.

Level Mean
2 A 1.7198333
1 B 1.4078333
0.5 B C 1.3356667
0.25 Cc 1.2626667
0 D 1.0675000

Levels not connected by same letter are significantly different.

Level - Level Difference
2 0 0.6523333
2 0.25 0.4571667
2 0.5 0.3841667
1 0 0.3403333
2 1 0.3120000
0.5 0 0.2681667
0.25 0 0.1951667
1 0.25 0.1451667
0.5 0.25 0.0730000

1 0.5 0.0721667

Lower CL
0.547955
0.352788
0.279788
0.235955
0.207621
0.163788
0.090788
0.040788
-0.031379
-0.032212

Upper CL Difference

0.54795
0.23595
0.16379
0.09079
-0.10438

0.7567119 [

0.5615453 [

0.4885453 [

0.4447119 [

0.4163786 |

0.3725453 | I

0.2995453 [ I

0.2495453 [

0.1773786 [ I
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Oneway Analysis of OD * (PHA mass/Dry cell mass) By YE [g/L]
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YE[g/L] Tukey-Kramer
0.05
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
q* Alpha
3.29108 0.05

Abs(Dif)-LSD 2 0.25 0 05
2 -0.08582 -0.07249 -0.06915 -0.03249
0.25 -0.07249 -0.08582 -0.08249 -0.04582
0 -0.06915 -0.08249 -0.08582 -0.04915
0.5 -0.03249 -0.04582 -0.04915 -0.08582
1 0.00418 -0.00915 -0.01249 -0.04915

Positive values show pairs of means that are significantly different.

Level Mean
2 A 0.31333333
0.25 A B 0.30000000
0 A B 0.29666667
0.5 A B 0.26000000
1 B 0.22333333

Levels not connected by same letter are significantly different.

Level - Level Difference Lower CL
2 1 0.0900000 0.004179
0.25 1 0.0766667 -0.009154
0 1 0.0733333 -0.012488
2 0.5 0.0533333 -0.032488
0.25 0.5 0.0400000 -0.045821
0 0.5 0.0366667 -0.049154
0.5 1 0.0366667 -0.049154
2 0 0.0166667 -0.069154
2 0.25 0.0133333 -0.072488

0.25 0 0.0033333 -0.082488

Upper CL Difference

1
0.00418
-0.00915
-0.01249
-0.04915
-0.08582

0.1758209 [ I

0.1624876 [ I

0.1591543 [ I

0.1391543 [ I

0.1258209 [ I
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0.1224876 [ I
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Hypovial Data: Sodium Acetate Treatment

(* = calculation based on 2 samples)

Mean
NaAct (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[MM]  Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 1.326 0.424 0.089 21.1% -0.1 0.1 7.31 0.28
2.5 1.660 0.511 0.129 25.1% -0.1 2.6 7.33 0.42
5 1.689 0.510 0.120 23.5% 14 3.6 7.33 0.40
10 1.520 0.457 *0.066 *14.4% 6.5 3.5 7.30 0.22
25 1.366 0.399 0.052 13.0% 19.5 5.5 7.31 0.18
Standard Deviation
NaAct (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODgg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.018 0.007 0.009 2.6% 0.0 0.0 0.00 0.03
2.5 0.038 0.007 0.009 1.4% 0.0 0.0 0.00 0.03
5 0.030 0.022 0.008 1.6% 0.0 0.0 0.02 0.02
10 0.009 0.010 *0.015 *2.8% 0.0 0.0 0.04 0.04
25 0.054 0.012 0.015 3.7% 0.1 0.1 0.07 0.05
Standard error
NaAct (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[mMM]  Final ODgg [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.0105 0.0040 0.0054 1.5% 0.0 0.0 0.00 0.02
2.5 0.0221 0.0040 0.0052 0.8% 0.0 0.0 0.00 0.02
5 0.0170 0.0126 0.0045 0.9% 0.0 0.0 0.01 0.01
10 0.0050 0.0058 *0.0106 *2.0% 0.0 0.0 0.02 0.03
25 0.0314 0.0068 0.0085 2.1% 0.0 0.0 0.04 0.03
95% confidence interval (mean +/- values given below)
NaAct (Dry cell mass)/ 1L (PHA mass)/ 1L PHA mass/ Dry cell mass Final Acetate Acetate Used
[MM]  Final ODg, [g/L] [g/L] [%] [mM] [mM] pH OD * (PHA mass/Dry cell mass)
0 0.0453 0.0172 0.0231 6.35% 0.0 0.0 0.00 0.08
2.5 0.0950 0.0172 0.0223 3.54% 0.0 0.0 0.00 0.08
5 0.0733 0.0543 0.0193 4.02% 0.1 0.1 0.05 0.06
10 0.0215 0.0248 *0.1341 *25.35% 0.1 0.1 0.09 0.40
25 0.1352 0.0291 0.0368 9.19% 0.2 0.2 0.17 0.12

