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Featured Application: production of bioplastics with tailored composition and properties from
the feedstock CO2, in view of maximal CO2 fixation and minimal H2 consumption.

Abstract: White biotechnology is promising to transform CO2 emissions into a valuable commodity
chemical such as the biopolymer polyhydroxyalkanaotes (PHA). Our calculations indicated that
the indirect conversion of acetic acid from CO2 into PHA is an interesting alternative for the direct
production of PHA from CO2 in terms of CO2 fixation, H2 consumption, substrate cost, safety and
process performance. An alternative cultivation method using acetic acid as an indirect sink of CO2

was therefore developed and a proof-of-concept provided for the synthesis of both the homopolymer
poly(3-hydroxybutyrate) (PHB) and the copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV). The aim was to compare key performance parameters with those of existing cultivation
methods for direct conversion of CO2 to PHA. Fed-batch cultivations for PHA production were
performed using a pH-stat fed-batch feeding strategy in combination with an additional Dissolved
Oxygen (DO)-dependent feed. After 118 h of fermentation, 60 g/L cell dry matter (CDM) containing
72% of PHB was obtained, which are the highest result values reported so far. Fed-batch cultivations
for PHBV production resulted in 65 g/L CDM and 48 g/L PHBV concentration with a 3HV fraction
of 27 mol %. Further research should be oriented towards process optimisation, whole process
integration and design, and techno-economic assessment.

Keywords: polyhydroxyalkanoate; carbon capture and utilization; autotrophic fermentation;
Cupriavidus necator; acetic acid

1. Introduction

The 2030 framework for climate and energy policies contains a binding target to cut emissions
in EU territory by at least 40% with respect to 1990 levels by 2030 [1]. This target enables the EU
to take cost-effective steps towards its long-term objective of cutting emissions by 80–95% by 2050,
and contributes to the Paris Agreement. As theoretical limits of efficiency are being reached and
process-related emissions are unavoidable in some sectors, the utilisation of CO2 for the production of
fuels, chemicals and materials, also referred to as Carbon Capture and Utilization (CCU), has emerged
as a promising CO2 mitigation tool. In addition, CCU has the potential to address resource efficiency
and growth while defining a new landscape and business opportunities for European industry [2].
In particular, CO2-based polymers look promising, as this approach benefits the environment in several
ways. Firstly, the use of CO2 for the manufacturing of plastics can substitute petroleum as raw material
and does not compete with food production in contrast with corn-based plastics. Secondly, in a circular
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economy approach, CO2 is the only abundant source of carbon in the long term and the ultimate
sustainable resource for the plastic industry.

Polyhydroxyalkanoates (PHA) are biological polyesters synthesised by a variety of organisms as
an intracellular storage material from renewable resources. The homopolymer of 3-hydroxybutyrate
(3HB), also known as poly(3-hydroxybutyrate) (PHB), is the most common type of PHA and displays
several interesting properties comparable to polypropylene [3]. Through the inclusion of other
monomers in the polymer, the synthesis of copolymers with improved mechanical properties such as
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in cells is possible, potentially increasing the
value of the final product [4]. The most frequently applied cultivation method for PHA production
consists of cell growth under favourable growth conditions, followed by PHA synthesis under
imbalanced growth conditions. The model organism for this cultivation process is Cupriavidus necator,
a metabolically versatile organism capable of shifting between heterotrophic growth (utilising organic
compounds as a carbon and energy source) and autotrophic growth (utilising CO2 as carbon source,
H2 as energy source and O2 as electron acceptor). While most work was carried out using organic
substrates as carbon source, attempts to produce PHB from CO2 have also been undertaken.

Two cultivation methods exist to directly utilise CO2 for PHB production by C. necator. The first
cultivation method (i.e., autotrophic-autotrophic PHB production process) uses a gas mixture of CO2,
H2 and O2 for both cell mass growth (Equation (1)) and PHB accumulation (Equation (2)), while the
second method (i.e., heterotrophic-autotrophic PHB production process) consists of heterotrophic
growth on an organic substrate such as glucose (Equation (3)), followed by autotrophic PHB
production [5,6].

