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Abstract: Volatile fatty acids (VFAs) have become promising candidates for replacing the conven-
tional expensive carbon sources used to produce polyhydroxyalkanoates (PHAs). Considering the
inhibitory effect of VFAs at high concentrations and the influence of VFA mixture composition on
bacterial growth and PHA production, a thorough investigation of different cultivation parameters
such as VFA concentrations and composition (synthetic and waste-derived VFAs) media, pH, aeration,
C/N ratio, and type of nitrogen sources was conducted. Besides common VFAs of acetic, butyric
and propionic acids, Cupriavidus necator showed good capability for assimilating longer-chained
carboxylate compounds of valeric, isovaleric, isobutyric and caproic acids in feasible concentrations
of 2.5–5 g/L. A combination of pH control at 7.0, C/N of 6, and aeration of 1 vvm was found to be
the optimal condition for the bacterial growth, yielding a maximum PHA accumulation and PHA
yield on biomass of 1.5 g/L and 56%, respectively, regardless of the nitrogen sources. The accumu-
lated PHA was found to be poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with the percentage of
hydroxybutyrate in the range 91–96%. Any limitation in the cultivation factors was found to enhance
the PHA yield, the promotion of which was a consequence of the reduction in biomass production.

Keywords: biopolymer; polyhydroalkanoates; volatile fatty acids; food waste; acidogenic fermentation

1. Introduction

As a consequence of being versatile, cheap and durable, conventional plastics have
become irreplaceable materials with their applications dominating the market from do-
mestic to engineering applications [1]. At the same time, infrastructure for collecting and
recycling plastics is not keeping pace with the increasing demands for annual plastic pro-
duction. Consequently, large volumes of plastics pollute the environment every year. A low
recycling rate together with mass production have led to plastic accumulation with numer-
ous serious negative impacts on the environment and ecosystems [2]. In the controversy
around addressing plastic pollution, bioplastics have emerged as a promising solution for
reducing the dependency on and consumption of fossil-based plastics with the potential
for mitigating adverse impacts on the environment [3]. In this regard, biopolymers such
as polyhydroxyalkanoates (PHAs), have shown great potential for replacing conventional
plastics such as polyethylene (PE) and polypropylene (PP), considering their exceptional
biocompatibility, biodegradability and competitive physical properties [4,5].

Large-scale production of PHAs, however, is hindered by their high production
cost, mainly due to the expensive fermentation medium of refined sugars or food-grade
substrates. Several studies have focused on the utilisation of low-cost industrial and
municipal sidestreams, organic wastes and residuals as economical carbon sources to
overcome the financial barrier of PHA production [6]. Direct use of waste streams such
as fermentation substrate, is in some cases enhanced by the presence of nutrients such
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as vitamins, minerals and nitrogen sources that can facilitate the growth of PHA-bearing
bacteria [7]. However, since waste streams are complex heterogeneous mixtures, they may
contain non-fermentable substances and inhibitors such as phenolic compounds and heavy
metals that can be detrimental to microbial cultivation [8,9]. Moreover, these negative or
low-value heterogeneous carbon sources could be selective for bacterial consumptions,
affecting and lowering the production yields [10]. Pseudonomas putida KT 2240, for example,
provided a PHA productivity of 0.006 g/L/h when cultivated in glucose derived from
grass biomass fermentation [11], while the use of hydrolysed cooking oil waste presented a
higher yield of 1.9 g/L/h [12]. Waste streams, therefore, require homogenisation, removal
of inhibitory compounds and maximisation of favourable compounds to be used as effective
fermentation media.

Acidogenic fermentation, in this regard, is a potential method for managing complex
organic waste streams. This biological process is actually anaerobic digestion without
the final stage of methanogenesis via which carbohydrates, proteins and lipids in various
residues and wastes are converted in a stepwise process to VFAs such as acetic, propionic
and butyric acids [13,14]. VFAs have long been known to be highly versatile biochemicals
which act as important building blocks in many chemical and biological conversions for the
production of biofuels, flavourings, fragrances, preservatives, etc. [15]. Recently, attention
has been given to the application of VFAs as a sole carbon source for the biosynthesis of
PHAs using different bacterial strains (PHA accumulations up to 80%) [16]. This application
is considered to be a potential alternative for the reduction of expensive fermentation
medium, ultimately suggesting a solution for the large-scale production of PHAs [17,18].
The valorisation of common organic wastes and residuals into an economical carbon
source for PHA production can therefore be a beneficial approach to cost-effective PHA
obtainment. The inclusion of these strategies can also open up a possibility to integrate
PHA production into the biorefinery concept. Implementation of such a concept has been
fully evaluated by a techno-economic analysis and life cycle assessment in a study by
Kachrimanidou et al. [19], using sunflower-based biodiesel by-products as substrate for
PHA production. A similar scheme can be fully applied with VFAs as core intermediates.
For instance, a problematic organic waste such as the food waste generated globally in vast
amounts that is normally incinerated, landfilled or converted to biogas and fertiliser [20]
could instead be converted to VFAs through acidogenic fermentation, and further to PHAs,
thereby addressing problems associated with organic waste generation, inefficient use of
resources and fossil-based plastic production.

