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Figure 3
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Figure 6
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1
FERMENTATION CONTROL FOR
OPTIMIZATION OF SYNGAS UTILIZATION

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 62/079,387 filed Nov. 13, 2014, herein
incorporated by reference in its entirety for all purposes.

STATEMENT REGARDING FEDERAL
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with U.S. Government support
under USDA/NIFA Grant No. 2009-34447-19951 and
USDA/NIFA Grant No. 2010-34447-20772 awarded by the
Department of Agriculture and under DOT Grant No.
DTOS59-07-G-00053 awarded by the Department of Trans-
portation. The Government has certain rights in this inven-
tion.

TECHNICAL FIELD

This disclosure relates to fermentation for the production
of useful products in general and, more specifically to
fermentation for utilization of syngas.

BACKGROUND

Conversion of syngas, which may contain a mixture of
hydrogen, carbon monoxide, carbon dioxide and other
gases, into useful chemicals and substances may be accom-
plished by fermentation of these gases by acetogenic bac-
teria. Pursuant to such a process, relative concentrations of
these gases within the liquid medium should be carefully
controlled and monitored to maximize production of the
desired end products, such as ethanol.

What is needed is a system and method for addressing the
above, and related issues.

SUMMARY

The invention of the present disclosure, in one aspect
thereof, comprises a method of syngas fermentation includ-
ing providing a continuously stirred tank reactor having a
gas inlet, a gas outlet, and a variable speed agitator, provid-
ing a liquid medium inside the continuously stirred tank
reactor, and providing an autotrophic acetogenic bacteria in
the medium. The method includes initiating fermentation of
a feed gas by supplying syngas comprising carbon monoxide
and hydrogen gases via the gas inlet at a first gas flow rate
while operating the agitator at a first speed and detecting a
concentration of hydrogen and a concentration of carbon
monoxide from the gas outlet. The method also includes
continuing fermentation while operating the agitator at a
second speed that is greater than the first speed when a
decrease in concentration of hydrogen and a decrease in
concentration of carbon monoxide is detected from the gas
outlet.

In some embodiments, the method includes further
increasing the agitator speed from the second speed. The
method may include reducing the gas flow rate upon detect-
ing an increase in concentration of hydrogen gas at the
outlet.

The invention of the present disclosure, in another aspect
thereof, comprises providing a fermentation reactor having
a gas inlet and a gas outlet and an energy input, providing a
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liquid medium inside the continuously stirred tank reactor,
providing an autotrophic acetogenic bacteria in the medium,
and providing a syngas into the gas inlet at a controlled rate.
The method includes determining a volumetric mass transfer
coefficient for carbon monoxide in the liquid medium and
determining a volumetric mass transfer coefficient for
hydrogen in the liquid medium. The method includes deter-
mining a volumetric mass transfer coefficient for carbon
dioxide in the liquid medium, and controlling the gas inlet
flow rate and the energy input to maximize uptake of
hydrogen into the medium relative to carbon dioxide and
carbon monoxide based on the determined volumetric mass
transfer coefficients for hydrogen, carbon monoxide, and
carbon dioxide, respectively.

In some embodiments, the volumetric mass transfer coef-
ficients are determined utilizing the equation:

(kL,GAS a]
_ Ldngas _\ Vi ) (Poasi = Paas) = (Paase = Plas)
Ve dr Heas 1

(pGasi — Péas) ]
(PGas.o = PGas)

where k; is a liquid film mass transfer coefficient, a is area
of the gas liquid interface, V; is a liquid volume into which
gas is transferred, H is Henry’s Law constant for gas dn/dt
is a molar rate of transfer of gas species, p is a partial
pressure of gas, p* is a partial pressure of dissolved gas by
Henry’s Law, i denoting inlet and o denoting outlet and gas
indicates corresponding to carbon dioxide, carbon monox-
ide, and hydrogen.

In some embodiments the autotrophic acetogenic bacteria
is Clostridium ragsdaleii, Clostridium acetobutylicum,
Clostridium beijerinckii, or Clostridium [jungdahlii. The
fermentation reactor may be a continuously stirred tank
reactor and the energy input may be an agitator. The fer-
mentation reactor might also be a packed column contactor
and the energy input comprise pumping the medium.

BRIEF DESCRIPTION OF THE DRAWINGS

These and further aspects of the invention are described in
detail in the following examples and accompanying draw-
ings.

FIG. 1 illustrates the Wood-Ljungdahl or Acetyl-CoA
pathway, after Phillips et al. (1994).

FIG. 2 illustrates a scale of fermentation according to the
present disclosure: (a) Macroscopic level, measurable
parameters and controlled inputs. (b) Intermediate level,
mass transfer. (¢) Microscopic level, in the bulk liquid and
inside the cell, separated by the cell membrane. Liquid flow
(L)in (L)) and out (L), gas flow (G), gas composition (mole
fraction CO, H,, CO,, N,), fermenter liquid volume (V;),
temperature (1), pressure (P), pH, oxidation reduction
potential (ORP), liquid concentrations (g/. ethanol (E),
acetic acid (A), cells (X)), gas phase partial pressure pCO,
pH,, pCO, (kPa), bulk liquid phase gas concentration as
partial pressure pCO*, pH,*, pCO,* (kPa), intracellular
pHic'

FIG. 3 provides a graph of the concentration ratio of
ethanol to free acetic acid predicted in fermentation of
syngas. (C.,/C,,),. ratio at intracellular redox potential for
pH,. of 4.5 (#), 4.75 (M), and 5.0 (A).

FIG. 4 provides a graph of volumetric mass transfer
coeflicients for CO, H, and CO, in CSTR fermentation of
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syngas SGIE7. Apparent k, /V; for CO (4), H, (l), CO,
(A), and predicted capacity for CO (—), H, (_ _), and CO,
(...

FIG. 5 provides a graph of gas conversions and agitation
in CSTR fermentation of syngas SGIE7. CO (4), —H, (W),
CO, (A) and agitation (@). Open symbols are data when
only a gas sample was taken.

FIG. 6 provides a graph of gas uptake in CSTR fermen-
tation of syngas SGIE7. CO (4), H, (W), CO, (A), CO+H,
(@), CO feed rate (—) and H, feed rate (_ _). Open symbols
are data when only a gas sample was taken.

FIG. 7 provides a graph of partial pressures of dissolved
CO, H, and CO, in CSTR fermentation of syngas SGIE7.
CO (#), H, (W) and CO, (A) Open symbols are data when
only a gas sample was taken.

FIG. 8 provides a graph of the ratio of H, uptake to CO
uptake versus dissolved CO in CSTR fermentation of syngas
SGIE7.

FIG. 9 provides a graph of cumulative uptake in CSTR
fermentation of syngas SGIE7. CO (), H, (M), COs+H,
(@).

FIG. 10 provides a graph of cells and products concen-
trations in CSTR fermentation of syngas SGIE7. Ethanol
(W), acetic acid (A), cells (#).

DETAILED DESCRIPTION

While this invention is susceptible of embodiment in
many different forms, there is shown in the drawings, and
will herein be described hereinafter in detail, some specific
embodiments of the instant invention. It should be under-
stood, however, that the present disclosure is to be consid-
ered an exemplification of the principles of the invention and
is not intended to limit the invention to the specific embodi-
ments or algorithms so described.

Autotrophic acetogenic bacteria, typically of the genus
Clostridium, can convert CO and H, to acetic acid, ethanol
and other useful industrial chemicals. CO and H, are the
major components in gas produced by combustion of bio-
mass and waste materials with less than stoichiometric O,,
often called synthesis gas, syngas or producer gas. Other
sources of CO and H, are waste gases from steel production
and similar processes. Acetogens derive energy and fix
carbon from CO and CO, via a series of elementary reac-
tions called the Wood-[jungdahl or Acetyl-CoA pathway
(Drake et al.,, 2008). The Wood-Ljungdahl pathway is
depicted in FIG. 1, and includes an extension showing the
reduction of acetic acid to ethanol (Phillips et al., 1994).

Products of syngas fermentation may include alcohols
which are easily stored, transported and used in engines and
chemical processes. Achieving high conservation of energy
in the CO and H, requires high conversion of both CO and
H, to recovered product. High specificity of product formed,
in some embodiments, ethanol, maximizes yield. High con-
centration of the desired product enhances recovery. Pro-
ductivity of a fermenter increases with high rates of gas
consumption, and the rate of product formation is propor-
tional. The optimized combination of these fermentation
goals can minimize operating expense and maximize prof-
itability of the process.

Systems and methods of the present disclosure may be
employed with a variety of fermenters—both experimental
and commercial or industrial in scale. In some embodiments,
and in those provided herein by way of example, a continu-
ously stirred tank reactor (CSTR), as is known in the art,
may be employed. It will be appreciated that the various
operational parameters as discussed herein should be con-
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trollable within the fermenter or fermentation process to take
full advantage of the present disclosure. The disclosure is
not limited to particular ways to implement the parameter
control, rather one of skill in the art might conceive of
numerous ways of providing adequate control within the
bounds of the present disclosure.

The fermentation process is the in vivo solution of the
mass transfer, stoichiometric, kinetic and thermodynamic
parameters extant in the fermenter. CO and H, are sparingly
soluble in the aqueous fermentation broth and must be
continuously transferred into a broth or medium containing
acetogenic single celled organisms (hereafter cells) to sup-
ply the cells for reaction. The capacity to absorb gas is
defined by the mass transfer parameters. The cells have a
limited capability to process absorbed gas; this capability is
defined by the kinetic parameters exhibited by the culture in
the chosen medium. Concentrations of the reactant gas
species, CO, H, and CO,, are thermodynamic quantities that
determine the electrochemical potential or oxidation reduc-
tion potential (ORP) inside the cells. The ORP can affect
proteins and metals in enzymes (Ragsdale, 2004), reduce the
activity of the cells and lower the rate of conversion of CO
and H, to ethanol product. The gas concentrations inside the
cell are set by the rates of enzymatic reactions of the
production pathway relative to the rates of gas supply. CO
and H, transferred into the cell in excess of the kinetic
capacity of the enzyme platform will accumulate up to
saturation of the aqueous environment inside the cell. This
accumulation of CO and H, at the enzymes in the cell
determines the rate of the series of reactions, accumulation
of intermediate metabolites, thermodynamic position of
each distinct reaction and slate of products formed.

