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Summary:

Search for environment-friendly sustainable energy sources is of global interest due to continuous
depletion of fossil fuels resources and excessive carbon dioxide emissions. Syngas fermentation is
one of the promising sustainable alternative for liquid biofuel and chemical production from energy
content wastes/byproducts. This study mainly focuses on acetic acid and ethanol production via
fermentation, using hydrogen and carbon dioxide as substrates to mimic syngas. A laboratory scale,
batch fermentation was performed at different headspace pressure ranged from 0.29 to 1.51 bar,
1200 rpm stirrer speed, and 22+1.4°C.

Formation of acetic acid and ethanol were found significant. The maximum acetic acid concentration
68 mmol/L was obtained at 1176 hours and 1.12 bar headspace pressure. However, maximum
ethanol concentration of 15 pA*s was found at 1297 hours and 1.51 bar headspace pressure. Ethanol
consumption was observed during first 553 hours. Maximum H. consumption rate was 0.153
mmol/h-gV'S during 478-527 hours at 1.12 bar headspace pressure, which was 51 times higher than
that obtained during first 71 hours at 0.29 bar headspace pressure (0.003 mmol/h- gVS). The total
consumed hydrogen gas measure as COD (CODwydrogen) Was equivalent to the increase in bulk liquid
COD, 11.02 gCOD and 11.44 gCOD; in which 68% of CODmyarogen Was converted to acetic acid
(7.44 gCOD). A significant influence of headspace pressure and dissolved hydrogen concentration
were observed on the volumetric mass (H.) transfer coefficient (ki a) and the solubility of hydrogen
in the inoculum (Cw). The maximum kia and Cy of 0.082 h** (R? = 0.995) and 1.2 10" mol/L were
found at 1.12 bar headspace pressure and 89 mmol/L dissolved hydrogen concentration,
respectively. The calculated biomass yields ranged from 0.001-0.066 and 0.001-0.059 gVSS/gCOD,
for acetic acid and ethanol formation, respectively, when the assumption of free energy efficiency
use in growth was changed from 0.1 to 1.

Acetic acid and ethanol were dominant final product whereas other organic acids were almost
constant and insignificant throughout the experiment. This implies that the microbial fermentation
of hydrogen and carbon dioxide at headspace pressure ranged from 0.29-1.51 bar, 1200 rpm stirrer
speed, and 22+1.4°C, can be performed with digested food waste sludge for efficient acetic acid and
ethanol production.

The University College of Southeast Norway takes no responsibility for the results and
conclusions in this student report.
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List of abbreviations

Abbreviation

Acetyl-CoA
ACS

ATP
BWGS
CODH
COoDT
CODs
CSTR
ETP
FBEB
FDH
Mo-CODH
Ni-CODH
SLP

THF

TS

TSS

VFA

VS

VSS
WLP

Description

Acetyl-coenzyme A

Acetyl-CoA synthase

Adenosine triphosphate
Biological water gas shift

Carbon monoxide dehydrogenase
Total chemical oxygen demand
Soluble chemical oxygen demand
Continuous stirred tank reactor
Electron transport phosphorylation
Flavin based electron bifurcation
Formate dehydrogenase
Molybdopterin carbon monoxide dehydrogenase
Nickel-containing CODH
Substrate level phosphorylation
Tetrahydrofolate

Total solid

Total suspended solid

Volatile fatty acid

Volatile solid

Volatile suspended solid

Wood Ljungdahl pathway

List of abbreviations



List of symbols

Symbol
€

usyn

Kco,

KCO,I

HH,

Description
Energy transfer efficiency

Specific growth rate of bacteria in microbial synthesis
Maximum specific bacteria growth rate

Saturated dissolved gas concentration

Solubility of hydrogen in liquid

Measured gas concentration at the sampling time t
Concentration of growth limiting substrate

Gibbs free energy

Free energy, convert carbon to pyruvate

Free energy, carbon pyruvate to cellular carbon
Undissociated acetic acid inhibition constant
Saturation concentration for carbon dioxide
Hydrogenase inhibition constant on CO

Henry’s coefficient for hydrogen

Volumetric mass transfer coefficient

Saturation concentration for hydrogen

Partial pressure of gas

List of symbols

Unit

(mol cell)*h?
(mol cell)*h?

mol/L
mol/L

mol/L
mol/L
kd/mole
ki/e'eq
kl/e'eq
mol/L
mol/L
mol/L
mol/atmL
h—l
mol/L

bar or atm
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1 Introduction

1.1 Introduction: necessities of syngas fermentation

Over the decades, the use of oil and fossil resources is being increased gradually. The
increasing fuel demand diminishes the reserves of fossil fuel resources and creates the adverse
impacts on the environment as a result of carbon dioxide emission [1]. Various renewable based
energy technologies such as hydro, wind, and solar have already been developed and deployed
to address the global energy demand. Although, oil and other fossil fuels still consider the
primary source for energy demand and production. Therefore, it is an essential to go for
alternative fuels to address these problems. The European Union has also instructed its member
countries to use 10% of transport fuels should be derived from renewable-based sources, by
2020 [2].

Biofuels are considered as a sustainable alternative for non-renewable fossil fuels that offer
very low CO; emissions [1, 3]. It can be derived through biochemical and thermochemical
conversion processes [4, 5]. However, both conversion processes require specific condition,
such as specific pretreatment; high temperature and pressure; low catalytic specificity and
toxicity; and specific metal catalysts, to improve fermentation capacity for biofuels production
[6-8]. Because the constraints faced in both conversion processes the need for alternative
technology have been reinforced. Syngas fermentation is advocated as a promising alternative
to produce biofuels and chemicals. Syngas, a primary mixture of hydrogen, carbon monoxide,
and carbon dioxide, is the main component for subsequent biofuels and chemicals production
[3]. In these days, important investments have been made for intensive research and
development of syngas fermentation.

To obtain the experimental data for thesis dissertation, a laboratory-scale batch experiment was
conducted to mimic syngas fermentation by using hydrogen gas and sodium bicarbonate, to
analyze the microbial fermentation process. The pretreated food waste was used as an inoculum
for fermentation, collected from two biogas industries, Porsgrunn, Norway.

1.2 Thesis objectives

The primary purpose of this master thesis is to understand the overall syngas fermentation
process, focusing on mass transfer phenomena, bacterial consumption of the provided
substrates and products distribution. In the experiment, hydrogen gas and sodium bicarbonate
(in the bulk phase than balance with CO> depending on pH) are substrates and digested food
waste is the inoculum used for acetic acid and ethanol production. The specific tasks given for
master thesis are outlined as follows:

= Design, develop and test of laboratory scale batch fermentation bioreactor;

= Daily operation and sampling of the bioreactor;

= Experimental and literature data compilation and analysis;

= |dentification of the most critical process parameters that affect the performance of syngas
fermentation;
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= Study and formulation of different stoichiometry reactions syngas fermentation that occur
during syngas fermentation, along with kinetics of the process.

1.3 Report structure

The structure of thesis includes:

Chapter 2 gives a general literature review of syngas fermentation, along with microbial
synthesis and acetyl-CoA pathway. The chapter also presents the most critical process
parameters that hinder the microbial growth and microbial metabolism. Kinetics and
stoichiometry of chemical reactions for bacteria growth are discussed.

Chapter 3 describes materials and methods which were used to expedite the experiments.
Materials used for microbial fermentation are described; follow with details on design,
installation, bioreactor test procedure, along with the experimental setup, procedure, and the
performed experiments.

Chapter 4 includes the results extracted from the experiment, along with calculated biomass
yields and stoichiometry of chemical reactions of the processes.

Chapter 5 presents the experimental results discussion about conflicting issues encountered in
the previous chapter. This chapter also covers the discussion of calculated biomass yields and
stoichiometry of chemical reactions of the process.

Chapter 6 covers the conclusions obtained from the discussions on Chapter 5 and the future
works that are supposed to need further research and in-depth exploration.
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2.1 Syngas fermentation and microorganisms

2.1.1 Syngas fermentation as an alternate solution to biofuels production

Syngas fermentation is a microbial process, used to transform syngas into various sustainable
biofuels and chemicals [9], that lowers not only the dependency on fossil fuels resources but
also reduces greenhouse gas emissions [10]. Syngas fermentation offers several advantages
compared to biochemical and thermochemical conversion processes (first and second
generation processes) [5, 7, 11], such as high biocatalysts specificity; high toxic resistance;
elimination of complicated pre-treatment steps and costly enzymes; lower energy costs;
independence of CO:H> ratio; and higher carbon efficiency. Although it also has limitations
that prevent it for commercialization, such as low productivity related to low cell density; high
product recovery cost; slow reaction rates and product inhibition; and poor solubility of gaseous
substrates in the liquid media [4]. Ethanol is the most useful product derived from syngas
fermentation, uses as an additive to gasoline because of its high-energy content and high
combustion efficiency. In practice, ethanol uses as a transportation fuel, blending with other
fuels at different ratios (E10, E15, and E20) [12].

Figure 2.1 represents the schematic diagram of syngas fermentation process integrated with a
biomass gasification.

Biomass
Feedstock |
s E i %
= | g
' i 3
- Fermentation & Product
¥ ofgyngas @ _ Reesvery
Fermenter 'Ethanol Recovery
------------------ Gas Cleanup and
__________ Energy Recovery —
| =

Fuel-grade |
Ethanol !

Gasifier

Gasification of biomass Water Recovery Loop
to syngas

Figure 2.1: Process schematic diagram of syngas fermentation (source: www.coskata.com)

This process consists of feed handler, gasifier, energy recovery, fermenter and product
recovery. A feed handler handles to deliver the biomass to the gasifier where biomass is

3


http://www.coskata.com/

2 Literature review

converted into gaseous fuels at temperature ranges between 750 to 900 °C, under partial
oxidation (less than 25% of the required amount of combustion) [13]. After gasification, the
produced syngas passes through a gas clean-up unit to filter the unwanted products such as
dust, ash, toxic components (discussed in Subsection. 2.3.7) and then energy recovery unit to
recover heat via a heat exchanger. Then, clean compressed syngas is supplied to the fermenter
that contained liquid media (food waste in our case), for fermentation. The fermenter is
equipped with a stirrer that stirred continuously, to enhance the gas-liquid mass transfer. A
mixture of biofuels and chemicals are generated that passed through a product recovery unit
(distillation column), here where around 96 % ethanol is produced. The water is recycled back
to the fermenter through a water recovery loop.

2.1.2 Syngas fermentation as an alternate solution to biofuels production

Several microorganisms (aerobic and anaerobic) involve in syngas fermentation that needs
hydrogen, carbon dioxide, and carbon monoxide for building metabolic block [14]. Aerobic
carboxydotrophic microorganism uses carbon dioxide as a sole carbon and energy source so
that they can grow via molybdopterin carbon monoxide dehydrogenase (Mo-CODH) [15].
While, acetogen microorganisms such as Acetobacterium woodii, Alkalibaculum bacchi,
Clostridium ljungdahlii, Clostridium autoethanogenum and Clostridium thermoaceticum are
found in anaerobic nickel-containing CODH (Ni-CODH) enzymes and has 1000 times higher
turnover number than the Mo-CODH [16]. Microorganisms capable of producing biofuels and
biochemicals, with optimal temperature and pH are listed in Table 2.1. Generally, anaerobic
acetogenic microorganism produces acetate, ethanol, butyrate, butanol and 2,3-butanediol and
other valuable products.

