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Abstract
Rubber is currently produced in either a biological way or a chemical way. The Hevea brasilienis is one of
the only commercial rubber producing plants and is susceptible to various biological threats. On the other
hand, the chemical production of rubber requires petrochemicals and does not yield rubber with all the desired
properties. An alternative is therefore needed, which could be provided by micro-organisms. Medium chain
length polyhydroxyalkanoate (mcl-PHA) is a form of polyhydroxyalkanoate (PHA) which has properties similar
to the desired rubber properties. However, mcl-PHA is not as extensively studied as other forms of PHA, like
polyhydroxybutyrate. The majority of the research has been focused on pure cultures with artificial substrates,
both of which increase the cost of the production to economically unviable levels. This is especially the case
since the biological and the chemical production are very cheap. To reduce the costs, a mixed culture could be
used. By investigating which conditions lead to high mcl-PHA production with a mixed culture, a step can be
taken towards an economically viable biodegradable rubber replacement.

To develop a culture which was able to produce mcl-PHA, an enrichment was first performed in a sequential
batch reactor with a feast-famine regime to select for PHA producers. Additional selection pressures like
substrate selection, pH, oxygen flow rate and time between carbon source addition and nitrogen source addition
were imposed on the culture. After the culture reached pseudo-steady state, an accumulation was done.

The substrate was one of the most important selection pressures. Using octanoate as sole carbon and energy
source, the microbial community was successfully enriched in a feast-famine regime with the capacity to produce
mcl-PHA. The use of octanoate with a pH of 7 and no reduced oxygen flow resulted in mcl-PHA weight
percentages of 26.62 wt% polyhydroxyoctanoate (PHO) and 5.15 wt% polyhydroxyhexanoate (PHH) during
the cycle. This was raised to 30.44 wt% PHO and 9.54 wt% PHH during the accumulation. During the second
enrichment, the carbon source and the oxygen flow of the first enrichment were maintained, but the pH was
increased to 8. This led to an increase in mcl-PHA production, to 33.42 wt% PHO and 7.24 wt% PHH during
the cycle and 44.21 wt% PHO and 9.24 wt% PHH during the accumulation. Two other condition changes were
also investigated: lowered oxygen flow and uncoupling the system. For the lowered oxygen flow, the oxygen flow
rate was reduced to 5% of the original flow rate and the increased pH of 8 of the second enrichment was kept.
This resulted in similar values as the enrichment with only increased pH. It is therefore unclear whether the
lowered oxygen flow rate could be attributed to the high mcl-PHA production or that the culture performed
well despite the lowered oxygen flow. The uncoupled system was a system where the nitrogen source was
added 2 hours after addition of the carbon source. Based on the oxygen profile and preliminary results of the
enrichment, the culture mainly grew after the addition of carbon and little mcl-PHA was produced. However,
scl-PHA production was quite high, with a total of 51 wt% PHB.

This work proves that high levels of mcl-PHA could be produced from mixed cultures. This is a good step
towards producing an economically viable, biodegradable rubber replacement.
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Figure 1: Visual summary of the evolution of the compounds during the various enrichments and the maxi-
mum obtained PHA content and mcl-PHA content during the cycle (analysis) and the accumulation of each
enrichment.
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1 Introduction
Rubber is a polymer with various interesting applications owing to its intrinsic structure, its high molecular
weight and ill-defined contributions of minor components, such as proteins, minerals, carbohydrates and lipids.
The difficulty recreating these characteristics using petrochemical reactions results in a preference for the bio-
logical process of harvesting rubber from rubber trees instead of chemical reactions which rely on petroleum to
produce rubber. Although 2500 rubber plants are known, the Hevea brasilienis is almost the only commercial
rubber plant [1]. Various problems have therefore arisen which could threaten the rubber production.

• The first issue is that due to low genetic variety in the commercial use of H. brasilienis, the species is
particularly susceptible to various bacterial and fungal diseases. No mutant of H. brasilienis has been
identified and/or created which can withstand the most important biological threats to the species [1].

• Another issue is that the high labor intensity (up to 4-5 hours of continuous tapping on the tree trunks
each day) and the high up front costs for the processing of the latex from the tree into rubber has caused
farmers to opt for more economically favorable crops, like palm oil [2]. This increased land competition
could potentially cause a shortage in the rubber supply. This is aggravated by the fact that H. brasilienis
can only be cultivated in lowland rain forests or in warm areas with a lot of rainfall [3]. This diminishes
the potential land area considerably.

• A final issue with natural rubber is the increase in latex allergies [4]. These allergic reactions are thought
to be caused by plant-specific proteins of H. brasilienis, potentially in combination with endotoxins of
bacteria which can grow during the processing during the latex processing.

Because of these issues, alternatives will be needed. No other rubber plants have proven as commercially viable
and the chemical reactions have not yet been able to recreate the required characteristics of rubber so that it can
be used for all applications rubber is used nowadays [5]. A potential solution could be rubber production from
bacterial origin in the form of medium chain length poly-hydroxyalkanoates (mcl-PHA) due to its mechanically
and chemically similar characteristics .

Poly-hydroxyalkanoates (PHA) are a type of biopolymer which can be made by various micro-organisms as a
storage compound for carbon and energy. PHA accumulation is usually promoted when an essential nutrient
for growth is present in limited amount in the cultivation medium, whereas carbon is in excess. Due to similar
characteristics as plastic and rubber and due to its biodegradability, PHA has become an interesting alternative
for these compounds [6]. There are two major categories of PHA compositions: short chain length PHA (scl-
PHA) and medium chain length PHA (mcl-PHA). Scl-PHA have monomers between three and five carbons.
They are produced by most micro-organisms to some degree and have properties similar to plastic. [6]. It has
therefore already been extensively studied [7], [8], [6], [9]. Mcl-PHA have monomers between 6 and 14 carbons.
Mcl-PHA is more similar to rubber in properties [10] but the ability to produce mcl-PHA is more limited in
terms of which organism can do it. Due to the similarity in properties between rubber and mcl-PHA, mcl-PHA
could be a biodegradable rubber replacement.

The applicability of mcl-PHA is currently limited due to its low rate of crystallizing and due to the narrow
temperature range in which it displays similar properties to rubber [5]. Some research groups have attempted
to overcome this challenge. One promising way is using cross-linking. When radiating mcl-PHA containing 15%
unsaturated monomers, the mcl-PHA became cross-linked. This resulted in a more thermostable mcl-PHA with
rubber properties over a larger temperature range. This greatly improves its applicability. On top of that, the
biodegradability was maintained [10]. Other ways of cross-linking would be through the use of chemicals but
this would be less environmentally friendly [11].

However, the applicability is not only limited by these aforementioned intrinsic qualities. At present, mcl-PHA
is also limited by its cost of production due to the high costs of the substrate and the limited number of micro-
organisms which can (exclusively) produce mcl-PHA [12]. To circumvent these problems, a waste stream could be
used together with an enriched culture. This would lower the costs of the production significantly but introduces
another set of challenges. For example, the applicability is lowered due to the fact that the composition of
the PHA cannot be guaranteed if waste streams, which will undoubtedly have changing compositions, are
used.
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1.1 mcl-PHA cultivation
The composition of the mcl-PHA is depended on the substrate and the micro-organism. At present, mcl-PHA
production seems to be almost exclusively done Pseudomonas spp., Comamomas spp. and some Bacillus spp.
[5]. The ability to produce mcl-PHA is due to the presence of a class II phaC gene. Class I, III and IV have not
shown the ability to produce mcl-PHA [13]. The genus Pseudomonas can inhabit a wide variety of environments
owing to their wide genomic variety [14]. While this could be an advantage for enriching for Pseudomonas, it
can also present a disadvantage since it can mean that essentially all conditions could result in Pseudomonas
but not necessarily in mcl-PHA producing Pseudomonas.

The production of mcl-PHA from pure cultures, which is mainly done by strains of Pseudomonas spp., has
already been studied in a lot of detail before both with synthetic substrates [15], [16] [17], [18] as with non-
synthetic substrates like wastewater [19], [20], [21]. Like scl-PHA, mcl-PHA production is depended on the
conditions, the organism and the substrate used. Some conditions, organisms and substrates have already been
studied and proven suitable for mcl-PHA production. Suitable substrates for mcl-PHA include alkanoic acids,
sugars, and sometimes other simple carbon sources depending on which pathways are available to the organism
under the used conditions [22].

Caprylic acid, a C8 alkanoic acid also known as octanoic acid, is an alkanoic acid which has been shown in
literature to be a suitable substrate for potential mcl-PHA producers [23], [16], [24]. This would be advanta-
geous since mixtures of carpyolate acid and caprylic acid are less expensive than other typically used synthetic
substrates, like nonanoic acid and decanoic acid [23]. However, the reduction in price would still not be suf-
ficient for an economically viable process. Therefore, caprylic acid as a component of a wastestream was also
investigated. Although caprylic acid does not occur often during a regular fermentation process, it can become
a big part of the waste stream if chain elongation occurs during the fermentation due to the presence of ethanol
[25], [6]. If caprylic acid is a big part of the waste stream, the price of mcl-PHA production could be lowered
significantly. It is therefore an interesting substrate for the production of mcl-PHA and will be used for that
reason during the experiments. However, since octanoic acid is not a significant portion of waste streams if
there are no chain elongators, hexanoic acid was also investigated as a potential substrate since hexanoic acid
is often present in more significant amounts after fermentation of waste streams [26], [27]. Hexanoic acid is
in theory capable of producing mcl-PHA but in practice seems to produce more often scl-PHA [28]. For that
reason, octanoic acid is better suited as a selection pressure during the enrichment but hexanoic acid could be
an interesting substrate for the accumulation of mcl-PHA after the enrichment.

Various reactor conditions and reactor regimes have also been tested using pure cultures. For the reactor regimes,
fed-batch has been the most used in literature [29]. Fed-batch regimes are generally stable, well-reproducible
and can be easily adjusted in terms of feeding required, like nitrogen limitation. This has made them attractive
for both pilot and industrial scale productions of PHA. Batch reactors do not yield high biomass production
when nitrogen limitation is applied and completely functioning continuous reactors for mcl-PHA production
have not yet been achieved on a scale larger than lab scale [30], [29]. A fed-batch reactor will therefore be used
in this experiment to produce the mcl-PHA. The variety in physiology in the Pseudomonas species has allowed
for many different conditions in the bioreactor: the temperature range in which the subspecies can grow is large
and the presence of Pseudomonas spp. in many different environments is an attest to its variety in metabolisms
[31], [32].

The production of mcl-PHA from mixed cultures is a more recent interest in the scientific community due to
the costs associated with pure cultures with synthetic substrates. However, the recency of the interest does
not mean that there are no proven methods to produce mcl-PHA using mixed cultures. In general, the culture
is first enriched for mcl-PHA producers using sequential batch reactors (SBR) with a feed-famine regime and
then mcl-PHA is produced in a fed-batch [33], [23], [12], [34] [35]. The SBR with feed-famine regime gives an
advantage to PHA producers since they can in theory absorb the nutrients more quickly and will not die during
an extended famine phase. The SBR cycle in general consists therefore of a feeding phase, a reaction phase
during which feast and famine occur, and an effluent withdrawal phase. The cycle times range from 8 hours to
24 hours.

1.2 Selective advantages of mcl-PHA production over scl-PHA production for
bacteria

The exclusiveness of mcl-PHA production compared to scl-PHA production begs the question what the advan-
tages are of mcl-PHA production over scl-PHA production. This question has not been solved yet at the time
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of writing this report, so some speculation about the potential reasons for preferring mcl-PHA over scl-PHA
will be presented.

Redox balance during oxygen limitation The first potential reason is based on the metabolic pathways
available to the micro-organisms. PHA production can be done using three different pathways, as seen in Figure
2.

Figure 2: Simplified portrayal of the pathways to produce PHA, based on [22]. All three pathways can make
scl-PHA and pathway 2 and 3 can mcl-PHA. Whether scl-PHA or mcl-PHA is made in pathways 2 and 3
depends on which substrate is available. The names in the same color are intermediates which are present in
multiple pathways. The terms in italics are the pathways involved in the reaction(s).

The first pathway, which has sugars as its substrate and relies on glycolysis, is predominantly present in scl-
PHA producing organisms. The second pathway, which uses fatty acids as its substrate and relies on fatty
acid β-oxidation, is present in mcl-PHA producing organisms but can also produce scl-PHA depending on the
length of the fatty acid. The third pathway, which uses simple carbon sources and relies on glycosysis, the
Enthner-Doudoroff pathway and fatty acid de novo biosynthesis, is present in mcl-PHA producing organisms
but can also produce scl-PHA.

The production of PHA is linked to the central carbon metabolism since it can be used as a carbon source during
starvation. Furthermore, it also has an important role as a sink for reducing equivalents [22]. The production of
PHA is therefore controlled by the redox state of the cell and the intracellular levels of reducing equivalents like
NADH, NADPH and acetyl-CoA. High ratio’s of [NADH]/[NAD] and high levels of [3-hydroxyacyl-CoA]/[CoA]
lead to high production of PHA. This could provide an indication as to why mcl-PHA could be preferred: during
periods of limited oxygen availabilty, mcl-PHA production from intermediates of the β-oxidation pathway like
fatty acids requires only one oxidation step since they are highly reduced. This can be visualised by looking
at Figure 3. Appendix A.3 also shows the full reaction steps of each process. During this step, the acyl-CoA
monomers are oxidized to enoyl-CoA monomers using FAD as the electron acceptor. The storage of these
monomers as mcl-PHA generate fewer reduced electron carriers compared to being further oxidized to a fatty
acyl-CoA which is shortened by two carbons and potentially later stored as scl-PHA [36]. These reduced electron
carriers, namely NADH and NADPH, can therefore not accumulate any further if mcl-PHA are made instead
of scl-PHA. scl-PHA production in this case would lead to a greater redox imbalance.
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Figure 3: Full and partial β-oxidation of the fatty acid octanoic acid. The names in red indicate that the
molecule is a precursor of a first β-oxidation cycle. The names indicated in blue show that the molecules is a
precursor of a second β-oxidation cycle. A. The partial β-oxidation of octanoic acid yields 3-hydroxyoctanoate.
B. The full β-oxidation of octanoic acid can yield 3-hydroxyhexanoate. The blue arrows indicate the partial
completion of a second β-oxidation cyclus to yield a PHA molecule.

Electron balance during oxygen or nitrogen limitation Similar to the first reason, the preference of
mcl-PHA over scl-PHA could be to maintain metabolic balance during nutrient or electron acceptor limitations.
The production of mcl-PHA could be a mechanism for storing electrons to maintain a balanced redox state
during oxygen limitation since the completion of the β-oxidation pathway requires NAD+ and the subsequent
oxidation of acetyl-CoA, a product of the β-oxidation pathway, generates an additional 3 NADH and 1 FADH2

[36]. The completion of the β-oxidation pathway, which would result in the production of scl-PHA, would thus
result in a redox imbalance in which a surplus of electrons are released. Therefore, an incomplete β-oxidation
pathway which would yield mcl-PHA could be preferred.

The surplus of electrons which is released when producing scl-PHA is in times of abundant nutrients and electron
carriers/donors not an issue, since they can be channeled towards the production of biomass if a nitrogen source
is present [37]. Therefore, the production of mcl-PHA could be favored over scl-PHA if the nitrogen source is
supplied after the carbon source has been depleted since the production of mcl-PHA would not result in an
electron imbalance.

The balance in the electron balance and the redox balance during oxygen limitation and nitrogen limitation
could give organisms producing mcl-PHA an ecological advantage since they can theoretically withstand these
conditions better than scl-PHA producers or non-PHA producers and therefore grow better.

1.3 Focus of this research
Research question The first focus of this research will be on the production of mcl-PHA from less expensive
substrates, like C8 fatty acids and waste water streams. A second focus will be on improving the amount of
mcl-PHA by adjusting the conditions of the sequential batch reactor and the fed-batch reactor. The research
question is therefore:

"Which bioreactor conditions select for a microbial community with the highest
mcl-PHA production capacity when using octanoic acid as a substrate?"