Cupriavidus necator—formerly known as Ralstoniaeutropha—is a well-studied PHA
producer due to its versatile ability to use various waste substrates as a carbon source [21,22].
However, low productivity in both biomass and PHA production has been one of the
most critical problems restricting the use of organic wastes as low-cost substrate [4]. To
the authors’ best knowledge, while PHA synthesis from VFAs using C. necator has been
achieved previously [17,23,24], information on the effect of VFA concentration thresholds
and composition and cultivation factors (pH, aeration, agitation, nutrient supplementation,
etc.) on C. necator growth and PHA synthesis is scarce. Therefore, optimisation of cultivation
factors is essential to increase the conversion efficiency of VFAs, thereby improving the
biomass and PHA yields.

The current study has therefore focused on improving the conversion efficiency of
VFAs by C. necator through investigating the effects of different cultivation factors on the
bacterial growth and PHA production using synthetic VFAs and actual food waste-derived
VFAs as the sole carbon source. In this regard, batch cultivation assays were performed
using a single VFA or mixture of synthetic and waste derived VFAs, and with consideration
to different substrate loadings and composition, pH, aeration rate, agitation, nitrogen
source and C/N ratio. The results regarding the changes in the cultivation factors and their
combinations were then thoroughly analysed and statistically compared to find an optimal
condition for bacterium growth and PHA production.
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2. Materials and Methods
2.1. Microorganism

Cupriavidus necator DSM 545—purchased from DSMZ-German collection of microor-
ganisms and cell cultures GmbH (Leibniz Institute, Braunschweig, Germany)—was pre-
served on a nutrient agar medium containing (g/L) glucose 1, peptone 15, sodium chloride 6,
yeast extract 3, and agar 15, then incubated for 48 h at 30 ◦C, and subsequently kept at 4 ◦C
until use. The bacterium plate was renewed monthly by the streaking method followed by
the same incubation conditions.

2.2. Volatile Fatty Acids from Acidogenic Fermentation of Food Waste

In this study, VFAs were produced in an anaerobic fermentation semi-continuous
membrane bioreactor (MBR) with a 3.5 L working volume. The MBR media were agitated
using nitrogen gas (3 L/min during fermentation and 5 L/min during filtration) with the
help of gas diffusers on each side of the Integrated Permeate Channel (IPC)—a backwash-
able flat-sheet membrane panel supplied by the Flemish Institute of Technological Research
(VITO NV, Mol, Belgium). The flat-sheet membrane had an effective area of 137.6 cm2

coated with hydrophilic polyethersulfne (PES) on both sides with an average pore size of
0.3 µm and a clean water permeability of 3000–4000 L/h/m2/bar. The MBR was inoculated
with 3.5 L of wastewater sludge as inoculum (4 g VS/L) and thermally treated food waste
(4 g VS/L). The wastewater sludge and food waste were obtained from a wastewater
treatment plant Gryaab AB (Gothenburg, Sweden) and a solid waste treatment company
Renova AB (Gothenburg, Sweden). Detailed composition of the food waste can be found in
a study of Parchami et al. [24].

The microorganism- and particle-free VFA effluent was recovered from the membrane
module by filtration process. The profile of recovered VFAs from the membrane bioreactor
is summarised in Table 1.

Table 1. The content of volatile fatty acid (VFA) effluent obtained from acidogenic fermentation of
food waste.

Concentration (g/L)

Acetic acid 1.72
Propionic acid 0.42

Butyric acid 1.31
Isobutyric acid 0.15

Valeric acid 0.1
Isovaleric acid 0
Caproic acid 0.75
Ammonium 0.27
Total COD 13.2

2.3. Bacterial Cultivation

The batch experiments to find feasible VFA concentrations on which the bacterium
thrive were initially performed in 250 mL cotton-plugged Erlenmeyer flasks containing
a synthetic nutrient medium according to Vu et al. [25] with the addition of the seeding
culture (5% v/v), instead of using a single bacterial colony. Single synthetic VFAs of acetic
acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid and caproic
acid were sequentially used as the sole carbon source at an initial concentration of 5 g/L.
The cultivations were conducted for 48 h in shaking water baths at 120 rpm, 32 ◦C and
without pH control. During the cultivation, parameters of pH, cell density and substrate
consumption were measured at different time intervals.