2.2 Metabolic pathway and energy conservation

2.2.1 Biological water-gas shift reaction

Biological water gas shift (BWGS) reaction plays a significant role in fuel processing [17], in
which water is mixed with CO in order to produce H2and CO.. In BWGS, electrons and protons
are extracted from CO oxidization due to the function of Ni-CODH enzymes in the anaerobic
condition, shown in Reaction 2.1; protons are further reduced into hydrogen molecule by the
CO tolerant hydrogenase enzymes, as seen in Reaction 2.2 [14].

0.5CO+0.5H,0 — 0.5CO, +H" +¢° (R.2.1)
H*+e" — 0.5H, (R.2.2)
0.5CO+0.5H,0 — 0.5CO, +0.5H, (R. 2.3)

Reaction 2.3 represents the overall reaction of BWGS that derives the energy from the CO by
transforming it into usable Hz and CO, where hydrogen is liberated from the reactions and a
partial amount of CO converts into biomass and cell components
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2.2.2 Reductive acetyl-CoA pathway

Reductive acetyl coenzyme A (CoA) pathway, also known as a Wood-Ljungdahl pathway
(WLP), is one of the non-cyclic metabolic pathways discovered by Dr. Harold G. Wood and
Dr. Lars G. Ljungdahl [18-20]. The autotrophic growth uses hydrogen as an electron donor,
electrons extracted from H> oxidation, and carbon dioxide as electron acceptor derived from
CO oxidation or The produced COz is integrated into partial biomass cell component and partial
remaining CO2 reduction, to produce biofuels and chemicals [21, 22]. This metabolic pathway
can be divided into two branches, namely methyl and carbonyl branch and they develop a single
intermediate through the synthesis of CO and The produced CO: is integrated into partial
biomass cell component and partial remaining CO>, so-called reductive acetyl-CoA [23, 24],
as shown in Figure 2.2 [24].

The methyl branch consists of 6 electron reduction steps of CO., where a number of sequential
reduction reactions are to be involved in achieving methyl group of acetyl-CoA. According to
the methyl branch sequence, the first step of transformation of CO. into formate is fulfilled by
formate dehydrogenase (FDH) [20], which reacts with tetrahydrofolate (THF) and generates
formyl-THF in adenosine triphosphate (ATP) consumption step. The generated formyl-THF
converts into methyl-THF after subtracting a water molecule by the cyclohydrolase enzymes.
Then, methyl-THF is reduced to methylene by a methylene-THF dehydrogenase [24]. A methyl
group is then transferred to acetyl-CoA by combining CO molecule and CoA due to the action
of bifunctional CODH/ACS enzyme [20].

The carbonyl branch consists of a single reduction reaction step whereas CODH plays a vital
role to down CO2 to CO to synthesize acetyl-CoA [24], as shown in Figure 2.2. But the
conversion of CO;to CO faces a significant thermodynamic obstacle in acetyl-CoA pathway
if CO is not available in fermentation media [22]. As described in Subsection 2.1.2, acetogens
are able to produce acetate and ethanol. Therefore, as a key precursor, acetyl-CoA pathway is
further treated to establish acetic acid and ethanol, in accordance with following overall
stoichiometric reactions at 25 °C (Reaction 2.4 to 2.8) (Appendix A):

The stoichiometry for acetic acid formation.

4C0O+2H,0 — CH,COOH +2CO, (AG?=-157.36 kJ/mole) (R.2.4)

2CO,+4H, — CH,COOH +2H,0 (AG° =-77.44 kJ/mole) (R. 2.5)

The stoichiometry for ethanol formation.

6CO+3H,0 — C,H,OH +4CO, (AG?=-224.64 kd/mole)  (R.2.7)

2CO,+6H, — C,H,OH+3H,0 (AG?=-104.52 kJ/mole) (R. 2.8)


https://www.boundless.com/microbiology/definition/coenzyme-a/
https://www.boundless.com/microbiology/definition/coenzyme-a/
https://www.boundless.com/microbiology/definition/metabolic/
https://www.boundless.com/microbiology/definition/coenzyme-a/
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It is clearly elucidated that CO is used as both sources (carbon and energy), to produce acetic
acid and ethanol as shown in Reaction 2.4 and Reaction 2.7, respectively, or CO- as carbon
source and Hz as energy source used to obtain acetic acid and ethanol, shown in Reaction 2.5
and Reaction 2.7, respectively. However, CO utilization as both sources leads to low efficiency

compared to CO as a carbon source and H, as an energy source.

Methyl branch Carbonyl branch
CO2 CO2
2[H]
FDH k/\
Formate

ATP
FTS C
ATP+Pi

Formate-THF
e l\» o CODH KZ[H]

Methenyl-THF
2[H]
MTD

Methylene-THF
2[H]

MTR
Methyl-THF
CoFeS-P
MTF
THF v
Methyl-CoFeS-P CODH/ACS CO<«+— o
v
Acetyl-CoA
Pi < 2[H]
Acetyl phosphate Acetaldehyde 2[H]
ATP AN
Acetate 2[H] Ethanol

Figure 2.2: Reductive acetyl-CoA pathway overview of acetogenic bacteria [24].

ADH, aldehyde dehydrogenase; AOR, aldehyde oxidoreductase; CoFeS-P, corrinoid iron-sulphur protein; MTC,
methenyl-THF; MID, methylene-THF; MIF, methyltransferase; MTR, methylene-THF.
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2.2.3 Energy conservation in acetogens

The ATP is a convenient energy carrier where the acetyl-CoA pathway remains stable and
conveys biochemical energy within cells, to support the metabolic processes. The acetyl-CoA
pathway produces no net ATP through substrate level phosphorylation (SLP). The
chemiosmotic ion gradient has been recognized as an important mechanism to drive ATP
synthesis in autotrophic condition [25]. Few acetogens are an electron transport
phosphorylation (ETP), are capable of functioning in anaerobic condition. The flavin-based
electron bifurcation (FBEB) was found as an alternative means, for energy conservation [26].
FBEB sometimes combines not only with redox reactions but also clings to translocation of
cations, so that creates the chemiosmotic gradient, as shown in Figure 2 [27]. According to the
Latif et al. [27], Rnf complex consist of FBEB, are found in energy conservation enzymes that
are capable of pushing H*/Na* ion out from the cells. This could only happen when the
oxidation of reduced ferredoxin combine with nicotinamide adenine dinucleotide (NAD™) [28].

Intracellular Extracellular

Flavin-Based Electron Bifurcation

4 Hr

2 Na*/2 H*

Chemiosmotic
Energy
Potential

2 Na/2 H+

FdX,yg NAD(PH Fdxy, NAD(P)*, H* £y NADH
Fdx,,, NAD*, H* Fdx,.q, NADH s

Electron

. cytochromes
2 NADPH 2NADP* Transport )

{2 /quinones

Energy Na+/H+
Generation

Na#/H*

Figure 2.3: An overview of energy conservation during syngas fermentation [27].

Studies show that Acetobacterium woodii serves as a membrane-bound Na* dependent
acetogens, generated from methyl-THF to CODH/ACS phase, for ATP synthesis [29]. On the
other hand, C. ljungdahliis are unable to serve Na* translocating ATP ase. However, it creates
H™ translocating ATP ase, which is required to generate a proton gradient [30].
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2.3 Syngas fermentation process parameters

2.3.1 Syngas patrtial pressure

Syngas partial pressure is one of the most important process parameters that plays the vital role
in the microbial growth and fermentation efficiency. The gaseous substrates have low solubility
in water; dense microorganisms face problems on the cell growth. Therefore, increase in partial
pressure can overcome such problems by enhancing the mass transfer. In syngas fermentation,
increase in partial pressure of CO (Pco), ranging from 0.35 to 2.0 atm, increases the cell
concentration growth from 0.2 to 1.08 g/L [31]. Moreover, at high pressure, ranging from 1.35
and 2.0 atm, acetate consumption was noticed i.e. conversion of acetate into ethanol [31, 32].
This could be due to the onset of ethanol production by more utilization of electrons, occurring
from CO oxidation [31]. Studies showed the concentration of ethanol yield and H2/CO; was
found high when total syngas pressure was high, between 1.6 and 1.8 atm. Since ethanol
formation was high at high pressure, ethanol and acetate product ratio also found high at high
pressure of 1.8 atm [33]. Furthermore, enzyme hydrogenase inhibition is another effect of
increasing pressure of CO in the headspace. Kim et al. [34], performed an experiment on
glucose content liquid media under the different headspace pressure of CO. The activity of
hydrogenase (growth rate) was found decreasing at higher concentration of headspace CO.
Study showed that approx. 90% of hydrogen uptake inhibition was observed at 0.084 atm of
CO partial pressure [35].

2.3.2 Medium pH

Media pH has a strong influence on microbial catalysts and metabolic process. The optimum
pH for microbial growth varies between 5.5 and 7.5, depending on the species used for syngas
fermentation [32, 36]. An overview of optimal media pH for acetogenic microorganisms is
given in Table 2.1. In an acetogenic microorganism (e.g. Clostridium drakei, Clostridium
autoethanogenum, Clostridium carboxidivorans P7 and Clostridium ragsdalei P11), their
metabolism is branched into two phases, acidogenesis or solventogenesis to produce acetic acid
or ethanol, respectively [14]. The acetyl-CoA pathway tells that acidogenesis is associated with
cell growth and equalized in ATP, but solventogenesis consumed ATP. That means, drop in
pH leads to a reduction of cell growth and organic acid yield, that instigates to switch the
fermentation phase from acidogenesis to solventogenesis [37]. The acetogen microorganisms
are different from other microorganisms, which are unable to achieve constant media pH
leading to an adverse effect on ethanol productivity. In order to overcome this problem, the
multi-stage continuous system came up into use [38]. Switching of media pH by using multi-
stage syngas fermentation would enhance biofuels production, where substrate metabolism is
separated into acidogenesis and solventogenesis phase. For instance, the researcher examined
two stage syngas fermentation process to improve ethanol productivity of Clostridium
ljungdahlii, where the first stage maintained media pH of 5 and second stage, media pH of 4-
4.5 [9]. Thirty times higher ethanol production was found while lowering pH in two stage
continuous system compared to single continuous stirred tank reactor (CSTR) [38].
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Temperature is another most important process parameters in syngas fermentation that not only
affects the microbial growth and substrate utilization, but also plays a significant role on the
solubility of gaseous substrates. The most optimum temperature ranges for syngas fermentation
microorganisms is found mesophilic, ranges between 37 and 40 °C. While for thermophilic,
optimum temperature ranges between 55 and 80 °C. As temperature rises, chemical reaction
and microbial growth get faster. However, high temperature may damage microorganisms
growth and hinders the optimal biofuel conversion [39]. The thermophilic condition results
lowering solubility of syngas (e.g. CO, CO., and H») and occurrence of contamination.
Although, an increase in temperature enhances the mass transfer rate due to the low viscosity
[11]. An overview of optimum temperatures of syngas microorganisms is given in Table 2.1.