GTT
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NaAct [mM] Tukey-Kramer
0.05
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
* Alpha
3.29108 0.05
Abs(Dif)-LSD 5 25 10 25
5 -0.09075 -0.06208 0.07825 0.23142
25 -0.06208 -0.09075 0.04959 0.20275
10 0.07825 0.04959 -0.09075 0.06242
25 0.23142 0.20275 0.06242 -0.09075
0 0.27225 0.24359 0.10325 -0.04991

Positive values show pairs of means that are significantly different.

Level

Mean
1.6885000
1.6598333
1.5195000
1.3663333
1.3255000

Levels not connected by same letter are significantly different.

Level - Level
5 0

25 0

5 25

25 25

10 0

5 10

10 25

25 10

25 0

Difference
0.3630000
0.3343333
0.3221667
0.2935000
0.1940000
0.1690000
0.1531667
0.1403333
0.0408333
0.0286667

Lower CL
0.272254
0.243587
0.231421
0.202754
0.103254
0.078254
0.062421
0.049587
-0.049913
-0.062079

Upper CL Difference

0.27225
0.24359
0.10325
-0.04991
-0.09075
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0.4129128 [ I

0.3842461 [ I

0.2847461 | I

0.2597461 | I

0.2439128 [ I

0.2310795 [ I I

0.1315795 [1 I

0.1194128 [ I
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Oneway Analysis of OD * (PHA mass/Dry cell mass) By NaAct [mM]
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NaAct [mV] Tukey-Kramer
0.05
Missing Rows
1
Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
3.36259
Abs(Dif)-LSD 25 5 0 10
25 -0.09969 -0.07969 0.03364 0.08520
5 -0.07969 -0.09969 0.01364 0.06520
0 0.03364 0.01364 -0.09969 -0.04813
10 0.08520 0.06520 -0.04813 -0.12210
25 0.14031 0.12031 0.00697 -0.06813

Positive values show pairs of means that are significantly different.

Level
25

5

0

10

25

A
A

Mean
0.41666667
0.39666667
0.28333333
0.22000000
0.17666667

Levels not connected by same letter are significantly different.

Level
25
5
25
5
25
5

0

0
10
25

- Level

25

Difference
0.2400000
0.2200000
0.1966667
0.1766667
0.1333333
0.1133333
0.1066667
0.0633333
0.0433333
0.0200000

Lower CL
0.140306
0.120306
0.085205
0.065205
0.033639
0.013639
0.006972

-0.048128

-0.068128

-0.079694

Upper CL Difference

25
0.14031
0.12031
0.00697

-0.06813
-0.09969

0.3396944 | I

0.3196944 | I

0.3081284 [ I

0.2881284 [ I

0.2330278 [ I

0.2130278 [ I

0.2063611 [ I

0.1747951 [T

0.1547951 [1 I

0.1196944 [ I
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APPENDIX II
Central Composite Design Raw Data (nr = not recorded)
Final
Standard NH4Cl YE NaAct O.D.Abs. DCM PHA PHA/DCM Acetate ODx
Order [mM] [g/L] [mM] 680nm [g/L] [g/L] [%] [mM] pH PHA/DCM