The seeding culture was prepared with the same medium recipe using glucose (10 g/L)
as the sole carbon source inoculated with a single bacterial colony. The flask was then placed
in a shaking water bath at 120 rpm and 32 ◦C for 40 h before being harvested as seeding
culture. For cultivations in a benchtop bioreactor, a 2.5 L continuous stirred tank reactor
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(CSTR) with a working volume of 2.0 L was used. Nutrient medium (Na2HPO4·2H2O
4 g/L, KH2PO4 3.6 g/L, (NH4)2SO4 3 g/L and NaCl 0.02 g/L), MgSO4 (0.5 g/L), CaCl2
(0.05 g/L) and VFA solutions were autoclaved separately, and only mixed inside the reactor
containing sterilised synthetic medium just before starting the experiment. The seeding
culture was prepared at a total volume of 100 mL as described. The pH was maintained
at 7.0 by the addition of 2 M HCl and 2 M NaOH. The cultivation was conducted at a
temperature of 32 ◦C, agitating at 150 rpm and under two aeration rates of 0.25 and 1 vvm
for 72 h. To prevent foaming, 0.15 mL of fatty acid ester antifoam was added to the reactor.
Samples were collected at different time intervals to determine substrate consumption, cell
density, biomass production and PHA accumulation.

2.4. Analytical Methods

High performance liquid chromatography (HPLC) (Waters 2695, Waters Corporation,
Milford, CT, USA) was used to determine the changes in the carbon source concentration
during the fermentation process. The HPLC unit was equipped with a hydrogen-based
column (Aminex HPX87, BioRAD Laboratories, Munchen, Germany) and ultraviolet (UV)
absorption detector operating at 210 nm wavelength (Waters 2487, Waters Corporation,
Milford, CT, USA) working at 60 ◦C and with a flowing eluent of 5 mM H2SO4 at a rate of
0.6 mL/min.

Cell dry weight (CDW) measurements were conducted at different time intervals
by collecting 50 mL of the culture in duplicate from each reactor. The collected samples
were centrifuged at 9000× g for 5 min (Megafuge 8, Thermo Fisher Scientific GmbH,
Dreieich, Germany). The supernatant was replaced with Mili-Q water and centrifuged
again before being dried together with a dried aluminium cup to constant weight at 70 ◦C
for 24 h.

2.5. Kinetics Analysis of Biomass Production and PHA Accumulation

The kinetics of PHA production in this study was measured using the calculations of
biomass yield on consumed substrate γX/S (g/g), PHA yield on produced biomass γP/S
(g/g), and PHA yield on consumed substrate γP/S (g/g).

2.6. Characterisation of PHA

A Fourier transform infrared (FTIR) spectrometer (Nicolet iS10, Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to analyse functional groups from the extracted
samples. The samples were subjected to a scan of 32 times in a spectrum of 400 to 4000 cm−1

by Nicolet OMNIC 4.1 software. The obtained data were then analysed by Essential FTIR
(eFTIR, Madison, WI, USA) software.

Thermogravimetric analysis (TGA) (Q500 TA instruments, Waters LLC, New Castle,
DE, USA) was performed to determine the thermal stability of the samples. Approximately
5 mg of extracted product was heated from 25 ◦C to 700 ◦C at a rate of 20 ◦C/min under
nitrogen atmosphere.

A differential scanning calorimeter (DSC) (QA500 TA instruments, Waters LLC, New
Castle, DE, USA) was used to analyse the thermal properties of the extracted samples.
Approximately 3–5 mg of each sample was heated from −40 ◦C to 225 ◦C at a rate of
10 ◦C/min under nitrogen atmosphere. The crystallinity of the extracted sample was
briefly calculated with the following equation:

∆X =
∆H

∆Ho
m

(1)

where ∆H (J/g) is the specific enthalpy of fusion measured from the peak area taken from
the second heating cycle, and ∆Ho

m (146 J/g) denotes the crystallinity of the extracted
sample [26].

13C MAS NMR spectra were recorded on a Bruker AVANCE-II spectrometer at 14.1 T
magnetic field (13C resonance frequency 150.9 MHz) using a home-built MAS NMR probe
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for 25 × 4 mm Si3N4 rotors. In all experiments, the sample spinning frequency was set to
12.5 kHz. The NMR spectra were recorded with proton decoupling (H1 = 100 kHz) using
cross polarisation (CP) with a ramped spin locking pulse in the 1H channel together with a
pulse in the 13C channel of suitable amplitude. The relaxation delay in the CPMAS NMR
experiments was 5 s. The direct excitation experiment, using a single pulse on the 13C
channel with 1H decoupling, was conducted with a 90◦ pulse (3 µs) and a 60 s relaxation
delay. In all experiments, 600 transients were acquired.