Table 2.1: An overview of mesophilic and thermophilic microorganisms.

Species Topt (°C) PHopt Product(s) Reference
Mesophilic microorganisms
Acetobacterium woodii 30 7.0-7.2  Acetate [40]
Clostridium aceticum 30 8.3 Acetate [41]
Alkalibaculum bacchi 37 8.0-8.5 Acetate, ethanol [42]
Butyribacterium Acetate, ethanol,
. 7 5-7.4 4

methylotrophicum 3 > n-butyrate, nbutanol [43]

- Acetate, ethanol, lactate,
Clostridium autoethanogenum 37 5.8-6.0 2 3-butanediol [44]

Acetate, ethanol,
Clostridium carboxidivorans P7 37 5.8-6.2  n-butyrate, n-butanol, [45]
lactate

. . .. Acetate, ethanol, lactate,
Clostridium ljungdahlii 37 6.0 2 3- butanediol [3]

- . Acetate, ethanol, lactate,
Clostridium ragsdalei P11 37 5.5-6.0 2 3 butanediol [46]
Thermophilic microorganisms
Desulfotqmaculum 55 6.87.2  Ha HS [47]
carboxydivorans
Moorella thermoaceticum 55 6.8 Acetate [48]
Moorella thermoautotrophicum 58 6.1 Acetate [49]

Il

Carboxydocella 60 6.8 H, [50]

sporoproducens
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2.3.4 Fermentation reactor design

Bioreactor design is identified as a crucial parameter for syngas fermentation, which has a close
connection with mass transfer limitation. The bioreactor designer should address the following
parameters, to achieve high productivity: high mass transfer rates, flexible to scale up reactor
size, and low maintenance and operation cost. There are lots of bioreactors commonly used in
practice, namely continuous stirred tank reactor (CSTR), bubble column reactor (BCR) and
other bioreactors (e.g. trickle bed reactor, microbubble sparged reactors and packed bubble
column reactors) [11, 14]. Among them, CSTR is one of the most common bioreactors, in
which volumetric mass transfer coefficient can be enhanced by increasing feeding rate of
syngas or increasing stirrer speed to improve the gas-liquid interfacial area [11]. In CSTR,
syngas is continuously diffused into liquid media through the diffuser, at where large bubbles
are broken down into the small bubbles by stirrer agitation. There are two methods to improve
the volumetric mass transfer coefficient of gases substrates, one is a supply of feed at a high
rate and another is an increase of gas-liquid interfacial area [14]. For instance, increase of CO
specific flow rate from 0.14 to 0.86 vvm, corresponding with an increase of stirrer speed from
200 to 600 rpm, increases volumetric mass transfer coefficient of CO from 10.8 h'*to 155 h!
[51]. An overview of different types of bioreactors is given in Table 2.2.

Table 2.2: List of bioreactors used for syngas fermentation and volumetric mass transfer coefficient.

Bioreactor configuration K.a (W) Variables Reference

Stirred tanks 10-500 Mixed speed, gas flow rate [52]

Bubble columns 18-860 Gas flow rate, bubble size [52]
Packing media, liquid flow

Packed bubble column 18-430 [52]

rate, gas flow rate
Packing media, liquid flow

Packed columns co-current flow 36-360 [52]
rate, gas flow rate

Microbubble sparged bubble column  200-1800 Size of bubble [53]
Aeration rate, liquid flow

Internal loop airlift 140-220 a [54]
rate

L ) Air velocity, pressure of
Airlift reactor with a net draft tube 18-160 reactor [55]

2.3.5 Medium formulation

Media formulation plays a significant role in determining desired products and species in
syngas fermentation [11]. To achieve maximal metabolic activity and microbial growth,
bacteria needs different constituents in the media, such as vitamins, mineral nutrients, calcium
pantothenate, and cobalt [21, 56], including yeast extract as nitrogenous compounds [57].

10



2 Literature review
Replacing expensive media nutrient by cheap organic media reduces fermentation medium cost
and enhances the overall cost of processes. Studies showed that the media without yeast extract
is found in residing C. ljungdahlii cultures with limited metabolic activity and biochemical
concentrate [58, 59]. However, inadequacy amount of nutrient creates metabolic shift
(solventogenesis), it may cause a reduction in cell viability and product formation. Thus, at
least small amount of yeast extract as a nutrient is required to improve product formation.
However, yeast extract is an expensive media. Therefore, it would be better to replace with
cheap media such as steep corn liquor for C. ragsdalei P11 and cotton seed extract for C.
carboxidivorans P7. The results showed 60% improvement in ethanol production [60].

2.3.6 Rate limiting factor

There are two rate limiting steps, namely kinetic-growth limitation and mass transfer limitation
that play a crucial role to optimize the productivity of biofuels and chemicals [57]. Kinetic-
growth limitation basically appears in low cell density and low metabolic activity fermentation,
such that substrate concentration in the liquid phase is comparatively high due to the low
substrate consumption rate. In contrast, gas-to-liquid mass transfer limitation is found in high
cell density and metabolic activity fermentation. It has severe impacts on biofuels and
chemicals production due to the resistance of gaseous substrate diffusion [7]. Because of
diffusion limitation in the fermentation liquid media, microorganisms consume a low amount
of substrate that causes low in products production [11]. Therefore, it is necessary to address
the issues raised by mass transfer limitation, which can be determined by using following
Equation 2.1.

dc,
dt

—ka(C -C,) (Eq. 2.1)

where k,a is the volumetric mass transfer coefficient,C"is the saturated dissolved gas
concentration, and C,_ is the measured/dissolved gas concentration at the sampling time t. As
discussed in above subsection, the volumetric mass transfer coefficient (k, a) can be enhanced

either by increasing impeller speed or by increasing gas flow rate. Increasing agitation speed
increases the breakup of bubbles developed from gases diffusion, which increases the
interfacial area for mass transfer [32]. However, increasing agitation speed is not always
economically feasible to improve k, adue to extra power requirement and sometimes high

agitation speed harms some sensitive bacteria, whereas increasing gas flow rate also causes
gases substrates wastage. An experiment performed by Bredwell and Worden, [53] showed
that initiating micro-bubble spreading in liquid media the k afor CO increased by six times.

Similarly, increase in gas flow rate in CSRT within cell kinetic requirement resulted in a higher
CO conversion. But, if the gas flow rate is beyond cell Kinetic requirement, conversion

efficiency keeps constant [61]. Table 2.2 provides the Kk, a of different bioreactors.
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2.3.7 Syngas composition

Syngas consists of a different ratio of gases such as Hz, CO and CO2 (primary components)
[62] and other impurities (e.g., N2, NH3, HCN, 02, SO», Nox, tars, ash, and H,S if they are
extracted from gasified biomass) [11]. These impurities have a strong influence on syngas
fermentation. Bacteria can use CO as a sole source of energy and carbon, for biofuel
production. However, CO inhibits the hydrogenase. Therefore, a significant amount of
hydrogen should be presented in syngas fermentation, to optimize the biofuel production [21].
Syngas consists of impurities that cause low cell growth, cell dormancy, hydrogen uptake
restriction, including metabolic shift between acidogenesis and solventogenesis [62]. For
instance, nitrogen content syngas converts into NHz, HCN, and NOx in the culture medium
that causes inhibition of biocatalysts function, in where high NH3 accumulation hinders cell
growth of acetogen significantly. Similarly, tar in the gas substrate causes cell dormancy and
disturbance in acetic acid/ethanol product distribution [63]. To improve biofuels production,
an appropriate method should be used to avoid impurities content in the syngas. The source of
impurities is depended on the type of feedstock, operating condition, and type of gasifier.

2.4 Microbial kinetics of syngas fermentation

The mass of the active biomass and gas substrate should be balanced in the microbial process,
to determine the biomass growth and substrate utilization. Monod equation, Equation 2.2 is
used to express bacterial growth kinetics, [64].

I o Eq. 2.2
:usyn_lumax K—l—CS ( q )

where p_, is the specific bacteria growth rate, p, . is the maximum specific bacteria growth

rate, K is the half saturation constant, substrate concentration giving one-half the maximum
rate, and Cs is the concentration of growth limiting substrate. Biomass and gaseous substrates
may contain inhibitory compounds, which may create obstacles on microbial growth rate and
substrate utilization. Because of it, biofuels and chemicals formation reduction could be
encountered. Bacteria requires energy for both growth and maintenance that only can obtain
from oxidation-reduction reactions. Thus, bacteria growth involves the biological reactions for
energy production and cell synthesis.

Equation 2.3 and Equation 2.4 represent kinetic expression for specific cell yields and acetic
acid production from hydrogen and carbon dioxide, respectively. In this expression, two
Monod kinetics were used to express the both gaseous substrates limitation, accompanied with
hydrogenase inhibition due to carbon monoxide and product inhibition by undissociated acetic
acid.
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Cy, Cco, Keo.i Kai (Eq. 2.3)
Kn, +Cy, Keo, +Cco, K, +Cco K, , +C,

/uyield a1 = /’lmax,l

_ CH2 Cco, Keo.i Ca, (Eq. 2.4)
/’lacelic acid — /umax,Z ' '
Ky, +Cy, Kco, +Cco, K, +Cco K, +C,

where K, and Kco, are the saturation concentration of hydrogen and carbon dioxide,

respectively. The parameter Kco, is carbon monoxide inhibition constant on hydrogenase,
when there is no CO present (CO< Kco,1), the growth will not be inhibited. The parameter Ka,
is unbroken acetic acid inhibition constant for H,and CO, [32].

Equation 2.5 and Equation 2.6 describe kinetic expression for biomass growth and ethanol
production on hydrogen and carbon dioxide, respectively. Although, it is only workable if
carbon monoxide concentration is very low than hydrogenase inhibition constant.

C,, Cco, Keoi Kai (Eq. 2.5)

Hia 2 = Hnaxa Y U C Ko, +Cco, Koo, +CC0 K, +Cp

CH2 Cco, Kco,l CA,I (Eq 26)

Hethanol = Himax,a KH2 +CH2 Kco, + Cco, KCO,I +Cco KA,I +C,

If there is no carbon monoxide, growth will not be inhibited. But, if there is CO that reduces
the specific cells growth because of hydrogenase inhibition. Therefore, carbon monoxide will
be consumed initially and then shift towards other gaseous substrates, to produce acetic acid.
The continual cells growth, biofuels, and chemicals will limit because of undissociated acetic
acid accumulation on hydrogen and carbon dioxide fermentation.