Design and control decisions for operating syngas fer-
mentation may be determined considering a conceptual
model of the fermentation process as discussed in the
present disclosure. Mass transfer, stoichiometric, kinetic and
thermodynamic correlations for the fermentation processes
can be represented mathematically in a set of equations.
These equations represent the conceptual model of fermen-
tation derived from the known biochemical pathway and the
structure of the cells, and can be used to build a computa-
tional model of the fermentation. Such a model as disclosed
herein delivers an accurate assessment of fermentation con-
ditions that may be suitable for design of equipment, and for
incorporation in feedback control of gas supply and mass
transfer (such as agitation speed in a stirred reactor) to
maintain fermenter productivity at high conversions with
high selectivity for the desired product.

Pathway

Autotrophic acetogens produce acetic acid from CO, H,
and CO, via the Wood-I jungdahl pathway (Phillips et al.,
1994; Ragsdale, 2008) as shown in FIG. 1. CO and CO,
provide carbon, while CO and H, provide energy in the form
of'electrons (e) and protons (H*). A two-carbon compound,
acetyl-CoA, is formed from CO, reduced to methyl, com-
bined with CO and Coenzyme A. Acetyl-CoA is the source
for all cell materials formed in the chemoautotrophic growth
of'the bacteria. Most of the acetyl-CoA is converted to acetic
acid, recovering an ATP used to induce CO, into the reaction
sequence. The primary purpose of the Wood-I jungdahl
pathway in acetogens is energy conservation for growth
(Drake et al., 2008). Excess electrons can be used to reduce
acetic acid through acetaldehyde to ethanol as a store of
energy (Strobl et al., 1992; White et al., 1989). The reduction
of acetic acid to ethanol is reversible, so that the acetogens
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can obtain energy for growth or maintenance from oxidation
of ethanol to acetic acid (Adams, 2010). The reduction of
acetic acid to ethanol represents a redox couple that can be
exploited for energy storage and acts as a redox buffer.

Thermodynamics

The Wood-Ijungdahl pathway is an ordered set of chemi-
cal reactions occurring in sequence to produce acetyl-CoA,
acetic acid and ethanol from CO,, CO and H,. Each reaction
is mediated by an enzyme that catalyzes the reaction and
proceeds in the direction of favored thermodynamics, for
which the Gibbs free energy change (AG) is less than zero.
Thermodynamics of biological reactions are addressed in
biochemistry texts (Lehninger, 1982; Nicholls and Fergu-
son, 2002); these treatments state the criteria for a reaction
to proceed, AG<0, and for thermodynamic equilibrium,
AG=0, and the dependence of AG on concentration of
reactants and products through the mass action ratio (Nich-
olls and Ferguson, 2002). The effect of pH on AG is not
discussed extensively, although Lehninger (1982) notes,
“Biochemical reactions take place near pH 7.0 and often
involve H*,” to introduce the standard free energy at pH 7.0,
AG®'. The dependence of AG on pH and the application in
redox reactions in the cell are discussed in Cramer and Knaff
(1991). Cramer and Knaff (1991) emphasize the division of
the intracellular space where the enzymes reside from the
bulk liquid in fermentation. Measurements like pH and
oxidation-reduction potential (ORP) are taken in the bulk
liquid rather than inside the cell. Thermodynamic data for
reactions and compounds of interest in biological systems
are available in the appendix of Thauer et al. (1977), and this
data can be used to define the thermodynamic position of the
reactions of the Wood-I jungdahl pathway.

Boghigian et al. (2010) used a computer algorithm to
identify feasible pathways directed to chosen fermentation
products as a guide for genetic design of Escherichia coli.
The algorithm uses a group contribution method to compute
the Gibbs free energy of formation (AG,”) for intermediate
metabolites, assess thermodynamic feasibility of the path-
way from the overall free energy change and identify
strongly unfavorable individual reactions. The method can
be used to select pathways favoring growth or product
formation.

A review of modeling techniques used to identify feasible
pathways for genetic design is given by Medema et al.
(2012). Many of these models use thermodynamic analysis
and assembly of individual reactions forming a pathway to
suggest plausible sequences from substrate to product.

Group contribution methods are also used to assess ther-
modynamics from free energy of formation in Henry et al.
(2007), and the thermodynamic potential from reactions at
pH 7.0 are used to define the range of concentrations of
intermediate metabolites that support mass flux through
identified pathways. Generally these models are designed to
loosely define potentially feasible paths from substrate con-
verted to products and identify particular reactions that can
be down regulated by genetic modification. Thermodynam-
ics have been examined for syngas fermentation (Hu et al.,
2011) using transformed thermodynamics, and it was con-
cluded that CO was always preferred over H, as a substrate
for fermentation. CO inhibition of hydrogenase or thermo-
dynamic disfavor was suggested as reason for low and
delayed uptake of H, in syngas fermentation. These ther-
modynamic calculations assumed bulk liquid concentration
saturated from the gas phase partial pressures of H,, CO and
CO,. Acetogenic fermentation of gas containing both CO
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and H, can exhibit periods of exclusive CO uptake, but
typically, CO and H, are consumed together (Phillips et al.,
1993).

Mass Transfer

CO and H, are absorbed into liquid fermentation medium
and into the cells by gas to liquid mass transfer. Mass
transfer has been studied for syngas in various fermenters
(Klasson et al., 1992; Munasinghe and Khanal, 2010; Vega
et al., 1989) with the purpose of providing more mass
transfer to achieve higher productivity. However, a transi-
tion from a kinetic limit, to a mass transfer limit, and return
to kinetic limitation was shown for fermentation in batch
bottles for which mass transfer capacity is expected to be
constant (Phillips et al., 2011).

Vega et al. (1989) modeled mass transfer of CO into
fermentation using Peptostreptococcus productus to pro-
duce acetate and estimated CO conversion and uptake as a
function of feed gas flow and k; ,,a/V;. In the model,
mixed flow of the gas phase using the effluent composition
to define k; ~,a/V; was assumed. This makes k; ~-a/V,
independent of gas flow, so k; ~,a/V; changes only with
agitation. This model was linked to the kinetic capability of
a generic culture to consume a single substrate through a
Monod model for CO as substrate (Klasson et al., 1992). It
was asserted that the mass transfer will match the kinetic rate
in either mass transfer limitation or under kinetic limitation.
Klasson et al. (1992a) stated that optimum design and
operation will balance the rate of substrate supply and the
capacity of the culture to convert the delivered gas.

Mass transfer in a continuously stirred tank reactor
(CSTR) is addressed by Bakker et al. (1994) and prediction
of k; ~,a/V,, into water is based on the geometry of the
fermenter, the power input and the gas flow through the
liquid. The general method is useful in that mass transfer can
be scaled approximately for similar geometry in the CSTR,
and the form matches correlations reviewed in Garcia-
Ochoa and Gomez (2009), as in Equation 1.

®

() - 12
Vi ), Vi J1\Np Gy

Where N is the agitation speed (rpm), and G is the gas
flow (ml/min, actual), and states 1 and 2 represent different
conditions of agitation and gas flow. The exponents are
reported to range from 0.5 to 3 for a with typical value of
1.8, and $0.3 to 0.8 for with a typical value of 0.6 (Garcia-
Ochoa and Gomez, 2009). The correlation by Bakker et al.
(1994) implies that the appropriate model for gas flow in the
CSTR is plug flow, wherein fresh gas enters the liquid
volume and the concentration of substrate gas is depleted
before the bubble of spent gas leaves the liquid. The mass
transfer is defined by the agitation and the volumetric gas
flow rate through the liquid. The mass transfer model must
appropriately represent the contact of gas and liquid in the
fermenter under consideration.

Fermentation Control

The production of reduced products in the acetone-buta-
nol-ethanol fermentation is affected by nutrient limitation of
Clostridium acetobutylicum or C. beijerinckii, particularly
limitation of nitrogen or phosphate (Rogers, 2006). This is
described as an acidogenic growth phase that produces
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acetic and butyric acids, followed by a solventogenic sta-
tionary phase in which solvents are produced and the acids
are consumed.

The expectation of acidogenesis followed by stationary
phase solventogenesis has been popular in describing pro-
duction of ethanol from synthesis gas by C. ljungdahlii and
other related species (Kundiyana et al., 2011; Liu et al.,
2012; Maddipati et al., 2011; Ramachandriya et al., 2010;
Tracy et al.,, 2012). The shift to ethanol production was
induced by omission of yeast extract and accompanied
slower growth in the defined medium to achieve concentra-
tions of more than 20 g/L. in continuous culture (Phillips et
al.,, 1993). The manipulation of medium composition to
establish metabolic control is the basis of development to
commercial production of ethanol via synthesis gas fermen-
tation (Gaddy, 2007). This control is grounded in the reac-
tions of the Wood-I jungdahl pathway (Phillips et al., 1994)
and distributes electrons derived from CO and H, toward
formation of the reduced product ethanol. The basis of this
distribution and control of fermentation is, as yet, poorly
defined.

Integration of the conceptual model of syngas fermenta-
tion, thermodynamic and mass transfer analyses, and meta-
bolic control derived from the biological pathway in an
overall description of the fermentation process will enhance
the analysis and process performance, allow more effective
planning of experiments and provide a vehicle for feedback
of the knowledge derived to provide a more perfect model
of the syngas fermentation.

The present disclosure provides, among other informa-
tion, mathematical equations for mass balance, mass transfer
and thermodynamics that form a foundation of a computer
model of syngas fermentation. The calculations can be
applied in syngas fermentations and model predictions com-
pared with experimental results.

Conceptual Model Development

A mathematical model can be used to analyze fermenta-
tion data or to predict the performance of planned fermen-
tation. Analysis uses input from measurements of perfor-
mance and derived parameter values to develop correlations
of culture performance. Predictions are made with assumed
input data to specify fermentation performance. Typical
input data to the model includes the rate and composition of
feed gas, and required or observed conversion of CO and H,,
production of CO,, ethanol and acetic acid.