21.36 H2 + 6.21 O2 + 4.09 CO2 + 0.76 NH3 → C4.09H7.13O1.89N0.76 + 18.7 H2O (1)

33 H2 + 12 O2 + 4 CO2 → C4H6O2 + 30 H2O (2)

C6H12O6 + 1.97 O2 + 0.72 NH4
+ → 3.79 CH1.74O0.46N0.19 + 2.21 CO2 + 0.72 H+ + 3.78 H2O (3)

Experimental work on PHB production from CO2 has been performed with a view to optimising
the production of PHB using either pure synthetic CO2 [7–9] or industrial off-gases [5]. In addition,
a few studies have investigated mixotrophic PHA copolymer production in which CO2 was supplied
in combination with an organic co-substrate [10].

Irrespective of the cultivation method, a high cell-density culture with high PHA content and
PHA productivity is a prerequisite for industrial-scale application. An additional requirement for gas
fermentation is to avoid gas detonation when using O2 combined with H2. This can be achieved by
keeping the O2 concentration in the gas phase below the lower level of explosion. Higher cell mass
concentration and lower gas concentration, however, inherently implies an increased risk of mass
transfer limitation, causing premature shifting to the PHA production phase in the fully autotrophic
cultivation system or incomplete biopolymer accumulation in the heterotrophic–autotrophic process.
The latter process has been proven to be more promising for the direct conversion of CO2 to PHA in
terms of cell mass concentration and growth rate [7]. In addition, less of the still costly renewable H2 is
evidently needed; however, the total amount of CO2 that can theoretically be converted into polymers
is significantly reduced. For example, the potential emissions abatement and H2 consumption is
theoretically reduced by respectively 44% and 20% for autotrophic PHB production in glucose-grown
biomass compared to a fully autotrophic process [5].

PHA can also be produced from CO2 in an indirect manner through the use of acetic acid
(i.e., autotrophic-heterotrophic-heterotrophic PHA production process). Acetogenic bacteria, an ancient
group of strictly anaerobic microorganisms, are capable of reducing H2 and CO2 as sole energy and
carbon sources and mainly produce acetate (Equation (4)) [11]. Acetic acid can be used subsequently
by C. necator for both biomass growth (Equation (5)) and PHA production (Equation (6)).

2 CO2 + 4 H2 → C2H4O2 + 2 H2O (4)
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C2H4O2 + 0.79 O2 + 0.22 NH4
+→ 1.14 CH1.74O0.46N0.19 + 1.33 H2O +0.86 CO2 + 0.22 H+ (5)

1.5 C2H4O2 + 0.75 O2 → 0.5 C4H6O2 + 1.5 H2O + CO2 (6)

Based on the mass balances, the indirect conversion of CO2 to PHA through acetic acid is
an interesting alternative for the direct production of PHA from CO2 in terms of CO2 fixation,
H2 consumption, substrate cost and safety. Compared to the autotrophic–autotrophic PHB production
process, for example, this cultivation method could theoretically reduce equal amounts of CO2 (2.84 ton
CO2/ton PHB), while consuming 50% less H2. On the contrary, commercial PHB (i.e., produced from
glucose) emits at least 2.81 ton CO2/ton PHB according to the mass balances [5]. Most reports focused,
however, on the use of acetic acid for PHA production by mixed cultures rather than a pure culture.
Also, the utilisation of a mixture of short-chain carboxylates such as acetic, propionic, and butyric
acid generated by the anaerobic conversion of organic wastes using undefined mixed cultures has
been investigated frequently as a carbon source for PHA production by pure and mixed cultures [12].
Although the use of mixed microbial cultures or waste feedstock can improve the economics of PHA,
mixed culture fermentation generates mixtures with variable carboxylate composition rather than
a single product in high concentration [13]. Because the carboxylate composition determines the PHA
monomers, which in turn strongly influence the polymer physical/mechanical properties [12,14], such
undefined and fluctuating carboxylate substrates are undesirable, in particular for high-end (such
as medical) applications. Furthermore, since the consumption rate of acids for PHA production is
dependent of the type of carboxylate, less preferred carboxylates could accumulate in the fermentation
medium, resulting in a toxic effect on the microbial catalyst [4]. Data on process performance in terms
of biomass and PHA concentration, productivity, etc., is also lacking. Moreover, most of the studies
dealing with PHBV production using a pure strain deal with double substrate strategy using glucose
or fructose and propionic acid or valeric acid as co-substrate. The targeted production of PHBV from
acetic acid as the main carbon source with a co-substrate such as valeric acid by pure cultures has,
however, not yet been reported [15]. Although calculations indicate that the indirect conversion of
acetic acid from CO2 could be an interesting alternative for the direct production of PHB from CO2,
it is clear that a proof-of-concept is currently lacking to substantiate these calculations.