2.7. Statistical Analysis

The software package MINITAB 17 was used for the statistical analysis of the acquired
data. Analysis of variance (ANOVA) was conducted to investigate the significant difference
level between the obtained results with the assistance of general linear models with a 95%
confidence interval followed by the Tukey’s test for pairwise comparisons. The experiments
were conducted in duplicates and the error bars presented two standard deviations with a
95% confidence interval.

3. Results and Discussion

To enhance the utilisation of waste-derived VFAs as an economical carbon source for
PHA production, the optimum concentration for each VFAs was defined in shake flask
cultivations. The concentrations obtained were then applied in a bioreactor for further in-
vestigations of the effects of cultivation parameters such as pH, aeration, agitation, nitrogen
sources and C/N ratio on PHAs yield. Lastly, the optimal condition and the influence of
cultivation factors when combined were discussed on the basis of the production kinetics
and statistical analysis, respectively.

3.1. Effect of Individual VFA Concentrations on Bacterial Growth

Although VFAs have shown their potential as a carbon source for PHA production,
at specific concentrations, they have been shown to have an inhibitory effect on bacterial
growth [27,28]. Therefore, in this study, the concentration threshold for each VFAs con-
sumed by C. necator was individually determined in batch cultivations. The consumption
of each VFA corresponding to the growth of C. necator and the changes in pH are shown in
Figure 1.

At an initial concentration of 5 g/L, the bacterium could only assimilate four types
of VFAs including acetic acid, butyric acid, isobutyric acid and propionic acid. However,
only acetic and butyric acids shared a similar consumption pattern, and the media of both
were depleted after 36 h of cultivation (Figure 1c). Propionic acid and isobutyric acid, on
the other hand, showed a slower consumption rate at which their media were completely
consumed, and the latter was left at 2 g/L at the end of the cultivation. The same problem
was observed in studies using C. necator where the applied concentrations of each VFA were
limited to less than 5 g/L to solve issues with excessive substrate inhibition [17,24]. VFAs
that could not be used by the bacterium at 5 g/L were then diluted to 2.5 g/L, enabling
feasible growth to be achieved. Regardless of the initial concentrations, the same lag phase
of 12 h was observed in all cultivation. This could be attributed to the change in bacterial
metabolism (acclimatisation phase) as the seeding culture had been prepared with glucose
as the sole carbon source. Although diluted to 2.5 g/L initial concentration, after the lag
phase, valeric, isovaleric and caproic VFAs were only consumed gradually, reaching their
depletion after 48 h. However, to the best of the authors’ knowledge, the assimilation of
long-chained carboxylate compounds (valeric, isovaleric, isobutyric and caproic acids) by
C. necator DSM 545 was revealed for the first time in this study.

As expected, the consumption of VFAs resulted in an increase in pH level while for
glucose, an opposite trend was observed [25,29]. The bacterial growth was also monitored
by the measurement of cell densities which were in compliance with the VFA consumption
trends throughout the cultivation (Figure 1b).
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cultivation using glucose and individual VFAs as a sole carbon source.

Based on the results above, the VFA-rich stream supplied in this study (Table 1) is
considered to be favourable for the consumption of the studied bacterium. Consequently, to
evaluate the growth and metabolic behaviour of C. necator, another set of batch experiments
were conducted using a mixture of synthetic VFAs, the concentration and ratio of which
mimicked the content in the real VFA effluent. The changes in consumption of VFAs, cell
density and pH during the bacterial cultivation using a mixture of synthetic VFAs are
shown in Figure 2a,b.
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Compared to cultivations using single VFAs, there is a noticeable change in the
consumption behavior. While acetic and butyric acids individually were the most preferred
carboxylates, being fully depleted after only 36 h, in the VFA mixture, C. necator tended
to initially consume butyric acid followed by caproic acid (originally present at 1.4 and
0.8 g/L, respectively) in the first 36 h. This phenomenon is in line with the studies of
Setiadi et al. [30] and Yun [24], where butyrate was shown to be a preferred substrate
among other VFAs contributing to bacterial growth in PHA production. In contrast, only
0.4 g/L of acetic acid was consumed in the same period of time, with uptake accelerating
only as other VFAs were almost finished. However, in another study of Vu [25], acetic
acid appeared to be a preferable carbon source for the production of PHAs using Bacillus
megaterium. The utilisation of individual VFAs in a mixture, therefore, is hypothetically
dependent on the selective consumption of a particular microorganism. On the other
hand, other VFAs were gradually consumed and depleted after 48 h of cultivation, namely,
propionic, isobutyric and valeric acids which presented respectively in low concentrations
of 0.4, 0.2 and 0.1 g/L. In respect to cell density, a noticeable drop was experienced after
36 h regardless of the existence of acetic acid (0.7 g/L) in the medium at 48 h. This can
presumably be explained by the high cell density, lack of supplemented nutrient and
increased pH level to 8.7 towards the end of the cultivation in which the residual acetic
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acid may have been utilised for cell maintenance and prevention of cell lysis rather than for
cell growth [31,32].