The conceptual fermentation model is based on conver-
sion of CO and H, to acetic acid and ethanol that is effected
at a molecular scale inside the cells. However, measure-
ments are taken (these according to methods known in the
art) and control functions are exercised at the macroscopic
scale of the fermenter. Macroscopic, intermediate and
microscopic conceptual views of the fermentation are
depicted in FIG. 2, showing the parameters that are effective
within each view. Equipment and methods, such as agitation
speed in a CSTR, packing design in column reactors, and
control of pH, flows, and pressures must be used at the
macroscopic level to direct the reactions that occur in the
microscopic scale. The conceptual and mathematical models
of the fermentation according to the present disclosure must
relate the control actions to the biochemical reactions inside
the cell where the results are determined.

Macroscopic Scale

Measurements and control parameters are generally avail-
able at the macroscopic level of the fermentation. The flows
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and compositions of the inlet and effluent streams are known
and determined to achieve targeted rates of product forma-
tion and conversion of CO and H,. The medium provides the
components for assembly of the platform of enzymes. Min-
erals and metals that set the active sites of enzymes and
cofactors, and essential vitamins that are not synthesized by
the culture are provided in this nutrient stream. The design
of the nutrient medium affords control of the operating
concentration of cells, denoted as X in FIG. 2. Cell retention
can increase the concentration of cells in the fermenter;
however, to be productive, the cells must retain activity in
conversion of CO and H, to ethanol. Carbon and hydrogen
in the carbohydrate and protein structure of the cells that
contain the enzymes are taken from CO and H, in the feed
gas. The CO and H, contain the energy that is to be captured
in the ethanol product. The effluent gas is the residue of the
feed gas. The difference in CO and H, content of the inlet
and effluent gas streams reflects the conservation of energy
to products. The liquid product stream contains the output of
the fermentation, the preferred product is ethanol that can be
recovered.

Wastes that must be processed include a purge of cells,
acetate buffer and unrecovered ethanol that are discarded in
wastewater. The fermenter system contains the liquid vol-
ume, retains the inventory of active cells, receives CO and
H, absorbed from the gas, and accumulates liquid products,
ethanol and acetic acid. Physical parameters that define the
fermentation like pH, temperature, pressure and ORP are
measured and controlled in the macroscopic environment
(FIG. 2a).

Mass transfer moves CO and H, into the liquid volume to
supply reactions, and is effected by macroscopic design and
control. Mass transfer is promoted by applied power in the
form of agitation for gas dispersion in the CSTR or pumping
of the liquid in packed column contactors, and gas com-
pression for sparging or membrane transfer. These imple-
ments may be referred to an input power to a fermentation
reactor or system. Assessment of performance from rates of
change of gas and product compositions, and control of
parameters affecting the fermenter performance are con-
ducted at the macroscopic scale of the fermentation.

Intermediate Scale

Mass transfer of CO, H, and CO, in the intermediate view
of fermentation provides a bridge between the macroscopic
environment of observation and control, and the molecular
environment of reaction in FIG. 2b. CO and H, are absorbed
and CO, is removed through a stagnant liquid film between
the gas and the well mixed bulk liquid. Transfer of CO or H,
is driven by concentration difference across this film at a rate
that matches the consumption in the cells. CO and H,
accumulate in the bulk liquid to a concentration that sup-
ports the rate of reaction inside the cells, and the rate of
transfer slows to match the reaction rate. Accumulated CO
and H, can slow fermentation reactions through inhibition of
crucial enzymes. The balanced rates of mass transfer and
reaction set the dissolved concentrations of the gases and
determine the products that are formed.

Microscopic Scale

Conversion of CO and H, to acetic acid, ethanol and
celass is conducted on a platform of enzymes contained in
the cells (FIG. 2¢). The cell membrane separates the cyto-
plasm from the bulk liquid fermentation broth, and the
enzymes are either suspended in the cytoplasm or associated
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with or embedded in the membrane. Intracellular conditions
of pH, ORP, and chemical composition are related to the
bulk liquid by diffusion and membrane transport, and can
differ in significant ways that are essential to cell function
(Cramer and Knaff, 1990; Nicholls and Ferguson, 2002).
The concentrations of dissolved CO, H, and CO, inside the
cells are nearly the same (within 5% difference) as the bulk
liquid, since transfer of gas into the cells occurs along a short
mass transfer path through a very thin membrane (6 to 9 nm
thick) with a large total surface area. The observed rates of
consumption of gas and formation of products in the defined
stoichiometry of the production pathway reveal the mass
flux of carbon, protons and electrons through the pathway
reactions. The dissolved gas concentrations set the thermo-
dynamics of reactions, determine the kinetic rates, and also
set the concentrations of intermediate metabolites. The fer-
mentation happens in this intracellular environment, and the
mass flux through the biological pathways can be quantified
and controlled to achieve targeted results on the macro-
scopic scale as shown by the present disclosure.

Mathematical Model Development
Mass Transfer and Dissolved Gas Concentrations

Since the fermentation reactions occur inside the cell, and
rates and thermodynamics are dependent on the concentra-
tions of reactants, starting with CO and H,, the intracellular
conditions must be determined for use in model calculations.
The first step in the model development is to define the
capacity for mass transfer of CO, H,, and CO,, and estimate
the concentrations of these gas species in bulk liquid and in
the cell.

CO and H, are sparingly soluble in water and their
solubility depends on the partial pressure of the individual
species according to Henry’s Law. For CO, as an example.

CecoVeol 7Hco 2)

Where C,, is the liquid phase concentration of CO, y,_,, is
the gas phase mol fraction of CO, P is the total pressure and
H,, is the Henry’s Law constant for CO. The Henry’s Law
constants for CO, H, and CO, at 37° C. are given in Table
1. Saturated concentration of either CO or H, in water under
100 kPa of pure gas will be less than 10~ mol/L. CO and H,
must be continuously replenished in the liquid medium to
support active fermentation. The lowest concentrations of
CO and H, are inside the cell where the enzymes that
catalyze oxidation reside. CO,, in contrast, is produced in
fermentation that consumes CO. CO, is transferred from
inside the cell through the liquid phase to the gas phase. The
concentration of CO, will be highest inside the cell.

TABLE 1

Henry’s Law constants and diffusivities
for gases in water at 37° C.%

H D;

Gas (kPa L/mol) (m’/s)

O 121561 2.50 x 107°
H, 140262 6.24 x 107°
CO, 4240 2.69 x 107°
0, 101300 3.25 x 107°

“After (Hougen et al., 1954)

The rate of mass transfer of substrate gas from the bulk
gas through the gas-liquid interface and the bulk liquid into
the cell can be described by film theory (Bird et al., 2002).

10

15

20

25

30

35

40

45

50

55

60

65

10

Diffusion of gas components within the bulk gas is very fast
relative to the consumption rate and the concentration of
each species is uniform throughout the gas phase. The
concentration of each species in the liquid at the interface is
at equilibrium with the bulk gas partial pressure as predicted
by Henry’s Law (Equation 2). The liquid at the interface is
part of a stagnant film of fluid through which dissolved gas
must transfer by diffusion to the bulk liquid. Diffusion is
driven by concentration difference and is dependent on the
gas diffusivity through water and the thickness of the stag-
nant film. Outside the liquid film, the liquid is assumed to be
mobile and turbulent (Charpentier, 1981), and gas transfer
within the bulk liquid is by bulk flow at rates far exceeding
diffusion. The bulk liquid is assumed to be well mixed and
homogeneous. Gas is transferred into the cell by a diffusion
process through the cell membrane, which is 6 to 9 nm thick.
C. ragsdalei cells are typically 0.5 um diameter by 3 pm, and
even at low cell density (0.02 g cells/L), there are more than
10*" cells/L of bulk liquid. The surface area of these cells
will exceed the area of the gas-liquid interface by 2 to 3
orders of magnitude in a typical fermentation. Gas-to-liquid
mass transfer rate is controlled by diffusion through the film
of stagnant liquid at the gas-liquid interface. The rate of
molar gas transfer is proportional to the difference in con-
centration from the surface of the liquid to the bulk liquid.

The partial pressure of each component in the gas phase
is the product of its mole fraction and the total pressure, for
CO

3

And the liquid film mass transfer is represented by
Equation 4.

Peo=Veol T

krcoa “)
_ Ldnco _kico a(c* eeop) = VL (o — P
v, @ v, co —Cco,L) = Heo Pco — Pco

Where c.,* is concentration of CO at the interface
surface in equilibrium by Henry’s Law and ¢, ; is concen-
tration in the bulk liquid, p.,* is the CO partial pressure
(kPa) in equilibrium by Henry’s Law with the concentration
of CO dissolved in the bulk liquid and p, is partial pressure
in the gas bubble, H, is the Henry’s Law constant for CO
(kPa L/mol) and V; is the volume (L) of liquid into which
gas is transferred. The molar rate of transfer is —dn./dt
(mol CO/h) where the negative sign denotes consumption
from n,, moles of CO in the bulk gas. The constant of
proportionality is (k; - a/V;) and is the overall liquid film
mass transfer coefficient for CO with units of reciprocal time
(h™). a is the area (m?) of the gas/liquid interface. The term
k; co is the liquid film mass transfer coefficient for CO
(L/m* h). k; ., includes effects of turbulence in the liquid,
hydrodynamic conditions like viscosity that affect film
thickness, and the effect of diffusivity in the aqueous phase.

In a CSTR, fresh gas enters as a bubble and is suspended
in the liquid while CO and H, are removed by mass transfer
to the cells. The bubble depleted of CO and H, leaves the
liquid into the headspace of the fermenter. The difference of
CO concentration between the bubble surface and the bulk
liquid falls as CO is consumed from the gas bubble. Overall
in the CSTR, the effective concentration difference is best
represented with a plug flow model and calculated as the
logarithmic mean of the concentration difference between
the inlet gas and the bulk liquid, and the concentration
difference between the effluent gas and the bulk liquid.
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(kL,CO a) (5)
_Ldnco _\ Vv, ) (pcoi = pco) = (Pcoo = Pro)
V., d = Heo (Pco,i — Pto)
(Pco,e — Peo)

Similar equations can be written to describe mass transfer
for H, and CO,.