1 79 04 42 0.9 0393 0.063 16.10 -04 712 0.148
2 79 04 4.2 1.0 0.421 0.039 9.23 -0.4 7.13 0.089
3 295 04 4.2 0.9 0.393 0.072 18.36 -1.2  7.18 0.162
4 295 04 4.2 0.9 0.377 0.042 11.21 -1.3  7.18 0.097
5 79 16 42 1.6 0.673 0.084 12.54 -1.6 697 0.197
6 7.9 16 4.2 1.6 0.686 0.040 5.83 -20 6.98 0.093
7 295 16 4.2 14 0.588 0.059 10.02 -29 6,95 0.137
8 295 16 4.2 14 0.600 0.040 6.67 -3.0 6.92 0.095
9 79 04 158 0.8 0363 0.034 9.48 1.2 719 0.077
10 79 04 158 0.9 0.414 0.034 8.31 1.1 7.24 0.074
11 29.5 04 158 0.7 0.278 0.045 16.08 0.0 7.29 0.106
12 29.5 0.4 15.8 0.7 0.318 0.011 3.50 0.1 7.20 0.026
13 7.9 1.6 15.8 14 0.566 0.050 8.84 -0.3 7.08 0.119
14 7.9 16 15.8 14 0.586 0.054 9.30 -0.1  7.08 0.128
15 29.5 1.6 15.8 1.0 0.397 0.066 16.53 -26 7.13 0.167
16 29.5 16 15.8 1.1 0.466 0.040 8.59 -19 7.08 0.100
17 00 1.0 100 1.1 0.477 0.057 11.89 02 713 0.133
18 0.0 1.0 10.0 13 0.543 0.048 8.79 0.5 7.10 0.111
19 374 1.0 10.0 1.0 0.382 0.030 7.85 -1.8  7.12  0.078
20 374 1.0 10.0 1.0 0.392 0.014 3.68 -1.6  7.11 0.036
21 187 0.0 10.0 0.8 0.306 0.080 26.18 1.6 7.23  0.200
22 187 0.0 10.0 0.8 0.316 0.041 13.03 1.7 7.20 0.099
23 187 2.0 100 14 0.603 0.048 7.92 24  6.97 0.114
24 187 2.0 100 1.7 0.706 0.060 8.50 -19 6.94 0.147
25 187 1.0 0.0 1.3 0.544 0.066 12.04 -23 7.07 0.161
26 187 10 0.0 14 0.590 0.079 13.37 -20 7.08 0.193
27 187 1.0 200 1.0 0.416 0.030 7.30 -0.1  7.18 0.070
28 187 1.0 200 1.1 0.437 0.050 11.45 0.2 7.13 0.123
29 187 1.0 10.0 1.1  0.472 0.048 10.12 -0.5 7.10 0.108
30 18.7 1.0 10.0 1.1 0.504 0.011 2.20 -0.6  7.08 0.025
31 18.7 1.0 10.0 1.1 0.477 0.036 7.46 -0.8 7.14 0.083
32 18.7 1.0 100 1.0 0.467 0.041 8.81 -09 7.12 0.092
33 187 1.0 10.0 1.2 0.527 0.049 9.28 -0.5 7.04 0.112
34 187 1.0 10.0 1.2 0.482 0.016 3.23 -0.5 7.09 0.039
35 187 1.0 10.0 1.1 0.466 0.043 9.31 -0.8 7.09 0.105
36 187 1.0 100 1.2 0.468 nr nr -09 7.20 nr



Large Fermentor Data: Replicate A

(nr = not recorded)