General set-up The enrichment for mcl-PHA producers will combine knowledge from established pure cul-
tures and mixed cultures which produce mcl-PHA. First, an SBR with a feed-famine regime will be run to enrich
for mcl-PHA producing organisms. After reaching a semi-steady state in the SBR based on the length of the
feast phase, the biomass in the bioreactor will be used to inoculate a fed-batch reactor with nitrogen limitation.
The enriched culture should produce mcl-PHA during this process. The scheme for the whole process can be
seen in Figure 4.
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Figure 4: General overview of the mcl-PHA producing process. The enrichment is done by a sequential batch
reactor (SBR) with octanoic acid (C8 medium) as substrate. The SBR is run until a pseudo steady state is
achieved. The biomass from this final cycle of the SBR is used for an accumulation with pulse feeding. For the
accumulation with the fed-batch regime (FB) either octanoic acid (C8 medium) or hexanoic acid (C6) medium
was used.

Potential ways to select for mcl-PHA producers As mentioned before, the production of mcl-PHA can
be favored over the production of scl-PHA based under certain conditions. These conditions could therefore
prove to be valuable selection pressures and will therefore be tested in this report:

• Micro-aerophilic conditions

• Uncoupled nitrogen source from carbon source

5



2 Materials and methods

2.1 Sequential batch reactor for enrichments
2.1.1 Reactor set-up

The enrichment was based on the enrichment performed by Larissa Bons [? ]. For the enrichment, a 1.5L
sequential batch reactor was operated with 1.4L working volume (Applikon Biotechnology, The Netherlands).
The bioreactor was equipped with a six-bladed stirrer to ensure ideal mixing. The bioreactor was controlled
by a hardware abstraction layer (HAL; TU Delft, the Netherlands) which was in turn controlled by a PC with
a custom scheduling software (D2I; TU Delft, the Netherlands). The D21 was a central controller for the pH,
the stirrer, the airflow and the pumps for the nutrients, water, effluent removal. The D21 was also used for
measuring the pH, the DO, the temperature, the pH adjustments, the composition of the in- and off-gas and the
balances of the water and the feed. The air flow rate was regulated by a mass flow controller (MX4/4, DASGIP ,
Eppendorf, Germany). The temperature in the reactor was regulated to 30◦ C ±1. The stirrer (269872, Maxon
Motor, Switzerland) was set to a stirring speed of 800 rpm (TC4SC4, DASGIP, Eppendorf, Germany). The pH
of the reactor was controlled by the addition of 1M HCl and 1M NaOH using an integrated revolution counter
(MP8, DASGIP, Eppendorf, Germany).

2.1.2 Inoculum and substrate

The inoculum was aerobic activated sludge collected from a wastewater treatment plant (AWZI Harnaschpolder
Delfluent, The Netherlands). The nutrient medium was based on the medium used by Johnson et al. [35]
and consisted of 67.5 mM NH4Cl, 24.9 mM KH2PO4, 5.55 mM MgSO4.7H2O, 7.2 mM KCl 15 mL/L trace
elements solution and 100 mg/L allyl thiourea. This last one is added to prevent nitrification since it targets
the active site of the ammonium monooxygenase action, thereby inhibiting it [38]. The trace metal solution
was prepared according to Vishniac and Sander [39] and consisted of 50 grams of C10H16N2O8, 22.0 grams of
ZnSO4.7H2O, 5.54 grams of CaCl2, 5.06 grams of MnCl2.7H2O, 4.99 grams of FeSO4.7H2O, 1.10 grams of
(NH4)6Mo7O24.4H2O, 1.57 grams of CuSO4.5H2O, 1.61 grams of CoCl2.6H2O and 1000 mL of H2O. The
trace metal solution was adjusted to pH 6.0 with KOH. The completed nutrient medium solution was adjusted to
pH 5.7 to avoid precipitation of the phosphate. The carbon source was prepared separately and consisted of 4.75
mM C8H15NaO2. The pH of the carbon medium was adjusted to pH 7.8 to avoid protonation of the octanoic
acid, which would cause it to precipitate. For the uncoupled system, the carbon medium was combined with
the nutrient medium with the exception of the nitrogen source, which was prepared separately. All compounds
retained their original concentration in the medium. The amount of nitrogen during the uncoupled enrichment
was regulated by adding less of the nitrogen source.

2.1.3 Regime

After one day of acclimation, the reactor was operated as a non-sterile SBR. The acclimation day consisted
of filling the reactor with 1160 mL of water, 35.0 grams of 20 times concentrated nutrient medium and 35.0
grams of 20 times concentrated carbon medium and inoculating the reactor. No other pulses of nutrient medium
and/or carbon medium were provided during the acclimation day. After the acclimation day, the contents of
the SBR were subjected to a feast-regime with a 24 minute filling phase, a 690 minute reaction phase, and a 6
minute biomass removal phase for a total cycle time of 12 hours. During the filling phase, 610 grams of water,
35.0 grams of 20 times concentrated nutrient medium and 35.0 grams of 20 times concentrated carbon medium
are added. During the biomass removal phase, half of contents of the reactor (700 mL) are removed. The solids
retention time of the reactor is therefore equal to 24 hours. The biomass which remained in the reactor was
used as inoculum for the next batch, which started immediately after the previous batch. Twice a week, the
reactors were cleaned at the end of a cycle. The contents of the bioreactor were stored during the cleaning
process in an open container. During this time, there was no stirring or supplementation of oxygen. The main
objective of the cleaning was to remove biofilms from the bioreactor walls, the metal parts of the reactor and
probes. This ensured that all biomass was subjected to the feast-famine regime.

2.1.4 Different enrichments

An overview of the enrichments can be seen in Figure 5.
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Figure 5: Overview of the conditions of the different enrichments performed and of the various cycle analysis and
accumulation performed. The enrichments and the subsequent cycle analysis were always done with octanoic
acid (C8) as the substrate and the accumulations were done with either octanoic acid or hexanoic acid (C6)

The first enrichment was operated at a pH of 7 with an airflow of 200 mL/min. A cycle analysis and an
accumulation using octanoic acid were performed after this enrichment. The second enrichment was operated
at a pH of 8 with an airflow of 200 mL/min. A cycle analysis, an accumulation using octanoic acid and an
accumulation using hexanoic acid were performed after this enrichment. The third enrichment was done with
a final airflow of 10 mL/min and a pH of 8. The fourth enrichment was done with a pH of 8, an airflow of 200
mL/min and an uncoupled system. The time between addition of the carbon source and the nitrogen source
was 2 hours. 48.6% of the amount of nitrogen source was added compared to previous enrichments to ensure
that all ammonia was depleted before starting the cycle. No cycle analysis or accumulation were performed
after the third and fourth enrichment.

2.1.5 Cycle analysis

Cycle analysis’ were performed after obtaining quasi-steady state of the SBR. This was defined by the time
required for the feast phase. If this stayed relatively constant, a pseudo-steady-state was assumed. Before the
cycle started, a sample for NGS and microscopy was taken. During the cycle, PHA samples, VFA samples,
NH4-N samples and TSS/VSS samples were taken at critical moments. These moments were defined by a
sudden change in the O2 and CO2 profile and the DO profile. The PHA samples, TSS/VSS samples, NH4-N
and the NGS samples were treated as described in the analytical methods. The DO, pH, temperature, acid/base
dosage and the composition of the off-gas and the in-gas were monitored online.

2.2 Fed-batch regime during accumulation
After enriching using specific reactor conditions and achieving pseudo-steady-state, a fed-batch regime was used
to determine the maximum production of PHA.

2.2.1 First enrichment

After the first enrichment, the accumulation was done by giving twice as much C-medium as during a normal
cycle, combined with the normal amount of nutrient medium as described above with the exception of the
presence of the nitrogen-source. On top of that, the acid regulation was done by the C-medium so that the
carbon source would not be depleted during the accumulation. The accumulation experiment lasted 12 hours
and 12 samples were taken.

2.2.2 Second enrichment

Similar to the first enrichment, the accumulation after the second enrichment was done by initially giving twice
the amount of C-medium compared to the normal cycle combined with the normal amount of nutrient medium
as described above with the exception of the presence of the nitrogen-source. The acid regulation was done
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by the C-medium so that the carbon source would not be depleted during the accumulation and 6 hours after
starting the accumulation, 10% of the initial amount of octanoic acid was added every 2 hours.

2.3 Analytical methods
2.3.1 PHA analysis using gas chromatography

Samples were taken for the analysis of PHA using gas chromatography (GC) two times a week after the famine
phase had started. This was determined based on the DO and the O2 profile. For the samples, 15 mL of
broth from the reactor was taken and centrifuged for 15 min at 4760 rpm. The supernatant was removed and
the pellet was stored in the freezer at -20 degrees Celcius until it could be analysed using the GC. During the
first enrichment, no formaldehyde was added to the PHA samples. Starting from the first cycle analysis, three
drops of formaldehyde were added to prevent degradation of the PHA. This was done during all subsequent
enrichments and analyses. Before analyzing the samples for the GC, the samples were taken out of the -20
degrees Celcius freezer and covered in parafilm which had holes pricked in it. The samples were then kept for
at least 5 minutes in the freezer at -80 degrees Celcius. The samples were then freeze-dried for at least a whole
night or until completely dry.

The GC was calibrated with an internal standard and using pure standards for hydroxy-butyrate (HB), hydroxy-
hexanoate (HH) and hydroxy-octanoate (HO). The pure standards for HB, HH and HO were bought from (CAS:
80181-31-3, Sigma-Aldrich, USA). The values for the calibration and the extensive method used for the GC can
be seen in Appendix A.1. To summarize the method, the freeze-dried samples were transferred to glass tubes
and weighted. 100 µL of internal standard, 1.5 mL of the solvent H2SO4 and 1.5 mL dicholoroethane were
added to the glass tubes with the pellet. These tubes were heated for 3 hours at 100 degrees Celcius during
which they were shaken every 30 minutes. The samples were brought to room temperature and subsequently
3 mL of milli-Q was added. The samples were shaken and thereafter centrifuged at 4700 rpm to separate the
organic and inorganic phase. 1 mL of the organic phase was filtered and put into GC vials.

2.3.2 Community analysis using Next Generation Sequencing

Samples for next generation sequencing (NGS) were taken three times a week at the end of the famine phase
before the new cycle would start. If cleaning of the reactor was scheduled that day, the sample would be
taken before the cleaning. 2 mL of broth was taken from the reactor and centrifuged for 15 minutes at 4760
rpm. The supernatant was removed and the pellet was stored in the freezer at -20 degrees Celcius until further
analysis. The defrosted pellet was treated with the DNeasy UltraClean Microbial Kit (Qiagen, The Netherlands)
following the instructions of the manufacturer to extract the genomic DNA. Two deviations from the manual
were made: the samples were incubated for 5 minutes at 65 degrees Celcius in a warm water bath before beating
the samples and the subsequent beating was done for 5 minutes instead of 10 minutes at maximum speed with
a Mini-Beadbeater-24 (Biospec, U.S.A.). The DNA quantification was done using the Qubit® dsDNA Broad
Range Assay Kit (Thermo Fisher Scientific, U.S.A.).

The 16S-rRNA amplicon sequencing of the samples was done by Novogene (Novogene, Hongkong). The V3-4
region of the 16S-rRNA gene was amplicon sequenced on an Illumina paired-end platform. The raw reads
were quality filtered: chimeric sequences were removed and OTU’s were generated on the base of more than
97% identity. The microbial community analysis was performed by Novogene using the Mothur Qiime soft-
ware(V1.7.0). The phylogenetical determination was done using the most recent SSURef database from Silva
(http://www.arb-silva.de/).

For the sake of representation in this report, only the genus which had more than 5% relative abundance in
the sample were shown. If the genus had less than 5% relative abundance in the sample, it was counted under
’Other’. For some organisms, the genus was unknown. In that case, the most specific last known taxonomic
rank was used. These organisms are noted by the letter of their taxonomic rank followed by an underscore
followed by the name of the organism. Therefore, names beginning with ′f′ indicate that the name is the name
of the family, names with o indicate that the name is the name of the order and so on.

2.3.3 TSS/VSS analysis using thermogravimetric analysis

The samples for the TSS/VSS analysis were taken like the PHA samples with the exception that no formaldehyde
was used. Similarly, the pellet was kept at -20 degrees Celsius until the analysis could be performed. Before
analysis, the samples were taken out of the -20 degrees Celcius freezer and covered in parafilm which had holes
pricked in it. The samples were then kept for at least 5 minutes in the freezer at -80 degrees Celcius. The
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samples were then freeze-dried for at least a whole night or until completely dry. The pellet was then weighted
separately before being analyzed by a thermogravimetric analyzer (TGA).

The Perkin Elmer TGA 8000 (Perkin Elmer, United Kingdom) was used to analyze the amount of total sus-
pended solids (TSS), volatile suspended solids (VSS) and the ash content. The TGA measures the weight of
the sample over time while the temperature is changed linearly to evoke temperature reactions [? ]. This is
also referred to as dynamic thermogravimetry. The sample is weighted using a precision scale and a balance
pin located in the TGA itself.

Since the biomass was quite porous and light, a small amount of the biomass was put in the TGA. The TGA
then heated up from 30 degrees Celcius to 104 degrees Celcius at a rate of 10 degrees Celcius per minute. The
sample was kept at 104 degrees Celcius for 150 minutes to ensure that all water and other volatile contamination
in the pores would be eliminated and so that only the true total suspended solids were left behind. Next, the
sample was heated up from 104 degrees Celcius to 550 degrees Celcius at a rate of 10 degrees Celcius per minute.
The sample was kept at 550 degrees Celcius for 30 minutes. This ensures that only the ash remained in the
sample. The VSS is then calculated by substracting the ash content from the TSS content. After the analysis
of the second enrichment, another step was added: the sample was heated up quickly to 900 degrees Celcius at
the end. This was to prevent contamination of the TGA chamber.

However, the TGA broke after 1.5 uses so afterwards the TSS and VSS were determined solely on the weight
of the pellet after freeze-drying and an estimate of the ash content and the evaporated sample. Based on the
first use of the TGA, the TSS is approximately 91% of the whole sample after freezedrying and the ash content
is approximately 13% of the TSS.

TSS [mg/L] = 0.91 ∗ pelletafter freezedrying[mg] ∗
1L[L]

Samplebroth[mg]− Sampleempty tube[mg]
(1)

Ash [mg/L] = 0.13 ∗ TSS[mg/L] (2)

V SS[mg/L] = TSS[mg/L]−Ash[mg/L] (3)

Active biomass [mg/L] = VSS [mg/L]− total PHA [mg/L] (4)

2.3.4 NH4-N and (volatile) fatty acids measurements

The VFA samples and NH4-N samples were obtained by filtering the supernatant of the TSS/VSS samples with
a 45 µm filter (PVDF membrane, Millipore, Ireland). This was done to minimise the volume that had to be
taken out of the reactor. This filtered supernatant was then frozen until further analysis. The analysis was
performed using a Discrete Analyzer (DA) (Gallery Discrete Analayzer, Thermo Fisher Scientific, USA) for the
NH4-N and a high-performance liquid chromatographer (HPLC) for the other VFA’s. The HPLC was equipped
with a column (BioRad Aminex HPX-87H, USA), a UV/RI detector, a pump and auto sampler (2489/2414,
515 and 717 plus, respectively, Waters Chromatography, The Netherlands). The mobile phase had a flow rate of
0.6 mL/min, a temperature of 59◦ C and consisted of 1.5mM phosphoric acid in Milli-Q. These measurements
were only done during the cycle analysis and the accumulation experiments. 120 µL of each sample was added
in vials for the GC.

2.3.5 Online measurements

During the experiments, the DO, pH, temperature, acid/base dosage and the composition of the off-gas and
the in-gas were monitored online. The online measurements were performed by the hardware and software
mentioned before. A mass spectrometer (MS) (PRIMA BT Benchtop, Thermo Fisher Scientific, USA) was used
to analyse the composition of the off-gas and the in-gas. For the models, the average composition per minute
was taken. If no data was known for a particular minute, it is assumed that the composition is the same as
the previous known (average) composition. Outliers due to sampling were manually adjusted to exclude said
outliers.

2.4 Model
2.4.1 Metabolic model

The metabolic model was made using MATLAB [40] and the kinetic model was made using Microsoft Excel
(Microsoft Excel v.16, 2021).
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To investigate which PHA monomers would be produced under certain conditions, a model was build to calculate
the consumption rates and the production rates of the important compounds. It was also used to calculate
relevant yields. This model considered the metabolic and kinetic parameters for a mcl-PHA producing organism.
The model was based on the model of Marang et at. [41]. An overview of the reactions in the metabolic model
can be seen in Figure 6.

Figure 6: Overview of the considered reactions in the metabolic model. The degradation reactions are indicated
with broken arrows.PHO = poly-hydroxy-octanoate, PHH = poly-hydroxy-hexanoate, PHB = poly-hydoxy-
butyrate.