2.5 Conclusions

Syngas fermentation (gas to liquid technology) has become an emerging sustainable solution
for biofuels and chemicals production. The production of chemicals and biofuels via syngas
bioconversion, extracted from agricultural waste, non-food energy crops, and waste gases can
be an alternative solution for energy demand and greenhouse emission reduction. Although, it
seems challenging the production of chemicals and biofuels in an effective way due to too
many parameters and limitations that need to be controlled. Section 2.3 clearly describes that
there are several parameters, such as partial pressure, media pH, temperature, bioreactor design,
medium formulation, rate limiting factor, and gas composition, they severely affect the
productivity of fermentation. However, there are also many advantages of syngas fermentation,
one of them is that is capable of capturing industrial waste gases and convert them into valuable
chemicals and biofuels.
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3 Materials and Methods

3.1 Materials: inoculum

The digested food waste sludge was used as the liquid media (i.e. inoculum), collected from
biogas plants (Hadeland og Ringerike Avfallsselskap and Indre Agder og Telemark
Avfallsselskap 1KS), Porsgrunn, Norway. A series of treatments were performed to achieve
required inoculum properties, as shown in Figure 3.1.

HCL
NaHCO;
o Heating at 35 Cooling at room i
Food waste Filtration | L
and 105 °C temperature
Collection unit Filtration unit -
Heating unit Cooling unit Bioreactor
Syngas |

Inoculum treatment processes Syngas fermentation

Figure 3.1: Flow diagram of overall syngas fermentation.

At first, 5 L of raw inoculum was filtered (600 um) to eliminate large solid particles and kept
the filtered inoculum in the closed bottle, to prevent over evaporation. The closed bottle was
then incubated in an oven for 25 days at 35 °C. The incubation process helps to activate the
liquid media to produce left-over biogas, by enhancing digestion rate and bio-degradability.
The closed bottle was equipped with a pipe on the top of the bottle to remove produced biogas.
The inoculum was again heated up at 105 °C for 48 hours, to eliminate methanogenic bacteria.
After a series of heat treatment processes, liquid media was left for cooling, and then adjusted
pH (around 8) by adding hydrochloric acid (HCL). Finally, all the characteristics of inoculum
such as pH, total chemical oxygen demand (CODr), soluble chemical oxygen demand (CODs),
volatile fatty acid (VFA), total solid (TS), total suspended solid (TSS), volatile solid (VS),
volatile suspended solid (VSS), and alkalinity were tested before onset of experiment as shown
in Table 3.1.

Table 3.1: Chemical parameters of inoculum before performing an experiment.

Characteristic of food waste (g/L) Ethanol

CODr CODs TS VS TSS VSS Alkalinity NHsN Aceticacid (PA™S)

13.8 69 123 75 53 39 3.5 1.96 1.893 13 7.98
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3.2 Design, development, and test of bioreactor

3.2.1 Design and development of fermentation bioreactor

A laboratory-scale batch bioreactor was designed by keeping the following parameters in
consideration: high-pressure resistance, gas and liquid leakage proof, flexible to handle, easy
to assemble and disassemble, and safe to perform. The bioreactor, made from borosilicate glass
of 4.14 L was used for the experiment. It consists of six small valves with equal size of 1.6 cm
diameter and one main inlet valve of 4 cm diameter, as shown in Figure 3.2.

Main inlet valve

Flushoutvalve — p {xim—

u §'og

— <+ DBackup outlet valve

Diffuservalve 5 pqm!

<+ Sample outlet valve

Syngas injection valve Magnetic stirrer

iy
Figure 3.2: Schematic diagram of fermentation bioreactor.

The bioreactor working volume was designed of 3.25 L (i.e. 0.89 L headspace) and stirred
continuously by a magnetic stirrer (MR 3001 K), range between 0 to 1200 rpm. The precision
digital pressure gauge (model CPG1500), range from 0 to 10 bar, was installed on the top of
the main inlet valve covered by a lid, to monitor total syngas pressure change. The lid consists
of rubber cork, to hold pressure gauge tightly. To diffuse syngas in the liquid media
homogeneously, a simple diffuser was designed at the bottom of the bioreactor, to enhance gas
retention time. The flushing valve, 8 cm above from diffuser valve shown in Figure 3.2, was
designed to flush the headspace air and bypass the headspace syngas in an emergency situation.
The sampling valve was allocated at the right side of the bioreactor for taking a sample. All the
possible openings/fissures of the bioreactor were sealed completely by Teflon/silicon, to
prevent gas/liquid leakage in order to achieve anaerobic condition under high headspace
pressure of 0.29 to 1.51 bar.
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3.2.2 Lab-scale bioreactor design test

Before performing the experiment, it is an important to approve your designed and developed
bioreactor, whether functioning well or not as your intended objective. Thus, after running the
experiments, hydrogen seal test was performed inside the fume hood chamber, to investigate
the bioreactor performance and sealing. The test lasted for three weeks. For the test, liquid
media was used 3.25 L tap water, and hydrogen was used to pressurize the bioreactor at
different headspace pressure of 0.33, 0.56, and 1.04 bars. During the tests, headspace pressure
change was recorded each 10-minute interval and then analyzed the recorded data. The
analyzed data showed that there was no gas and liquid leakage at high pressure the bioreactor
was working well, the test report is attached in Appendix B. Therefore, the bioreactor was
recommended for the master thesis experiment.

3.3 Experimental setup

The experiment was performed at University College of Southeast Norway (USN), Department
of Energy and Environmental Technology, E-block, room number 113, from 9 Jan 2017 to 1
April 2017 (including hydrogen seal test). As mentioned in the previous section, the setup
consists of 4.132 L bioreactor, integrated with a precision digital pressure gauge, shown in
Figure 3.3a. The bioreactor was filled with 3.25 L of inoculum and added 3.4 g/L of sodium
bicarbonate (as COz), as shown in Appendix C. The inoculum was agitated continuously.

(b) 1

7 A

Figure 3.3: An overview of (a) Developed fermentation bioreactor. (b) Hague pipe with pressure regulator.

For the first time, headspace air was flushed with nitrogen, to achieve an anaerobic condition,
and then supplied hydrogen 12 times to the headspace, at different headspace pressure range,
between 0.29 to 1.51 bar. Hague pipe equipped with a pressure regulator to control flow rate
was used to supply hydrogen into the bioreactor, shown in Figure 3.3b.

3.4 Batch fermentation of hydrogen and carbon dioxide

A laboratory scale batch experiment was conducted focusing primarily on hydrogen and carbon
dioxide consumption. As described in above section, the bioreactor was filled with 3.25 L of
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inoculum, in which 3.4 g/L of NaHCO3 was added (when NaHCO3 was added in the inoculum
pH increased from 7.98 to 8.35). The headspace air was flushed once by nitrogen at the
beginning, to create anaerobic condition and then supplemented hydrogen to the headspace
several times at different headspace pressure range, between 0.29 to 1.51 bar. A digital pressure
gauge was used to record the total pressure and temperature of the bioreactor.

The bioreactor was placed vertically inside the fume hood chamber and stirred continuously at
the rate of 1200 rpm, to enhance the gas-liquid mass transfer. During the experiment, the
headspace hydrogen diffused into the bulk liquid, inoculum, that caused a drop in headspace
pressure. Therefore, hydrogen was injected several times until to achieve a steady state. During
the experiments, each week, 10-20 mL of inoculum was taken for analysis and injected the
same amount of freshly treated inoculum into the bioreactor in order to compensate the total
working volume.

3.5 Volumetric mass transfer coefficients

The dynamic gassing out method was proposed to measure gas to liquid mass transfer capacity
(k_a) [65], in which an increase of dissolved gas in the inoculum was recorded throughout the
experiment. The same experiment described above was used for k,a measurement, too. To
keep constant same mass transport, fermentation process was conducted at a stirrer speed of
1200 rpm and temperature of 22+1.4 °C. Note that there was no any control device to keep the
temperature constant, even though no significant changes were noticed during the fermentation.
The headspace pressure was recorded each half hour using a digital pressure gauge during the
experiment. Measured headspace pressure was subtracted with the initial headspace pressure
to calculate dissolved hydrogen in the inoculum, and using the ideal gas law the dissolved
hydrogen (bar) was converted into concentration (C.) in mmol/L. To determine the volumetric
mass transfer coefficient (k a), Equation 3.1 was used (logarithm form after integration of

Equation 2.1).
In(C"-C,) =-k,a*t (Eq. 3.1)

The calculation of the volumetric mass transfer coefficients will be discussed in Chapter 4,
Section 4.3.

3.6 Solubility of gases in the liquid

The solubility of hydrogen was calculated based on headspace partial pressure of 0.29, 1.2, and
1.51 bar, caused by the dissolved hydrogen in the inoculum. The total headspace partial
pressure was calculated by using the Dalton's law. The solubility of hydrogen in the inoculum
was calculated using the Henry’s law, as shown in Equation 3.2, [66].
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Chr =Ky, P (Eq. 3.2)

where C, is the solubility of hydrogen in a solvent (mol/L), k,,,, is Henry's coefficient

(mol/atmL) and P, is the partial pressure of gas (atm). The solubility of hydrogen in the
inoculum will be discussed in Chapter 4, Section 4.4.

3.7 Analytical methods

3.7.1 Instrumental analysis

VFA (acetate, propionate, and butyrate) analysis

VFAs were analyzed by using gas chromatograph, Hewlett Packard 6890, equipped with a
capillary column (FFAP, 30 m x 0.250 mm x 0.5 um) and flame ionization detector with helium
as a carrier gas, at a rate of 12 mL/minute. The injector and detector temperatures were set at
200°C and 250°C, respectively. The initial oven temperature 100°C was maintained for a
minute and raised 15 °C per minute until 200 °C, followed by an increase of 100°C per minute
until 230°C.

pH analysis: pH was measured by calibrated Beckman 1051 pH meter at a room temperature.
3.7.2 Chemical parameters analysis

To determine chemical parameters US standards were used, as described in Table 3.2,

Table 3.2: List of US standards used for chemical parameters determination.

Description (Abbreviation) Methods  Reference
Total Chemical Oxygen Demand (CODr) 920 D [67, 68]
Soluble Chemical Oxygen Demand (CODs)

Ammonia (NH4*-N) 2500 A [67]
Alkalinity 2320B  [67, 69]
Total Solids (TS) 2540 B [67]

Total Suspended Solids (TSS) 2540 D [67]
Volatile Solids (VS) 2540 E [67]
Volatile Suspended Solids (VSS) 2540 E [67]
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4 Results

4.1 Hydrogen consumption

A laboratory scale, batch fermentation was conducted to produce acetic acid and ethanol. The
hydrogen was supplemented to the headspace and sodium bicarbonate (as CO2 source) added
in the inoculum. Figure 4.1a is an overview of hydrogen injection and consumption at
headspace pressure ranged from 0.29 to 1.51 bar. Figure 4.1b shows the cumulative hydrogen
consumption (mmol) during the experiment.
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Figure 4.1: An overview of (a) Hydrogen injection and consumption. (b) Cumulative hydrogen consumption
during the experiment.