When the diffusion of CO through the liquid film is slow
the concentration of CO in the bulk liquid is depleted by
reaction. The concentration difference across the liquid film
is at a maximum, and the overall process of gas consumption
is mass transfer limited. The concentration of CO in the bulk
liquid approaches zero and

P* om0

Q)

CO inhibits the enzyme hydrogenase severely at dissolved
pressures greater than about 2x10~> kPa, and 50% inhibition
is reported at 8.5x107* kPa (Ragsdale and Ljungdahl, 1984).
Since 2x1072 kPa is negligible when subtracted from the 1
kPa of CO measured in residual syngas at high conversion,
the uptake of H, is a sensitive indicator that CO is mass
transfer limited. In the case where H, and CO are converted
simultaneously, CO mass transfer can be calculated, with
confidence, assuming zero concentration in the bulk liquid.
The mass transfer capability for CO can be quantified as
k; co a/V;. The mass transfer in the CSTR is calculated
according to Equation 5, which is solved for k; ., a/V, with
Pco™=0 to obtain Equation 7.

n( pco,i ] M
(kL,CO a) __Heo dnco \pcoo
VL Vo dt pcoi—Pcoo

Where p,, is the partial pressure of CO in the inlet gas
and peo,, is the CO partial pressure in the effluent gas. The
interfacial area per liquid volume, a/V,, is the same for the
different gas species, and k; 5, k; o and k; o, differ only
by the ratio of the square root of their diffusivities in water.
Values of k; ,,, a/V, and k; ., a/V; can be predicted from
k; co» @'V, with confidence using Equation 8.

_ | Dcow (kL,Hza]_ Dco,w (kL,Coza) ®
Dmzw \ Vi Dcoa,w Vi

Where Do s Dys - and Do, - are the diffusivities of
CO, H, and CO, in water at fermentation temperature,
typically 37° C. as given in Table 1.

The partial pressures of dissolved H, and CO,, py,* and
Pcos™, can be determined from the gas phase partial pres-
sure, the uptake of H, and CO, and k; -, a/V obtained for
mass transfer limited CO. The value of k; ., a/V, is found
from Equation 7, which assumes P.,*=0. Using D¢ p»
Dy s and Degs ppr to find k; 5 a/Vy and k; o2 a/Vy,
Equation 5 can be written for H, and solved explicitly for
Pz as in Equation 9; and again writing Equation 5 for CO,,
the explicit solution for pCO,* is Equation 10. No assump-
tion of mass transfer limitation is made for H,, or CO, in
Equations 9 and 10; however, CO is assumed limited to
define the mass transfer coeflicients from the experimental
data.

kL,CO a
Vi
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®

(kL,Hza)
Ve ) (PH2i — PH2o)
Hyp 1 dnm
(%)

PH2,i — PH2,0€Xp

kL,Hza)

Ve ) (pH2i — PH2o)

HH2 ( 1 dnHZ)
Vi ar

Pz = (

1 —exp

krcoxa ] (10)
Vi ) (pcozi = Pcozo)

Hcon (_ 1 dﬂcoz]

Pco2,i — Pco2,0CXp

* \73 dr
Pco2 = Kicoza
1—exp ( Vi ] (Pcozi = Pcozo)
Hcor 1 dncoa
(_ VL odr ]

The parameters in Equations 9 and 10 are as defined
above for CO, with dn,,/dt and dn_,/dt being the uptake
rates of H, and CO, from the experimental data.

Water gas shift reaction and poo_*

CO and H, are typically consumed simultaneously and
electrons pass from both hydrogenase and CO dehydroge-
nase to ferredoxin and are distributed to other carriers inside
the cell. Electron flow is toward ferredoxin from CO and H,,
and the water gas shift reaction (Equation 11) that relates
concentrations of CO, H, and CO, is in thermodynamic
equilibrium inside the cell.

CO+HL,0=>CO»+H, 1)

The Gibbs free energy change for the water gas shift
reaction can be calculated as in Equation 12 with AG,=0, and
for the reaction in Equation 11, AG,°=-19.93 kJ/mol, which
was calculated using AGfO from Thauer et al. (1977).

- 1
AG,:AG‘;+RT1n(pCLf’“]=0 12
Pco

The equilibrium mass action ratio (Nicholls and Fergu-
son, 2002) for the water gas shift reaction can be calculated
from Equation 12, and p,* can be calculated with p,,* and
Pco.™ from Equations 9 and 10. The units in Equation 13 are
converted, from the standard state of 1 atm H,, to kPa (101.3
kPa/atm) and for 37° C.

a3

19.93

peorriis _ (4] _(1999)
PeorPr _ \"rr") _ 1oy aplwoomtanton) — 230,100 kPa

x
Pco

The calculated value of p.*, less than 1072 kPa, can be
used to check the validity of the assumption of CO mass
transfer limitation (i.e., poo*=0).

This estimation of dissolved gas pressures is only valid
when both CO and H, are consumed. Hydrogenase is 50%
inhibited by 7x107° mol/L CO (p,*=8.5x10~* kPa) (Rags-
dale and Ljungdahl, 1984), and there are large potential
errors (orders of magnitude) in the calculation of p-,* since
activity of hydrogenase will be diminished until CO con-
centration in the cell is less than 7x10™° mol/L. Since
accumulated CO will inhibit hydrogenase and slow the
oxidation of H,, the effective pressure of H, seen by ferre-
doxin will be lower (10% or less) than the estimated partial
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pressure of H, delivered to the hydrogenase. Since the
calculated p,*is proportional to p,,*, the dissolved pres-
sures calculated from Equations 9 through 13 can be higher
than p-o* and p.,™ operating to reduce ferredoxin in the
cell reactions. However, p-o*and p.,* calculated from
Equations 9 through 13 are useful as the best available
approximation of the thermodynamic condition inside the
cell, and are reasonable parameters to characterize reaction
kinetics.

Electrochemistry

Many reactions in the Wood-L jungdahl pathway are oxi-
dation-reduction reactions, in which electrons are trans-
ferred from one molecule to another; the electron donor is
oxidized, and the electron acceptor is reduced. The water gas
shift reaction in Equation 11 provides an example; CO is
oxidized to CO, and H* is reduced to H,. This can be
understood as oxidation of CO coupled with reduction of H*
by writing the half-reactions for CO oxidation, Equation 14,

CO+HL,0<>CO,+2H +2e™ 14)

and for H" reduction, Equation 15.

2H*12e"<H, as)

These half-reactions sum to the overall water gas shift
reaction (Equation 11), and CO is shown to donate two €~ to
produce H,. This reaction is reversible, and H, can be
oxidized to produce CO from CO,. Reaction will proceed in
the direction for which AG,<0. The reaction will be in
equilibrium when AG,=0.

The reduced and oxidized forms of a chemical comprise
a redox couple, for example H,/H" and CO/CO,. The
oxidized form will accept electrons (and sometimes H*) to
become the reduced form. When the half-reaction is set at
the standard condition of 1.0 mol/L. reactants and products,
the redox couple will exhibit a characteristic tendency or
potential to donate electrons. This potential, measured in
volts, with equal concentrations of the oxidized and reduced
forms, is the midpoint potential. This is E° at pH 0. E° for a
half-cell reaction can be calculated from AG,° as in Equation
16 (Nicholls and Ferguson, 2002; Thauer et al., 1977).

E°=-AGn F (16)

Where n, is the number of electrons transferred and F
(0.0965 kJ/mV mol e7) is the Faraday constant. Note that
this potential is a characteristic of the half-cell reaction, not
a differential. The Gibbs free energy change for a half-cell
reaction, AG,, changes with concentrations of products and
reactants. The electrochemical potential of the half-cell also
changes. The potential (E) is given by the Nernst Equation
(Bailey and Ollis, 1986; Nicholls and Ferguson, 2002).

AG, 17

nF

RT RT
E? - ng_Fln(l_[ C(Produm)/l_[ Cleacians)) + 2'302ng_FAmeH

The notation (IIC,,,,, 4,/ TIC . oranss) TE€Presents the mass
action ratio for the reaction (Nicholls and Ferguson, 2002),
and Am,, is the number of protons produced in the reaction.
E is the potential of the redox couple to donate electrons
under the actual conditions, and each redox couple will
exhibit its characteristic potential under those conditions. A
redox couple with lower (more negative) potential will
donate electrons (be oxidized) to couples of higher potential.
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Two half-cell reactions are combined, an oxidation with a
reduction, in a balanced reaction, as shown above for the
water gas shift reaction where Equations 14 and 15 are
combined in Equation 11. When the reaction reaches equi-
librium, AG,=0 and both redox couples are at the same
potential E (or AE,=0).

When mass transfer is rate limiting, the transfer of gas to
the cell is the slowest process in the fermentation, and all
reaction steps in the production pathway are fast relative to
the rate of gas supply. Under mass transfer limitation, the
reactions of the production pathway approach thermody-
namic equilibrium, and all electrochemical half-cell reac-
tions inside the cell are set at the same potential, E,,,. The
assumption of thermodynamic equilibrium at one intracel-
Iular potential sets a boundary condition that defines the
thermodynamic state of the pathway reactions. The
approach of the reactions to this ideal thermodynamic state
provides a reasonable and convenient method to describe the
reaction set for study and modeling of syngas fermentation.

The potential of the oxidation reduction reactions of the
pathway can be estimated by Equation 17 with E° calculated
from Equation 16. Then Equation 17 can be rearranged to
calculate the mass action ratio as in Equation 18.

(18)

(1_[ Coproducts) | 1_[ CReactants)) =

AG?  nFE
exp |- -

RT RT

+2.302 Amy pH

Ratios of products for selected half-cell reactions from the
Wood-Ljungdahl pathway are presented in Table 2. Note
that the ratios of products to reactants are ratios of concen-
trations or partial pressures, except for the partial pressure of
H,. The half-cells are typically two electron reductions,
n,=2, and that most reductions consume two protons,
Amg=-2, except NADH/NAD" and Fd,/Fd, consume one
proton and no protons respectively. The values of AG™ and
E® are calculated at pH 7.0 and match values given by
Thauer et al. (1977).