The reactions can be found in Appendix A.3. In this model, several assumptions are made. This metabolic
model assumes that the phosphorylation will yield 2 ATP (δ = 2). It is also assumed that the uptake of octanoic
acid requires 3 ATP per mole of octanoic acid: 1 ATP for the actual uptake and 2 ATP for the activation of
the octanoic acid to octanoyl-CoA. FADH2 is assumed to be a NADH2 equivalent. Due to its difference in ATP
yield during the oxidative phosphorylation, next models should not consider those two equivalent. It is therefore
not considered a separate compound but is considered in the NADH2 cost or production in these reactions. The
degradation of PHO, PHH and PHB is assumed to cost 1 ATP per mole monomer. The NADH2 production
and/or consumption for the degradation and production of the different types of PHA was calculated using the
degree of reduction.

The metabolic model consists of 5 phases:

1. Growth in the feast phase

2. Storage compound production in the feast phase

3. Catabolism in the feast phase

4. Growth on the storage compound during famine phase

5. Catabolism during famine phase

For each parts, the reactions which take place are noted and a bootstrap is determined. A linear regression
using the conserved moieties of the reactions is done to obtain a vector with variables which describes how
many times each reactions will be run during the part so that the bootstrap condition is met. This is to ensure
normalization of the reactions for 1 specific reaction. Equations 5 and 6 show the general mathematical equation
for the calculation of the variables.

A1,1 A1,2 . . . A1,N

A2,1 A2,2 . . . A2,N

...
...

...
...

AM,1 AM,2 . . . AM,N



x1
x2
...
xN

 =


b1
b2
...
bN

 (5)
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x1
x2
...
xM

 =


A1,1 A1,2 . . . A1,N

A2,1 A2,2 . . . A2,N

...
...

...
...

AM,1 AM,2 . . . AM,N

 \

b1
b2
...
bM

 (6)

The matrix A contains the conserved moieties of each reaction participating in each part. The conserved
moieties considered in this model are ATP, NADH2, acetyl-CoA, butyryl-CoA, hexanoyl-CoA and octanoyl-
CoA, represented by the rows (M). The columns represent the reactions (N). The vector b contains the bootstrap
reaction which ensures normalization of the yields. The vector x contains the variables.

Next, the yield of relevant compounds is determined using this obtained multiplicator and the stoichiometry of
the compounds in the reactions. The mathematical reactions for the determination of the yield can be found
in Appendix A.3. The reactions participating in each part will be described briefly. For a more thorough
understanding of the metabolic model, please refer to A.3.

During growth in the feast phase, the uptake, the catabolism, the anabolism and oxidative phosphorylation are
performed. The bootstrap for this reaction is the uptake.

During storage compound production in the feast phase, the reactions to make acetyl-Coa from the substrate,
the PHO/PHH/PHB productions reactions, the oxidative phosphorylation and the anabolism reaction are
happening. The bootstrap for this reaction is the uptake.

During catabolism in the feast phase, the uptake, the catabolism , and the oxidative phosphorylation are
happening. The bootstrap for this reaction is the uptake. In this part, the ATP production and consumption
has not been considered a conserved moieties which needs to be zero since catabolism inherently will produce
energy.

During growth during famine phase, oxidative phosphorylation, catabolism , anabolism and degradation of
storage compounds is happening. The bootstrap for this reaction is the degradation of PHA.

During catabolism during famine phase, oxidative phosporylation, catabolism and degradation reactions occur.
The bootstrap for this reaction is the degradation of PHA. In this part, the ATP production and consumption
has not been considered a conserved moieties which needs to be zero since catabolism inherently will produce
energy.

For the yields which contain PHA, the yield of the individual PHA’s was multiplied by the maximum fraction
of the PHA during the experiment. This value is therefore data-depended. To illustrate this, the yield of CO2
over PHA in the feast for the cycle analysis of the first enrichment is shown in equation

YCO2/PHA =
fPHB
fPHA

× YCO2/PHB +
fPHH
fPHA

× YCO2/PHH +
fPHO
fPHA

× YCO2/PHO (7)

YCO2/PHA = −0.1220Cmol
Cmol

× 21.5wt%

60.4wt%
− 0.0244

Cmol

Cmol
× 9.5wt%

60.4wt%
+ 0.0244

Cmol

Cmol
× 30.4wt%

60.4wt%
(8)

YCO2/PHA = −0.03436Cmol
Cmol

(9)

2.4.2 Kinetic model

The kinetic model is based on Herbert-Pirt kinetics. The formulas for the necessary kinetic parameters can be
found in Appendix A.4, equations 45 until 60. These kinetic parameters are used in a set of ordinary differential
equations. These equations are given by the following formulas:

dS

dt
= [X]× qs (10)

dX

dt
= [X]× (qX/PHA + qX/S) (11)

dPHB

dt
=
fPHB
fPHA

×X × (qprodPHB + qconPHB) (12)

dPHH

dt
=
fPHH
fPHA

×X × (qprodPHH + qconPHH) (13)
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dPHO

dt
=
fPHO
fPHA

×X × (qprodPHO + qconPHO) (14)

dNH+
4

dt
=
dX

dt
× Y feastN/X (15)

2.5 Element balances and electron balances
The carbon balances and the electron balances were calculated using both the online and offline data and
using the model for each cycle analysis and fed-batch accumulation experiment. For the electron balance, the
oxidation state (OS) as seen in Table 1 was used.

Table 1: Relevant compounds and their oxidation state per (carbon) mole.

CO2 0 e-mol/Cmol
O2 -4 e-mol/mol
OA 5.5 e-mol/Cmol
HA 5.33 e-mol/Cmol
PHO 5.25 e-mol/Cmol
PHH 5 e-mol/Cmol
PHB 4.5 e-mol/Cmol
NH4+ 0 e-mol/mol
Biomass 4.2 e-mol/Cmol

The carbon balance was calculated as seen in equation 16 and the electron balance was calculated using equation
18. In these equations, all compounds are expressed in Cmol unless otherwise noted and all oxidation states
(OS) are expressed in e-mol/(C)mol.

C − balance[%] =
100

OAbegin
∗ (cum.OA − (cum. PHA + cum.CO2 + cum. X )) (16)

cum. PHA [e-mol/cmol] = cum. PHO ∗OS PHO + cum. PHH ∗OS PHH + cum. PHB ∗OS PHB (17)

e−balance[%] =
100

OAbegin ∗ OS OA
∗(cum.OA∗OS OA−(cum.PHA[

e−mol

cmol
]+cum.X∗OS X+cum.O2∗OS O2)) (18)

For the kinetic model, the online data was processed using a MATLAB script, which returned the average
online data per minute. For the gas data, both the inflow of gas and the outflow of gas, the average per
sampling moment was taken and this value was copied until the next sampling moment. Outliers were manually
adjusted.

2.6 Plating of the micro-organisms
For plating, 4 different agar media were used. The first one was two times concentrated media that was used for
the reactor, combined with the same amount of agar. The second one was also two times concentrated media
from the reactor, but with added vitamins. The third plates were with pre-made LB agar media. The fourth
plates were with pre-made SM agar media.

The agar media was heated to a minimum of 80 degrees before being poured on to the plates. This also ensured
that micro-organisms residing in the agar would die. A dilution series of the sample was made, ranging from
10−4 to 10−8. 20 µL of a dilution of the sample was taken and spread out on the plate. The plates were kept
at 30◦ C and were kept in parafilm.
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3 Results and discussion

3.1 Metabolic model
The stoichiometric parameters of the metabolic model based on the assumptions and equations described in the
material and methods can be found in Table 2.

Table 2: Stoichiometric parameters of metabolic model in the feast phase and in the famine phase

Stoichiometry feast Stoichiometry famine
Growth equation Metabolic equation
Y feastCO2/X 0.24 Cmol/Cmol Y famineCO2/X O 0.24 Cmol/Cmol
Y feastO2/X -0.66 mol/Cmol Y famineCO2/X H 0.32 Cmol/Cmol
Y feastX/S -0.81 Cmol/Cmol Y famineCO2/X B 0.50 Cmol/Cmol
YN/X -0.20 Nmol/Cmol Y famineCO2/X 0.29 Cmol/Cmol

PHA production Y famineO2/X O -0.58 Cmol/Cmol
Y feastCO2/PHO 0.02 Cmol/Cmol Y famineO2/X H -0.59 Cmol/Cmol
Y feastCO2/PHH -0.02 Cmol/Cmol Y famineO2/X B -0.63 Cmol/Cmol
Y feastCO2/PHB -0.12 Cmol/Cmol Y famineO2/X -0.61 mol/Cmol
Y feastO2/PHO -0.10 mol/Cmol Y famineX/PHO -0.81 Cmol/Cmol
Y feastO2/PHH -0.09 mol/Cmol Y famineX/PHH -0.76 Cmol/Cmol
Y feastO2/PHB -0.08 mol/Cmol Y famineX/PHB -0.67 Cmol/Cmol
Y feastPHO/S -0.98 Cmol/Cmol YN/Xm -0.20 Nmol/Cmol
Y feastPHH/S -1.03 Cmol/Cmol Catabolic equation
Y feastPHB/S -1.14 Cmol/Cmol Y famineCO2/PHO -1.00 Cmol/Cmol

Catabolic equation Y famineCO2/PHH -1.00 Cmol/Cmol
Y feastCO2/S -1.00 Cmol/Cmol Y famineCO2/PHB -1.00 Cmol/Cmol
Y feastO2/S 1.38 mol/Cmol Y famineO2/PHO 1.31 mol/Cmol
Y feastATP/S -5.13 mol/Cmol Y famineO2/PHH 1.25 mol/Cmol

Y famineO2/PHB 1.13 mol/Cmol
Y famineATP/PHO -5.13 mol/Cmol
Y famineATP/PHH -4.83 mol/Cmol
Y famineATP/PHB -4.25 mol/Cmol

A point of note is the negative value of the parameters Y feastCO2/PHH and Y feastCO2/PHB . The parameter Y feastCO2/PHO

has a positive value, as expected. The negative value of these parameters could indicate that a reverse TCA
cycle is used if the whole flux through the catabolic reaction seen in Equation 24 is negative. This could mean
that another set of reactions is required to generate sufficient NADH2. In literature, no evidence for another
source of NADH2 was found or evidence for a zero flux through the catabolism. Another possibility is that the
production of PHO generates sufficient energy to compensate for the production of PHB and PHH. This would
mean that the flux through the catabolic reaction is positive and generates the necessary NADH2. This of
course raises the question why the energy-requiring compounds PHB and PHH would be produced when PHO
does not require this energy cost. A third possibility is that the initial assumption for the delta, which dictates
the efficiency of the phosphorylative oxidation, of 2 was wrong. While a value of 2 has been used in previous
models for other substrates, a delta value of 0.75 is the maximum to ensure that both Y feastCO2/PHH and Y feastCO2/PHB

have a positive value. [35], [42], [43] This would indicate that the efficiency of the phosphorylative oxidation is
quite low. Since the delta has a large influence on the stoichiometric parameters, parameters which rely on the
stoichiometric parameters and the data could have been affected. A most notable example of this is the correct
ATP maintenance requirements. A better understanding of the efficiency of the oxidative phosphorylation would
improve this model therefore tremendously.
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3.2 First enrichment: Establishing a baseline
To obtain mcl-PHA, the activated wastewater sludge first needed to be enriched for mcl-PHA producing organ-
isms. This was done by selecting for PHA producers using the feast-famine regime and by using a medium-chain
length fatty acid as substrate. The solid retention time was equal to the hydraulic retention time, namely 24
hours. The pH was 7, the cycle time was 12 hours and the temperature was 30 degrees Celcius. After inocu-
lating the bioreactor, a lag phase was observed of approximately 12 hours. After this lag phase, a CO2 spike
was observed and the carbon source was depleted. The first cycle was started approximately 12 hours later.
The reactor ran for 89 cycles during which the feast times were observed using the oxygen profile and the DO
profile.

3.2.1 Evolution during the enrichment

The evolution of the length of the feast times can be seen in Appendix A.5. During the enrichment, PHA
samples and NGS samples were taken and analysed. The evolution of these samples can be seen in Figure 7a
and 7b.

(a) Evolution of the relative abundance of the organisms
in the community during the first enrichment.

(b) Evolution of the PHA content during the first enrich-
ment.

Figure 7: Evolution of the relative abundance of the organisms and the PHA content during the first enrichment.

As can be seen in Figure 7b, there was little to no PHO during the first 40 cycles of the enrichment but the PHB
content did increase. After 39 cycles, the PHO weight percentage started to increase. The highest PHO content
is terms of weight percentage was observed after 75 cycles, with a PHO content of 28 wt%, a PHH content of 8
wt% and a PHB content of 10 wt%. The total PHA content was therefore 46 wt%. It is remarkable that despite
the high PHO content, no significant amount of Pseudomonas and Comammoma, the species most known to
produce mcl-PHA, were found using NGS. This could indicate that another organism is able to produce mcl-
PHA. In the NGS results, there is a correlation between the increase in PHO content and the increase in the
abundance of the genus Sphaerotilus. The abundance of this organism has also been observed in microscopy
samples, as can be seen in Figure 8. This image was taken from the 52nd cycle and shows the characteristic
shape of the Sphaerotilus.
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Figure 8: Microscopy image of the 52nd cycle of the first enrichment. The characteristic shape of Sphaerotilus,
namely the long cable-like shape, can be clearly seen.

This organism is a proteobacteria which is linked to waste water [44]. It is known to enjoy oxygen limited
environments and environments with an excess of nutrients in relation to the activated sludge concentration
[45]. It has not been previously identified as a potential mcl-PHA producer and does not seem to have been
previously grown on octanoic acid specifically. It is also not a species known to flourish in feast-famine regimes,
as the species is not a great PHA producers and does not prefer the low nutrient levels during the famine [45].
To prove that the Sphaerotilus were responsible for the mcl-PHA production, a sample of cycle 81 of the first
enrichments was used to inoculate a reactor with the same conditions as during this first enrichment. After
being in cold storage for 4 months, there were few Sphaerotilus still present in the bioreactor as seen with
microscopy (data not shown). However, the Sphaerotilus did become more prevalent in the reactor after 22
cycles. This is similar to the NGS data of the first enrichment, where Sphaerotilus needed 24 cycles to become
a significant organism in the reactor.

After 40 cycles, a sample was taken and plated on 4 different agar media as described in the material and
methods with 4 different dilutions ranging from 1E-4 to 1E-6. This was to isolate and further characterize the
Sphaerotilus. This was only an attempt to prove or disprove that the Sphaerotilus could produce mcl-PHA
when using octanoic acid as a carbon source. After 10 days, no Sphaerotilus were found using microscopy. It is
possible that since Sphaerotilus prefers oxygen limitation that the plates were non-ideal for the organism to grow
on [46] [44]. It is also possible that since Sphaerotilus prefers an excess of nutrients that it was unable to grow
[45]. Further isolation and characterization of this organism will therefore be needed to prove that Sphaerotilus
is indeed a mcl-PHA producer. However, if this organism does prove to be able to produce mcl-PHA, this would
mean that more organisms than previously thought are capable of producing mcl-PHA. This could potentially
be a breakthrough in the production of mcl-PHA.

3.2.2 Cycle analysis

After 73 cycles, a cycle analysis was performed. Figure 9 shows the evolution of the most important compounds:
the overall PHA content, the cumulative CO2 production, the cumulative O2 consumption, the octanoic acid
concentration and the ammonium concentration.
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Figure 9: Evolution of the most important compounds during a cycle analysis performed after 73 cycles.

The highest concentration of PHA (13.3 mCmol) was obtained 74 minutes after adding the carbon source. At
this point, the carbon source in the medium has been depleted for at least 22 minutes and the nitrogen source
is still freely available in the medium. A maximum HO content of 27 wt% is obtained at that point, with a
PHH content of 5 wt% and a PHB content of 9 wt% for a total PHA content of 41 wt%. Especially the total
PHA content is on the low side compared to the week leading up to the cycle analysis, when PHA content was
between 40 wt% and 50 wt%. A back-up of the sample point at 74 minutes was analysed with the GC. This
sample yielded a PHA content of 56 wt%, with a HO content of 36 wt%, a PHH content of 8 wt% and a HB
content of 11 wt%. This one is comparatively higher than the average obtained for the week prior but since no
further back-ups were available, a full rerun of the cycle analysis could not be performed. For that reason, this
cycle analysis was only used for qualitative reasons and not for quantitative reasons.