The vertical and inclined line shown in Figure 4.1a indicates the hydrogen injection and
consumption, respectively, at different headspace pressure of 0.29, 1.12, and 1.51 bar. During
the experiment, 12 times, hydrogen was injected to the headspace. As can be seen in Figure
4.1a, approx. 1.12 bar of hydrogen was injected nine times during 300-1176 hours. Meanwhile,
six times negative headspace pressure was noticed. The cumulative H> consumption trend was
sigmoidal and found total H> consumption of 1369 mmol throughout the experiment, shown in
Figure 4.1b. The dissolved hydrogen in the inoculum (H2 consumption) experienced, a lag
phase for the first 300 hours followed by sharp increase during 300-912 hours, and then
depletion at later stages of the experiment. It was observed that the maximum H consumption
rate was 0.153 mmol/h-gV'S during 478-527 hours at 1.12 bar headspace pressure, which was
51 times higher than that obtained during first 71 hours at 0.29 bar headspace pressure (0.003
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mmol/h- gVS). The higher H> consumption rates were found in the middle stages of the
experiment and then later stages of experiment H> consumption rates went down until to
achieve a steady state as shown in Table 4.1.

Table 4.1: Average hydrogen consumption rates at different time intervals

Hydrogen consumption rates

Duration (h)

bar/h mmol/h mmol/h. gVS

Start-71 0.001 0.081 0.003
71-313 0.001 0.144 0.006
313-407 0.013 1.686 0.079
407-478 0.019 2.567 0.120
478-527 0.025 3.321 0.153
527-577 0.024 3.215 0.152
577-646 0.020 2.676 0.128
646-694 0.022 2.928 0.143
694-744 0.018 2.415 0.118
744-839 0.007 0.975 0.048
839-1174 0.003 0.336 0.017
1174-1297 0.001 0.107 0.005

4.2 Products formation

Two step reaction in the bioconversion process was followed to convert gases substrates into
dissolved products, the microbial cells transport first gases substrates to the microbial surface
and then the uptake of the soluble gases, to produce acetic acid and ethanol. Figure 4.2 shows
the acetic acid and ethanol production, along with other organic acids.
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Figure 4.2: Concentration of acetic acid and ethanol. The error bar represents standard error, n = 3.
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The initial acetic acid concentration was 32 mmol/L that increased rapidly between 264 to 745
hours, by 88 % from 33 to 62 mmol/L, albeit a long lag phase was noticed during first 300
hours. The maximum acetic acid concentration of 68 mmol/L was observed at 1176 hours and
1.12 bar headspace pressure and then declined slightly at the end of the experiment when H>
consumption was no longer. The maximum rate of acetic acid formation was 0.0119
mmol/h-gVS at 1.12 bar headspace pressure during 408-553 hours, which was 15-folds higher
than the least rate of 0.0008 mmol/h-gVS obtained at 0.29 bar headspace during first 48 hours,
as shown in Table 4.2. During 1176-1297 hours, the acetic acid consumption rate of 0.0002
mmol/h-gVS was found at 1.51 bar headspace pressure. It is important to note that ethanol
concentration decreased sharply at the beginning and reached the minimum level of 2.5 pA*s
at 553 hours, which was approx. 6 times lower than the initial concentration (13 pA*s). Ethanol
concentration was expressed in the area (pA*s). As can be seen in Figure 4.2, ethanol formation
was lower, 2.5 to 3.4 pA*s, during 553 to 912 hours. However, at the later stages of experiment
ethanol concentration increased exponentially and reached the maximum level of 15 pA*s at
1297 hours and 1.51 bar headspace pressure. The other organic acids, namely propionic,
isobutyric, butyric, and isovaleric acid formation were also found almost constant but
insignificant throughout the experiment, shown in Figure 4.2.

Table 4.2: Acetic acid formation rates at different time intervals.

Duration (h) Acetic acid (mmol/h-gVS)  Acetic acid (mg/h.gVS)

Start-48 0.0008 0.0529
264-312 0.0068 0.4064
312-408 0.0112 0.6688
408-553 0.0119 0.7157
553-745 0.0083 0.4987
1080-1176 0.0042 0.2526
1176-1297 -0.0002 -0.0125
100% g — 80

Total VFA (mmol/L)

|| ||
75% I 60
50% 40
25% 20
0 M 0

Start 48 264 312 408 553 745 912 1080 1176 1297

0 .
© Time (h)

= Acetic acid === Propionic acid = |sobutyric acid
Butyaric acid mmmm |sovaleric acid Total VFA

Figure 4.3: Concentration of VFA composition (%) during the fermentation.
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Figure 4.3 shows the total VFA composition during the experiment. The decreasing trend of
acetic acid concentration (%) in the total VFA was noticed for the first 312 hours; they were
85, 84, 79 and 78 %. However, the acetic acid was the dominant organic acid in total VFA
throughout the experiment. Then, acetic acid concentration (%) increased gradually and
reached up to the highest level, 88% at 1176 hours, when total VFA was 74 mmol/L at 1.12
bar headspace pressure. The maximum total VFA of 75 mmol/L was obtained at 1297 hours,
which was 108% higher than the initial total VFA (36 mmol/L). It is also noticeable that the
increasing trend of total VFA composition followed the similar pattern travelled by acetic acid
formation (Fig. 4.2).

Figure 4.4a and Figure 4.4b show the CODs and COD+ concentrations and NH4-N and pH,
respectively, during the experiment.
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Figure 4.4: Profile of (a) CODt and CODs concentrations. (b) NHa-N and pH.

The COD~ and CODs concentrations shown in Figure 4.4a followed similar trend travelled by
acetic acid. The maximum COD+t and CODs concentrations were 15.4 and 9.4 g/L at 1176 and
745 hours, and increased by 30 and 40%, respectively. The total consumed hydrogen COD
(CODHydrogen) Was 11.02 gCOD, which was approx. equal to total produced inoculum COD
(COD noculum = 11.44 gCOD) and 32% more than the total produced acetic acid COD (COD acetic
acid = 7.49 gCOD) during the fermentation, as shown in Appendix D. The NH4-N concentration
was noticed almost constant between 1.9 to 2.3 g/L. The maximum NH4-N concentration of
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4 Results

2.3 g/L was obtained at 553 hours. As can be observed in Figure 4.4b, pH increased from 8.35
to 9.18 during the experiment, although a couple of time (264 and 912 hours) pH drop was
noticed. It was noticeable that the pH increased substantially during 264-745 hours. In addition,
increased alkalinity concentration was found during the experiment, initial and final alkalinity
concentrations were 3.15 and 4.7 g/L, respectively.

Figure 4.5a and Figure 4.5b show the profile of TSS, VSS, TS, and VS concentrations
throughout fermentation.
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Figure 4.5: Profile of (a) TSS and VSS. (b) TS and VS.

As shown in Figure 4.5a, TSS and VSS reduction was noticed during the experiment. The
reduced TSS and VSS were 15 (0.8 g/L) and 13% (0.5 g/L), respectively. However, a small
increment of TSS and VSS were observed from 264 to 745 hours. Similarly, TS and VS
reduction was also noticed and found total reduction of 38 (4.6 g/L) and 20% (1.5 g/L),
respectively. Couple times, at 48 and 553 hours, quick decline in TS concentration was noticed,
as shown in Figure 4.5b. As can be seen in both Figure 4.5a and Figure 4.5b, total TSS and TS
reduction were higher than total VSS and VS reduction, respectively, throughout experiment.
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4.3 Volumetric mass transfer coefficients

4 Results

Figure 4.6a, Figure 4.6b, and Figure 4.6¢ show the volumetric mass transfer coefficient of
hydrogen in the inoculum at different headspace pressure of 0.29, 1.12, and 1.51 bar,

respectively, during the experiment.
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Figure 4.6: The volumetric mass transfer coefficients of hydrogen in the inoculum. (a) at 0.29 bar. (b) at the 1.12

bar. (c) at 1.51 bar.
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In all of Figure 4.6, In(C"-C,)vs. time gives a straight line with a slope that equals to the
volumetric mass transfer coefficients of hydrogen in the inoculum (k a) . In our studies, the k, a

was measured at where dissolved hydrogen concentration rate was maximum at three different
headspace pressure of 0.29, 1.12, and 1.51 bar. The dissolved hydrogen concentration rates
were found maximum during 2-20, 498-518, and 1176-1183 hours. The k,a was observed
increasing with an increase of headspace pressure from 0.29 to 1.12 bar. The volumetric mass
transfer coefficients were 0.005 h' (R? = 0.941) at 0.29 bar headspace pressure and 0.16
mmol/L dissolved hydrogen concentration during first 20 hours, shown in Figure 4.6a. The
maximum k, a0.082 h? (R? = 0.987) was obtained at 1.12 bar headspace pressure and 89
mmol/L dissolved hydrogen concentration during 498-518 hours, shown in Figure 4.6b.
However, the least was found 0.003 h'* (R? = 0.937) at 1.51 bar headspace pressure and 419
mmol/L dissolved hydrogen concentration during 1176-1183 hours, shown in Figure 4.6c.

4.4 Solubility of gases in the liquid

Figure 4.7 shows the temperature changes, between 20.6 to 23.4 °C, during the experiment.
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Figure 4.7: Change in bioreactor temperature over time.

The bioreactor temperature was observed changing with an increase in headspace pressure. The
maximum temperature fluctuation (20.6 to 22.6°C) was noticed for first 502 hours at headspace
pressure between 0.29-1.12 bar. The temperature reached up to 23.4°C when headspace
pressure was 1.51 bar. The average temperatures during 0-300, 300-1176, and 1176-1297 hours
were 21.6, 22.3, and 23.1°C at headspace pressure of 0.29, 1.12, and 1.51 bar, respectively,
shown in Figure 4.7.

The solubility of hydrogen in the inoculum (Cn) was calculated using Equation 3.2, under
anaerobic condition. Henry’s coefficient for hydrogen, 7.8 10 mol/atmL at 295.65 K, was
used [66]. The Cn at three different headspace pressure was measured during 0-71, 478-527,
and 1176-1297 hours (Table 4.3). Durations were chosen based on higher hydrogen
consumption rate at three different headspace pressure ranged from 0.29, 1.12, and 1.51 bar.
The Cx was found increasing with an increase of headspace pressure.
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4 Results
Table 4.3: The calculated solubility of hydrogen in the inoculum at different headspace pressure.

Headspace Time interval Temperature Hydrogen consumption  Solubility of hydrogen

pressure (bar) (h) (°C) rate (mmol/h- gVS) in liquid (mol/L)
0.29 0-71 21.6 0.003 4.910°
1.12 478-527 22.3 0.153 1.210°%
151 1176-1297 23.1 0.005 7.710°

Figure 4.8 shows the solubility of hydrogen in the inoculum at different headspace pressure
and dissolved hydrogen.
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Figure 4.8: The solubility of hydrogen in the inoculum at different headspace pressure.

The maximum Cu 1.2 10° mol/L was obtained at 1.12 bar headspace pressure (89 mmol/L
dissolved hydrogen), which was 25 and 16 times higher than that obtained at 0.29 bar (0.16
mmol/L dissolved hydrogen concentration) and 1.51 bar headspace pressure (419 mmol/L
dissolved hydrogen concentration), respectively. The results showed that an increase of
dissolved hydrogen concentration in the inoculum at a level of saturation point reduced the Ch
value. In contrast to dissolved hydrogen concentration, increasing headspace pressure resulted
in increased Cn value, shown in Figure 4.8. The overall solubility of hydrogen in the inoculum
was 8.03 10 mol/L during the experiment, as shown in Appendix E.