3.2. Effect of Different Cultivation Factors on Biomass and PHA Production
3.2.1. The Effect of pH

pH is one of the most critical factors in bacterial cultivation, influencing the structure of
biological macromolecules (e.g., proteins) and affecting the intracellular chemical reactions
and energetic metabolisms, all of which have a direct impact on bacterial growth [33,34].
Microbial growth, conversely, can also change the pH level through resource consumption
and metabolite excretion, shifting the pH against the optimal growth [35]. Therefore, in this
study, the effect of pH changes on C. necator cultivation for PHA production was studied
and compared with the condition of pH control at 7.

As revealed in Section 3.1, the cultivation of C. necator using a mixture of VFAs as the
main carbon source results in an increased medium pH level. At the end of the cultivation,
the final pH was up to 8.7 (Figure 3b) deviating from the optimal pH for the growth of this
bacterium which was found to be between 7 and 7.5 in the studies of Aramvash et al. [36]
and Nygaard et al. [37]. This pH change could greatly affect the required energy for bacterial
growth, which is instead directed towards cell maintenance, thereby interrupting biomass
production. This, in turn, is not favourable for PHA production where high biomass is
preferable for the better storage capacity of intracellular PHAs [38].
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As seen in Figure 4b, by comparing the biomass production and PHA accumulation
induced by the changes in pH, the difference can be clearly observed from 36 h onwards.
At 30 h, the pH in the no control assays reached 8.2 (an 18% offset from the initial pH
level) (Figure 3b). This deviation was hypothetically considered to have a strong impact
on the bacterial activities, thus lowering the overall VFA consumption. The acetic acid
content under no pH control condition remained at 0.9 g/L compared to 0.3 g/L in the pH
control counterpart at 36 h. Under unfavourable pH conditions, the microbial metabolism
is constrained due to the changes in enzymatic structure which promote destruction and
wrecking activity, ultimately leading to the delay in carbon source consumption (VFA
assimilation, for instance) [39]. Furthermore, the energy produced from the VFA utilisation,
is in this case possibly directed to cell maintenance rather than cell growth, thus preventing
cell lysis [40]. Therefore, regardless of reaching the maximum biomass production at 36 h,
the biomass obtained in controlled pH condition was 2.8 g/L which was significantly higher
than the amount in the culture with no pH control (1.9 g/L). The difference in biomass
production, as a consequence, leads to a deviation in PHA accumulation, the concentration
of which in fixed pH reactor was higher than no pH control, being respectively 1.5 g/L
compared to 1.3 g/L (Figure 4a,b). PHA yield on biomass obtained in the uncontrolled
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pH assays, on the other hand, was higher as soon as the pH was shifted away from the
optimal level. It could be hypothesised that unstable pH is a stress factor which suppresses
the bacterial growth, thus triggering PHA accumulation.
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(c); 1 vvm (a) vs. 0.25 vvm (d) and ammonium sulfate (a) vs. urea (e).

While a rise in the pH resulted in the reduction in biomass after 48 h (decrease of
0.5 g/L), in the pH control assay, the biomass content showed a modest decline with a total
decrease of 0.3 g/L (from 48 h to 72 h) followed by a marginal decrease in PHA content
which reinforces the role of PHA in lengthening bacterial survival [41].

3.2.2. The Effect of Aeration Rate

Regarding PHA production, substantial biomass production is desirable for maximis-
ing the storage capacity of intracellular PHAs. However, growth should be optimised
in such a way that it does not jeopardise PHA accumulation through over consumption.
One of the critical parameters required to achieve optimum biomass production is sat-
isfying oxygen demand during the bacterial growth. Limited oxygen supply results in
the reduction of microbial metabolism by hindering the oxidation of carbohydrates and
respiration [42]. Moreover, oxygen deficiency was found to have a negative impact on
PHA accumulation [43]. In this regard, the cultivation was performed in an oxygen supply
of 0.25 and 1 vvm to evaluate the effect of aeration on the C. necator growth and PHA
accumulation under pH control conditions.
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As presented in Figure 3a,c, regardless of the aeration rate, the pattern of VFA con-
sumption is similar, where the assimilation of acetic acid only accelerated after other VFAs
were completely utilised. A slow uptake of acetic acid was also observed in a study by
Wang et al. [44], where mixed microbial cultures were used to produce PHAs using a VFA
mixture (acetate, butyrate, propionate and valerate) at low dissolved oxygen. However,
when 1 vvm air was applied, the VFA content was taken up fully in 48 h of cultivation,
while for aeration at 0.25 vvm, it took about 60 h. In low air provision conditions, the
cell density reached its peak corresponding to the biomass production of 2.3 g/L at 60 h
(Figure 4c). PHA accumulation, in both cases, gradually increased along with the biomass
content, thus sustaining a fluctuating yield on biomass of 49–55% after 30 h. In aspect of
1 vvm, this yield simultaneously reached its peak of 55% and then decreased till the end of
the cultivation. These findings, however, are not in line with studies of Lefebvre et al. [45],
Shantini et al. [46] and Cavalheiro et al. [47], where it was claimed that PHA yield improved
under low dissolved oxygen environments. A low aeration rate of 0.25 vvm in this work
did not provide a higher yield but preserved a consistent production rate, which could
be attributed to the slow assimilation of the carbon source under a condition of oxygen
deficiency. The lack of oxygen could become exacerbated by the increase in cell density
resulting in inferior carbohydrate oxidation. Although higher oxygen supplementation
could result in better PHA productivity, the energy demand for aeration should be taken
into consideration when it comes to PHA production costs, as pointed out by [48].