Of the ammonia that was consumed during the cycle, 36 % was consumed during the feast and 64% was
consumed during the famine. This indicates that there is still a significant amount of growth during the feast
phase of the cycle. 28% of the oxygen is consumed in the feast. Despite some growth during the feast, the
majority of growth occurs during the famine as intended. The carbon balance of the data closes with 1.65% off
at the end of the cycle and the electron balance closes with 8.71% off at the end of the cycle.

The average biomass specific consumption rates, the average biomass specific production rates and the important
yields during the cycle were calculated using a model for both the feast and the famine. This can be seen in
Table 3. The relevant parameters of the model were chosen to fit the data obtained during the cycle analysis
and can likewise be seen in Table 3. The carbon balance of the model closed with on average -3% off.
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Table 3: Summmary of the model-derived rates of consumption, rates of production and the yields determined
by the model of the cycle analysis of the first enrichment

Variable Values Unit
Feast qPHB 0.49 [Cmmol/Cmmol/h]

qPHH 0.22 [Cmmol/Cmmol/h]
qPHO 0.69 [Cmmol/Cmmol/h]
qS 2.05 [Cmmol/Cmmol/h]
YPHA/S 0.68 [Cmol/Cmol]
YX/S 0.26 [Cmol/Cmol]
YCO2/S 0.07 [Cmol/Cmol]
YO2/S 0.25 [mol/Cmol]

Famine qPHB -0.03 [Cmmol/Cmmol/h]
qPHH -0.01 [Cmmol/Cmmol/h]
qPHO -0.04 [Cmmol/Cmmol/h]
YX/PHA 3.06 [Cmol/Cmol]
YCO2/X 1.67 [Cmol/Cmol]

3.2.3 Accumulation

14 cycles after performing the cycle analysis, a fed-batch accumulation experiment was performed. The goal of
this experiment was to determine the highest content of PHA obtainable. Figure 10 in shows the evolution of
the most important compounds during the accumulation.

(a) Evolution of compounds during the accumulation of
the first enrichment performed after 87 cycles

(b) Evolution of the PHA content during the accumulation
of the first enrichment performed after 87 cycles

Figure 10: Evolution of the relevant compounds and the PHA content during the accumulation with octanoic
acid of the first enrichment done after 87 cycles.

The highest content of PHA obtainable during the accumulation was determined to be 61.5 wt%, with a HO
content of 30.4 wt%, a HH content of 9.5 wt% and a HB content of 21.5 wt%. This results in a production
of 26 mCmol/L HO, 7.6 mCmol/L HH and 15.1 mCmol/L HB. However, the highest production of PHA is
not at this moment due to the fact that the total amount of biomass kept increasing. Due to this, the highest
PHA production was 24.2 mCmol/L HB, 7.9 mCmol/L HH and 21.5 mCmol/L HO. The weight percentages at
this point are respectively 22.7%, 7.4% and 21.1%. Therefore, it is possible that the accumulation experiment
did not last long enough to obtain the highest productivity, despite reaching the highest weight percentage.
On top of these observations, there are another 2 noteworthy observations. The first is that the substrate was
depleted after 9 hours, despite the fact that octanoic acid was coupled to the acid regulator and that the pH
stayed constant. This could point to another acid potentially being formed. The second interesting observation
is that the nitrogen source was depleted after 5.25 hours but the active biomass concentration continued to
increase.
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3.3 Second enrichment: An increase in pH increases the mcl-PHA production
During the enrichment at pH 7, a substantial amount of biofilm was observed. Since this biofilm could escape
the selection pressures and since it would become a hinder for future potential industrial applications and could
be an indicator for metabolic stress, the pH was increased to pH 8 in an attempt to de-stress the cells slightly.
It was expected that this would increase both the weight percentage of PHA and the overall production, since
higher pH would lower the toxicity of the substrate and therefore improve the metabolic speed. On top of that,
the potential decrease in biofilm is an advantage for future industrial applications. The second enrichment was
therefore ran for 99 cycles at pH 8 with the same airflow as the first enrichment, 200 mL/min. The enrichment
was run for in total 140 cycles. After the first 100 cycles, the enrichment was halted and the biomass was stored
in cold storage (-4◦ C). After 20 days, the stored biomass was re-introduced in the reactor and the reactor was
run for another 40 cycles.

3.3.1 Evolution during the enrichment

Figure 11 shows the evolution of the PHA content at the end of the feast phase during the second enrichment
at pH 8.

Figure 11: Evolution of the PHA concentration and the weight percentages obtained during the second enrich-
ment at pH 8.

As shown, the weight percentage increases to an overall PHA weight percentage of 63%, with a weight percentage
of 49% for HO, a weight percentage of 9% for HH and a weight percentage of 6% for HB. The highest productivity
goes up compared to the first enrichment: from a total HA of 29.9 mCmol/L to 32.1 mCmol/L. On top of that,
the original goal of reduced biofilm formation was obtained while surpassing the obtained yields.

3.3.2 Cycle analysis

After 99 cycles, a cycle analysis was performed. During the cycle analysis, the maximum concentration of PHA
was 16.95 mCmol. This corresponds with a weight percentage of 48 wt% PHO, with a total PHA yield of 62
wt%. PHB and PHH had weight percentages of 5 wt% and 8 wt% at their peaks respectively. This is the
highest obtained weight percentage of mcl-PHA during the enrichment. To save time, the accumulation of this
experiment was performed 40 cycles after the cycle analysis but the biomass had been in cold storage for 20
days between the end of the cycle analysis and the start of the 40 cycles. The time in the fridge combined
with multiple mechanical crashes of the system resulted in drastic changes to the PHA levels observed. During
this accumulation, the maximum weight percentage of PHO did not go above 8.5 wt%, with a maximum total
PHA weight percentage of 74.2 wt%. To explain that result, four possible reasons will be discussed. First of

18



all, it is possible that due to the prolonged time in the fridge, the organisms responsible for the high PHO
content had died and/or become inactive. If Sphaerotilus was still present in the culture at this point and time
and was responsible for the production of mcl-PHA, this is the most likely explanation since Sphaerotilus has
been reported to be unable to stand cold storage for prolonged periods of time [46]. Another possible reason
could be that the numerous mechanical failures resulted in unstable conditions which favored another organism
and applied an unforeseen and unintended selection pressure on the community. Another possible explanation
could be that the accumulation conditions were detrimental to the organisms producing mcl-PHA. It is possible
that the higher octanoic acid concentration was fatal to the organism producing mcl-PHA. However, given
the success of the re-done accumulation, this seems unlikely. A final reason for the unexpected results of the
accumulation could be due to instability of the pH probe at pH 8. While the probe was regularly calibrated at
pH 4 and pH 8, the probe later proved to behave more erratic at higher pH’s including pH 8. Due to this, it
is expected that the actual pH leading up to the accumulation was higher than the intended pH 8. This could
have provided a selection pressure for organisms other than the mcl-PHA producing organism, although it is
unclear which organisms exactly would have been selected for due to this higher pH.

Due to the unexpected results during the accumulation, back-up biomass from around 46 cycles into the second
enrichment was taken out of cold storage and was again enriched until similar results compared to the second
enrichment were obtained. This revival of the second enrichment was used to perform a new cycle analysis and
two accumulations: one with octanoic acid and one with hexanoic acid. The new cycle analysis was used to
verify that the batches behaved similarly. The goal of the accumulation with hexanoic acid was to establish
whether it is possible to obtain mcl-PHA using the more industrially relevant hexanoic acid and to obtain a
broader understanding of the mcl-PHA production process.

Figure 12 shows both the cycles of the second enrichment for comparison.

(a) Evolution of compounds during the cycle of the orig-
inal second enrichment

(b) Evolution of compounds during the cycle of the
redone second enrichment

(c) PHA content during the cycle of the redone second
enrichment

(d) PHA content during the cycle of the redone second
enrichment

Figure 12: Comparison of the evolution of the compounds during the cycle analysis and the PHA content during
the cycle.

As can be seen in Figure 12, there is an increase in the amount of PHA and biomass in mCmol in the second
cycle compared to the first cycle. The other compounds (octanoic acid, ammonium, CO2 and O2) stay relatively
the same. The PHA content in wt% decreases in the second cycle compared to the first, with a maximum PHO
content of 44 wt% in the first cycle compared to 33 wt% in the second cycle. It is possible that if the second
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cycle had been run for a longer period of time, the culture would have fully recovered to the levels of the first
cycle of the second enrichment.

During the re-done cycle, 38% of the nitrogen source was consumed during the feast and 62 % was consumed
during the famine. This is slightly more than during the first cycle analysis, which had 36% and 64% respectively.
This is also reflected in the oxygen consumption, where 33% of the oxygen consumed was consumed in the feast,
while the cycle analysis of enrichment 1 had 28% oxygen consumed in the feast despite having less mcl-PHA
production. However, this is likely due to the underestimation of the mcl-PHA production during the cycle
analysis of the first enrichment.

The average consumption rates, the average production rates and important yields during the repeated cycle
were calculated using a model. This can be seen in Table 4. The relevant parameters of the model were chosen
to fit the data obtained during the cycle analysis. The carbon balance of the model closes with -9% off.

Table 4: Summary of the model-derived rates of consumption, rates of production and the yields for the model
of the second cycle for the second enrichment

Variable Values Unit
Feast qPHB 0.50 [Cmmol/Cmmol/h]

qPHH 0.29 [Cmmol/Cmmol/h]
qPHO 1.33 [Cmmol/Cmmol/h]
qS 2.13 [Cmmol/Cmmol/h]
YPHA/S 0.97 [Cmol/Cmol]
YX/S 0.03 [Cmol/Cmol]
YCO2/S 0.01 [Cmol/Cmol]
YO2/S 0.12 [mol/Cmol]

Famine qPHB -0.03 [Cmmol/Cmmol/h]
qPHH -0.02 [Cmmol/Cmmol/h]
qPHO -0.08 [Cmmol/Cmmol/h]
YX/PHA 2.84 [Cmol/Cmol]
YCO2/X 1.44 [Cmol/Cmol]

3.3.3 Accumulation with octanoic acid

The re-enriched culture was used to do two accumulations. First, an accumulation with octanoic acid was
performed in the exact same way as the previous accumulation was performed. The evolution of the most
important compounds can be seen in Figure 13.

(a) Evolution of important compounds during the
accumulation using octanoic acid as the substrate.

(b) PHA content during the accumulation using oc-
tanoic acid as substrate.

Figure 13: Comparison of the evolution of the compounds during the cycle analysis and the PHA content during
the cycle.

As seen in Figure 13b, the PHO content reaches its maximum level, namely 44 wt%, in 2 to 3 hours. The
PHO content stays stable for the rest of the accumulation. Since a PHO content of 44 wt% was also the
maximum obtained level during the cycle, it is possible that this is the biological limit of the organism under
these conditions. While the PHO content reaches its peak quickly, the PHB content takes about 5.5 hours to
reach its peak of 28 wt%. It is possible that two different organisms responsible are for the accumulation of PHO
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and PHB, since the PHO accumulator seems to be much faster at the production of PHO and presumably at
the uptake of the substrate while the PHB accumulator seems to really flourish when the PHO accumulator has
reached its peak. In this case, the halt in PHO accumulation could be due to a lack of available storage space
in the organism. In the case that the PHO accumulator and the PHB accumulator are the same organism,
the organism would stop accumulating PHO at 44 wt% and continue increasing the PHB content until the
N-source is depleted, which is at around 5.5 hours. However, this is not in line with the expectations, since
for the production of scl-PHA like PHB the depletion of the nitrogen source is a stimulans to produce more
scl-PHA [22]. It is possible that the depletion of the nitrogen source and the halting of the PHB accumulation
is a coincidence, and the reason for the halted PHB production is simply due to lack of space in the organism.
The reason for the ’limit’ at 44 wt% PHO and the halted PHB accumulation at 5.5 hours is therefore in the
last case less clear. The PHH content stays stable at around 9 wt% during the whole accumulation and can
therefore not be attributed to either theory.

The oxygen consumption rate of the first 5 hours is significantly higher than during the subsequent 19 hours.
In the first 5 hours, 20 mmol of the total 65 mmol oygen is consumed or 30%. The average oxygen consumption
rate in the first 5 hours is equal to 0.07 mmol oxygen per minute, compared to 0.04 mmol oxygen per minute
in the subsequent 19 hours. This is in line with the expectations, since accumulation of all compounds has then
reached its platform. In the first hour, when only PHO increases dramatically, only 3.3 mmol of the total 65
mmol oxygen is consumed, or 5.1%. The average consumption rate of the first hour is also more similar to the
average consumption rate of the subsequent 23 hours, with the first hour average oxygen consumption rate 0.055
mmol oxygen per minute and the subsequent 23 hours 0.046 mmol oxygen per minute. Figure 34 in Appendix
A.8 shows the evolution of the oxygen consumption rate for the accumulation with octanoic acid.

It should be noted that for this accumulation, the expected initial value of substrate is lower than expected.
This is likely due to problems during the addition of the carbon source.

3.3.4 Accumulation with hexanoic acid

(a) Evolution of important compounds during the
accumulation using hexanoic acid as the substrate.

(b) PHA content during the accumulation using hex-
anoic acid as substrate.

Figure 14: Comparison of the evolution of the compounds during the cycle analysis and the PHA content during
the cycle.

The PHA content shown in Figure 14b shows an interesting trend: in the first hour of the accumulation, there
is a relatively large peak of 24 wt% PHO. The reaction to go from hexanoate to PHO is a reduction, which
means that electrons are required. This is confirmed by the fact that the average oxygen consumption during
the first hour is three times higher than during rest of the accumulation: 0.062 mmol/min in the first hour
compared to 0.02 mmol/min during the rest of the accumulation. 11% of all oxygen is consumed during this
first hour, compared to 89% during the following 23 hours. On top of that, the majority of the ammonia is
also consumed during the first hour of the accumulation: 0.674 mmol of the total 1.2 mmol or 56% of the total
ammonia. It is possible that in the first hour there is an excess of electrons which require an electron sink in
the form of PHO. The production of PHO mostly likely occurs through a reverse β-oxidation pathway. After
the first hour of the accumulation, there seems to be less of a need for an electron sink and the accumulation of
PHO therefore decreases. In terms of PHO in mCmol in the bioreactor, the PHO content only decreases after
5.5 hours.

During the first 4 hours, when PHB production reaches a platform, 16.4 mmol of the whole 31.8 mmol oxygen
is consumed, or 52%. The average oxygen consumption rate for the first 4 hours is equal to 0.07 mmol per
minute, while the average oxygen rate for the subsequent 20 hours is equal to 0.01 mmol per minute. Most
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of the respiration therefore takes place during the first 4 hours. This can be seen in Figure 35 in Appendix
A.8.

In theory, PHH should be the most readily produced product from hexanoic acid since it only requires to go
through the β-oxidation pathway 0.5 times, while the production of PHB goes through the β-oxidation pathway
1.5 times. On top of that, the production of PHH instead of PHB should result in lower NADH output, which
would be beneficial since the ammonia is depleted fast which means that the electrons cannot be channeled
into the biomass production. However, this does not seem to be the case. Instead, the PHB continues to be
the most popular product after the first hour of the accumulation. This could be due to the fact that class I
phaC genes prefer shorter-chain substrates, like butyryl-CoA. This could therefore indicate that there are two
different organisms at work: one organism with a class II phaC gene which produces PHO and another organism
or other organisms which produce the PHB. However, it is also possible that the organism which usually makes
PHO and/or PHH needed time to adjust to hexanoic acid and therefore started producing PHB later.

It should be noted that the initial amount of substrate in this experiment is higher than expected. However,
since the carbon balance closes with only 0.5% off, it is assumed that a mistake was made during the preparation
of the medium and not that there was a measuring mistake with the HPLC.

3.4 Third and fourth enrichment: O2 limitation and uncoupling did not result in
higher mcl-PHA production

In line with the original literature study, the third enrichment was done using oxygen limitation. For this
enrichment, the reactor was inoculated with biomass from the second enrichment after having been in cold
storage for half a month. Based on the production of mcl-PHA from hexanoic acid [47], the airflow was set
to 10 mL/min. This system was run for 77 cycles. The evolution of the PHA production during the oxygen
limitation can be seen in Figure 15.

Figure 15: Evolution of the PHA productivity and the weight percentages obtained during the third enrichment
with oxygen limitation.