4.5 Biomass growth and stoichiometry reaction

4.5.1 Biomass yield and stoichiometry reaction of acetic acid formation
The microbial synthesis of acetic acid is growth related [70]. Microorganism growth is thus

clung to the production of acetic acid. The stoichiometry reaction 4.1 was derived based on
reaction 2.5. The biomass yield was calculated in the presence of hydrogen gas as an electron
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donor, associated stoichiometrically with acetic acid formation, calculation is included in
Appendix F. The CsH702N was used as a biomass for cell yield on gases substrates [64].

277.78H,+HCO;, +NH +137.88C0O, — C.H,0,N+66.94CH,COOH+142.89H,0
(R. 4.1)

All the parameters defined in Table 4.4 were assumed to calculate biomass yields along with
acetic acid production, based on the chemical oxygen demand.

Table 4.4: An overview of parameter values.

Parameter Value (unit)

Energy transfer efficiency () 0.1to 1, Assumption
Free energy, reduction N, to NH, (AG,.) 18.8 klle'eq [71]
Free energy, carbon to pyruvate (AG,) 74.96 kile’eq (Ha, electron donor)

Biomass C,H,O,N (1 g cells) 1.42 gCOD/g compound

The biomass yields were calculated, at a various range of energy transfer efficiency (0.1 to 1),
correlated stoichiometrically with ethanol formation. The calculation is attached in Appendix
F.

Figure 4.9 shows the biomass yield vs. energy transfer efficiency ranged from 0.1 to 1, along
with acetic acid formation.
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Figure 4.9: Biomass yield associated with the acetic acid formation.
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The increase in energy transfer efficiency increased the biomass yield, shown in Figure 4.9.
The biomass yield of 0.066 gVSS/gCOD (maximum) was found at 1 energy transfer efficiency
and the least was 0.001 gVSS/gCOD at 0.1 energy transfer efficiency.

4.5.2 Biomass yield and stoichiometry reaction of ethanol formation

The stoichiometry reaction 4.2 was derived from reaction 2.8. A similar method as described
above was used here also to formulate stoichiometry reaction for biomass growth associated
with ethanol formation (Appendix F). Microorganisms can grow on Hy and CO», with the
absence of CO. Therefore, we are more interested in ethanol production from CO., using
hydrogen as an electron donor.

312.5H, +HCO; +NH;, +104.63CO, — C.H,0,N+50.38CH,COOH+160.25H,0
(R. 4.2)

The biomass growths were calculated, on assumption of free energy transfer efficiency ranged
from 0.1 to 1, along with ethanol formation, using above listed parameters value, (Table 4.4).
The calculation is attached in Appendix F.

Figure 4.10 shows the increasing trend of biomass yield with an increase in energy transfer
efficiency, ranged from 0.1 to 1.
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Figure 4.10: Biomass yield associated with ethanol formation.
The biomass yield presented in Figure 4.10 shows that increase of energy transfer efficiency
(0.1 to 1) increased the biomass yield, during ethanol formation. The highest and the lowest

biomass yield were found 0.059 and 0.001 gvVSS/gCOD at 1 and 0.1 energy transfer efficiency,
respectively.
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5 Discussion

5.1 Hydrogen consumption

As noticed in Figure 4.1a, increasing headspace pressure resulted in an increased H:
consumption during the experiment. This trend leads to dissolved hydrogen in the inoculum is
governed by headspace pressure [33]. The lag phase was experienced for first 300 hours
because of microorganisms needed time to acclimate to a new environment. Thus H2
consumption was found low [64]. Also, other expected reason could be a low mass transfer
rate from gases to liquid phase due to low initial headspace pressure of 0.29 bar [14, 33]. During
300-1176 hours, H2 consumption was found maximum at headspace pressure of approx. 1.12
bar. The main reason could be the microorganism cells increasing at their optimum rate and an
increased mass transfer rate from gases to liquid phase due to an increased headspace pressure
[14, 33, 64]. This result postulates that an increase in H, consumption is a result of an increase
in headspace pressure [33]. As shown in Figure 4.1a, H> consumption was decreased gradually
and achieved a steady state after 1176 hours. The stationary phase and increased pH (pH>9)
could be the reason of decreased H2 consumption. In the stationary phase, the microorganism
growth is offset by cells death (no extra cells growth) [64, 72], and excessive increase of pH
hinders the microorganisms’ capacity for H> consumption [33].

5.2 Products formation

A laboratory scale, batch fermentation was performed at headspace pressure ranged from 0.29
to 1.51 bar, where hydrogen and carbon dioxide served as an electron and energy source for
acetic acid and ethanol formation under acetyl-CoA pathway. As observed in Figure 4.2, acetic
acid and ethanol formation were found during the experiment. Increasing H> consumption
resulted in increased acetic acid formation, that postulates an increase of acetic acid formation
depends on H> consumption at headspace pressure [33, 60]. Acetic acid formation started after
300 hours. An initial lag phase might be the reason of delayed acetic acid formation, during
that interval H> consumption was significantly low [64]. High acetic acid formation was found
during 300-745 hours and reached the maximum level at 1176 hours, then declined slightly at
later periods of fermentation, shown in Figure 4.2. An increased acetic acid formation was due
to the increased H> consumption rate [33]. After 1176 hours of fermentation, acetic acid
consumption was observed. It could be a consequence of acetic acid conversion into ethanol
according to the acetogenic pathway, to avoid of high undissociated acetic acid accumulation
or nutrient limitation [33, 59, 73-75].

Regarding ethanol formation, the metabolic shift from acetic acid to ethanol (acidogenic to
solventogenic phase) was obtained at a pH of 9.09, headspace pressure of 1.12 bar. As shown
in Figure 4.2, exponential ethanol formation was noticed after 745 hours. The sharp increase
of ethanol concentration might be a result of increased headspace pressure from 1.12 to 1.51
bar [9, 33, 76]. A similar experiment examined by Younesi et al. [33], they found 4-folds higher
ethanol concentration at total syngas pressure of 1.6 and 1.8 atm than at 0.8 and 1 atm. In
addition, several studies showed that an increase of solventogenesis is sporulation-associated
[77, 78]. Thus, sudden ethanol formation in our case might be a consequence of onset of
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solventogenesis. During the first 553 hours, ethanol concentration was consumed gradually by
microorganisms and remained almost constant (lowest) between 553 to 912 hours. The
observed ethanol reduction could be the result of increased pH [32, 33]. Despite intensive
research, it is hard to explain clearly why ethanol consumption occurred at the beginning. But,
sporulation could be a reason for constant ethanol concentration in the middle of fermentation.
Microorganisms are no longer active for reaction for ethanol formation when sporulation
occurred [32].

As can be seen in Figure 4.4a, both CODt and CODs concentrations of inoculum increased,
during the experiment, due to consumption of hydrogen and carbon dioxide for acetic acid and
ethanol formation. During the experiment, total consumed hydrogen COD (CODHydrogen) Was
nearly equivalent to the increase in bulk liqguid COD (CODioculum). At least 68 % of
CODHydrogen transformed to acetic acid concentration (CODacetic acid), that implies 32% of the
total consumed hydrogen (CODHydrogen) converted to other final products, such as ethanol,
propionic, isobutyric, butyric, and isovaleric acid).

Since the experiment was performed at high pH, acetic acid and ethanol formations were
observed, during the experiment. Previous studies suggested that decrease in pH attributes to
the formation of organic acids and phase change from acidogenesis to solventogenesis for
ethanol production [9, 32, 38]. However, in our case, pH increased from 8.35 to 9.18 during
the experiment as shown in Figure 4.4b. During the fermentation, an increase of pH could
happen if added buffer solution lost their capacity to resist inoculum pH change that leads to
regaining initial pH level [79], which was shown after 745 hours (initially, HCL was added to
control pH as required level). Furthermore, sodium bicarbonate (as CO.) addition could be
another reason of increased pH and alkalinity, sodium and bicarbonate are the base and acid
components, respectively. When bicarbonate was used as a CO; source for acetic acid and
ethanol formation, only base component remained. Thus, pH increased and inoculum became
more alkaline [80]. However, in order to confirm these assumptions, more intensive research
would require to be performed.

As noted in Figure 4.5a and Figure 4.5b, TSS, VSS, and TS, VS reduction were observed
throughout fermentation. The observed solids (TSS, VSS, and TS, VS) reduction can be the
result of acetic acid, ethanol, and other organic acids formation [79]. During the experiment,
TSS and TS reductions were higher than VSS and VS reductions, respectively. This could
happen due to TSS and TS reductions include not only organic matter degradation (VSS and
VS reduction) but also includes inorganic suspended particles degradation [79, 81].

5.3 Volumetric mass transfer coefficients

The volumetric mass transfer coefficient (k, a) increases with an increase in both gas and liquid
flow rate, caused by an increased mass transfer efficiency (k, ) and specific interfacial area (a)
[82, 83]. Previous studies showed that the k, a could be enhanced either by increasing agitation

speed or by gas flow rate [14]. An increasing headspace pressure resulted in increased gas flow
rate. As noticed in Figure 4.6, increasing headspace pressure increased the k, a value. This

indicates that transform of gases to liquid phase depends on the headspace pressure [32]. This
could be the reason of maximum k, a value at 1.12 bar headspace pressure, in our case. The

k, a value was found the lowest, even though headspace pressure was highest (1.51 bar
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headspace pressure). It could happen if the dissolved gases concentration in the liquid already
reached saturation level, no more gas is possible to dissolve in the liquid [32]. In our studies,
hydrogen consumption rate reached a steady state after 1176 hours at 1.15 bar headspace
pressure due to enough dissolved hydrogen present in the inoculum (419 mol/L). Thus, this
could be a result of k, a value at the later stage of the experiment.

5.4 Solubility of gases in the liquid

From experimental results presented in above Chapter shows that the solubility of hydrogen in
the inoculum (CH) increases with headspace partial pressure. These trends indicate that the
solubility of hydrogen is governed by the headspace partial pressure [66, 84, 85]; increasing
partial pressure forces the hydrogen molecules into the inoculum, causes more Hz consumption.
These could be the cause of maximum Cu value at 1.12 bar headspace pressure and 22.3°C,
during the experiment. On the contrary, the lowest was found at 1.51 bar headspace pressure
and 23.1°C after 1174 hours of the experiment. Many studies found that the solubility of gas in
a liquid depends on the nature of solution and temperature, an increase of dissolved gas in the
liquid changes physical state of solution that results in a reduction of the solubility of gas in
liquid [66, 86]. As shown in Figure 4.1b, the H> consumption rate was observed minimum after
1176 hours due to enough hydrogen already dissolved in the inoculum (419 mol/L). This could
be a consequence of low solubility of hydrogen in the inoculum.