This study is the first to compare the key performance parameters of different PHA production
processes using CO2 as a feedstock by C. necator. An alternative cultivation method using acetic acid
as an indirect sink of CO2 was first developed for the synthesis of PHB homopolymer and PHBV
copolymer using a pure culture. Subsequently, this approach was benchmarked with the existing
cultivation methods for direct conversion of CO2 to PHA.

2. Materials and Methods

2.1. Organism and Inoculum Preparation

C. necator DSM 545 was used as the microorganism. Inoculum was prepared as previously
reported in Ghysels et al. [10]. The seed culture was used to inoculate baffled flasks (2% v/v inoculum,
Section 2.3) or, after centrifugation at 4 ◦C and 7000× g (SORVALL RC6+ centrifuge, Thermo Scientific,
Clintonpark Keppekouter, Belgium) for 10 min and resuspension of the pelleted cells in fermentation
media, in the bioreactor (12.5% v/v inoculum, Section 2.4).

2.2. Culture Media

Compositions of the culture media were described previously [16].

2.3. Shake Flask Experiments

To study the effect of acetic acid concentration on the growth of C. necator DSM 545, two mL of
the seed culture was inoculated into 100 mL of fermentation medium in 500 mL baffled flasks. Acetic
acid, ranging from 1 to 5 g/L, was added as carbon source to the fermentation medium.
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The effect of the total acid concentration and the ratio acetic acid to valeric acid on PHBV
production of C. necator DSM 545 was investigated by inoculating two mL of the seed culture into
100 mL of fermentation medium in 500 mL baffled flasks containing 2.5 g/L acetic acid. After incubation
at 30 ◦C and 180 rpm for 16 h, the culture was centrifuged for 10 min at 4 ◦C and 7000× g. Supernatant
was discarded, and pelleted cells were suspended in 100 mL ammonium-nitrogen free fermentation
medium. Acetic acid and valeric acid at a total acid concentration of 3 or 6 g/L were added in different
relative ratios to the fermentation medium.

The pH of all shake flasks was adjusted to 6.8 with 2 M NaOH. The flasks were incubated at
30 ◦C and 180 rpm for 24 h. Samples were taken at regular time intervals and analyzed as described in
Section 2.5. All the shake flask experiments were conducted in duplicate to confirm the accuracy of
the results.

2.4. Fed-Batch Experiments

Fed-batch experiments were performed in a 3-L bioreactor (Applikon Biotechnology, Delft,
The Netherlands). The setup was detailed previously [16]. The process temperature and stirring
speed were kept constant at 30 ◦C and 1200 rpm respectively. The pH of the fermentation medium was
kept at 6.90 ± 0.1 by addition from either the pH-stat feeding solution or 5M NaOH solution whenever
the pH deviated from the set value. The Dissolved Oxygen (DO) concentration level was regulated as
described in Huschner et al. [4].

A pH-stat culture technique in combination with a DO-stat culture method that enables pH-stat
feeding after depletion was used as feeding strategy [4]. Biomass growth on carboxylates leads to
a rise in media pH. Coupling of the pH control with a carboxylate feed thus maintains the pH at the
desired level while providing the carbon. Carboxylates are weak acids, eventually leading to reduced
availability of carbon source in fermentation broth. Carbon depletion is paired with a decreased
O2 demand, resulting in an increase of DO. Above a certain threshold value, the DO-dependent
feed (DO-stat) will be activated, adding carboxylate salts to the fermentation medium (DO-stat).
Consumption of carboxylate salts will in turn trigger pH-stat feeding of carboxylates until carbon
depletion occurs again [4].

The composition of the pH-stat feeding solution for PHB and PHBV production is given in Table 1.
The DO-feeding solution contained 273 g/L sodium acetate. The DO-feeding pump was activated at
DO values > 50%. Triggering the DO-stat control invoked a 6-min cycle: a variable period of active
pumping at a certain flow followed by a 5-min inactivity interval.

Samples were collected during this time and analysed as described in Section 2.5.

Table 1. Composition of pH-stat feeding solution for PHB and PHBV production.