The PHA content and the mcl-PHA content specifically is quite similar to the (mcl-)PHA content of the second
enrichment, with a maximum PHO content of 42 wt% and a maximum PHA content of 64 wt%. It is therefore
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unclear whether the relatively high PHO content is due to the oxygen limitation, as expected according to
literature search, or despite the oxygen limitation. Follow-up research could focus on oxygen limitation with
different pH’s for the reactor, notably pH 7 and pH 8 as seen in this work. If the mcl-PHA content is more
affected by the differences in pH compared to difference in oxygen flow rate, it could indicate that the pH was
the deciding factor and not the lower oxygen flow rate. However, the high PHO content with oxygen limitation
is a benefit for future industrial applications since this would require less aeration and would therefore cut back
on costs. It should be noted that since only one condition was tested, 10 mL/min, that it is possible that other
conditions would lead to an improved mcl-PHA production since it is not certain that 10 mL/min is the ideal
scenario for the organisms in the reactor. Other conditions were not tested due to limitations in time but should
be considered in follow-up research.

The fourth enrichment using an uncoupled system was only run for 26 cycles. The experiment was therefore
terminated after 26 cycles. It should be noted that only 2 conditions, with a τ of 1.5 hours and a τ of 2 hours
was tried. For both cases, the cycle length of 12 hours was maintained. It was terminated based on the oxygen
profile, which can be seen for a τ of 1.5 hours in Figure 16 after 12 cycles. For a comparison with other gas
profiles, please refer to Appendix A.7

Figure 16: Gas profile enrichment 4 after 12 cycles. In blue, the feast is shown and in orange, the famine is
shown. The end of feast was at 13:42, with an oxygen consumption of 52% in the feast. This was 1h42 minutes
after N-source addition, which was at 12:00.

During those 90 minutes of the carbon addition and the absence of a nitrogen source, the organisms seem to
take up the substrate and then remain inactive until the addition of ammonia. It is assumed that the substrate
is not yet consumed during this time based on the growth profile but this was unfortunately not verified. After
the addition of ammonia, mainly growth can be seen in the oxygen profile. During the feast, 52% of total oxygen
consumed is consumed. Despite almost no mcl-PHA production (2% of PHH and 5% of PHO), there is high
PHB production, with a weight percentage of 52%. This is reinforced by the fact that during the famine, no
characteristic camel-like or wave-like profile is shown as seen in Appendix A.7, Figure 25b and 26b respectively.
The camel-like profile and wave-like profile seem to be excellent indicators of high mcl-PHA production.

The mcl-PHA content decreased further when a τ of 2 hours was used, for a PHO content of 5 wt%, a PHH
content of 2 wt% and a PHB content of 51 wt%, for a total PHA content of 58 wt%. It should be noted that
the longer τ was only maintained for 14 cycles and only 1 PHA samples was taken. It is therefore potentially
not representative of the actual performance of the culture and had potentially not enough time to fully enrich
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for a culture which used from the uncoupled system to make more mcl-PHA. It is also is possible that a longer
τ in combination with a longer cycle length would lead to higher mcl-PHA production. This should therefore
still be considered in follow-up research.
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4 General discussion

4.1 Comparison of the enrichments
To get a better understanding of the difference between the enrichments, Table 5 shows the biomass specific
consumption rates, biomass specific production rates and the yields of relevant compounds for the cycle analysis
of the first and the re-done second enrichment.

Table 5: Comparison of the average biomass specific consumption rate, the average production rates and the
yields during the cycle analysis of the first enrichment and the repeat of the second enrichment. These values
were calculated using the metabolic and kinetic model.

Variable Unit Enrichment 1 Enrichment 2
Feast qPHB [Cmmol/Cmmol/h] 0.49 0.50

qPHH [Cmmol/Cmmol/h] 0.22 0.29
qPHO [Cmmol/Cmmol/h] 0.69 1.33
qS [Cmmol/Cmmol/h] 2.05 2.13

YPHA/S [Cmol/Cmol] 0.68 0.97
YX/S [Cmol/Cmol] 0.26 0.03
YCO2/S [Cmol/Cmol] 0.07 0.01
YO2/S [mol/Cmol] 0.25 0.12
fraction N consumed in feast 0.36 0.38

Famine qPHB [Cmmol/Cmmol/h] -0.03 -0.03
qPHH [Cmmol/Cmmol/h] -0.01 -0.02
qPHO [Cmmol/Cmmol/h] -0.04 -0.08
YX/PHA [Cmol/Cmol] 0.45 0.66
YCO2/X [Cmol/Cmol] 0.55 0.35
fraction N consumed in famine 0.64 0.62

C-balance (%) 1.65 -2.45
e-balance (%) 8.71 9.53

ratio O2 feast/famine 28% 33%

The values shown in Table 5 show a significant difference between the first and the second enrichment. For
starters, the values for the yield of O2 over substrate in the feast (YO2/S) in the first and second enrichment are
0.25 mol/Cmol and 0.12 mol/Cmol respectively or respectively 18% and 9% of the theoretical maximum. This
decrease of more than 50% of the amount of oxygen consumed per substrate is at least partly due to the fact that
an overestimation of the oxygen consumption in the feast is made with the model for the first enrichment and
an underestimation is made for the second enrichment, as seen in Figure 36 and Figure 38. Similarly, the values
for the yield of CO2 over substrate in the feast (YCO2/S) in the first enrichment and the second enrichment are
0.07 and 0.01 Cmol/Cmol respectively or 7% and 1% of the theoretical maximum. Again, an underestimation
of the CO2 production is made for the second enrichment in the model. For the first enrichment, the produced
CO2 is however very in line with the data. It should therefore be noted that the model is not good at predicting
the O2 consumption and at times the CO2 production compared to the actual production and consumption,
as seen in Figure 36 and Figure 37 in Appendix A.9. This is likely related to the difficulty with balancing the
delta, or the efficiency of the phosphorylative oxidation, and the ATP maintenance requirement. Since these
values directly impact the predicted O2 consumption and CO2 production, further works should include a more
thorough sensitivity analysis of all fitted parameters and should include a sensitivity analysis of the delta.

The obtained Y feastPHA/S is 0.68 Cmol/Cmol for the first enrichment. This is 67% of the theoretical maximum. The
second enrichment had a yield of 0.97 Cmol/Cmol of PHA over substrate in the feast for the second enrichment,
equal to 93% of the theoretical maximum. This proves that the second enrichment obtained better results than
the first enrichment since more of the substrate went towards the production of PHA. This mainly goes at the
expense of biomass, since in the first enrichment the obtained Y feastX/S is equal to 0.26 Cmol/Cmol, while in the
second enrichment the value is equal to 0.03 Cmol/Cmol. Both are decidedly less than the theoretical maximum,
which is 0.81 Cmol/Cmol. The first enrichment reached 32% of the theoretical maximum, while the second
enrichment reached barely 3.8%. This is likely due to the fact that during the second enrichment an apparent
dip in the biomass concentration was noted in the feast, while in the first enrichment there was an increase in
the amount of biomass during the feast. Despite that, the fraction of N consumed in the feast is practically the
same, indicating that while the organisms in the second enrichment did not grow, they did consume the nitrogen
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source. This could be an issue of trying to fit a model to uncertain biomass or nitrogen measurements. Since the
biomass data for the second enrichment was based on assumptions since the TGA was unavailable, it is possible
that the growth during the feast was underestimated and therefore an incorrect yield of biomass over substrate
was obtained in the feast was obtained. On the other hand, the O2 consumption, the CO2 production, the
nitrogen consumption and the active biomass could be fitted to the model quite well for the second enrichment,
as can be seen in Figure 38. On the other hand, this is less true for the first enrichment: while the model
could be fitted quite well to the O2 consumption, the CO2 production and the nitrogen consumption, the model
could not be fitted very well to the active biomass concentration. So while it is true that the actual biomass
in the second enrichment was likely not the actual concentration in the reactor, it seems that the biomass in
the first enrichment was also not completely true to the reactor conditions or the model either. This could also
potentially be linked to a wrong assumption for the efficiency of the oxidative phosphorylation and therefore
also the ATP maintenance needed.

In the famine, the yield of biomass over PHA (Y famineX/PHA) is equal to 0.45 Cmol/Cmol for the first enrichment,
58% of the theoretical maximum, and 0.66 Cmol/Cmol for the second enrichment, or 84% of the theoretical
maximum.

The biomass-specific production rate for PHB remained relatively stable during the first and second enrichment,
with a value of 0.49 Cmol/Cmol/h in the first enrichment and a value of 0.5 Cmol/Cmol/h in the second
enrichment. For PHH and PHO especially, the difference is moch more significant. For PHH, the biomass specific
production rate was 0.22 Cmol/Cmol/h in the first enrichment and 0.29 Cmol/Cmol/h in the second enrichment,
or an increase of 32%. For PHO, the biomass specific production rate went from 0.69 Cmol/Cmol/h in the
first enrichment to 1.33 Cmol/Cmol/h in the second enrichment, or an increase of 92%. At the same time, the
biomass specific consumption rate in the famine stays constant for PHB, at a value of 0.03 Cmol/Cmol/h, while
the biomass specific consumption rates of PHH and PHO double, from 0.01 Cmol/Cmol/h to 0.02 Cmol/Cmol/h
and from 0.04 Cmol/Cmol/h to 0.08 Cmol/Cmol/h respectively. This means that while the production and
consumption of PHB remained stable compared to the biomass, the production of PHH and PHO was more
rapid but so was the consumption.

The PHA content at the highest PHO content for the different enrichments can be seen in Table 6. For the
enrichment 1 and 2, the values from the cycle analysis and the accumulation experiment were taken. Since no
cycle analysis or accumulation was performed for enrichment 3, which had oxygen limitation, the highest value
during the enrichment was taken. It should be noted however that it is not known whether this sample was
taken at the exact moment that the PHA content was at its highest and should therefore be taken with a grain
of salt. Since enrichment 4 with an uncoupled system was terminated based on its oxygen profile, no values for
this enrichment are known.

Table 6: Comparisons of the highest obtained PHO content during the cycle analysis and accumulation of
enrichment 1 and enrichment 2 and one of the cycles during enrichment 3.

Enrichment 1 Enrichment 2 Enrichment 3
pH 7, no O2 lim. pH 8, no O2 lim. pH 8, O2 lim.
wt% mol% wt% mol% wt% mol%

Cycle PHB content at highest PHO content 9.21 31.52 12.18 32.15 11.23 25.25
PHH content at highest PHO content 5.15 13.29 7.24 14.42 10.32 17.50

Maximum PHO content 26.62 55.19 33.42 53.43 42.06 57.24
PHA content at highest PHO content 40.97 100.00 52.84 100.00 63.61 100.00

Accumulation PHB content at highest PHO content 21.48 45.59 27.42 44.83
PHH content at highest PHO content 9.54 15.27 9.24 11.40

Maximum PHO content 30.44 39.14 44.21 43.77
PHA content at highest PHO content 61.45 100.00 80.87 100.00

The maximum PHO content was found in the original cycle analysis of enrichment 2, with a PHO content
of 44%. However, since the system experienced system failure shortly afterwards, enrichment 3 with oxygen
limitation had the highest PHO content during the cycle, with a PHO content of 42.06 wt%. This is close to
the maximum obtained PHO content of 44.21 wt%, which was obtained during the re-done second enrichment.
Since the cycle analysis of the re-done second enrichment did not reach the same PHO content as the original
cycle of enrichment 2, it is difficult to say whether a higher weight percentage of PHO could be obtained or
whether the 44 wt% is a biological limit of the culture. If 44 wt% is not a biological limit, further research
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should try to emulate the conditions of the original second enrichment and should establish whether the oxygen
limitation was beneficial to the mcl-PHA producers or whether the third enrichment only performed well due
to the higher pH of 8. To do that, NGS data and metagenomic data should be done of the culture during the
second enrichment and of the oxygen limitation enrichment.

In terms of mole percentage, all three PHA’s remained relatively stable with PHB at around 30 mol%, PHH 15
mol% and PHO 55 mol% during the cycles. This indicates that mainly the amount in terms of weight percentage
increased and not the ratio between the different PHA’s. During the accumulation, PHO has a slight increase
in mol%, while PHH has a decrease in mol%.

For the accumulation, the re-done second enrichment performed notably better than the first enrichment and the
original second enrichment, although this should be taken with a grain of salt due to the system failure.

In general, whether a culture will produce mcl-PHA can be anticipated based on the oxygen profile as seen
in Appendix A.7. Low ratio’s of oxygen consumed in the feast over oxygen consumed in the famine are in
this work indicative of high mcl-PHA production and a high mcl-PHA production over PHA production. The
lowest ratio, observed around the original cycle analysis of the second enrichment, was equal to 0.0153 and
represented a PHO content of 41 wt%, PHH content of 7 wt% and PHB content of 4 wt%, for a total PHA
content of 52 wt%. This can be seen in Figure 25b. The oxygen consumption in the feast over the oxygen
consumption in the famine can be plotted against the mcl-PHA produced. This can be seen in Figure 17. The
highest ratio’s of mcl-PHA over PHA production were obtained when the oxygen consumption in the feast was
between 22 and 32% of the total oxygen consumption in the cycle. It should be noted that not all PHA samples
were taken at their optimal moment so this could lead to inaccuracies in the actual mcl-PHA content. Low
oxygen consumption rates being indicative of high mcl-PHA production could be only for octanoic acid, since
similar trends were not observed during enrichments with hexanoic acid as performed by [47], seen in Figure
28 in Appendix A.7. The oxygen consumption in the feast over the mcl-PHA production in wt% can also be
found in Appendix A.7. Figure 29b shows the enrichments with octanoic acid and Figure 29a shows both the
enrichments with octanoic acid and hexanoic acid.

Figure 17: Oxygen consumption in the feast over total oxygen consumption in the cycle plotted against the
ratio of mcl-PHA over total PHA production for each enrichment.

4.2 Comparison with literature
In literature, octanoic acid has been used as a substrate for mcl-PHA production. While most of the research
has been done using pure cultures, some information is available of mcl-PHA production from mixed cultures.
A comparison of literature values and the values obtained in this report can be seen in Table 7.
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Table 7: Comparison of PHA content in terms of weight percentage and mole percentage reported in literature
and in this report. All values are for experiments with pure octanoic acid. For each experiment, the used
organism, the aeration rate, the temperature, the pH and the initial substrate for the accumulation is stated.

Organism Substrate Aeration T pH [S]init PHA PHB PHHx PHO Productivity Source
[L/min] ◦C - [mM] [wt%] [mol%] [mol%] [mol%] [mg/L]

MCC C8 2 30 7 6.2 17.02 60.02 5.22 34.76 427.2 [23]
MCC C8 2 30 7 12.5 31.09 57.54 6.24 35.92 1125.5 [23]
MCC C8 2 30 7 18.7 38.1 85.95 2.84 10.87 1570.8 [23]
MCC C8 2 30 7 12.5 34.07 39.45 8.8 51.74 1366.4 [23]
P. oleovorans NRRL B- 778 C8 2 30 no1 - 99 0 <1 250 [16]
P. putida BM01 C8 yes 30 - 40 58.1 - 7 88 2180 [48]
P. citronellolis ATCC 13674 C8 yes 30 - 40 28.6 - 12 85 610 [48]
P. aeruginosa ATCC 29347 C8 yes 30 - 40 27.3 - 7 90 650 [48]
P. aeruginosa ATCC 27583 C8 yes 30 - 40 21.3 - 10 86 390 [48]
P. fluorescens BM07 C8 yes 30 - 40 27.7 - 8 86 790 [48]
P. oleovorans C8 yes 31 7 10 - 9.6 86.1 - [49]
P. putida Bet001 C8 yes 30 7 10 49.7 - 8.1 76.2 - [50]
MCC C8 0.2 30 7 9.5 61.45 45.59 15.27 39.14 - This work
MCC C8 0.2 30 8 9.5 80.87 44.83 11.4 43.77 - This work

The mole percentages of PHB, PHH and PHO can differ wildly. A pure culture with a pure substrate, namely
octanoic acid, can result in high mole percentages of PHO [48], [49], [50]. For a pure culture, up to 90% of
the PHA can be PHO [48]. Mixed cultures appear to have much lower mole percentages of PHO, with mole
percentages of around 35%. While the first enrichment, with a pH of 7, only reached a mole percentage of
39% PHO, the second enrichment with a pH of 8 was able to reach a mole percentage of 44% PHO. The mole
percentage of mcl-PHA in this research are slightly higher compare to the mole percentages obtained by Chen,
who also used a mixed culture, and far below the levels obtained using pure cultures. However, the obtained
PHA content in terms of weight percentage obtained in this report are far better than previously reported
values. In the research of Chen, it was shown that the time until accumulation had a large impact on the
mole percentage of mcl-PHA. For an aeration of 2 L/min, a temperature of 30◦C, a pH of 7 and an initial
substrate concentration of 12.5, the mole percentage shifted from 35.9% if the sequential batch was run for 2
months before accumulation to a mole percentage of 51.7% if the sequential batch was run for 4 months before
accumulation. The influence of the pH become therefore less certain since the enrichment at pH 8 was started
by inoculating the reactor with biomass from the end of the enrichment at pH 7. Perhaps the stark increase
in mcl-PHA can be at least partially attributed to an increased enrichment time. Since Chen saw a shift in
the microbial community between the enrichment of 2 months and the enrichment of 4 months, analysing the
microbial community for the second enrichment would be recommended. Another observation is the difference
in the initial substrate concentration used in previous research. In general, higher initial concentrations of
substrate seems to lead to a decline in the PHA content in terms of weight percentage based on the limited
amount of information presented in Table 7. This could be due to the potential toxicity of the octanoic acid.
This is however disputed by P. putida BM01, which had a an initial substrate concentration of 40 mM and had
a PHA content of 58 wt%.