3.2.3. The Effect of C/N Ratio

Carbon and nitrogen are vital primary building blocks in cell component synthesis.
These nutrients should therefore be provided at the balanced ratio favourable to specific
microorganisms [49]. PHAs, however, could be considered as a secondary metabolite
produced to guarantee the bacterial survival under stress conditions induced by insufficient
nitrogen, phosphorus, sulfur and excess carbon sources [50]. There are microbes that can
accumulate PHAs during their growth without the need for restricted conditions. C. necator,
however, does not belong to this group, where PHA accumulation can only be triggered
under stressed circumstances [27]. Major findings have also pointed out that of all the
nutrients including phosphorus, sulfur, oxygen, etc., it is the restriction in nitrogen that
is the most efficient way to promote PHA accumulation [51]. In general, a low C/N ratio
is beneficial to the bacterial growth since it decreases PHA accumulation, and vice versa.
In this study, the obtained food-waste based VFA stream contained a chemical oxygen
demand to ammonium nitrogen ratio of around 12; therefore, two different ratios of 6 and
12 were applied to evaluate the influence of C/N ratio on PHA accumulation of C. necator
with the VFA mixture as the sole carbon source.

As depicted in Figure 4a,d, C/N ratio had a noticeable impact on bacterial growth and
PHA accumulation. In particular, excessive nitrogen deficiency (C/N 12) limited biomass
production, the maximum amount of which was only 2.1 g/L compared with 2.8 g/L
for C/N of 6. This finding is in agreement with the results achieved by Zhou et al. [52],
where nitrogen-insufficient conditions are preferred for secondary metabolism of PHA
production and concomitantly reducing cell growth. Although the highest PHA content
obtained for C/N 12 was 1.4 g/L (approximately 6% lower than that of C/N 6), this
nitrogen-insufficient condition provided the highest maximum PHA yield on biomass of
65.1% at 24 h, reaching the maximum 6 h earlier compared to the condition of nitrogen
surplus of 55.7%. The higher PHA yield in nitrogen deficient condition could be ascribed
to the lower biomass produced while the accumulated PHA was considerably different.
Biomass production and PHA accumulation, therefore, should be balanced to achieve a
high PHA production per bacterial mass. This approach is consistent with the results
of Sangkharak and Prasertsan [53], where a C/N ratio of 6 provided the highest PHA
content, the amount of which declined in extreme high or low C/N ratios. The result
obtained indicated the influence of C/N ratio on the rate of PHA production since the
condition with high nitrogen concentration experienced a long lag before entering the
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condition of nitrogen deficiency. In the case of nitrogen deficiency, the proton gradient is
affected, which inhibits the Acetyl-CoA to TCA cycle for the synthesis of ATP. The excess
acetyl-CoA is then directed to PHA synthesis [54]. The time required to achieve maximum
PHA content is therefore different depending on the C/N ratio. Together with C/N ratios,
fixed concentration of initial carbon and nitrogen is an important factor for the optimisation
of PHA accumulation as claimed in a study by Ahn et al. [55].

3.2.4. The Effect of Nitrogen Source

Besides the effort of utilising various waste-based materials as an economical carbon
source, provision of a low-cost nitrogen source should also be considered. Scientific studies
have previously evaluated inexpensive nitrogen sources of ammonium sulfate, ammo-
nium chloride, ammonium hydroxide or urea for PHA production by C. necator [56,57].
Hydrolysates of cheese whey, chicken feather or silage juice were also studied to provide
an alternative to more expensive complex nitrogen [58–60]. Urea, in most studies, has
shown considerable support for both bacterial growth and PHA biosynthesis, substantially
increasing PHA accumulation [61–64]. However, the main carbon sources used in those
studies were common sugars of glucose, fructose and oil-based wastes, while information
on the utilisation of VFA mixtures is scarce. In this study, therefore, the influence of urea
and ammonium sulfate on PHA accumulation by C. necator with a VFA mixture as the
carbon source were investigated.