Dry Cell Mass  Dry Cell Mass PHA PHA PHA/DCM PHA/DCM Acetate

Elapsed time oD [g/L] Uncertainty [%] [g/L] Uncertainty [%] [%] Uncertainty [%] [mM] pH
0:00 0.122 nr nr nr nr nr nr 2.5 nr
8:29 0.294 nr nr nr nr nr nr 3.8 nr
10:49 0.382 0.152 8% 0.009 73% 6.2% 74% 4.5 nr
20:42 0.428 0.153 2% 0.007 48% 4.3% 48% 5.0 nr
35:28 0.482 0.179 3% 0.010 35% 5.8% 35% 5.1 nr
45:45 0.584 nr nr nr nr nr nr 5.1 nr
59:42 0.764 0.309 2% 0.027 12% 8.6% 12% 4.9 nr
82:11 nr 0.390 3% 0.053 16% 13.7% 16% 34 nr
106:17 nr 0.552 2% 0.092 9% 16.6% 10% 2.3 nr
133:46 nr 0.658 2% 0.125 8% 19.0% 8% 0.2 nr
136:38 1.959 nr nr nr nr nr nr 0.0 nr
143:53 2.017 nr nr nr nr nr nr 0.0 nr
157:18 2.025 0.719 2% 0.133 5% 18.5% 5% 0.0 nr
182:19 2.227 0.752 2% 0.135 4% 18.0% 5% 0.0 nr
203:14 2.221 0.754 7% 0.133 21% 17.7% 22% 0.0 nr
226:39 2.132 0.816 8% 0.131 23% 16.0% 24% 0.0 nr
251:05 2.191 0.743 6% 0.099 24% 13.3% 25% 0.0 nr
276:39 2.237 0.785 7% 0.089 27% 11.4% 28% 0.0 nr

111 X1dAN3ddV

67T



Large Fermentor Data: Replicate B

(nr = not recorded)

Dry Cell Mass  Dry Cell Mass PHA PHA PHA/DCM PHA/DCM Acetate
Elapsed time oD [g/L] Uncertainty [%] [g/L] Uncertainty [%] [%] Uncertainty [%] [mM] pH

0:00 0.093 nr nr nr nr nr nr 1.9 6.84
23:25 0.315 0.107 5% 0.004 107% 3.4% 107% 5.0 6.90
47:55 0.273 0.098 7% 0.005 74% 5.6% 74% 5.8 6.81
71:50 nr 0.153 5% 0.011 46% 7.0% 46% 6.0 6.79
95:20 0.953 0.338 2% 0.029 22% 8.6% 22% 5.1 6.92
118:30 1.506 0.539 4% 0.086 6% 15.9% 7% 2.3 6.93
139:15 1.911 0.666 3% 0.118 7% 17.7% 7% 0.9 6.93
163:25 2.264 0.785 2% 0.139 7% 17.8% 7% 0.0 7.05
187:45 2.511 0.918 2% 0.140 6% 15.2% 6% 0.0 7.06
214:40 2.741 0.909 3% 0.120 6% 13.2% 7% 0.0 7.01
238:43 2.908 0.990 2% 0.096 9% 9.7% 9% 0.0 6.95
262:50 2.964 0.953 7% 0.098 27% 10.3% 28% 0.0 7.00
282:50 2.744 1.095 6% 0.076 28% 6.9% 28% 0.0 6.99
310:55 2.842 0.917 6% 0.040 66% 4.4% 67% 0.0 7.13

0cT



Large Fermentor Data: Replicate C

(nr = not recorded)

Dry Cell Mass  Dry Cell Mass PHA PHA PHA/DCM PHA/DCM Acetate
Elapsed time oD [g/L] Uncertainty [%] [g/L] Uncertainty [%] [%] Uncertainty [%] [mM] pH

0:00 0.092 nr nr nr nr nr nr 2.6 6.77
23:25 0.313 0.105 7% 0.005 97% 4.6% 98% 5.2 6.87
47:55 0.055 0.099 6% 0.004 123% 4.4% 123% 4.4 6.79
71:50 nr 0.161 3% 0.007 67% 4.2% 67% 4.2 6.77
95:20 0.889 0.312 5% 0.024 42% 7.5% 43% 5.5 6.97
118:30 1.312 0.467 3% 0.062 13% 13.2% 14% 3.5 6.94
139:15 1.665 0.605 3% 0.090 10% 14.9% 11% 2.5 6.92
163:25 2.135 0.711 2% 0.104 7% 14.6% 8% 0.5 7.03
187:45 2.294 0.812 2% 0.123 6% 15.2% 7% 0.0 7.03
214:40 2.639 0.857 2% 0.138 5% 16.1% 6% 0.0 6.98
238:44 2.857 0.955 2% 0.172 5% 18.0% 5% 0.0 6.98
262:47 3.025 0.886 8% 0.137 20% 15.4% 22% 0.0 6.99
282:50 2.749 1.074 5% 0.104 19% 9.7% 20% 0.0 6.98
310:55 2.840 0.915 6% 0.075 23% 8.2% 24% 0.0 7.10