A point of note is the absence of some of the bioreactor-specific parameters, like the SRT. Since the SRT can
vary wildly in literature, the SRT could potentially still have an important role in the mcl-PHA production and
selecting for mcl-PHA producers.

4.3 Mcl-PHA producers
During the first enrichment, the Sphaerotilus were the dominant organism. This was confirmed with both NGS
data and microscopy data, as seen in Figure 7a and Figure 8. However, Sphaerotilus are not known to produce
mcl-PHA and have not been shown to posses the class II phaC gene, a requisite for the production of mcl-PHA.
On top of that, Sphaerotilus is mainly present in streams with low oxygen concentrations, an excess of nutrients
in relation to the active biomass concentration or in streams with a high carbohydrate to nitrogen ratio [45],
none of which applies to the conditions during the first enrichment. On the other hand, Sphaerotilus has not
been investigated with specifically octanoic acid as a substrate before. Potentially Sphaerotilus flourishes with
medium chain length fatty acids as substrate, although it has been reported that caprate and caprylate do not
support PHB accumulation and cell growth is almost completely inhibited by these substrates [46]. To fully

1No pH control was performed.
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confirm the Sphaerotilus as the mcl-PHA producers and understand the conditions which lead to enriching for
this organism, metagenomics data and/or isolation of this organism and analysis of the pure culture should be
performed. The metagenomics data should reveal whether an organism in the culture has the required class
II phaC gene. If Sphaerotilus does not possess this gene, either there is another, closely related gene which
could produce mcl-PHA or another organism is responsible for the production of mcl-PHA. If Sphaerotilus does
possess the class II phaC gene, this would be the first noted occurrence of that. Isolating the Sphaerotilus was
unsuccessful with plates, presumably at first due to the death/inactivity of the cells due to cold storage which
they are sensitive to [51]. However, despite re-growing the culture and confirming the return of Sphaerotilus
after 28 cycles, the Sphaerotilus were not able to grow on any of the plates. This could potentially be due to
the fact that there is a preference for low oxygen concentration or due to the preference for high nutrient levels
[44], [45].

During the second enrichment, the mcl-PHA content increased as seen in Table 6. Despite that, the Sphaerotilus
suspected of being the main mcl-PHA producers in the first enrichment have slowly disappeared, as confirmed
with microscopy (data not shown). This was also seen in the biofilm production: the characteristic ’fluffy’
biofilm of the first enrichment was no longer present during the second enrichment. This could be due to the
fact that at higher pH, Sphaerotilus has a decrease in PHB production but also a decrease in growth rate [51],
[44]. Since no information is known about a Sphaerotilus producing mcl-PHA, it is possible that the decrease
in PHB potentially combined with a decrease in mcl-PHA production caused the cells to be outcompeted by
an organism which was not bothered by the increased pH or even preferred the higher pH. However, NGS data
is necessary to say anything about that. It should be noted that according to [44], Comamonas testosteroni
has a 90.7% similarity with Sphaerotilus in terms of 16S rDNA sequence. Comamonas testosteroni is a known
mcl-PHA producer [52]. Perhaps the similarity included the phaC genes and Sphaerotilus is able to produce
mcl-PHA or the organism was mistakenly identified for Sphaerotilus during the analysis of the NGS samples and
no new information was gained about the mcl-PHA producing capacities of Sphaerotilus with this work.

For the oxygen limitation enrichment, Sphaerotilus should have an advantage since it prefers oxygen limited
environments but the increased pH could still obstruct the organism. NGS should be performed to say anything
conclusively about the culture during the oxygen limited enrichment.

4.4 PHA preference of the organism
It was expected that octanoic acid would mainly result in the production of PHO and some PHH with few
PHB and that hexanoic acid would result in mainly PHH and some PHB [53]. However, this was under the
assumption that Pseudomonas would be the dominant organism and this was proven not to be the case in the
first enrichment. However, the accumulation with octanoate and hexanoate after the second enrichment, as seen
in Figure 13 and 14 respectively, show that the inner mechanisms of the cell are not very well understood.

The accumulation with hexanoate as seen in Figure 14 begs some questions about the metabolism of the cell.
In the first hour of the accumulation with hexanoate, a peak of PHO was observed. This peak was soon after
overtaken by the PHB content and the PHO content slowly faded out over the course of the accumulation.
Meanwhile, the production of both PHB and PHH reach a platform, albeit at different levels, at around 4
hours. Clearly, a reductive pathway and an oxidative pathway are performing at the same time although it is
unclear whether those pathways are working in the same organism. On top of that, despite being fed hexanoic
acid, the production of PHB reached far greater levels than the production of PHH. Since there are two types
of class II phaC genes, phaC1 and phaC2, it is possible that the organisms in this culture have the phaC1
gene. This gene has a lower affinity for HH monomers [54]. This will need to be confirmed by metagenomic
data.

For the accumulation with octanoates seen in Figure 13, a maximum of 44 wt% PHO is observed. This plateau
was obtained very fast and was practically maintained throughout the whole accumulation. Meanwhile, PHB
reached its maximum plateau of around 28 wt% rather slowly: it takes 4 hours longer to reach the PHB peak
compared to the PHO peak. This begs the question whether the observed biological maximum of 44 wt% for
PHO is absolute and whether there are conditions which can go beyond this observed limit. On top of that,
the question remains whether 1 organism is responsible for both the PHO production and the PHB production
or whether there are 2 or more different organisms at work.

4.5 Economic significance of this work
The production of scl-PHA has already been considered as a biodegradable alternative for plastic but its high
production costs have also hindered a full breakthrough: for a pure culture with sugars or agricultural feedstock
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as substrate, the costs of production can be five times higher than traditional plastic production. [55]. A
similar issue plagues the production of mcl-PHA as a biodegradable rubber. Currently, the price of rubber is
relatively high at 2.37 US dollar per kilo. [56] However, since rubber is a commodity, this is still a low price
to justify the capital investment of buying fermentation equipment and the operational costs for fermentation.
This is especially true since the downstream processing has not yet been investigated, which is a notoriously cost
intensive process. On top that, octanoic acid as a pure substrate is 4 dollars/kg and therefore more expensive
than the rubber it would produce. [57] Despite the high mcl-PHA content, both in terms of weight percentage
and in terms of mole percentage, this process would not be economically viable. The high mcl-PHA content does
prove that this process has potential. Potentially, coupling this process to a wastewater treating process with
organisms which can do chain elongation can improve the economic prospects of this process, since octanoic
acid is a potential product from the chain elongation process. [58] However, the potential uses for the rubber
would be reduced since the original substrate is waste water unless the produced octanoic acid can be separated
from the waste stream and purified. While this work shows that mcl-PHA production still has a long way to
go, the high mcl-PHA content proves that steps in the right direction are being made.
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5 Conclusion
The goal of this research was to find bioreactor conditions which led to high mcl-PHA content when using
octanoic acid as a substrate. The medium chain length fatty acid octanoic acid was a successful selection
pressure of itself at pH 7, and resulted in mcl-PHA weight percentages of 26.62 wt% PHO and 5.15 wt% PHH
during the cycle. This was raised to 30.44 wt% PHO and 9.54 wt% PHH during the accumulation. An increase
in pH from 7 to 8 also increased the mcl-PHA production, to 33.42 wt% PHO and 7.24 wt% PHH during the
cycle and 44.21 wt% PHO and 9.24 wt% PHH during the accumulation. Two other condition changes were
also investigated: oxygen limitation and uncoupling the system. For oxygen limitation, the oxygen flow rate
was reduced to 5% of the original flow rate and the increased pH of 8 of the second enrichment was kept. This
resulted in similar values as the enrichment which did not have oxygen limitation but had the higher pH. It is
therefore unclear whether the lowered oxygen flow rate could be attributed to the high mcl-PHA production or
that the culture performed well despite the added oxygen stress. The uncoupled system was a system where
the nitrogen source was added 2 hours after addition of the carbon source. Based on the oxygen profile, this
resulted in a culture which was mainly inactive until the nitrogen source was added.

Another point that remains unclear from this research is which organism(s) are responsible for the accumulation
of the PHO and whether the organisms which produce high levels of PHO also produce PHB and PHH. During
the first enrichment with octanoic acid the only selection pressure, the dominant organism was Sphaerotilus based
on 16S-rRNA data. This organism is not known to produce mcl-PHA. For the enrichment with an increased
pH as an additional selection pressure, the NGS data is not yet known at the time of writing. However, based
on the microscopy done during the experiment, Sphaerotilus was not the dominating organism. Based on the
NGS data, further follow-up research should be done.

Finally, this work has used a model to determine biomass specific consumption rates, biomass specific production
rates and biomass specific yields. This model was constructed using metabolic data, kinetic equations and data
from experiments to fit the model more precisely. This was a useful addition to the experimental data and
provided a more thorough understanding of the evolution of the compounds during the cycles.
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6 Recommendations
At present it is unclear whether a lower oxygen flow rate is beneficial for the mcl-PHA production. This should
be investigated in more detail in a follow-up research. Since only one flow rate was investigated, follow-up
research should focus on optimising the flow rate. A lowered required oxygen flow rate with similar results
could be a plus for industry, since it would require less aeration for similar results.

A lot of issues with the model could have been resolved by a more thorough sensitivity analysis. A suggested
approach for this sensitivity analysis would be the following based on the Matlab model: in the Matlab model,
all relevant fitted parameters and the delta as a measure of the phosphorylative oxidation should be kept as
a range of values. These parameters would therefore be: qmaxPHA, p, q

max
S , µmax, KS , mATP , k, δ and n. The

ranges would be determined based on literature and expected values. The model would iterate through each
value and combine it with other potential values of the other parameters. This way, a big matrix is developed
so that for each combination of values for the parameters a final cycle is calculated. The obtained data for the
cycle analysis can then be compared to this calculated final cycle. Using the least squares method, the difference
between the obtained data and the model can be calculated. The combination of parameters which lead to the
smallest deviation from the obtained data should be the optimal value for each parameter. Due to the number of
values and parameters, this could be very time-consuming and optimising this would be preferred. A potential
drawback of this method is that it is very reliant on the obtained data. Since there is also some uncertainty
about the reliability of the biomass data from the second enrichment due to the unavailability of the TGA, this
could pose a problem. However, this problem is also present in the current model.

Only two different τ were investigated during this experiment (1.5 hours and 2 hours) and neither were main-
tained for long enough to draw conclusive results about the effectiveness of either condition. At present,
the culture seemingly preferred to remain inactive after carbon addition until the nitrogen source was added.
Follow-up research should focus on determining whether this observation continues being true at higher inter-
vals between the carbon addition and the nitrogen addition, since there could be a "breaking point" where it
might no longer be a viable strategy to "wait" until the nitrogen source is added. This should likely be done in
combination with longer cycle times.

According to NGS data, the dominant organism in the first enrichment at pH 7 was Sphaerotilus. This organism
is not known in literature to produce mcl-PHA. Follow-up reseach could therefore focus on isolation this organism
and analysing this organism with metagenomic data to verify whether this organism is responsible for mcl-PHA
production. Since the isolation using various different plates did not work, a shake flask approach could be
considered to isolate the organism from the mixed culture since this condition would have less oxygen available
and nutrients could be added manually to maintain high nutrient levels. By cultivating a sample of the original
culture in a shake flask, the characteristic flocs which are formed by the Sphaerotilus in combination with
microscopic confirmation can be used to select cells for the next batch. Taken into account literature research,
an excess of carbohydrates combined with a high C:N ratio and oxygen limitation could provide good conditions
for the Sphaerotilus to grow [45]. However, it is unsure whether they would retain the ability to produce mcl-PHA
if grown under these conditions. Therefore, it is also important to feed the isolated Sphaerotilus octanoic acid
or to feed octanoic acid during the isolation process as a way to keep this selection pressure. The metagenomic
data could give insight in whether this organism has the required clas II phaC gene which is defining for mcl-
PHA producers. Another way to identify whether the class II phaC genes are present is through the use of
a polymerase chain reaction (PCR) based on the highly conserved sequences found in the coding regions of
Pseudomonas phaC1 and phaC2 genes [59]. This has the advantage that it can use the lysate of the genomic
suspension and that it is in general more rapid, cheaper and simpler than analysing genomic data. On the
negative side, if there are mutations in the highly conserves sequences, potential organisms with class II phaC
gene can be overlooked.

No properties of the obtained PHA (mixtures) have been determined. It should also be noted that the GC
determination of PHA content measures the monomers of the PHA. It is therefore not known whether co-
polymers or separate polymers are formed. To establish the obtained PHA as a rubber replacement, the
kinetic and mechanical properties should be established in follow up research, with important parameters
including the unit composition, the molar mass, the mechanical properties and the thermal properties [16].
The unit compositions could be determined by GC/MS as described by [49]. Thermal properties which are of
interest are the molecular weight, the melting temperature, the glass transition temperature and the degradation
temperature [16],[50]. For the thermal properties, an adjusted thermogravical analysis could be performed [21].
The mechanical properties which are of interest are the tensile stress at break and the elongation (strain) at break
[21]. However, these are mainly of interest for mcl-PHA films for when mcl-PHA is closer to being applied.
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Before investigating the mechanical properties, downstream processing needs to be done. No downstream
processing has been done during the experiment. Since this is a critical component of the cost viability, this
should be investigated in new research.

Another interesting idea for follow-up research could be accumulation with various other substrates, including
but not limited to butyrate and acetate. Potentially, other carbon sources like sugars could be used, likely after
an enrichment with a medium chain fatty acid like octanoic acid.
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List of symbols and abbreviations

Table 8: List of symbols and abbreviations used in this work.