In general, the uptake trend of VFA content, in both cases, was fairly similar and was
consistent with assays for effects of different parameters (excluding C/N ratio). However,
the bacterium cultivated in urea as the nitrogen source consumed VFAs faster (36 h) than
those cultivated in ammonium sulfate (48 h) (Figure 3e). The swift utilisation, however,
did not lead to a significant change in bacterial growth since biomass production in both
cases was almost similar throughout the 72 h of cultivation, reaching the same maximum
biomass content of 2.8 g/L at 36 h (Figure 4e). This trend was also observed for PHA
accumulation, where a concentration of 1.5 g/L was obtained, leading to a maximum
PHA yield on biomass of around 55–56% in all instances. The recorded impact of urea
in this study was not in line with findings in studies by Arumugam [61] and Dañez [62],
where remarkable superiority of urea compared with other inorganic and complex nitrogen
sources was reported for PHA accumulation. The presence of urea, on the other hand, is
preferable for bacterial assimilation due to its being a small, polar and uncharged organic
molecule. These characteristics, altogether, allow the microbes to be less pH-dependent
and to consume urea at an accelerated rate [65]. Fast urea consumption can therefore lead
to faster C. necator growth as observed in biomass in the first 12 h (Figure 4e). From an
economic point of view, if the waste-derived VFA stream lacks the required quantity and
quality of nitrogen source for bacterial growth, urea supplementation may be a promising
option for shortening the cultivation time and reducing the PHA production cost.

3.3. C. necator Cultivation on VFAs in CSTR

Since it was observed in batch assays that there was no significant difference between
ammonium sulfate and urea in respect of biomass (p-value = 0.476) and PHA production
(p-value = 1), optimal cultivation factors of pH control, C/N 6, vvm 1 and ammonium
sulfate as nitrogen source were applied to determine biomass and PHA production using
individual synthetic VFAs and food waste-derived VFAs. The changes in biomass produc-
tion, PHA accumulation and cell density corresponding to individual VFA consumption
are presented in Figure 5.
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In the group of individual synthetic VFAs with an initial concentration of 5 g/L,
acetic acid was the most preferred carbon source to be assimilated within 24 h, yielding
a maximum cell density of 6.7, corresponding to 1.8 g/L bacterial biomass (Figure 5a,c).
On the other hand, and regardless of the slower consumption, butyric and isobutyric acids
provided better bacterial growth, which can be observed from the maximum cell densities
and biomass production of 12.2 and 10.6, and 2.9 g/L and 2.5 g/L, respectively (Figure 5b,c).
The higher biomass production consequently led to 30–50% higher PHA accumulation in
the case of butyric and isobutyric acid compared to that of acetic acid (0.8 g/L). This can
be explained by the assimilation of butyric and isobutyric acids by beta oxidation which
forms two molecules of acetyl-CoA and acyl-CoA [66]. The acyl-CoA will ultimately be
converted into acetyl-CoA; therefore, butyric and isobutyric acid could have more acetyl-
CoA compared with acetic acid. In balanced conditions, acetyl-CoA participates in the
Krebs cycle, playing the role of an energy supplier for bacterial growth. However, under
conditions of nutrient stress and excess carbon source, acetyl-CoA will be redirected to
act as a precursor in PHAs synthesis. The bacterial cultivation in butyric and isobutyric
acids, therefore, provided a higher PHA yield. As in the experiments conducted in shake
flasks, and compared with acetic, butyric and isobutyric acid, propionic acid utilisation
by C. necator took longer (36 h), yielding a maximum biomass and PHA production of
2.4 and 0.8 g/L, respectively. While the initial VFA concentration was set at 2.5 g/L for
VFAs acting in an inhibitory fashion at 5 g/L, no significant change in bacterial growth was
observed, with the only exception being a slight variation in isovaleric consumption. The
latter deviation resulted in the bacterium taking 36 h to achieve the maximum biomass of
1.7 g/L, yielding the highest PHA accumulation of 0.6 g/L cultivated in isovaleric as the
sole carbon source.