5.5 Biomass growth and stoichiometry reaction

5.5.1 Biomass yields and stoichiometry of acetic acid formation

Acetogenic bacteria is broken down by acidogenesis for acetic acid production, in acetyl-CoA
pathway [70]. An increase of substrates consumption increases the acetic acid formation and
biomass yields [33]. As given by stoichiometry reaction 4.1, biomass yield was correlated
stoichiometrically with the acetic acid formation and had no hydrogenase inhibition due to the
fact that in this fermentation no carbon monoxide was added [32]. The increase in energy
transfer efficiency without hydrogenase inhibition would increase substrate utilization for rapid
cell synthesis. As a result, biomass yield increased sharply.

5.5.2 Biomass yields and stoichiometry of ethanol formation

Ethanol formation occurs in solventogenesis phase, along with biomass cell growth, in acetyl-
CoA pathway [70]. In the fermentation process, pH drop not only switches acidogenesis to
solventogenesis phase for ethanol production but also reduces the biomass cell growth [9, 38].
Therefore, it could be the reason for less biomass yield compared to biomass yield associated
with the acetic acid formation. As given by stoichiometry reaction 4.2, biomass cell growth is
associated with ethanol formation. As discussed above, an increase of energy transfer
efficiency increases substrates consumption for cells synthesis, thus biomass yield increased.
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6 Conclusion and recommendation

6.1 Conclusion

The primary purpose of this master thesis was to gain a better understanding of acetic acid and
ethanol production via an experimental approach, “syngas fermentation”. The experiment was
successfully performed and drawn the following key conclusions:

Increasing headspace pressure enhanced the hydrogen consumption. Maximum H;
consumption rate was observed 0.153 mmol/h-gVS at 1.12 bar headspace pressure during 478-527
hours, which was 51% more than that obtained at 0.29 bar headspace pressure during first 71 hours.

Enhanced hydrogen consumption increased the acetic acid formation. Maximum acetic acid
formation rate was 0.0119 mmol/h-gVS at 1.12 bar headspace pressure, which was 15-folds more
than that of obtaining at 0.29 bar headspace pressure (0.0008 mmol/h- gVS). At least 68% of
consumed hydrogen (CODmydrogen = 11.02 gCOD) transformed to acetic acid (COD acetic acida = 7.44
gCOD) and found a maximum acetic acid concentration of 68 mmol/L at 1176 hours and headspace
pressure ranged from 0.29-1.51 bar during the fermentation.

Headspace pressure significantly influenced the ethanol formation. A significant ethanol
consumption was appeared during first 553 hours at headspace pressure between 029-1.12 bar.
However, ethanol formation was found at the later stages of fermentation and obtained a maximum
concentration of 15 pA*s at 1.51 bar headspace pressure and 1297 hours, which was 7 times higher
than obtained the least ethanol concentration at 1.12 bar headspace pressure and 553 hours.

The increase of headspace pressure had a significant influence on the mass (H-) transfer from
gases to liquid phase (k, a) and solubility of gases in liquid (Cn). An increase of headspace
pressure resulted in increased k, a and Cy value. Maximum Kk, a and C were observed 0.082 h!
(R?=10.987) and 1.12 10 mol/L at headspace pressure increased from 0.29 to 1.12 bar, during 478-

527 hours. However, increasing dissolved hydrogen concentration in the inoculum showed the
inverse results.

Biomass yield can be optimized, with an increase of energy transfer efficiency(g). The

calculated maximum biomass yields were 0.066 gVSS/gCOD and 0.059 gVSS/gCOD, for acetic
acid and ethanol formation, respectively, when the assumption of ¢ was 100%.

Solids reduction (TSS = 15%, VSS = 13%, TS = 38%, and VS = 20%) and pH increment ranged
from 8.35-9.18 were observed during the experiment.

6.2 Recommendation

The dissertation emphasizes acetic acid and ethanol production through microbial hydrogen
and carbon dioxide fermentation. The purposed objectives were fulfilled successfully, based
on experimental approach. However, there were few issues noticed which are recommended as
follows for future research:
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The inclusion of carbon monoxide fermentation. The current experiment was performed using
hydrogen gas and sodium bicarbonate (as CO-). The use of CO as substrate was originally planned
for this project, but it was delayed because of the complexity of such experiments, related to safety.
CO is suggested to be included as a substrate for further research.

Further research on high pH (pH>8) microbial fermentation. Most of the research are focused
on Hz, CO,, and CO fermentation at low pH. Few or almost no research is done on high pH microbial
fermentation. Therefore, it would be beneficial to perform high pH content fermentation in the
future to acquire the better understanding of such fermentation.

Longer experimental time would be required for complete ethanol formation. The ethanol
production was seen at the later stages of fermentation. The schedule of time was not enough for
ethanol formation, the trend showed it needs more time for complete ethanol formation. Therefore,
allocation of longer experimental time is suggested to be applied for same nature of the future
experiment.
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Appendix A: Stoichiometric reactions of product formation

Stoichiometric reactions for acetic acid

Reactions AG? (kK)/e eq)
R, Lco,+H +e - LcH,cooH+1H,0 30.19
4 8 4
1.1 1 o
R, 5C0+5H0»>2C0, +H +e -49.88
owral | co+1H,0IcH,co0H +1co, -19.67
27 4 8 4
-157.36
4CO +2H,0 —» CH,COOH +2C0,
R, 1co,+H +e —LCH,COOH + 1H,0 30.19
4 8 4
! H H" +e”
Rq 27 -39.87
overall £C02+1 H2 —>1CH3COOH +£ Hzo -9.68
4722278 4
-77.44
2CO, +4H, — CH,COOH +2H,0
Stoichiometric reactions for Ethanol
Reactions AG? (k)/e”eq)
R, 1co,+H +e" > L CH,CH,0H+1H,0 31.16
6 12 4
Ry lcorin,otco, +H te -49.88
2 2 2
Roverall ECO+£H20 —)iCH3CH20H _'_lcoz -1872
2 4 12 3
-224.64
6CO +3H,0 — CH,CH,OH +4CO,
Ra ECOZ+H++e' %LCHSCHZOH_'_EHZO 31.16
6 12 4
R L Cte -39.87
d EHZ —>H" +e .
Rowar | Lco, +1H, L CH,CH,0H+H,0 8.7l
6 2T 5 12 3 2 4 2
-104.52

2CO, +6H, — CH,CH,OH +3H,0
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Appendix B: Hydrogen Seal Test

Background

Syngas fermentation is a microbial process, used to convert syngas into different sustainable
biofuels and chemicals, such as ethanol and acetic acid etc. The digested food waste obtained
from IATA (Indre Agder og Telemark Avfallsselskap) and HRA (Hadeland og Ringerike
Avfallsselskap AS) were used as inoculum. Hydrogen and sodium bicarbonate as carbon source
were introduced as gases substrate to produce acetic acid and ethanol. Inoculum contains
microorganisms that started to consume hydrogen, subsequently, the pressure drop was
experienced. The main objective of this master dissertation is to understand the overall syngas
fermentation process, focusing on mass transfer phenomena, bacterial consumption of the
provided substrates and products distribution.

Experimental setup

Before the project experiment start, there is a need to ensure whether pressure gauge working
accurately or not and fermenter vessel sealed completely or not. That is why water is used as
inoculum and hydrogen as syngas to pressurise the fermentation bioreactor. The bioreactor was
equipped with a precision digital pressure gauge (CGH 1500), shown in Figure 1. The
bioreactor has six valves, three of them were used. The injection valve was used for injection
of hydrogen into the bioreactor, and flush out valve for flushing the air in order to achieve
anaerobic condition and the effluent valve for taking a sample. Finally, measurement of
pressure created by hydrogen gas injection was recorded at each 10-minute intervals.

9 Pressure gauge

Flush out valve =><m—

| =
Injection valve = xHE

Effluent (zample) valve

o 0 Stirrer

Figure 1: Schematic diagram of bioreactor with precision digital pressure gauge.

Method to hydrogen seal test

To expedite hydrogen seal test of the bioreactor. Initially, all the valves were fastened tightly,
the test was conducted inside the fume hood chamber. Then, 3.25 L water was poured into the
4.132 L fermenter vessel (i.e. 882 mL headspace, shown in Figure 1) and stirred continuously
at atmospheric temperature. Then, hydrogen gas was introduced through injection valve until
the pressure reached 0.33 bar for the first time and started to measure headspace pressure with
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Appendix B: Hydrogen Seal Test

respect to time (10-minute interval). The bioreactor was again pressurised at 0.56 bar and 1.04
bar.

Figure 2 shows the headspace pressure changes over time. Initially, pressure was noticed
decreasing gradually from 0.33 bar to 0.29 bar within twenty-one hours, and then remained
steady state. Then, couple times the bioreactor was pressurized at 0.56 and 1.04 bar headspace
pressure after 142 and 262 hours of test experiment, respectively.

12

Pressure (bar)
o o o
w (2] [{e]

o
o

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (h)

Figure 2: Headspace pressure during the experiment.

Key point: The headspace pressure was noticed decreasing and reached a steady state
condition at the later stages of experiment. It implies that there was no any
leakage in the bioreactor.

Drop in pressure due to dissolve of hydrogen in water at rate of about 0.00160 g/kg at 20°C
and 1 atmospheric pressure. No headspace pressure drop was noticed after 558 hours later, as

shown in Figure 2. This is because of enough dissolve of hydrogen in water (reached at a level
of saturation point).
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Appendix C: Sodium bicarbonate calculation

1 mole of carbon
Headspace volume
Molecular wt. of sodium bicarbonate

0.88 L of headspace volume required

Amount of required sodium bicarbonate

224 L
0.88 L
84 g/mole

% mole of carbon
22.4

0.04 mole of carbon

0.04 mole of carbon x 84 g/mole
331g=349g
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Appendix D: Mass balance in microbial growth

Total working volume (L) 3.25 L (inoculum)
Universal gas constant (R) 0.0821 atmL/molK
Average temperature 296 K

Acetic acid COD (undissociated organic) 1.07 gCOD/g compound
Hydrogen COD (undissociated organic) 8 gCOD/g compound
Molecular wt. of acetic acid 60 g/mol

Molecular wt. of hydrogen 1 g/mol

Total consumed hydrogen COD (CODHydrogen) calculation

Experimental data of hydrogen consumption

Injected  Decreased
No. of headspace headspace Consumed hydrogen

Duration
() injection  Pressure pressure

(@) (bar) (b) (bar) (a-b) (bar) (a-b) (atm) (mmol/L)  (mmol)

0-71 1 0.283 0.219 0.064 0.063 2.599 8.447

71-313 2 1.010 0.712 0.298 0.294 12.102 39.331
313-407 3 1.000 -0.201 1.201 1.185 48.773 158.513
407-478 4 1.002 -0.118 1.120 1.105 45.484 147.822
478-527 5 1.115 -0.379 1.494 1.474 60.672 197.184
527-577 6 1.033 -0.185 1.218 1.202 49.464 160.757
577-646 7 1.001 -0.398 1.399 1.381 56.814 184.646
646-694 8 1.005 -0.060 1.065 1.051 43.250 140.563
694-744 9 1.000 0.085 0.915 0.903 37.159 120.765

744-839 10 1.012 0.310 0.702 0.693 28.509 92.653
839-1174 11 1.023 0.171 0.852 0.841 34.600 112.450