(P)HA (poly)hydroxyalkanoate
(P)HB (poly)hydroxybutyrate
(P)HH (poly)hydroxyhexanoate
(P)HO (poly)hydroxyoctanoate
αPHA Exponent of the PHA inhibition term
δ Efficiency of the oxidative phosphorylation
µ Biomass specific growth rate [h−1]
τ Time between carbon addition and nitrogen addition [h]
CO2 Carbon dioxide
fmaxPHB Maximum fraction PHB [Cmol/Cmol]
fmaxPHH Maximum fraction PHH [Cmol/Cmol]
fmaxPHO Maximum fraction PHO [Cmol/Cmol]
GC Gas chromatography
HA Hexanoic acid
HPLC High performance liquid chromatography
HRT Hydraulic retention time
kPHA Rate constant for PHA degradation
KN Half saturation constant nitrogen source [mol/L]
KS Half saturation constant substrate [Cmol/L]
mATP Specific ATP requirement for maintenance [mol/Cmol/h]
mcl-PHA Medium-chainlength poly-hydroxy-alkanoates
NGS Next generation sequencing
O2 Oxygen
OA Octanoic acid
OS Oxidation state [e-mol/Cmol]
PHA Polyhydroxyalkanoate
qi Biomass-specific production rate of compound i [(c)mol/Cmol/h]
qmaxi Maximum specific uptake rate compound i [Cmol/Cmol/h]
S Substrate
scl-PHA Short-chainlength poly-hydroxy-alkanoates
SRT Solid retention time
TGA Thermogravimetric analysis
TSS Total suspended solids
VFA Volatile fatty acid
VSS Volatile suspended solids
X (Active) biomass
Yi,j Yield of compound i on j [(c)mol/Cmol]
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A Appendix

A.1 GC method and calibration
A.1.1 GC method

For the determination of the PHA content of the reactor, 15 mL of broth was taken from the reactor and
combined with 3 drops of formaldehyde. This formaldehyde halts the biological processes in the cells. This
sample was centrifuged for at least 10 minutes and up to 20 minutes at 4700 rpm. The actual time centrifuged
depended on the consistency of the pellet. If the sample could not be immediately centrifuged, it was kept on
ice until it could be centrifuged. This was never longer than 30 minutes. After centrifugation, the supernatant
of the sample was discarded and the pellet was stored in the freezer at -18◦ C until further processing. To fully
dry the samples, the samples were before processing sealed with parafilm with only a few holes in the film and
stored in the -80◦ C for at least 10 minutes. Afterwards, they were freeze dried at -60◦ C and at a pressure of
0.050 mbar at least overnight or until dry. After freeze drying, the samples were immediately sealed to prevent
extra water weight from the air. The sample was transferred from its original container to a glass container
and was weighted. Next, 100 µL of the internal, 1.5 mL of H2SO4 and 1.5 mL dichloroethane were added to
the sample. For the esterification reaction, the sample were heated to 100◦ C and kept at this temperature
for 3 hours and were shaken every 30 minutes. After the 3 hours, the samples were brought back to room
temperature before adding 3 mL of Milli-Q. The addition of Milli-Q releases the free acids from the organic
phase in the water. The water phase and the organic phase were separated by centrifugation using the same
settings as mentioned before. 1 mL of the organic phase was filtered and put into GC vials. The samples were
run for 120 minutes in the GC and the PHA content was determined using the calibration lines.

A.1.2 GC calibration

The GC was calibrated using 1 internal standard and 3 PHA standards: Met-HB, Met-HH and Met-HO. The
standards were added to glass vials in the quantities described in Table 9.

Table 9: Quantities added of each PHA standard and internal standard for the calibration of the GC.

PHA Met-PHA (mg) PHA (mmol) IS (mg)

HB 1.758 0.0149 75.62
4.542 0.0384 78.286
9.776 0.0828 78.03
17.236 0.1459 77.702

HH 1.12 0.0077 76.108
4.124 0.0282 78.784
8.738 0.0598 78.03
15.458 0.1057 79.064

HO 0.93 0.0053 76.33
2.54 0.0174 76.59
4.58 0.0313 77.62
11.17 0.0764 74.15

1.5 mL of H2SO4 and 1.5 mL dichloroethane were added to the glass vials. For the esterification reaction, the
sample were heated to 100◦C and kept at this temperaturefor 3 hours and were shaken every 30 minutes. After
the 3 hours, the samples were brought back to roomtemperature before adding 3 mL of Milli-Q. The addition
of Milli-Q releases the free acids from the organic phase in the water. The water phase and the organic phase
were separated by centrifugation using the same settings as mentioned before. 1 mL of the organic phase was
filtered and put into GC vials. This resulted in the calibration lines seen in Figure 18.
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(a) Calibration HB for GC (b) Calibration HH for GC

(c) Calibration HO for GC

Figure 18: Calibration lines of the GC for the three PHA standards.
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A.2 HPLC calibration
Figure 19 shows the calibration lines for the HPLC for hexanoic acid and octanoic acid.

(a) Calibration hexanoic acid for HPLC (b) Calibration octanoic acid for HPLC

Figure 19: Calibration lines of the HPLC for hexanoic acid and octanoic acid
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A.3 Metabolic description
Fatty acids, like octanoic acid, can in theory be converted to both mcl-PHA and scl-PHA depending on how
often the β-oxidation pathway runs. If only a partial completion of the β-oxidation pathway is done, the
resulting PHA will be 3-hydroxyoctanoate. If the β-oxidation pathway is completed one time, the resulting
PHA will be 3-hydroxyhexanoate. If the β-oxidation pathway is completed two times, the resulting PHA will be
3-hydroxybutyrate. This gives the following possible equations for a mcl-PHA producing organism on octanoic
acid.

1.00Octanoic acid + 0.38ATP −−→ 1.00Octanoyl−CoA (19)

1.00Octanoyl−CoA −−→ 0.25NADH2 + 0.75Hexanoyl−CoA + 0.25Acetyl−CoA (20)

1.00Hexanoyl−CoA −−→ 0.33NADH2 + 0.33Acetyl−CoA + 0.67Butyryl−CoA (21)

1.00Butyryl−CoA −−→ 0.50NADH2 + 1.00Acetyl−CoA (22)

2.16ATP + 1.27Acetyl−CoA + 0.20NH3 −−→ 0.43NADH2 + 0.27CO2 + 1.00Biomass (23)

1.00Acetyl−CoA −−→ 2.00NADH2 + 1.00CO2 (24)

1.00NADH2 + 0.50O2 −−→ 2.00ATP (25)

1.00Octanoyl−CoA −−→ 0.13NADH2 + 1.00 3-hydroxyactoanoate (26)

1.00Hexanoyl−CoA −−→ 0.17NADH2 + 1.00 3-hydroxyhexanoate (27)

1.00Butyryl−CoA −−→ 0.25NADH2 + 1.00 3-hydroxybutanoate (28)

0.13ATP + 0.13NADH2 + 1.00 3-hydroxyactoanoate −−→ 1.00Octanoyl−CoA (29)

0.17ATP + 0.17NADH2 + 1.00 3-hydroxyhexanoate −−→ 1.00Hexanoyl−CoA (30)

0.25ATP + 0.25NADH2 + 1.00 3-hydroxybutanoate −−→ 1.00Butyryl−CoA (31)

The reactions of the model are represented by Figure 20, which can also be found in the introduction.

Figure 20: Overview of the considered reactions in the metabolic model. The degradation reactions are indicated
with broken arrows.PHO = poly-hydroxy-octanoate, PHH = poly-hydroxy-hexanoate, PHB = poly-hydoxy-
butyrate.

As described in the introduction, there are 5 phases for the metabolic model. The mathematical description for
the determination of the variables which determine the yields is given by equation 32.

x1
x2
...
xM

 =


b1
b2
...
bM



A1,1 A1,2 . . . A1,N

A2,1 A2,2 . . . A2,N

...
...

...
...

AM,1 AM,2 . . . AM,N


−1

(32)
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The matrix A contains the conserved moieties of each reaction participating in each part. The conserved moieties
are the rows of matrix A and the reactions are the columns of matrix A. The conserved moieties considered in
this model are ATP, NADH2, acetyl-CoA, butyryl-CoA, hexanoyl-CoA and octanoyl-CoA. The last row in the
matrix A is always the bootstrap. The reactions vary per phase. The vector b contains the bootstrap reaction
which ensures normalization of the reactions. The vector x contains the variables which will be used to calculate
the yields.

The first phase, the growth in the feast phase, consists of 7 reactions. Those reactions are the uptake (equation
19), the production of hexanoyl-CoA (equation 20), the production of butyryl-CoA (equation 21), the production
of acetyl-CoA (equation 22), the anabolism (equation 23), the catabolism (equation 24) and the oxidative
phosphorylation (equation 25). The bootstrap in this equation is the uptake of octanoic acid (equation 19).
Equation 33 shows the matrices involved in calculating the yields.



1.00
1.00
1.00
1.00
6.45
−0.17
8.46


=



−3 0 0 0 −2 0 2
0 2 2 2 0 2 −1
0 2 2 4 −1 −1 0
0 0 4 −4 0 0 0
0 6 −6 0 0 0 0
8 −8 0 0 0 0 0
1 0 0 0 0 0 0



−1


0
0
0
0
0
0
0
1


(33)

The yields which will be calculated in this part are the yield of CO2 over the biomass in the feast, yield of O2

over the biomass in the feast, the yield of biomass over the substrate in the feast and the yield of the nitrogen
source over the biomass. These yields are calculated by the general equation:

Yi,j =

∑
xphase ∗ iparticipating reactions∑
xpart ∗ jparticipating reactions

(34)

In words, the yield of compound i over compound j is the summation of the product of the vector with the
variables for each phase by the compound i for the reactions participating in the phase over the the summation
of the product of the vector with the variables for each phase by the compound j for the reactions participating
in the phase.

The second phase, storage compound production in feast phase, consists of 7 reactions. Those reactions are the
uptake (equation 19), the production of hexanoyl-CoA (equation 21), the production of butyryl-CoA (equation
21), the production of acetyl-CoA (equation 22), the catabolism (equation 24), the oxidative phosphorylation
(equation 25) and the production of one of the storage compounds, either PHB (equation 28), PHH (equation 27)
or PHO (equation 26). The bootstrap in this equation is the uptake of octanoic acid (equation 19). Equations
35, 36 and 37 show the matrices involved in calculating the yields..

Equation 35 shows the matrices for the production of PHB in the feast.

1.00
1.00
1.00
−1.28
−1.11
1.50
2.28


=



−3 0 0 0 0 2 0
0 2 2 2 2 −1 1
0 2 2 4 −1 0 0
0 0 4 −4 0 0 −4
0 6 −6 0 0 0 0
8 −8 0 0 0 0 0
1 0 0 0 0 0 0



−1

0
0
0
0
0
0
1


(35)

Equation 36 shows the matrices for the production of PHH in the feast.

1.00
1.00
−0.37
−0.37
−0.20
1.50
1.37


=



−3 0 0 0 0 2 0
0 2 2 2 2 −1 1
0 2 2 4 −1 0 0
0 0 4 −4 0 0 0
0 6 −6 0 0 0 −6
8 −8 0 0 0 0 0
1 0 0 0 0 0 0



−1

0
0
0
0
0
0
1


(36)
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Equation 37 shows the matrices for the production of PHO in the feast.

1.00
0.02
0.02
0.023
0.19
1.50
0.98


=



−3 0 0 0 0 2 0
0 2 2 2 2 −1 1
0 2 2 4 −1 0 0
0 0 4 −4 0 0 0
0 6 −6 0 0 0 0
8 −8 0 0 0 0 −8
1 0 0 0 0 0 0



−1

0
0
0
0
0
0
1


(37)

The yields which will be calculated in the second phase are the yield of CO2 over the PHA in the feast, yield of
O2 over the PHA in the feast and the yield of PHA over the substrate in the feast. For each storage compound,
their respective matrices as described above will be used.

The third phase, the catabolism in the feast, consists of 6 reactions. Those reactions are the uptake (equation 19),
the production of octanoyl-CoA (equation 20), the production of hexanoyl-CoA (equation 21), the production
of butyryl-CoA (equation 22), the production of acetyl-CoA (equation 23), the catabolism (equation 24) and
the oxidative phosphorylation (equation 25). The bootstrap in this equation is the uptake of octanoic acid
(equation 19). In this reaction, ATP is not considered a conserved moiety.

1.00
1.00
1.00
1.00
8
22

 =


0 2 2 2 2 −1
0 2 2 4 −1 0
0 0 4 −4 0 0
0 6 −6 0 0 0
8 −8 0 0 0 0
1 0 0 0 0 0



−1
0
0
0
0
0
1

 (38)

The yields which will be calculated in the third phase are the yield of CO2 over the substrate in the feast, yield
of O2 over the substrate in the feast and the yield of ATP over the substrate in the feast.

The fourth phase, the growth during famine phase, consists of 7 reactions. Those reactions are the production
of hexanoyl-CoA (equation 20), the production of butyryl-CoA (equation 21), the production of acetyl-CoA
(equation 22), the anabolism (equation 23), the catabolism (equation 24), the oxidative phosphorylation (equa-
tion 25) and the degradation of one of the storage compounds, either PHB (equation 31), PHH (equation 30)
or PHO (equation 29). The bootstrap in this equation is the degradation of one of the storage compounds
(equation 31, 30 or 29).

Equation 39 shows the matrices for the degradation of PHB in the famine.

0.00
0.00
1.00
2.67
0.61
3.39
1.00


=



0 0 0 −2.16 0 2 −1
2 2 2 0.434 2 −1 −1
2 2 4 −1.267 −1 0 0
0 4 −4 0 0 0 4
6 −6 0 0 0 0 0
−8 0 0 0 0 0 0
0 0 0 0 0 0 1



−1

0
0
0
0
0
0
1


(39)

Equation 40 shows the matrices for the degradation of PHH in the famine.

0.00
1.00
1.00
4.56
0.22
5.42
1.00


=



0 0 0 −2.16 0 2 −1
2 2 2 0.434 2 −1 −1
2 2 4 −1.267 −1 0 0
0 4 −4 0 0 0 0
6 −6 0 0 0 0 6
−8 0 0 0 0 0 0
0 0 0 0 0 0 1



−1

0
0
0
0
0
0
1


(40)
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Equation 41 shows the matrices for the degradation of PHO in the famine.

1.00
1.00
1.00
6.45
−0.17
7.46
1.00


=



0 0 0 −2.16 0 2 −1
2 2 2 0.434 2 −1 −1
2 2 4 −1.267 −1 0 0
0 4 −4 0 0 0 0
6 −6 0 0 0 0 0
−8 0 0 0 0 0 8
0 0 0 0 0 0 1



−1

0
0
0
0
0
0
1


(41)

The yields which will be calculated in the fourth phase are the yield of the nitrogen source over the biomass in
the famine, the yield of CO2 over the biomass in the famine, yield of O2 over the substrate in the famine and
the yield of biomass over the storage compounds in the famine. For each storage compound, their respective
matrices as described above will be used.

The fifth and final part, the catabolism during the famine phase, consists of 6 reactions. Those reactions are
the production of hexanoyl-CoA (equation 20), the production of butyryl-CoA (equation 21), the production of
acetyl-CoA (equation 22), the catabolism (equation 24), the oxidative phosphorylation (equation 25) and the
degradation of one of the storage compounds, either PHB (equation 31), PHH (equation 30) or PHO (equation
29). The bootstrap in this equation is the degradation of one of the storage compounds (equation 31, 30 or 29).
ATP is not considered a conserved moiety in these reactions.

Equation 42 shows the matrices for the catabolism with the degradation of PHB in the famine.
0.00
0.00
1.00
4.00
9.00
1.00

 =


2 2 2 2 −1 −1
2 2 4 −1 0 0
0 4 −4 0 0 4
6 −6 0 0 0 0
−8 0 0 0 0 0
0 0 0 0 0 1



−1
0
0
0
0
0
1

 (42)

Equation 43 shows the matrices for the catabolism with the degradation of PHH in the famine.
0.00
1.00
1.00
6.00
15.00
1.00

 =


2 2 2 2 −1 −1
2 2 4 −1 0 0
0 4 −4 0 0 0
6 −6 0 0 0 6
−8 0 0 0 0 0
0 0 0 0 0 1



−1
0
0
0
0
0
1

 (43)

Equation 44 shows the matrices for the catabolism with the degradation of PHO in the famine.
1.00
1.00
1.00
8.00
21.00
1.00

 =


2 2 2 2 −1 −1
2 2 4 −1 0 0
0 4 −4 0 0 0
6 −6 0 0 0 0
−8 0 0 0 0 8
0 0 0 0 0 1



−1
0
0
0
0
0
1

 (44)

The yields which will be calculated in the fifth phase are the yield of CO2 over the storage compound in the
famine, yield of O2 over the storage compound in the famine and the yield of ATP over the storage compounds
in the famine. For each storage compound, their respective matrices as described above will be used.
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A.4 Kinetic model
The kinetic model is based on the Herbert-Pirt kinetics and consists of the following parts:

• Substrate uptake for PHA

• The maintenance on external substrate

• Growth on external substrate

• Production of the PHA’s

• Consumption of the PHA’s

• Maintenance on the internal substrates, the PHA’s

• Growth on PHA

The substrate uptake for the various PHA’s is given by equation 45 to 48. The total substrate uptake is
calculated by adding the individual substrate uptakes multiplied by the ratio of the specific PHA by the total
PHA.

Substrate uptake PHB: qs,PHB = qmaxs ∗ [S]

Ks + [S]
∗

(
1−

(
[PHB]
X

fmaxPHB

)α)
(45)

Substrate uptake PHH: qs,PHH = qmaxs ∗ [S]

Ks + [S]
∗

(
1−

(
[PHH]
X

fmaxPHH

)α)
(46)

Substrate uptake PHO: qs,PHO = qmaxs ∗ [S]

Ks + [S]
∗

(
1−

(
[PHO]
X

fmaxPHO

)α)
(47)

Substrate uptake: qs =
fPHB
fPHA

∗ qs,PHB +
fPHH
fPHA

∗ qs,PHH +
fPHO
fPHA

∗ qs,PHA (48)

The maintenance on external substrate is given by equation 49.