1¢T
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APPENDIX IV

General Propagation of Uncertainty to a Result:
R'=R+uz (P%)

R = fi{x,, %y, ..., %}

Up = fZ{(B)xli (B)le ) (B)xL; (P)xli (P)xzi ) (P)xL}

Up = \/BRZ + (tvlgspR)z

Precision Index (propagation of precision through the variables):

R=result

R’= best estimate of true value
u = uncertainty

P= precision index

B= bias limit

0 = sensitivity index
t = t-statistic



Dry Cell Mass error analysis (dcm) [ag]:

dcm =dry cell mass [g]

x1= pre mass of centrifuge tube
Xo= post mass of centrifuge tube
Pi = precision error

Sxi = standard deviation

By = bias error

ei=instrument repeatability
e;=instrument linearity

123

dem = f(x1,%5) = x; — X3
dem' =dem + uge, (P%)
dem = f(Xy, %) =X, — X4

_ ddcm

X1

0x, x=x

B ddcm

X2

0x,

X=X

S
i T N1/2

Bxi = 4/ 812 + 822

Py

Piem = i\/[@xl(p)xl]z + [exz(P)xz]z

Byem = * \/ [exl(B)xl]z + [6y, (B)xz]z

2
Ugem = \/Bdcmz + (tv,95Pdcm)
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Dry Cell Mass error analysis (dcm,) [a/L]:

dcm, = volumetric dry cell mass [g/L]

Vs = sample volume [L]
res = resolution of graduated cylinder used for volume measurement

M 1000
Vs

dem, = f(dem,V,) =

dem,,’ = demy, + ugem, (P%)

pha

dem, = fi{dem,Vi} = - X 1000
S
0 4em = gdem, _ 1 x 1000
dem = adcm dem=dcm B s
0 — ddcm, _ —dcm « 1000
Vs aI/s VS=‘75 52
1
uy, = By, = Eres

Ugem, = i\/(edcm X Ugem) + (9Vs X uVs)
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PHA error analysis (pha) [ql:

pha = PHA mass [g]

y1= pre mass of culture tube
Y= post mass of culture tube
Pi = precision error

Sxi = standard deviation

Byi = bias error
ei=instrument repeatability
e;=instrument linearity

pha = f(y1,¥2) =y, — 0

pha’ = pha + upna (PY%)

W =f(}_’1'3_’2) =¥Y,—

_ Opha
v =
ol
dpha
93’2 = ;)
Y2 ly—y
S,
_ Yi
Pyl' T N1/2

Byi = 4/ 312 + 322

Pora = 1[0, P2, 1+ [0, P,

Bpha = i\/[ejﬁ (B)Y1]2 + [HJ’Z (B)J/z]z

2 2
upha = \/Bpha + (tv,95ppha)
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PHA error analysis (pha,) [a/L]:

pha, = volumetric PHA mass [g/L]
Vs = sample volume [L]
res = resolution of graduated cylinder used for volume measurement

pha
Vs

pha, = f(pha,V,) = x 1000

phav, = phav + uphav (P%)

_ pha
pha, = fi{pha,Vi} = X 1000
S
dpha, 1
ha = ——— = —x 1000
PRE " dpha oha=pia Vs
dpha —pha
o, =2l =P 1000
a‘/S VS=I7S S
uy, = By, = 2res

uphav = i\/(gpha X upha) + (QVS X uVs)
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%PHA (PHA,/DCM,) [%0]:

%PHA = PHA yield (dry cell mass basis) [%]

pha,

%PHA = f(pha,,dcm,) = Tom
v

x 100

%PHA, = %PHA iu%PHA (P%)

pha,
%PHA = f,{pha,,dcm,} = ==X 100
v
_ 0%PHA 100
phay aphav phav=ph—ay cmy,
0%PHA —pha,
demy = Aa = x 100
em ddcm,, dem,=dcmy, dcrnv2

UoppHA = i\/(ephav X upha,,) + (edcmv X udcm,,)
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