Cmole/Nmole
PHB Production PHBV Production

Acetic Acid (g/L) (NH4)2SO4 (g/L) Acetic Acid (g/L) Valeric Acid (g/L) (NH4)2SO4 (g/L)

10 330 72.6 330 0 72.6
90 660 16 700 350 59.4
∞ 660 0 700 350 0

2.5. Analytical Methods

The concentrations of glucose, acetic acid, valeric acid, ammonium-nitrogen (NH4
+-N), cell mass

(expressed as cell dry mass, CDM), PHB, PHBV, 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate
(3HV) were determined as previously described [10,16].

2.6. Calculations

The residual cell concentration (RCC), PHB content, PHB productivity and fraction of comonomer
3HV (fHV) were determined as previously described [10].
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3. Results and Discussion

3.1. Homopolymer PHB Production from Acetic Acid

3.1.1. Effect of Initial Acetic Acid Concentration

Organic acids such as acetic acid exhibit a toxic effect on cell physiology when present above
a certain concentration threshold. To determine the minimal inhibitory concentration of acetic acid
on biomass growth of C. necator, a series of shake flask experiments were conducted which differed
in the amount of acetic acid added. Figure 1 shows the effect of the initial acetic acid concentration
on the cell growth of C. necator in the shake flasks. The optimum concentration of acetic acid for cell
growth was in the range of 3 g/L. The inhibitory effect of acetate on C. necator became significant at
a concentration above 3 g/L, as evidenced by the limited biomass growth and acetic acid consumption
after 24 h of incubation.
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Figure 1. Effect of the initial acetic acid concentration on the cell growth of C. necator in shake flask
after 24 h of incubation. Results are shown as average ± standard deviation.

These observations are in accordance with previous studies [17,18]. In these reports, a decline in
specific growth rate of C. necator under nutrient-rich conditions was observed with increase in acetate
concentration following an exponential function. An inhibitory effect of acetic acid above 3 g/L at
lower cellular density was reported and no growth was observed at a concentration of 6 g/L or above.
The use of a high cell concentration, however, significantly increased the acetate tolerance of C. necator.
Sugimoto et al., however, reported an optimum concentration of acetate for cell growth of 1 g/L and
serious inhibition of growth by slight increase in acetate concentration [19]. Compared to Wang and
Yu [17,18] and our study, these authors used another C. necator strain.

The toxicity of carboxylates can be attributed to their undissociated lipophilic molecules that
freely penetrate the cell membrane, dissociate and acidify the cytoplasm [20]. As a result, the gradient
of protons through the membrane cannot be maintained, and the production of energy and the
transport system dependent on this gradient are decoupled [21]. The dissociation also induces
an anion accumulation, resulting in increased internal osmotic pressure of cells [22]. In response to the
accumulation of fatty acids, microorganisms release free energy via ATPase and expel protons out of
the cells in order to maintain the proton gradient. This results in an overall decline of microbial activity
including reduced acid utilisation rate, growth rate and yield [23,24]. At neutral pH, the acid is present
in a dissociated form, and the passage through the cellular membrane is limited. Carboxylic acid
anions affect cell growth in a variety of manners. Increased anion concentration has been shown to lead
to an increased transport of potassium ions into the cell, which increases turgor pressure. To maintain
a constant turgor pressure and cell volume, glutamate is transported out of the cell. This transport
activity concomitantly disrupts the osmolarity of the cytoplasm, which in turn lowers the cell’s growth
potential and viability. In addition to this general anion effect, there are also effects specific to each
carboxylic acid [25].
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3.1.2. Evaluation of Two-Phase and Three-Phase Fed-Batch Culture

Different feeding strategies have been utilised for the production of PHA, including continuous
feeding, exponential feeding, pH stat, DO stat, online measurement of substrate concentration, CO2

evolution rate or alkali-addition monitoring coupled to a controlled feeding of carbon source [16].
Recently, Huschner et al. developed a new feeding strategy for organic acid fermentation by another
C. necator strain, using a pH-stat, feeding organic acids to maintain the pH, in combination with
a DO-dependent feed (DO-stat) delivering organic acid salts [4]. The latter feeding strategy led to the
best process performance for PHA production from a mixture of organic acids. Therefore, this feeding
strategy was selected for the current study.