TABLE 2

Selected Half Cell Reactions of the Wood-Ljungdahl Pathway.

AG,” AG,”
Half Cell (ki/ E° &/ E” IL,.4
Reduction mol) (mV) n, Amgyz mol) (mV) I,
2H" + 267 < Hy, 0 0 2 -2 7990 -414 p;p
CO, + 2H" + 20.03 -104 2 -2 9993 -518 prof
2e” <» CO, + Hy0 Pcon
CH;CHO + 2H" + -41.85 217 2 -2 3805 -197 Cg/
2e” < CH;CH,OH Cuua
CH,COOH + 2H" +  -7.67 40 2 -2 7223 -374 Cu/
2e” < CH3CHO + Crry
H,0
NAD* + H" + 21.80 -113 2 -1 6175 -320 Cyupx'
2e” <> NADH Crups
Fdp, + 2e” <> Fdgy 81.05 -420 2 0 81.05 -420 Cgy/
Crao

The electrochemical couples are defined by the mass
action ratio of products to reactants in the half cells at given
pH; the CO/CO, half-cell is defined by p.,*/pro,*, but the
H, half-cell is defined by p.,* alone. The calculated p,,,*
defines potential at given pH and is the best measure of the
internal electrochemical potential, E ., that sets the ratio of
ethanol to acetic acid attained. Equation 18 correlates the
concentrations of chemicals inside the cell to the intracel-
Iular pH (pH,,) and E,;.
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The partial pressure of dissolved H,, p,* referred to the
standard state pressure of 1 atm or 101.3 kPa, particularly
defines E,; at given pH,.. The ratio of CO to CO,, p-o*/
Pcos™, similarly defines E - ;,, but this relationship is used in
the model to calculate the dissolved pressure of CO, p.,*.
For this ratio, poo* and poo,™ can be in any pressure unit.
However, the pressure of H,, p,*, must be in atm (or as
kPa/101.3) for use in these calculations to reference the
standard state for H, (1 atm). The model uses the assumption
of a single cell potential (E,;;) and intracellular pH (pH,,)
to calculate the mass action ratios for use in thermodynamic
and kinetic calculations. If pH,. is known, E._,; can be
calculated.

Equation 19 written for acetic acid reduction to acetalde-
hyde, and again for acetaldehyde reduction to ethanol (see
Table 2), can predict the ratio of the concentration of ethanol
to the concentration of free acetic acid [CH;COOH].

[CH;CHO] [CH;CH,OH]

_ [CH3CH;OH]
[CH;COOH] [CH;CHO] _ [CH;COOH]

a9

This ratio is set by E,;; and pH,_.. The ratio of ethanol to
free acetic acid inside the cell (C,/C.,),., is shown versus
E..; in FIG. 3 at various pH,_. The required potential is
lower as pH,, rises, but very high ratios, greater than 100
mol/mol, are predicted at achievable potentials near the pH
range used in fermentation with C. ragsdalei.

Estimation of pH,_and E

Equation 18 can be used for the redox couple written as
reduction (Table 2) with pg,* (in atm) and again with
Cg/Cyy 4 to derive an equation for the intracellular potential
(Ec.i), as in Equations 20, 21 and 22. The unit “atm™ is used
in this calculation because the standard state for gas is 1 atm.
Alternatively, p,,* can be expressed in kPa as (p,,*/101.3)
for the calculation.

AG? . FE¢, (20)
phy = exp [_ R%Hz _n RTC Ly 2.302AmeH‘-C}
Crg AGigs  nFEcey ey
(CHA ] = exp [_ T - T 42302 AmypHe
Eceu = 2
_(m( Cer ] ~19.20 +9.208 pH;C)
—(ln py, +4.604 pH;.) B Cha Jic

0.07484 0.14967

The number of electrons transferred (n,) is 2 in Equation
20 and 4 in Equation 21, and the number of protons released
(Amy,) is -2 and -4, respectively. Equation 22 can be
simplified eliminating pH,. to relate p,,* (in atm) and
(Ce/Crisic

1

(Pin) 23)

()
ChaJic

] =-19.20
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For acetic acid, as a weak acid, the ratio of acetate to free
acetic acid is

Cac — 10PH-PKg) (24)
Cra
And across the membrane:
(25

(ﬁ] (%] — 10PHic=PH)
ChiaJic\ Cac

Where is represents the intracellular value of concentra-
tion of acetate (CH;CO007) and free acetic acid (CH;COOH),
and pH, and no subscript indicates the values measured
outside the cell. Then, assuming that the ethanol concentra-
tion is the same inside and outside the cell, and assuming
that acetate concentration is the same across the membrane,
as for facilitated diffusion, pH,_ can be obtained from Equa-
tion 26

26)

Cy C
pH;c:pH+10g( Z HA]

Chnic Cur

And combining Equations 23 and 26 to eliminate (Cg/
CHA)ic

b 12,19.20
pHic = pH+ 10{M]
CEr

()

The internal pH (pH,.) can be calculated from the dis-
solved H, (in atm), the external pH and the measured
concentrations of ethanol and acetic acid in the fermentation
broth. The accuracy of these results is subject to the error of
the assumptions that allow the calculation. The ethanol
concentration will change slightly across the membrane, but
the assumption of facilitated transport of acetate to equalize
the concentration across the membrane is advanced to
address the chemical potential created by the pH difference
near the pK, of acetic acid. The calculated pH,. can be
entered in Equation 22 to obtain the intracellular potential,

@n

ECeZZ'

Experimental Results and Discussion

Fermentation Control

Calculation of k; o a/Vy, Ky 1 @V, Ky o0 @V, Deo™,
Pr® and p o, ™ was coded in an Excel spreadsheet, and used
to guide fermentation in a CSTR using a model syngas mix.
The controlled fermentation has achieved up to 95% con-
version of both CO and H, simultaneously, and has been
used to define the kinetic parameters for the acetogenic
culture, Clostridium ragsdalei, used in experiments SGIE1
through SGIE7 (Table 3).
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TABLE 3

18

Summary of syngas fermentations in the CSTR.

Experiment SGIE1 SGIE2 SGIE3 SGIE4 SGIE5 SGIE6 SGIE7
Gas flow (sccm) 75 38.2 17.5 17.7 17.7 17.7 17.7
vvm? 0.030 0.015 0.008 0.008 0.008 0.008 0.008
Max. Agitation (rpm) 400 600 280 650 900 700 400
Cumulative CO and H, 1042 1573 1600 1900 1680 1700 1000
Uptake (mmol)
Cell Conc (mg/L) 270 320 328 304 350 310 270
Ethanol (g/L) 0.1 0.13 0.09 0.13 0.19 0.24 1.05
Acetic acid (g/L) 6.0 6.6 7.0 7.0 6.6 6.7 5.0
Max CO conversion (%) 36 86 68 92 95 95 71
Max H, Conversion (%) 0 82 75 94 96 95 77
Max k; | c0a/Vy (h™h 52 87 225 46.3 63.8 73.6 23.0
at G (scem)® 75 38.2 17.5 17.7 19.4 20.3 17.7
at N (rpm)l7 400 600 280 650 900 700 300
“vvm is volume of gas per volume of liquid per minute
5G is gas flow and N is agitation speed for maximum k; cpa/Vy

20

C. ragsdalei was grown in the CSTR in seven experi-
mental runs and the results are summarized in Table 3.
Calculation of k; o a/Vy, K; s @'V, Kp con @V, Peo™
P and p,* was used in each run to maintain consump-
tion of H, as a significant portion of the total gas used.
Fermentation started with low cell concentration and limited
kinetic capacity to convert CO and H,. The gas flow was set
at a rate that was expected to be mostly converted in later
fermentation, and with low agitation of 150 rpm to reduce
mass transfer until uptake of both CO and H, was estab-
lished. This procedure reduces inhibition of the culture by
oversupply of gas and reduces the lag phase before cell
growth starts.

Once growth begins, the dissolved gas concentrations are
low and the culture aggressively consumes both CO and H,
to derive energy for production of cell materials. The fer-
mentation quickly becomes mass transfer limited and the
agitation must be increased to supply more gas to feed the
increasing cell mass. Energy is required in the form of ATP
and as reduced intracellular electron carriers, such as nico-
tinamide adenine dinucleotide (NADH), flavin adenine
dinucleotide (FADH,) and ferredoxin (Fd). Mass transfer in
the CSTR is characterized by the overall volumetric mass
transfer coefficient (k;a/V;) for each gas species, CO, H,
and CO,. The apparent k;a/V; values were calculated for
CO, H, and CO, from the observed gas uptake and compo-
sitions of the inlet and effluent gas over the course of
fermentation using Equation 5 for each gas assuming that
Peo™ 5 D™ and poo,™ are zero as in Equation 7. The
apparent k;a/V; is the mass transfer coefficient calculated
when mass transfer limitation is assumed. CO is assumed to
be mass transfer limited and the apparent k; -, a/V; is
assumed to equal the actual k; ., a/V; whenever fermen-
tation is active, particularly when H, is consumed. The value
ofk; o a/V, observed in FIG. 4 sets the expectation of mass
transfer capacity for all gases through Equation 8. The
predicted k; ., a/V; by Equation 8 and shown in FIG. 4 is
4% higher than k; ~,a/V ;. However, the observed or appar-
ent k; o, a/V; is near zero. Little transfer of CO, is
observed as there is only small molar production of CO, and
the liquid is saturated at the concentration in equilibrium
with CO, in the effluent gas. The apparent k; ;,, a/V; is
within 10% of'that predicted from k; .., a/V using Bquation
8 between 23 and 55 h of fermentation (FIG. 4). After 55 h
the apparent k; ;,, a/V; is lower than the predicted value,
except when the agitation or gas feed rate is adjusted after
64 and 72 h. This indicates that scaling k; ., a/V using the
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square root of the ratio of the diffusivities for CO and H, is
valid, and that after 55 h the available capacity for transfer
of H, is not used efficiently. The loss of H, efficiency is
likely the result of accumulation of CO greater than 7x10~°
mol/L in the fermentation broth that inhibits the hydrogenase
enzyme.