1174-1297 12 1511 1411 0.100 0.099 4.061 13.198
Total 11.995 1.567 10.428 10.291 423.486  1376.630

Note: Decreased headspace pressure represents the decrease of headspace pressure due to the
consumption of hydrogen by the microorganisms (dissolved hydrogen in the inoculum).
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Appendix D: Mass balance in microbial growth

Total consumed hydrogen 1377 mmol = 1.377 mol
Total consumed hydrogen COD (CODHydrogen) 1.377 (mol) x 1 (g/mol) x 8 (gCOD/qg)
11.02 gCOD

Total produced acetic acid COD (CODAcetic acid) calculation

Experimental data of acetic acid and other organic acids production

Time Acetic acid Propionic acid Isobutyric acid  Butyaric acid  Isovaleric acid
(h) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
Start 31.56 2.98 0.55 0.00 0.65
48 31.85 3.13 0.54 0.76 0.00
264 32.19 3.75 0.98 0.00 1.36
312 34.33 4.05 0.97 0.28 1.36
408 40.75 3.87 0.79 0.23 1.06
553 51.87 4.22 0.99 0.28 1.38
745 61.93 441 1.02 0.33 1.46
912 60.99 4.16 0.92 0.00 1.33
1080 65.20 4.14 0.97 0.30 1.40
1176 67.70 4.22 0.95 0.32 1.35
1297 67.55 4.59 1.10 0.00 1.54
Total acetic acid production 67.55 — 31.56 mmol/L
35.99 mmol/L
35.99 (mmol/L) x 3.25 (L)
35.99 x 3.25
1000 mol
0.117 mol

Total produced acetic acid COD (CODaceticacia) ~ 0.1177(mol) x 60(g/mol) x 1.07(gCOD/g)
7.51 gCOD
Others organic acid COD were not calculated because of being small amount.
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Total produced inoculum COD (CODinoculum) calculation

Experimental data of CODrand CODs production.

CODx+_in CODs_in COD+_out CODs_out
Time (h) (g/L) (g/L) (g/L) (9/L)

Start 11.76 6.90 - -
48 - - 13.18 6.46
264 - - 11.40 6.44
312 - - 12.52 6.70
408 - - 11.96 7.24
553 - - 12.64 8.28
745 - - 14.44 9.34
912 - - 13.24 7.76

1080 - - 14.60 8.86

1176 - - 15.40 8.94

1297 15.28 9.12

Total produced inoculum (COD noculum) 15.28 — 11.76 (gCODI/L)
3.52 (gCODI/L)
3.52 (gCOD/L) x 3.25 (L)
11.44 gCOD

Total produced inoculum COD (CODinocutum) 11.44 gCOD

Summary:

Total consumed hydrogen COD (CODHydrogen) 11.02 gCOD
Total produced acetic acid COD (CODAaceticacid)  7.51 gCOD
Total produced inoculum COD (COD nocutum) 11.44 gCOD
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Appendix E: Solubility of hydrogen in the inoculum

Total working volume (L) 3.25 L (inoculum)
Average temperature 296 K
Universal gas constant (R) 0.0821 atmL/molK
Henry’s constant for hydrogen (ky,,, ) 7.8 10" mol/atmL
Henry’s law

Cht =Ky, Pos

where C,, is the solubility of hydrogen in the inoculum (mol/L), k,, is Henry's coefficient

(mol/atmL), and P, is the headpsace partial pressure of gas (atm).

as

Headspace partial

Duration h:ar;;g:rtzge E::cgsgzig pressure (Py,.) Solubility (C,)
(h) pressure (a) pressure (b)

(bar) (bar) (a-b) (bar)  (a-b) (atm) (mol/L)
0-71 0.283 0.219 0.064 0.063 0.000049
71-313 1.010 0.712 0.298 0.294 0.000229
313-407 1.000 -0.201 1.201 1.185 0.000925
407-478 1.002 -0.118 1.120 1.105 0.000862
478-527 1.115 -0.379 1.494 1.474 0.001150
527-577 1.033 -0.185 1.218 1.202 0.000938
577-646 1.001 -0.398 1.399 1.381 0.001077
646-694 1.005 -0.060 1.065 1.051 0.000820
694-744 1.000 0.085 0.915 0.903 0.000705
744-839 1.012 0.310 0.702 0.693 0.000541
839-1174 1.023 0.171 0.852 0.841 0.000656
1174-1297 1.511 1.411 0.100 0.099 0.000077
Total 11.995 1.567 10.428 10.291 0.008029

Note: Decreased headspace pressure represents the decrease of headspace pressure due to the
consumption of hydrogen by the microorganisms (dissolved hydrogen in the inoculum).
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Appendix F: Stoichiometry reaction and biomass yield

Reaction AGZ (kJ/eeq)
1co,+LHCO, +H' +e — L CH,COCO0 +2H,0 (Pyruvate)
5 2710 ¢ 10 ° 5 35.09
%Hz —H"+e (Hydrogen as electron donor) -39.87
Using following formula (Taken from book, Energetics and bacterial growth).
AG, =35.09— AG (Eq. 1)
AG, =28 | AGec (Eq. 2)
€ e

where, AGq = free energy to convert one electron equivalent (e” eq) of the carbon source to cell
material

AG = free energy to convert e eq of the carbon source to the pyruvate intermediate
¢ = energy transfer efficiency
n =+1if AG, is positive and -1 if energy is produced

AGpc = freg energy per e eq of cells to reduce nitrogen to ammonia

AGc = free energy per e eq of electron donor

Free energy to convert e” eq of carbon source to the pyruvate intermediate (using equation 1).

AG, (H2 as an electron donor) 74.96 klle'eq
aAGr[LJ=—A(;JP +ﬂ (Eq. 3)
s € €
f,+fs =1 (Eq. 4)

Where, AG, = free energy released per e eq of donor oxidised for energy generation.
f,= e mole of substrate oxidized per e-mole of substrate used

f = e- mole of substrate used for cell synthesis per e- mole of substrate used
And,

The pyruvate carbon is converted to cellular carbon. The energy required, AG,. is based on an
estimated value of 3.33 kJ/g cells (taken from book, Energetics and bacterial growth). An
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electron equivalent cell is 113/20 = 5.56 g when NH; is used as nitrogen source and AG,.= 3.33
x 5.56 = 18.8 kieeq. Similarly, for NO; as nitrogen source, electron equivalent cell is 113/28
=4.04 gm and AG,.=3.33x4.04 =13.5 kifeeq.

Biomass yield, associated stoichiometrically with ethanol formation.
¢ = 0.6 (assume)

AG, =35.09 - (-39.87) = 74.96 kl/e’eq (H:is an electron donor)
AG, =30.19 - 39.87 = -9.68 ki/e'eq

Since AGg is positive, n=+1. AG,.is 18.8 kl/e’eqwhen NH, is used as nitrogen source for
cell synthesis. Hence,

AG, = 7§§6+108_§ _156.27kJ/e"eq

Determine f,and fgusing 2.3.

0.6x(-9.68)x[%] = -156.27

S

f, =26.91f,
fo +26.91f, =1

gcellCOD

fe =0.036 ———
g COD used

f, =0.964

Determine the yield based on COD. For biomass C.H,O,N, for 1 g cells = 1.42 g COD.
Hence, the yield is

v [0.036 gCOD/gCOD

=0.025 gvSS/gCOD
1.42 gCOD/gVSS

Using the same procedure above applied, the biomass yields with energy capture efficiency
ranged from 0.1 to 1 have been calculated as follows.

Energy capture efficiency (€)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.00073 0.0029 0.00648 0.01144 0.01772 0.02524 0.03391 0.04365 0.05435 0.0659

Biomass yield, associated stoichiometrically with ethanol formation.
= 0.6 (assume)

AG, =35.09 - (-39.87) = 74.96 74.96 kl/e’eq (H:is an electron donor)
AG, =31.16 - 39.87 =-8.71kl/e’eq

49



Appendix F: Stoichiometry reaction and biomass vyield

Since AG;, is positive, n=+1. AG,is 18.8 kl/e’eqwhen NH, is used as nitrogen source for
cell synthesis. Hence,

AG, = 7()4:16&(?_? _156.27kJle'eq

Determine f,and f using 2.3.

0.6x(-8.7])x(%} = -156.27

S

f, =29.91f,
fo +29.91f, =1

0032 gcellCOD
* 7777 gCoD used

f, =0.968

Determine the yield based on COD. For biomass C.H,O,N, for 1 g cells =1.42 g COD. Hence,
the yield is

v- (0.032 gCOD/gCOD

=0.0227 gVSS/gCOD
1.42 gCODIgVSS

Using the same procedure above applied, the biomass yields with energy capture efficiency
ranged from 0.1 to 1 have been calculated as follows.

Energy capture efficiency (€)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.00065 0.00261 0.00584 0.01031 0.01598 0.02279 0.03066 0.03952 0.04928 0.05986

Stoichiometry of Biological Reactions
R=1fR,+fRs—R, (Eq. 5)

Where, R = overall balanced reaction

R, = half reaction for electron accepter

R s = half reaction for synthesis of cell tissue
R 4 = half reaction for electron donor

f, = fraction of electron donor used for energy

f, = fraction of electron donor used for cell synthesis
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Cell synthesis equations (R

CS)

lCOZ+iHCO3+2iONHX+H*+e* —>2iOC5H7OZN+2%Hzo Ammonium as Nitrogen

> 20 Source

Determine the balanced stoichiometric reaction for acetic acid formation with biomass
yields, using equation 5.

Stoichiometric reactions for acetic acid with biomass yields

R. 1co, +H +e —iCcH,co0H+1H,0
4 8 4

1 o
Rd EH2—>H +e

0.964R, = 0.241CO, +0.964H" +0.964e~ —> 0.1205CH,COOH + 0.241H,0
0.036R . =0.0072CO, +0.0018HCO, +0.0018NH, +0.036H" +0.036¢” —> 0.0018C,H,0,N+0.0162H,0

—R, =05H, >H" +e

0.5H,+0.0018HCO; +0.0018NH;, +0.2482C0O, — 0.0018C,H,0,N+0.1205CH,COOH+0.2572H,0

277.78H,+HCO;, +NH;, +137.88C0O, — C,H,0,N+66.94CH,COOH+142.89H,0

Determine the stoichiometric reaction for ethanol formation with biomass yields, using
equation 5.

Stoichiometric reactions for Ethanol formation with biomass yields

R, %C02+H++e' —>$CH3CHZO+%HZO
lH —>H" +e”
R, |3+

0.968R, =0.161CO, +0.968H" +0.968¢" —> 0.0806CH,CH,OH+0.242H,0
0.032R ., =0.0064CO, +0.0016HCO, +0.0016NH; +0.032H" +0.0326" — 0.0016C,H,0,N+0.0144H,0

-R,=0.5H, — H" +&

0.5H,+0.0016HCO;+0.0016NH; +0.1674CO, — 0.0016C.H,0,N+0.0806CH,CH,OH+0.2564H,0

312.5H, +HCO;, +NH;, +104.63CO, — C.H,0,N+50.38CH,COOH+160.25H,0
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