Two production routes were evaluated in terms of process performance using the feeding strategy
adopted by Huschner et al. [4]. The first process (i.e., two-phase fed-batch culture) consisted of
biomass growth followed by PHB production induced by changing the pH-stat feed with a C/N = 10
to an acid feed solution without nitrogen (C/N = ∞). The second one (i.e., three-phase fed-batch
culture) contained an intermediate phase to enable a low residual biomass growth rate for maintaining
an active metabolism and increasing PHB productivity. This intermediate phase was induced by
substituting the initial pH-stat solution with a solution with a high C/N (C/N = 90).

The results of the two-phase fed-batch culture show that during the biomass growth phase
(phase 1), a biomass concentration of 15 g/L was attained after 30 h that contained 10% PHB (Figure 2a).
The average specific growth rate µ was calculated as 0.152 L/h. After 30 h, nitrogen limitation was
initiated to trigger PHB biosynthesis. After a short time, nitrogen in the culture broth was depleted,
thereby triggering PHB synthesis (phase 2). The maximal biomass (DCM) and PHB concentrations
were 40 g/L and 30 g/L, respectively, after 119 h, resulting in a PHB content of 75% and a PHB
productivity of 0.257 g/L/h.

Figure 2b shows the results of the three-phase fed-batch cultivation process. Since the main
objective was the comparison of the key performance parameters of different PHA production processes
using CO2 as a feedstock, rather than to fully optimise the fermentation process in terms of PHA
productivity, content and concentration, the first phase (from 0 to 30 h) was performed under conditions
identical to the first stage of the two-phase fed-batch culture. Biomass was produced (16 g/L) with
low PHA biosynthesis levels (8%). During the second phase (from 30 to 53 h), nitrogen availability
was limited, and PHB concentration and content increased to 26 g/L and 61%, respectively. Finally,
the third phase (from 53 to 118 h) allowed for the further increase of PHB percentage of the cells by
stopping growth. The final biomass and PHB concentration were 60 g/L and 43 g/L, respectively.
An overall PHB content and productivity of 72% and 0.365 g/L h, respectively, was attained.

In both cases, acetic acid concentration was maintained below its minimal inhibitory value (3 g/L)
over the duration of the process, and the applied feeding strategy was highly reproducible for the first
phase (i.e., biomass production). Integrating an intermediary phase consisting of both biomass and
PHB production outperformed the overall process performance in terms of biomass concentration,
PHB concentration and PHB productivity. This finding is in accordance with Huschner et al., in which
a fed-batch fermentation strategy was developed to overcome the toxic influence of organic acids as
sole carbon source in high cell density cultures of another C. necator strain H16 [4]. The higher anabolic
activity of the cells during their exponential growth might lead to faster PHB production rates, since
more reducing power (NADPH) is produced and the maximal specific PHB production rate is defined
by the maximum specific rate of NADPH produced [26].

To the best of our knowledge, so far, only one report has investigated PHB production from
pure culture using acetic acid as the sole feedstock [27]. The aim of this study was to analyse the
metabolic flux for PHB production in C. necator using various carbon sources, rather than to optimise
the fermentation process. A biomass and PHB concentration of 3 g/L and 1 g/L were obtained in this
study. Most reports, however, have focused on the use of acetic acid as the carbon source for PHA
production by mixed cultures, whereby the effects of several parameters, such as acetate, ammonia
concentration, phosphorus concentration, pH, and feed regime, on the storage capacity of the mixed
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culture were investigated [28–34]. Data on PHA content is available; however, biomass and PHA
concentration are mostly lacking, making the comparison of results obtained in the present study
with these reports unfeasible. In addition, not all reports analyse the monomeric composition of the
produced polymer. Furthermore, several studies are available in which a mix of carboxylates including
acetic acid is used as carbon source by mostly pure cultures [4] (see Section 3.2) and in some cases by
mixed cultures [34,35]. Such fermentations produce PHA polymers with a considerably high diversity
of different HA monomers, containing monomers other than 3HB [35].
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3.2. Copolymer PHBV Production from Acetic Acid and Valeric Acid