FIG. 5 shows the conversions of CO and H, achieved in
the course of the fermentation, the production of CO,
denoted as negative conversion and the agitation speed.
Initial conversion is low and is limited to CO through about
18 h. However, H, conversion begins at about 20 h and
quickly increases to exceed percent conversion of CO by 30
h with agitation speed of 150 rpm. The agitation speed was
increased incrementally from 150 rpm at 40 h to 400 rpm at
55 h. Each increase in agitation speed increased the gas
conversion, up to 72% for CO and 77% for H,, until the last
increase from 300 to 400 rpm precedes a drop of CO
conversion to 62% and H, conversion to only 18%. After 60
h of fermentation the agitation speed was maintained at 150
rpm. Conversion of H, and CO was recovered by reducing
gas flow (FIG. 6) from 17.5 to 7.1 sccm at 64 h, and again
from 14.1 to 7.1 sccm at 72 h.

The molar uptake of CO, H, and sum of both (CO+H,),
and the inlet molar flow rates of CO and H, are shown in
FIG. 6. The gas uptake follows the course seen in conver-
sion, and the highest total uptake occurs at 55 h before the
agitation is increased to 400 rpm and the H, conversion is
diminished. H, uptake recovered slightly after the feed gas
rate was cut at 64 h, but remained low through the rest of the
fermentation. CO uptake also diminished after 55 h.

The bulk liquid concentrations of dissolved gases, shown
as the equilibrium partial pressure using Henry’s Law
(Equation 2), are plotted in FIG. 7. The calculation has large
potential error (orders of magnitude) when H, is not con-
verted, as p-o™* is calculated from the pressure of H, in the
bulk liquid (pg,*), but p.,*is in equilibrium with the
effective H, pressure that is generally less than p,,* when
the hydrogenase enzyme is inhibited by CO. H, is not
converted before 20 h and after 90 h of this fermentation.
The dissolved CO pressure can be higher or lower than that
calculated, as the equilibrium of the water gas shift reaction
(Equation 11) has not been established.

However, as H, conversion is established after 20 h of
fermentation, the equilibrium of the water gas shift reaction
is established inside the cells, k; ., a/V; is more certain, and
dissolved pressures can be calculated with good confidence.
Here, “good confidence” denotes values of acceptable accu-
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racy to be useful in scientific and engineering calculations,
in some caseszorders of magnitude. Note that p.,* is less
than p,,* and p,™ by about 4 orders of magnitude (a factor
of 107"). This supports the assumption of CO mass transfer
to an arithmetic zero. The value of p.,*that inhibits the
hydrogenase enzyme can be estimated from FIG. 7 to be
about 107> kPa, above which H, uptake is decreased.

The inhibition of H, uptake rate is further illustrated in
FIG. 8, which depicts the ratio of H, to CO uptake as a
function of dissolved CO. H, partial pressure in the gas
phase is high when the rate of uptake is low, so the actual
concentration in the liquid will be high and near saturation.
At the same time, the uptake of CO is relatively high,
suggesting that sufficient cell mass and hydrogenase enzyme
is present to effect the conversion of H, proportional to the
CO conversion. The dissolved H, pressure, py,™*, is high
when H, is not consumed and high H,* should increase the
reaction consuming H,. However, increased H, uptake is not
observed until p,..* falls below 2x107> kPa, and H, also
falls as a consequence of consumption. These observations
clearly imply CO inhibition of hydrogenase above 10~ kPa
dissolved CO pressure. Inhibition of the hydrogenase
enzyme lessens gradually as p-,* decreases.

The cumulative uptake of the energy substrates CO and
H, over the course of this fermentation (SGIE7) in the CSTR
is shown in FIG. 9. CO and H, are consumed for the first 110
h of the fermentation, with slow consumption of CO from
110 to 180 h. The fermentation was followed through 350 h,
with little additional uptake of CO or H,. A total of 1000
mmol of CO plus H, was consumed by the culture over 182
h.

The products of the fermentation are shown in FIG. 10,
with the primary product being acetic acid. About 1 g/LL of
ethanol was produced between 50 h and 150 h of the
fermentation. Cell concentration of 0.27 g of cells per liter
(g/L) was achieved. Cell concentration peaked at 55 h of the
fermentation, coincident with the loss of H, conversion. This
indicates that a nutrient limitation was reached that slowed
growth and energy demand to support growth. The slower
uptake indicates onset of a kinetic limitation that limits the
rate of gas conversion. Mass transfer, which should have
increased with the increased agitation speed to 400 rpm at 54
h, exceeded the capability of the culture to consume the CO
and H,, CO accumulated in the fermentation broth and H,
uptake was reduced from CO inhibition.

The data shown in FIGS. 4 through 10 represent SGIE7,
which was one of seven fermentations runina 3 L CSTR to
assess the batch fermentation, gain skill in operation and
develop the control strategy. Analysis of syngas fermenta-
tion in the CSTR used a mathematical model to guide
control decisions regarding agitation intensity and feed gas
flow. Over 90% conversion of both CO and H, was achieved
in three of these fermentations with agitation speeds of 650,
700 and 900 rpm; k; ., a/V, up to 74 h™' was demonstrated
(at 700 rpm). The inhibition of H, uptake by CO followed a
similar pattern for all fermentations, with inhibition of
hydrogenase above 1072 kPa dissolved CO pressure.

Estimation of Intracellular pH,. and Potential E_;

The intracellular pH,_ and potential (E,;,) calculated for
external pH values of 5.0 and 4.5 are shown in Table 4 for
varied dissolved H, (inside and outside the cell) and C./C,,,
outside the cell. In Table 4, p;,,™ and C.,/C,,, are specified,
then pH,,. is calculated using Equation 27, and E -, is finally
calculated from pH,_ using Equation 22. The indicated pHi,
is the pH that provides equilibrium with the specified
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CL,/Cy, at that specified py,*. E,;; is already determined
when pH,_ and p,,* are known.

As an example, for a py,* of 0.01 atm and C.,/C,,, of 1.0
with external pH of 5.0, pH,_. is 9.34 shown as bold and
underlined in Table 4. If pH,. was lower than 9.34 the
thermodynamic expectation would be that p,,* would
decrease and C.,/C,, would increase to achieve equilib-
rium.

In a second example, as C.,/C,,, increases from 1 to 100
when p;,* increases from 0.0001 to 0.001 (kPa/101.3) and
the pH,. is 5.34 for external pH of 5.0; the value of E__;,
decreases from -205 to —236 mV (see the plain underlined
data with external pH at 5.0). With an external pH of 4.5,
Cg/C;;, again increases from 1 to 100 when p,,,* increases
from 0.0001 to 0.001 (kPa/101.3); however, the pH,_ is 4.84
and the value of E_,; decreases from —175 to =205 mV (see
the plain underlined data with external pH of 4.5).

In a third contrasting example, as C,/C,,, increases from
0.01 to 1000 when pg,* increases from 0.0001 to 0.01
(kPa/101.3), the pH,. decreases from 6.84 to 5.84 even
though the value of E_;, remains at —298 mV (see the bold
italic data with external pH of 4.5).

TABLE 4

Intracellular pH and potential from pz»*. The ratio of
ethanol to free acetic acid outside the cell Cz/Cgy,
is varied at pH 5.0 or 4.5 outside the cell.

pzp™* (kPa/101.3) 0.1 0.01 0.001 0.0001
pH=5

Cz/Cy4 (mol/mol) pH;. (from Equation 27)
0.01 13.34 11.34 9.34 7.34
0.1 12.34 10.34 8.34 6.34
1 11.34 9.34 7.34 5.34
10 10.34 8.34 6.34 4.34
100 9.34 7.34 5.34 3.34
1000 8.34 6.34 4.34 2.34

Cz/Cy4 (mol/mol) E..; (mV SHE) (from Equation 22)
0.01 -790 -636 -482 -328
0.1 -728 -574 -421 -267
1 -667 -513 -359 -205
10 -605 -451 -298 -144
100 -544 -390 -236 -82
1000 -482 -328 -175 -21
pH =4.5

Cz/Cy4 (mol/mol) pH;. (from Equation 27)
0.01 12.84 10.84 8.84 6.84
0.1 11.84 9.84 7.84 5.84
1 10.84 8.84 6.84 4.84
10 9.84 7.84 5.84 3.84
100 8.84 6.84 4.84 2.84
1000 7.84 5.84 3.84 1.84

C/Cyy4 (mol/mol) E,.; mV SHE) (from Equation 22)

0.01 -759 -605 -451 -298
0.1 -698 -544 -390 -236

1 -636 -482 -328 -175

10 -574 -421 -267 -113
100 =513 -359 -205 =52
1000 -451 -298 —144 10

The data in these examples show the dependence of
CL,/Cy, on the combination of pH,_and E ;. Internal pH of
5.6 with a potential difference across the membrane of 80
mV (low E inside) was reported at an external pH of 5.0 for
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Clostridium thermoacelicum grown on glucose (Baronofsky
etal., 1984). This is similar to the differences in Table 4. The
value p»* from experiment are 1 kPa (1072 atm) and up,
higher than the pressures predicted by Table 4 for pH,_ of 5.0
to 6.0. This suggests that effective p,,* is lower than the
Pz* estimated in analysis of the current experiments, and
that inhibition of hydrogenase still decreases the efficiency
of H, in current fermentation practice.

In the fermentation of pure substrates CO/CO, and
H,/CO, in batch bottles with C. Jjungdahli, uptake of H, was
slightly faster (mol/h) with lower cell concentration than for
fermentation with CO/CO,, (Phillips et al., 1994). The CSTR
fermentation presented here is as yet CO inhibited with p.,*
above 2x107* kPa, and the untapped H, could provide more
ethanol with greater conservation of energy if the fermen-
tation control is refined. The processing of H, on the
hydrogenase enzyme is slowed by CO inhibition, and the
water gas shift analysis is in error as the full potential of
dissolved H, is not available. The inhibition produces a
lower effective H, pressure that is consistent with the mea-
sured product ratio.