Maintenance on external substrate: ms =
mATP

Y feastATP/S

(49)

The growth on external substrate is given by equation 50.

Growth on external substrate: qx/s = qmaxx ∗ [NH+
4 ]

KN + [NH+
4 ]
∗ [S]

Ks + [S]
(50)

The production of the various PHA’s is given by the equations 51 to 53.

PHB production: qprodPHB = Y feastPHB/s ∗

(
qs +

qx/s

Y feastx/s

+ms

)
(51)

PHH production: qprodPHH = Y feastPHH/s ∗

(
qs +

qx/s

Y feastx/s

+ms

)
(52)

PHO production: qprodPHO = Y feastPHO/s ∗

(
qs +

qx/s

Y feastx/s

+ms

)
(53)

The consumption of the various PHA’s is given by the equations 54 to 56.

PHB consumption: qconPHB = kPHB ∗
(
[PHB]

X

)2/3

∗ [NH+
4 ]

KN + [NH+
4 ]
∗
(
1− [S]

Ks + [S]

)
(54)

PHH consumption: qconPHH = kPHH ∗
(
[PHH]

X

)2/3

∗ [NH+
4 ]

KN + [NH+
4 ]
∗
(
1− [S]

Ks + [S]

)
(55)
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PHO consumption: qconPHO = kPHO ∗
(
[PHO]

X

)2/3

∗ [NH+
4 ]

KN + [NH+
4 ]
∗
(
1− [S]

Ks + [S]

)
(56)

The maintenance on the individual external substrates is given by equation 57 to 59.

Maintenance on PHB: mPHB = mATP ∗ Y feastX/PHB (57)

Maintenance on PHH: mPHH = mATP ∗ Y feastX/PHH (58)

Maintenance on PHO: mPHO = mATP ∗ Y feastX/PHO (59)

The growth on the individual PHA’s is given by equations 60 to 62, with the overall growth as seen in equation
63 calculated by adding the growth rates multiplied by the ratio of the specific PHA over the total PHA.

Growth on PHB: qX/PHB = Y famineX/PHB ∗ (q
con
PHB +mPHB) (60)

Growth on PHH: qX/PHH = Y famineX/PHH ∗ (q
con
PHH +mPHH) (61)

Growth on PHO: qX/PHO = Y famineX/PHO ∗ (q
con
PHO +mPHO) (62)

Growth on PHA: qX/PHA =
fPHB
fPHA

∗ qX/PHB +
fPHH
fPHA

∗ qX/PHH +
fPHO
fPHA

∗ qX/PHO (63)
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A.5 Evolution feast times
Figure 21 shows the evolution of the end of feast times during enrichment 1. There is a clear decline in the time
needed for the feast.

Figure 21: Evolution of the end of feast times during enrichment 1.

Figure 22 shows the evolution of the end of feast times during enrichment 2. The end of the feast time was
relatively stable during the second enrichment except the cycles after a computer crash, which caused the
organisms to be starved for one day.

Figure 22: Evolution of the end of feast times during enrichment 2.
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A.6 Original cycle analysis and accumulation of enrichment 2
The evolution of the most important compounds and the PHA content can be seen in Figure 23.

(a) Evolution of compounds during the cycle of the orig-
inal second enrichment

(b) Evolution of the PHA content during the cycle of
the original second enrichment

Figure 23: Evolution of the PHA content and the important compounds during the cycle of the original second
enrichment

During the cycle analysis, the maximum concentration of PHA was 16.95 mCmol. This corresponds with a
weight percentage of 48 wt% PHO, with a total PHA yield of 62 wt%. PHB and PHH had weight percentages
of 5 wt% and 8 wt% at their peaks respectively. This is the highest obtained weight percentage of mcl-PHA
during the enrichment. During the cycle analysis of this enrichment, the biomass remained relatively constant
during the famine. This is a notable improvement compared to the first cycle analysis. The substrate was
consumed after 0.87 hours. During the cycle, the ammonia was not depleted. Only 9% of the ammonia was
used during the feast and the other 91% was consumed during the famine. However, this was likely due to a
measuring error of the first sample since the second sample had a higher ammonium content despite the second
sample being taken 37 minutes after the nutrient addition while the first sample was taken 17 minutes after
nutrient addition. The ratio of oxygen consumed in the feast to oxygen consumed in the famine was equal to
0.118. Neither the carbon nor the electron balance for the data closed, with a carbon balance off by 26% and
the electron balance off by 38%. This is likely due to the assumed ash content of the biomass.

The model for this cycle analysis can be found in Appendix A.9.

Figure 24 shows the evolution of the PHA content during the original accumulation of the second enrich-
ment.

Figure 24: PHA content during the original accumulation of the second enrichment
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As can be seen, the PHO content is significantly lower than the ones observed during the second enrichment.
On the other hand, the PHB content is much higher. This is likely due to system failure in the weeks leading
up to the accumulation.
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A.7 Description and comparison of oxygen profiles
For the oxygen profiles, the end of feast was determined using the acid/base profiles. It should be noted
that not all samples were taken at the optimal moment and should therefore be considered indicative and not
absolute.

The gas profiles of enrichment 1 can be seen in Figure 25.

(a) Gas profile begin enrichment 1. In blue, the feast
is shown and in orange, the famine is shown. The end
of feast was at 12:07 (1h43 after C-addition), with an
oxygen consumption of 49% in the feast.

(b) Gas profile end of enrichment 1. In blue, the feast
is shown and in orange, the famine is shown. The end
of feast was at 11:46 (1h32 after C-addition), with an
oxygen consumption of 26% in the feast.

Figure 25: Evolution of the gas profiles during the first enrichment.

As can be seen, over the course of the enrichment a camel-like profile is obtained. In this first enrichment, this
corresponds with a higher PHO and PHH content. At the beginning of the enrichment, the PHO content was
1 wt%, the PHH content was 1 wt% and the PHB content was equal to 34 wt%, for a total PHA content of
34 wt%. At the end of the enrichment, the PHO content was 28 wt%, the PHH content was 8 wt% and the
PHB content was 10 wt%, for a total PHA content of 46 wt%. On top of that, the ratio of oygen consumed in
the feast over oxygen consumed in the famine is lowered through out the enrichment: at the beginning, 49%
of oxygen is consumed in the feast and at the end 26% of oxygen is consumed in the feast. The end of feast
remained stable throughout this enrichment, at around 1h10 after adding carbon.

Two gas profiles from during the second enrichment can be seen in Figure 26.
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(a) Gas profile begin enrichment 2. In blue, the feast
is shown and in orange, the famine is shown. The end
of feast was at 11:35 (1h12 after C-addition), with an
oxygen consumption of 27% in the feast.

(b) Gas profile end of enrichment 2. In blue, the feast
is shown and in orange, the famine is shown. The end
of feast was at 11:08 (0h47 after C-addition), with an
oxygen consumption of 23% in the feast.

Figure 26: Evolution of the gas profiles during the second enrichment.

During the second enrichment, the characteristic camel-like profile which indicated high mcl-PHA content was
slowly replaced by a very thin oxygen peak followed by a wave-like profile in the famine. At the beginning of
the second enrichment, the PHO content was 17 wt%, the PHH content was 6 wt% and the PHB content was
equal to 10 wt%, for a total PHA content of 33 wt%. At the end of the second enrichment the PHO content
was 41 wt%, the PHH content was 7 wt% and the PHB content was 4 wt%, for a total PHA content of 52
wt%. The oxygen consumed in the feast was decreased even further from the first enrichment, with 27% at the
beginning of the second enrichment and 23% at the end of the second enrichment. The end of feast time also
decreased, from 1h15 minutes since the addition of carbon to 47 minutes since the addition of carbon.

Figure 27 shows the evolution of the gas profile of the third enrichment.

(a) Gas profile begin enrichment 3. In blue, the feast
is shown and in orange, the famine is shown. The end
of feast was at 12:56 (2h23 after C-addition), with an
oxygen consumption of 43% in the feast.

(b) Gas profile mid enrichment 3. In blue, the feast is
shown and in orange, the famine is shown. The end
of feast was at 12:16 (1h45 after C-addition), with an
oxygen consumption of 28% in the feast.

Figure 27: Evolution of the gas profiles during the third enrichment.

During the third enrichment, the community slowly adapted to the lowered oxygen flow rate. At the 10th cycle
of the third enrichment, the PHO content was 20 wt%, the PHH content was 7 wt% and the PHB content was
34%, for a total PHA content of 62 wt%. At the 44th cycle of the third enrichment, the PHO content was
26 wt%, the PHH content was 7 wt% and the PHB content was 17 wt%, for a total PHA content of 49 wt%.
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This was not the end of the enrichment, but later cycles had struggles with the data of the MS and therefore
presented a distorted view of the cycle. The oxygen consumption in the feast decreased during this enrichment,
from 43% at the beginning to 28% at the 44th cycle. This is similar to the oxygen consumption in the feast
from the second enrichment, despite the lower mcl-PHA content. However, the ratio of mcl-PHA over total
PHA content is similar at the end of the second enrichment to the middle of the third enrichment. The decrease
in oxygen consumption in the feast does indicate that perhaps a longer enrichment or a more optimized oxygen
gas flow could have resulted in higher mcl-PHA content. Similarly to the first and second enrichment, the end
of feast became faster during the enrichment but due to the low gas flow rate, it is longer than the first or
second enrichment.

Figure 16 shows a representative gas profile of the fourth enrichment. Since the fourth enrichment only ran for
26 cycles, no evolution was shown.

Figure 28 shows the consumption of the oxygen in the feast over the famine plotted against the mcl-PHA content
over PHA content for enrichments with octanoic acid and hexanoic acid.

Figure 28: Oxygen consumption in the feast over oxygen consumption in the famine plotted against the mcl-PHA
production over PHA production for enrichments with octanoic acid and hexanoic acid.

While the enrichments with octanoic acid show a clear trend, with low oxygen ratio’s indicating high mcl-PHA
content, the enrichments with hexanoic acid do not show such a trend. This could be due to the low mcl-PHA
content, making it harder to distinguish the trends. For a more thorough understanding of the enrichments
with hexanoic acid, please refer to [47].

Similar to Figure 17 and 28, Figure 29 shows the oxygen consumption in the feast over the total mcl-PHA
production. For octanoic acid, this is the sum of the PHH and the PHO content in wt%. For hexanoic acid,
this is solely the PHH content.
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(a) Oxygen consumption in the feast over total oxygen
consumption in the cycle plotted against the mcl-PHA
production for the enrichments with octanoic acid and
hexanoic acid.

(b) Oxygen consumption in the feast over total oxygen
consumption in the cycle plotted against the mcl-PHA
production for each enrichment with octanoic acid.

Figure 29: Oxygen consumption in the feast over total oxygen consumption in the cycle plotted against the
mcl-PHA production for the enrichments with octanoic acid and hexanoic acid.
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A.8 Oxygen consumption rates
A.8.1 Cycles

Figure 30 shows the oxygen consumption rate during the cycle analysis of the first enrichment.

Figure 30: Oxygen consumption during the cycle analysis enrichment 1

As can be seen, 1 hour after the addition of the carbon source, the oxygen consumption rates drops before
climbing up again for another hour. This camel-like profile can also be seen in the oxygen profile during the
enrichment. After around 4 hours, the oxygen consumption rate declines until reaching almost 0 mmol/min at
the end of the cycle.

Figure 31 and 32 show the cycle analysis’ during the second enrichment.
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Figure 31: Oxygen consumption during the original cycle analysis enrichment 2

Figure 32: Oxygen consumption during the re-done cycle analysis enrichment 2

The profiles of the second enrichment are similar to one another, which is a good thing. However, the wave in the
re-done cycle analysis is higher but shorter. After 3 hours, the decline in the oxygen consumption rate becomes
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more more similar to a linear function than a second degree polynomial, which is not the case in the original
cycle analysis. In the original cycle analysis, it takes around 6 hours for the second degree polynomial-like shape
to turn into a linear function.

A.8.2 Accumulations

Figure 33 shows the oxygen consumption rate during the accumulation of the first enrichment.

Figure 33: Oxygen consumption during the accumulation enrichment 1

As can be seen in the figure, there are many outliers in this profile. This is an effect of the assumed in-flow of
the gas. The general shape of the figure is a peak at around 4 hours, with after 4 hours a sharp decline in the
oxygen consumption rate and a stable oxyhen consumption after about 6 hours. During the accumulation, the
oxygen consumption rate does not reach 0 mmol/min.

Figure 34 shows the oxygen consumption rate during the re-done accumulation with octanoic acid for the second
enrichment.
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Figure 34: Oxygen consumption during the re-done accumulation enrichment 2 with octanoic acid

Figure 35: Oxygen consumption during the accumulation enrichment 2 with hexanoic acid

The accumulations with octanoic acid and hexanoic acid do not resemble each other. For the accumulation
with hexanoic acid, a peak is observed in the first 3 hours, after which the oxygen consumption rate drops
drastically. After 11 hours, the oxygen consumption rates stays close to 0 mmol/min. On the other hand, the
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oxygen consumption rate for the accumulation with octanoic acid is high during the first 4.5 hours and then
drops. It does not reach 0 mmol/min during the whole accumulation.
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A.9 Model
The overview of the parameters of the models can be seen in Figure A.6.

Table 10: Overview of all relevant parameters for the models for each cycle analysis.

Variable Unit| Enrichment 1 Enrichment 2a Enrichment 2b
qmaxPHA [Cmmol/Cmmol/h] 1.70 3.40 2.00
p 1.50 1.20 1.25
qmaxS [Cmmol/Cmmol/h] -2.30 -1.50 -2.50
µmax [Cmmol/Cmmol/h] 0.59 0.40 0.09
KS [mCmol/L] 0.30 0.30 0.30
mATP [mol/Cmol/h] 0.16 0.15 0.09
mS -0.03 -0.03 -0.02
fmaxPHO [Cmol/Cmol] 10.20 16.81 12.47
fmaxPHH [Cmol/Cmol] 1.42 2.51 1.98
fmaxPHB [Cmol/Cmol] 1.70 1.35 2.27
fmaxPHA [Cmol/Cmol] 7.26 13.30 8.54
KNH4+ [mmol/L] 0.00 0.00 0.00
k [(Cmol/Cmol)1/3/h] -0.45 -0.19 -0.15
n 0.60 1.10 1.00

A.9.1 Enrichment 1

Figure 36 shows the model for the cycle analysis of the first enrichment.

(a) Cycle model (b) Legend

Figure 36: Model for the cycle of the first enrichment

All compounds except for the biomass fit well to the model.
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A.9.2 Enrichment 2

(a) Cycle model (b) Legend

Figure 37: Model for the cycle of the second enrichment

The model does not fit properly to the data set for the biomass, the consumed oxygen and the produced CO2.
However, the model does fit the data for the octanoic acid, the PHA and the ammonia. Since the ammonia
directly has an influence on the biomass, the fact that the ammonia fits but the biomass does not indicates that
there is an issue met the biomass. This is most likely due to the fact that an estimate was made about the ash
content and the TSS content of the sample. That the biomass does not fit is also reflected in the balances for
the data: the carbon is 26.8% off and the electron balance is 38.8% off. The fact that the electron balance is
so far off could also indicate that the oxygen is too little. Unfortunately, both the data set of the gas and the
biomass have their own issues. The biomass data is obtained by taking the pellet out of its container, measuring
the pellet and then make an assumption of the TSS content and the ash content based on previously obtained
TGA data. This has two weak points: it is first of all possible that some of the biomass was discarded and
second of all, it is possible that there were errors in the measured biomass due to the fact that the measured
quantities were very small. For the gas data, the inflow of the gas was only measured once every hour. This
could lead to a skewed perception of the gas data.

The re-done cycle analysis can be seen in Figure 38.
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(a) Cycle model (b) Legend

Figure 38: Model for the cycle of the second enrichment

This model fits the data much better for all compounds. Despite the fact that the oxygen and CO2 still does
not fit perfectly, the biomass, the ammonia, the PHA and the octanoic acid fit quite well. The balances for
this data set are also less off than the one for the original cycle analysis of the second enrichment: the carbon
balance is -2.45% off and the electron balance is 9.5% off.
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