3.2.1. Effect of Initial Acid Concentration and Composition

For the production of copolymers such PHBV, addition of a co-substrate is required. In this study,
valeric acid was chosen as a precursor for 3HV units rather than propionic acid as a higher HV fraction
can be obtained [36–38]. 3HV synthesis from valeric acid does not involve the catabolism of the acid to
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a shorter alkyl-CoA like this is the case for propionic acid, but rather its direct incorporation into the
polymer via valeryl-CoA and its oxidation to 3-hydroxyvaleryl-CoA. Furthermore, decarboxylation of
propionyl-CoA and loss of units with an odd number of carbons is reduced, but not totally eliminated,
as the intermediary 3-hydroxyvaleryl-CoA can be degraded to propionyl-CoA and acetyl-CoA, which
can be used for PHB synthesis [15,36,37,39]. To determine the influence of the total acid concentration
and the ratio of acetic acid to valeric acid on PHBV production of C. necator, a series of shake flask
experiments were conducted which differed in the relative ratio of acetic and valeric acid added while
keeping the total acid concentration constant at 3 and 6 g/L. The fraction of 3HV in the resulting
PHBV copolymer was dependent on the ratio of acetic acid to valeric acid and not on the total acid
concentration (Figure 3). Indeed, similar 3HB and 3HV fractions were obtained at an acetic acid to
valeric acid ratio of 1:1, irrespective of the total acid concentration. Furthermore, C. necator favoured
the consumption of valeric acid compared to acetic acid at ratio 1:1, while at higher concentrations of
acetic acid, the opposite was observed. PHB production was also affected by total acid concentration
(Table 2). As the objective of the study is to valorise CO2 towards biopolymers via the production
of acetic acid, it was decided to further proceed with the research using an acetic to valeric acid
ratio of 2:1.
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Figure 3. Effect of ratio acetic to valeric acid on PHBV content of C. necator in shake flask after 24 h of
incubation. Results are shown as average of two independent experiments. Standard deviation (not
shown) was smaller than 2.5%.

Table 2. Consumption rate of acetic and valeric acid during PHB production of C. necator in shake flask.

Total Acid Concentration (g/L) C2:C5 Ratio Acetic Acid (g/L/h) Valeric Acid (g/L/h)

3 1:1 0.047 0.108
3 2:1 0.156 0.129
3 4:1 0.243 0.074
3 1:2 0.048 0.158
6 1:1 0.095 0.151

In a search for inexpensive waste substrates to decrease PHA production costs, the use of organic
acids—with acetic, propionic and butyric acid as the major fermentation products—recovered from
anaerobically treated waste streams has been explored for PHA production by pure cultures [4,24,40,41].
These studies acknowledged the toxic effect of short-chain volatile fatty acids. Furthermore, our results
are in line with the literature results. Khanna and Srivastava observed a decrease in the amount of
biomass formed by C. necator NRRL B 14690 when increasing the initial valeric acid concentration from
2 to 4 g/L in the fermentation broth [38]. Volova and Kalacheva reported valeric acid concentrations
above 2 g/L as toxic for C. necator B-5786 [42]. Several authors observed the favoured consumption of
longer organic acids over acetic acid for cell growth. However, Huschner et al. and Grousseau et al.
recently reported an antagonism in metabolism for acetic, propionic and butyric acid, which led to
preferential consumption of butyric acid and propionic acid, depending on carbon fluxes directed to
growth, as compared to fluxes going to PHA production [4,26].
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3.2.2. Evaluation of Three-Phase Fed-Batch Culture

Since including an intermediate phase consisting of both biomass and PHB production
outperformed the overall process performance for PHB production, the three-phase feeding strategy
was also selected for PHBV production. The overall results are shown in Figure 4. During the biomass
growth phase (from 0 to 29 h), cell mass concentration increased exponentially to 18 g/L with a PHB
content of 10%. In the second phase (from 29 to 46 h), accumulation of 3HV units started in the
polymer chain as a result of the valeric acid cofeeding. A PHBV concentration and content of 22 g/L
and 58%, respectively, was obtained. Equal amounts of 3HB and 3HV were synthesised, resulting
in a 3HV fraction of 50 mol%. During the last phase (from 46 to 119 h), PHBV percentage increased
up to 78%. Although both acetic and valeric acid were fed as carbon source, biopolymer production
was almost fully attributed to 3HB synthesis. Indeed, as observed during the shake flask experiments,
C. necator favoured consumption of acetic acid over valeric acid during PHA production. A total 3HB
concentration of 35 g/L was obtained, while the 3HV concentration amounted to 13 g/L, corresponding
to a 3HV fraction of 27 mol%. The final biomass and PHBV concentration were 65 g/L and 48 g/L,
respectively. The PHBV productivity was 0.413 g/L/h. Acetic and valeric acid were maintained at low
concentrations over the duration of the process (results not shown).
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and valeric acid concentration over time of fermentation are shown. A three-phase feeding strategy
was applied.