Model Summary

Our conceptual model of the syngas fermentation is
developed from the physical processes like mass transfer of
CO and H,, structure of the cell and configuration of the
equipment, and the mechanisms used in the transformation
of gas to product.

The reactions of the Wood-L jungdahl pathway define the
stoichiometry, and the expected mass balance is generally
confirmed in the observed results. Mass transfer of CO and
H, is driven by concentration differences that are sustained
by reaction. Fermentation kinetic parameters are set by one
or two limiting reaction rates. The overall currents of carbon,
protons and electrons through the reaction circuits are set by
these limited rates and determine the products of fermenta-
tion.

Mass transfer is described mathematically by assuming
limitation of transfer for CO, with transfer to essentially zero
concentration in the bulk liquid and cells. The mass transfer
is characterized as k; ., a/V; and scaled to determine the
capacity to transfer H, and CO,. The concentrations of
dissolved CO, CO, and H, inside the cell at the sites of
reaction in the enzymes are calculated using the defined
mass transfer capacities and assuming the water gas shift is
in equilibrium. The calculated concentrations of CO, H, and
CO, can be used in kinetic and thermodynamic calculations
to define the fermentation.

The supply of CO via the applied mass transfer can inhibit
the uptake of H,. H, is an effective driver of production if
not inhibited. When CO inhibition is low, indicated by
consumption of H,, the concentration of dissolved H, and
intracellular pH define the electrochemical potential inside
the cell. Important reactions involved in the pathway of
production are oxidation reduction reactions that are driven
by the cell potential. This potential poises these significant
reactions near thermodynamic equilibrium with AG,=0, and
this boundary condition allows calculation of conditions in
the cell. The ratio of ethanol to free acetic acid is a key and
measurable parameter defined by these calculations. The
predictions of the model are supported by the ratio of ethanol
to acetic acid measured in the fermentation.

No net ATP to support cell growth is produced by the
reactions of the Wood-[ jungdahl pathway; unlike growth on
glucose that produces 2 ATP in production of 2 acetyl CoA
(Tracy et al., 2012). Autotrophic growth of acetogens is
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dependent on ATP formed by an ATPase via a chemiosmotic
mechanism (Cramer and Knaff, 1991). The ATPase is driven
by the protonmotive force that results from the combination
of the potential difference and the pH difference across the
cell membrane as in Equation 28 (Cramer and Knaff, 1991).

2.3RT 28

Ap:Aw——F ApH

The protonmotive force, Ap, forces conformation change
in the ATPase that frees ATP to the cell. The potential
difference, Ay, is the difference of the intracellular potential,
E.;; and the ORP measured in the bulk liquid, and the pH
difference (ApH) is between the calculated intracellular pH,_
and the measured bulk liquid pH. The calculation of and
potential inside the cell make possible the study of growth
supported by ATPase embedded in the membrane (Das and
Ljungdahl, 1997; Ivey and [jungdahl, 1986; von Ballmoos
et al., 2008). Further, ethanol production is seen to begin as
growth slows and when ATP would be expected to accumu-
late. The accumulation of ATP will affect both pH and
potential inside the cell, and affect the production of ethanol
relative to acetic acid. Our model is a tool to better under-
stand this transition that is critical to biofuel production.

CONCLUSIONS

The mass balance from syngas fermentation agreed well
with that expected from the stoichiometry of the production
pathway, and the measured rates of CO and H, uptake feed
the mass transfer calculations. Assumption of equilibrium
thermodynamics, in particular equilibrium of the water gas
shift reaction, inside the cells gave explicit equations for the
concentrations of CO, H, and CO, at the enzyme active sites
inside the cells. The calculated concentrations of reactants
are appropriate for thermodynamic and kinetic calculations.
Application of the model in analysis of syngas fermentation
gave estimates of the CO, H, and CO, dissolved pressures
consistent with the assumptions of the model development,
and particularly showed dissolved CO at 2x107> kPa partial
pressure inhibits hydrogenase in C. ragsdalei. Calculation of
dissolved CO was used to successfully control agitator speed
and gas feed rate to maintain high energy conservation and
culture activity in syngas fermentation. The model was
extended to calculate the intracellular pH and electrochemi-
cal potential in syngas fermentation. These values can be
combined with pH and ORP measured in the bulk fermen-
tation broth to define membrane potentials useful in future
growth and kinetics studies.

The invention of the present disclosure is not to be limited
in its application to the details of the construction and to the
arrangements of the components set forth in the preceding
description or illustrated in the drawings. Rather, the inven-
tion is capable of other embodiments and of being practiced
and carried out in various other ways not specifically enu-
merated herein. Finally, it should be understood that the
phraseology and terminology employed herein are for the
purpose of description and should not be regarded as lim-
iting, unless the specification specifically so limits the inven-
tion.

It is to be understood that the terms “including”, “com-
prising”, “consisting” and grammatical variants thereof do
not preclude the addition of one or more components,
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features, steps, or integers or groups thereof and that the
terms are to be construed as specifying components, fea-
tures, steps or integers.

If the specification or claims refer to “an additional”
element, that does not preclude there being more than one of
the additional element.

It is to be understood that where the claims or specifica-
tion refer to “a” or “an” element, such reference is not be
construed that there is only one of that element.

It is to be understood that where the specification states
that a component, feature, structure, or characteristic “may”,
“might”, “can” or “could” be included, that particular com-
ponent, feature, structure, or characteristic is not required to
be included.

Where applicable, although state diagrams, flow diagrams
or both may be used to describe embodiments, the invention
is not limited to those diagrams or to the corresponding
descriptions. For example, flow need not move through each
illustrated box or state, or in exactly the same order as
illustrated and described.

Methods of the present invention may be implemented by
performing or completing manually, automatically, or a
combination thereof, selected steps or tasks.

The term “method” may refer to manners, means, tech-
niques and procedures for accomplishing a given task
including, but not limited to, those manners, means, tech-
niques and procedures either known to, or readily developed
from known manners, means, techniques and procedures by
practitioners of the art to which the invention belongs.

For purposes of the instant disclosure, the term “at least”
followed by a number is used herein to denote the start of a
range beginning with that number (which may be a range
having an upper limit or no upper limit, depending on the
variable being defined). For example, “at least 1” means 1 or
more than 1. The term “at most” followed by a number is
used herein to denote the end of a range ending with that
number (which may be a range having 1 or 0 as its lower
limit, or a range having no lower limit, depending upon the
variable being defined). For example, “at most 4” means 4
or less than 4, and “at most 40%” means 40% or less than
40%. Terms of approximation (e.g., “about”, “substantially”,
“approximately”, etc.) should be interpreted according to
their ordinary and customary meanings as used in the
associated art unless indicated otherwise. Absent a specific
definition and absent ordinary and customary usage in the
associated art, such terms should be interpreted to be +10%
of the base value.

When, in this document, a range is given as “(a first
number) to (a second number)” or “(a first number)-(a
second number)”, this means a range whose lower limit is
the first number and whose upper limit is the second number.
For example, 25 to 100 should be interpreted to mean a
range whose lower limit is 25 and whose upper limit is 100.
Additionally, it should be noted that where a range is given,
every possible subrange or interval within that range is also
specifically intended unless the context indicates to the
contrary. For example, if the specification indicates a range
01’25 to 100 such range is also intended to include subranges
such as 26-100, 27-100, etc., 25-99, 25-98, etc., as well as
any other possible combination of lower and upper values
within the stated range, e.g., 33-47, 60-97, 41-45, 28-96, etc.
Note that integer range values have been used in this
paragraph for purposes of illustration only and decimal and
fractional values (e.g., 46.7-91.3) should also be understood
to be intended as possible subrange endpoints unless spe-
cifically excluded.
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It should be noted that where reference is made herein to
a method comprising two or more defined steps, the defined
steps can be carried out in any order or simultaneously
(except where context excludes that possibility), and the
method can also include one or more other steps which are
carried out before any of the defined steps, between two of
the defined steps, or after all of the defined steps (except
where context excludes that possibility).

Further, it should be noted that terms of approximation
(e.g., “about”, “substantially”, “approximately”, etc.) are to
be interpreted according to their ordinary and customary
meanings as used in the associated art unless indicated
otherwise herein. Absent a specific definition within this
disclosure, and absent ordinary and customary usage in the
associated art, such terms should be interpreted to be plus or
minus 10% of the base value.

Still further, additional aspects of the instant invention
may be found in one or more appendices attached hereto
and/or filed herewith, the disclosures of which are incorpo-
rated herein by reference as if fully set out at this point.