Fed-batch cultivation for the production of PHBV by C. necator has been investigated previously.
Most studies have focused on propionic acid as a co-substrate due to its lower cost compared to valeric
acid. However, in most of the cultivations, the 3HV fraction in the copolymer was in the range of
5–30%. The superior convertibility of valeric acid to 3HV units has been demonstrated in a few reports
with carbohydrates as the main carbon source. Lee et al. obtained, after 50 h, a high cell density culture
of 120 g/L with glucose and valeric acid containing 75% of PHBV with a maximum 3HV fraction
of 20 mol% [36]. In another study, batch cultivation from fructose with one pulse feeding of 6 g/L
valeric acid after 20 h resulted in the production of PHA containing a maximum of 54% HV units
after 40 h [38]. However, at the end of the fermentation, 15 g/L CDM was obtained consisting of 50%
PHBV with a 3HV fraction of 33 mol%. Comparable maximum and final HV fraction were obtained
in this study.

Furthermore, the type of carbon source in the presence of valeric acid seems to affect PHBV
monomer distribution. In the study by Khanna and Srivastava, a slight decrease of 3HB concentration
was observed with the initiation of the valeric acid pulse in the presence of fructose. The incorporation
of 3HB units in the polymeric chain started increasing again after the exhaustion of valeric acid,
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indicating the preferential consumption of valeric acid over fructose for C. necator. As a result, a block
copolymer was most likely produced, consisting of 3HB (from acetic acid) and 3HV (from valeric
acid) blocks of repeating units. In this study, simultaneous production of the monomers occurred
during phase 2, which is indicative for the production of random PHBV [10]. Moreover, results showed
that C. necator favoured consumption of valeric acid over acetic acid during growth, while during
PHA production, consumption of acetic acid was preferential. The aforementioned antagonism in
metabolism (see Section 3.2.1) [4,26] could thus be extended to acetic and valeric acid. By optimising
the ratio of acetic to valeric acid in the feed during the last phase, the 3HV fraction can probably
be increased.

3.3. Evaluation of PHA Production Processes Using CO2 as Feedstock

With the results of this study, three production processes using CO2 as feedstock can now
be assessed:

• the autotrophic–autotrophic process
• the heterotrophic–autotrophic process
• autotrophic–heterotrophic–heterotrophic process

Our calculations indicated that the indirect conversion of acetic acid from CO2 is an interesting
alternative for the direct production of PHB from CO2 in terms of CO2 fixation, H2 consumption
and substrate cost (Table 3). Furthermore, the bioconversion of CO2 to acetic acid is not paired with
the use of potentially explosive gas mixtures, as is the case for H2 and O2. Also, in terms of process
performance, the indirect production of PHB from CO2 via acetic acid is promising, as shown in
Table 4. In this table, a summary of the literature results for PHB production obtained in fed-batch
fermentations using C. necator from CO2 at CDM between 10 and 20 g/L at the onset of nitrogen
limitation (phase 2) is given. The best process performance in terms of PHB concentration and content
was obtained in this study. Tanaka et al. obtained a higher productivity in their process, but the
gas composition during the autotrophic stage lies within the gas-explosion range [43]. With respect
to PHBV production, a trade-off between PHBV concentration and 3HV fraction exists (Table 5).
The highest concentration of PHBV was obtained in this study, while the highest 3HV fraction was
generated using the heterotrophic–autotrophic cultivation system in the study of Ghysels et al. [9].
For both systems, biopolymer content and productivities were comparable (Table 5). By introducing
an intermediate phase to enable a low residual biomass growth rate for maintaining an active
metabolism, PHBV concentration and productivity could probably be increased further for the
heterotrophic-autotrophic cultivation process. However, at higher biomass concentrations, mass
transfer limitations could occur [8].

The indirect conversion of acetic acid from CO2 towards biopolymers looks promising.
The production process should be optimised further by delaying nitrogen limitation to reach a higher
residual biomass concentration and providing the nitrogen separately from the carbon feed via
an additional pump. The latter would make it possible to use more concentrated carbon feeding
solutions. PHA production from acetic acid also requires a highly concentrated feedstock to avoid
dilution effects. Dedicated research should focus on the integrated process and its design. Furthermore,
a techno-economic assessment should be performed to elucidate the viability of the process.

Table 3. Comparison of processes in terms of CO2 and H2 consumption based on mass balances
(Equations (1)–(6)).

Cultivation Process Feedstock kg CO2/kg PHB kg H2/kg PHB

Autotrophic-autotrophic CO2 2.84 0.96
Heterotrophic-autotrophic Glucose/CO2 1.58 0.77

Autotrophic-heterotrophic-heterotrophic CO2/acetic acid 2.84 0.42
Heterotrophic-heterotrophic Glucose 0 (emits 2.81) 0
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Table 4. Summary of PHB production in fed-batch fermentations of C. necator at CDM between 10 and 20 g/L at the onset of nutrient limitation using CO2 or
acetic acid as carbon source and continuous stirred-tank reactor (CSTR) in decreasing order of final PHB concentration. Gas composition ratios that lie within the
gas-explosion range (using lower explosion limit of 5.0 vol % O2) are indicated in bold.

Carbon Source Phase 1 Phase 2 Phase 3 H2:O2:CO2 (vol %) CDM at Onset of Phase 2 (g/L) CDM (g/L) PHB (g/L) PHB Content (%) PHB Productivity (g/L/h) Reference

Acetic acid Acetic acid Acetic acid - 17 60 43 72 0.365 This study
Acetic acid Acetic acid - - 15 40 30 75 0.257 This study

Glycerol CO2 - 84.0:2.8:13.2 19 46 28 61 0.168 [8]
Fructose CO2 - 84.1:6.7:10.3 15 43 24 56 0.632 [43]
Glucose CO2 - 84.0:2.8:13.2 13 38 24 63 0.108 [5]

CO2 CO2 - 60:20:10 10 30 22 75 0.314 [44]
Fructose CO2 - 83.0:5.3:10.6 10 27 15 56 0.237 [43]
Glycerol CO2 - 84.0:2.8:13.2 10 18 13 72 0.187 [8]

CO2 CO2 - 60:20:10 10 12 8 63 0.105 [45]
CO2 CO2 - 70:20:10 10 16 6 38 0.150 [46]

Table 5. Summary of PHBV production in fed-batch fermentations of C. necator using CO2 or acetic acid as carbon source and continuous stirred-tank reactor (CSTR)
in decreasing order of final PHBV concentration. Gas composition ratios that lie within the gas-explosion range (using lower explosion limit of 5.0 vol % O2) are
indicated in bold.

Carbon Source Phase 1 Phase 2 Phase 3 H2:O2:CO2 (vol %) CDM at Onset of
Phase 2 (g/L)

CDM
(g/L)

PHBV
(g/L)

fHV
(mol %)

PHBV Content
(%)

PHBV Productivity
(g/L/h) Reference

Acetic acid Acetic-valeric acid Acetic-valeric acid - 19 65 48 27 74 0.413 This study
Glucose CO2-valeric acid - 84:2.8:13.2 15 32 25 72 78 0.480 [10]

CO2 CO2-valeric acid - 60:20:10 11 18 15 28 80 0.188 [42]
CO2 CO2-valeric acid - NS 1 NS 7.3 6.5 42 90 0.135 [47]
CO2 CO2-valeric acid - 77.78:11.11:11.11 NS NS 1.2 32 NS 0.005 [48]
CO2 CO2-valeric acid - 70:20:10 NS NS NS 64 NS NS [49]

1 NS, not specified.
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4. Conclusions

• Acetic acid exhibits a toxic effect on cell growth when present above 3 g/L.
• A three-phase fed-batch culture consisting of biomass growth, biomass growth and PHA

production, and PHA production outperformed a conventional two-phase cultivation system.
• PHB production by C. necator from acetic acid resulted in the highest PHB concentration reported

so far.
• C. necator favoured consumption of valeric acid over acetic acid during growth, while during

PHA production, consumption of acetic acid was preferential.
• Production of PHBV by C. necator from acetic acid and valeric acid is promising for attaining

a high 3HV fraction in the polymeric chain.
• The indirect conversion of acetic acid from CO2 is an interesting alternative for the direct

production of PHA from CO2 in terms of CO2 fixation, H2 consumption, substrate cost, safety
and process performance.
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