Nomenclature

C, ;—molar concentration of i in liquid (mol/L)

CSTR——continuously stirred tank reactor

D—impeller diameter in CSTR (mm)

D, p—diffusivity of gas i in water

dn/dt—molar rate of transfer of gas species i (CO, H,,
CO,)

E—electrochemical potential of redox couple at actual
conditions (mV)

E°—standard midpoint potential of redox couple, pH=0
(mV)

E°—standard midpoint potential of redox couple, pH=7
(mV)

E.;—intracellular electrochemical potential or ORP
(mV)

F—Faraday constant (96.485 J/mV mol e7)

G—gas flow (sccm)

H,—Henry’s Law constant for gas i (kPa L/mol)

* denotes a quantity derived from the Henry’s law
equilibrium

k; ,a/V;—volumetric mass transfer coefficient for gas i (i
can represent O,, CO, H, or CO,)

k;—liquid film mass transfer coefficient

a—area of the gas liquid interface

V;—liquid volume into which gas is transferred

L—Iliquid flow (L/h)

N—agitation speed (rpm)

n,—number of electrons transfer in half cell reaction

ORP—oxidation reduction potential versus the standard
hydrogen electrode (mV SHE)

pH,—intracellular pH

p,—partial pressure of gas i (kPa),

p,*—partial pressure of dissolved gas by Henry’s Law

P,—pressure, total (kPa)

q,—specific uptake rate of gas i (mol/g, h)

t—time (s, min, h)

t,—doubling time for cell growth (h)

R—gas constant (8.314 J/mol K)

T—temperature (K)

vvm—volume of gas per volume of liquid per minute

X—cell concentration (g,/L)

y,—molar fraction of gas i in gas phase

AG,—Gibbs free energy change of reaction (kJ/mol)

AG°—Gibbs free energy change at standard conditions
including pH=0 (kJ/mol)
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AG®—Gibbs free energy change at standard conditions
including pH=7 (kJ/mol)

p—specific growth rate (g, /g, h or h™)

a—exponent of gas flow in correlation

f—exponent of power input in correlation

Am —number of protons released in oxidation reduction
reaction

Ap—protonmotive force (mV)

ApH—pH differential across the membrane

Ay——potential difference (mV) across the membrane

IT—product of products and reactants in reaction mass
action ratio
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Thus, the present invention is well adapted to carry out the
objects and attain the ends and advantages mentioned above
as well as those inherent therein. While the inventive device
has been described and illustrated herein by reference to
certain preferred embodiments in relation to the drawings
attached thereto, various changes and further modifications,
apart from those shown or suggested herein, may be made
therein by those of ordinary skill in the art, without departing
from the spirit of the inventive concept the scope of which
is to be determined by the following claims.

What is claimed is:

1. A method of operating a fermentation reactor compris-

ing:

(a) providing a fermentation reactor having a gas inlet, a
gas outlet, and an energy input, wherein said energy
input comprises
agitating a liquid medium inside the fermentation reac-

tor, or

pumping the liquid medium inside the fermentation
reactor;

(b) providing the liquid medium inside the fermentation
reactor;

(c) providing an autotrophic acetogenic bacteria in the
liquid medium;

(d) providing syngas into the gas inlet at a flow rate;

(e) obtaining an effluent gas at said gas outlet;

(f) determining p*.,, where p* ., is a partial pressure of
dissolved carbon monoxide in the liquid medium;

(g) controlling either the flow rate of syngas, the energy
input or both to favor hydrogen uptake in said liquid
medium over carbon dioxide and carbon monoxide
based on said p*,, wherein:

(i) if said p*, is greater than 2x107> kPa, then either
decreasing the syngas flow rate or decreasing the
energy input or both and

(ii) if said p*.,, is less than 2x10~> kPa, then either
increasing the syngas flow rate or increasing the
energy input or both.

10

20

30

35

40

45

50

55

28

2. The method according to claim 1,
wherein the step of controlling either the flow rate of
syngas, the energy input or both to favor hydrogen
uptake in said liquid medium over carbon dioxide and
carbon monoxide based on said p* ., comprises:
if said p* ., is greater than 2x107> kPa, decreasing the
syngas flow rate and
if said p*,,, is less than 2x10~> kPa, increasing said
syngas flow rate.

3. The method according to claim 1,

wherein the step of controlling either the flow rate of

syngas, the energy input or both to favor hydrogen

uptake in said liquid medium over carbon dioxide and

carbon monoxide based on said p* ., comprises:

if said p* -, is greater than 2x10~> kPa, decreasing said
energy input and

if said p*,,, is less than 2x10~> kPa, increasing said
energy input.

4. The method according to claim 3, wherein said energy
input is agitating the liquid medium, and the liquid medium
is agitated using a variable speed agitator operating at a first
speed, and

wherein the step of decreasing said energy input if said

p* oo is greater than 2x107> kPa comprises decreasing
said agitator first operating speed to a second operating
speed less than said first operating speed if said p* .,
is greater than 2x10~> kPa, and

wherein the step of increasing said energy input if said

P* o is less than 2x107> kPa comprises increasing said
agitator first speed to a second speed greater than said
first speed if said p* ., is less than 2x107> kPa.

5. The method according to claim 1, wherein the partial
pressure of dissolved carbon monoxide is obtained by solv-
ing for said p* ., using:

-AGY
* * r 19.93
PorPur _ e[ kT ] = 10136l TSI = 230,100 kPa
Pco
where,
p*co 1s said partial pressure of dissolved carbon mon-
oxide,

p* 5 1s a partial pressure of dissolved hydrogen,

P* cos 18 a partial pressure of dissolved carbon dioxide,

R is an ideal gas constant,

T is a temperature, and

AG,? is a Gibbs free energy change for the water gas
shift reaction.

6. The method according to claim 5, wherein the partial
pressure of dissolved hydrogen and the partial pressure of
dissolved carbon dioxide are calculated by solving for p*,,
and p* .,,, wWhere:

(kL,Hza)
Ve ) (PH2i — PH2o)
PH2,i — PH2,0€Xp Hin Tnm
. (_V_L dr )
Puz2 = (kL,Hza]
| —ex Ve ) (Pr2i = PH2o)
P Hy, ( 1 dﬂyz]
V. dr
and
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-continued

kicoa ]
Vi ) (Pcori = Pcoro)
Hcor (_ 1 dﬂcoz)
Vy, dr

Pcozi — Pco2,0€Xp

kL,Coza)

Vi ) (pecozi — Pcoze)

Heor 1 dncor
(_ v, T]

Peor = (

1 —exp

where
P* 5 1s said partial pressure of dissolved hydrogen,
P*cos 1s said partial pressure of dissolved carbon
dioxide,
k; z» 15 a volumetric mass transfer coeflicient for
hydrogen,
k; cop 15 @ volumetric mass transfer coeflicient for
carbon dioxide,
H;,, is Henry’s Law constant for hydrogen,
Hc, is Henry’s Law constant for carbon dioxide,
a is an area of a gas liquid interface,
V,; is a liquid volume into which the gas is transferred,
Do, 18 @ partial pressure of H, in said syngas,
Pz, 18 @ partial pressure of I, in said effluent gas,
Pcos, 18 @ partial pressure of carbon dioxide in said
syngas,
Pcos,, 15 a partial pressure of carbon dioxide in said
effluent gas,
dng,,/dt is a molar transfer rate of hydrogen, and
dn.,,/dt is a molar transfer rate of carbon dioxide.
7. The method of claim 6, wherein the volumetric mass
transfer coefficient for carbon dioxide is obtained by solving
for k; ¢, in:

(kL,Coa) _
73

Dcow (kL,Coza)
Dcor,w VL
where,

k; co» 18 said volumetric mass transfer coeflicient for
carbon dioxide,
k; o is a volumetric mass transfer coefficient for carbon
monoxide,
a is an area of a gas-liquid interface,
V, is a liquid volume into which gas is transferred,
Do, 15 a diffusivity of carbon monoxide in water, and
Dcos, w15 a diffusivity of carbon dioxide in water.
8. The method of claim 7, wherein the volumetric mass
transfer coeflicient for hydrogen is calculated by solving for
ky g i

(kL,Coa) _ [ Dcow (kL,Hza]
Vi Dmw \ Vi

where,

k; 7> is said volumetric mass transfer coeflicient for
hydrogen,

k; co is said volumetric mass transfer coeflicient for
carbon monoxide,

a is an area of a gas-liquid interface,

V,; is a liquid volume into which gas is transferred,

Do, 15 a diffusivity of carbon monoxide in water, and

Dy - i a diffusivity of hydrogen in water.
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9. The method of claim 8, wherein the volumetric mass
transfer coefficient for carbon monoxide is calculated by
solving for k; -, in:

n( Pco,i ]
(kgcoa) _ Hco dnco Pcoo
72 Vi dt pco,i pcoo
where,

k; co is said volumetric mass transfer coeflicient for
carbon monoxide,

V; is a liquid volume into which the carbon monoxide
is transferred,

a is an area of a gas liquid interface,

Hc, is a Henry’s Law constant for carbon monoxide,

Pco, is a partial pressure of carbon monoxide in said
syngas,

Pco,o 18 a partial pressure of carbon monoxide in said
effluent gas, and

dn../dt is a molar rate of transfer of carbon monoxide.

10. The method of claim 1, wherein the autotrophic

acetogenic bacteria is Clostridium ragsdalei or Clostridium
ljungdahlii.

11. A method of operating a fermentation reactor com-

prising:

(a) providing a fermentation reactor having a gas inlet, a
gas outlet, and an energy input, wherein said energy
input comprises
agitating a liquid medium inside the fermentation reac-

tor, or

pumping the liquid medium inside the fermentation
reactor;

(b) providing the liquid medium inside the fermentation
reactor;

(c) providing an autotrophic acetogenic bacteria in the
liquid medium;

(d) providing syngas into the gas inlet at a flow rate;

(e) obtaining an effluent gas at said gas outlet;

(f) determining p* ., where p* ., is a partial pressure of
dissolved carbon monoxide in the liquid medium; and

(g) controlling either the flow rate of syngas, the energy
input or both to favor hydrogen uptake in said liquid
medium over carbon dioxide and carbon monoxide
based on said p*_,, wherein:

(i) if said p* ., is greater than 2x10™* kPa, then either
decreasing the syngas flow rate or decreasing the
energy input or both and

(ii) if said p*,, is less than 2x10~* kPa, then either
increasing the syngas flow rate or increasing the
energy input or both.

12. The method according to claim 11,

wherein the step of controlling either the flow rate of
syngas, the energy input or both to favor hydrogen
uptake in said liquid medium over carbon dioxide and
carbon monoxide based on said p*.,, comprises:
if said p* ., is greater than 2x10~* kPa decreasing the

syngas flow rate and

if said p*,,, is less than 2x10~* kPa, increasing said
syngas flow rate.

13. The method according to claim 11,

wherein the step of controlling either the flow rate of
syngas, the energy input or both to favor hydrogen
uptake in said liquid medium over carbon dioxide and
carbon monoxide based on said p*.,, comprises:
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if said p* ., is greater than 2x10~* kPa, decreasing said

energy input and
if said p*., is less than 2x10™* kPa, increasing said
energy input.
14. The method of claim 13, wherein the autotrophic 5
acetogenic bacteria is Clostridium ragsdalei or Clostridium
ljungdahlii.
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