After cultivations made on a synthetic VFA solution resembling the composition of
real VFA effluent, actual food waste-derived VFA effluent was used as a substrate for
bacterial cultivation with no additional nutrient supplementation. The C/N ratio of the
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VFA stream was calculated to be around 12, based on the total COD and nitrogen content.
During cultivation, conditions of pH control and aeration of 1 vvm were applied. After 36 h
of cultivation, the VFA content was completely assimilated with the same consumption
pattern obtained in shake flask batch experiments but at an accelerated rate (Figure 6a).
The maximum biomass amount of 2.3 g/L was also achieved at this time, corresponding
to the highest PHA accumulation of 1 g/L (Figure 6b). Biomass production was similar,
while the accumulated PHA was only about 11% lower than that obtained using synthetic
VFAs with the same C/N ratio. However, interestingly, compared to similar cultivation
conditions using a synthetic VFA mixture at C/N 6, PHA accumulation for the real effluent
was 38% higher.
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3.3.1. Yields of Biomass Production and PHA Accumulation

The combination of pH control, C/N ratio 6, and aeration at 1 vvm was the optimal
condition for maximum biomass production, regardless of the nitrogen source (Table 2).
However, only pH control and high C/N ratio showed a significant difference in respect of
biomass yield on substrate with p-values of 0.017 and 0.002, respectively. The maximum
biomass yield on substrate achieved was up to 82%, indicating the suitability of applied
operating parameters and VFAs as a feasible carbon source, while the lower PHA yield on
substrate afterwards can be explained by the depletion of VFAs at the end of the cultivation.
Although PHA accumulation depends greatly on the microorganisms and substrates used,
high biomass production is desirable since bacterial cells act as PHA storage. In comparison
to studies of Yun [24] and Agustín Martinez [17] using the same bacterial strain and VFAs
(rich in acetic, propionic and butyric acid) as sole carbon, the obtained biomass in this study
was higher, 2.8 g/L compared to 1.5 and 2 g/L, respectively. As a consequence, the higher
accumulated PHA was also achieved, its content being in a similar range of 50–55%.

Regarding PHA yield on biomass, there is no statistical difference between cultivation
factors (p-value > 0.05) excluding the no pH control condition with urea as the nitrogen
source (p-value = 0.033). In this study, cultivation factors of no pH control and low aeration
were considered to be limiting conditions which hindered bacterial growth, with early trig-
gering of PHA accumulation. In this regard, the most significant difference was observed
in a low aeration rate with a p-value of 0.039.



Fermentation 2022, 8, 605 15 of 23

Table 2. Results of kinetic analysis of biomass production and polyhydroxyalkanoate (PHA) accumu-
lation in different cultivation conditions.

Carbon
Source Conditions

Maximum
Biomass

Production (g/L)

Maximum PHA
Accumulation

(g/L)

Maximum
PHA Yield on
Biomass (%)

Maximum
Biomass Yield on

Substrate (%)

Maximum PHA
Yield on

Substrate (%)

Synthetic
VFAs

(NH4)2SO4, pH control,
C/N 6, 1 vvm 2.80 (36 h) 1.49 (36 h) 55.74 (30 h) 82.08 (12 h) 17.54 (24 h)

(NH4)2SO4, no pH
control, C/N 6, 1 vvm 1.98 (36 h) 1.29 (36 h) 65.31 (36 h) 58.20 (24 h) 31.81 (30 h)

(NH4)2SO4, pH control,
C/N 12, 1 vvm 2.25 (24 h) 1.15 (24 h) 50.94 (24 h) 45.53 (24 h) 10.30 (24 h)

(NH4)2SO4, pH control,
C/N 6, 0.25 vvm 2.32 (60 h) 1.20 (54 h) 60.04 (30 h) 72.05 (24 h) 34.32 (30 h)

Urea, pH control, C/N 6,
1 vvm 2.80 (36 h) 1.51 (30 h) 56.50 (30 h) 73.07 (24 h) 18.12 (24 h)

Urea, no pH control,
C/N 6, 1 vvm 2.16 (36 h) 1.60 (36 h) 75.34 (30 h) 62.51 (24 h) 24.76 (24 h)

Real VFAs pH control, C/N 12,
1 vvm 2.26 (36 h) 1.02 (36 h) 50.60 (24 h) 72.12 (30 h) 20.42 (24 h)

Glucose (NH4)2SO4, pH control,
C/N 6, 1 vvm 2.45 (36 h) 1.66 (30 h) 67.87 (30 h) 53.59 (24 h) 16.24 (24 h)

3.3.2. PHA Characterisation
Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

FTIR analysis was conducted to determine the presence of functional groups in ex-
tracted samples from C. necator cultivated in CSTR (Figure 7). All spectra obtained revealed
typical peaks of 1719 and 1275 cm−1, respectively corresponding to the C=O stretch in
the ester carbonyl group and -O-CH group. Those peaks are representative for poly(β-
hydroxybutyrate-β-hydroxyvalerate) (PHBV) chemical structures [67,68]. Other stretches
in C-O bonding of the ester group ranging from 1000 to 1300 cm−1 were also observed and
resemble commercial PHBV.

1 
 

 

Figure 7. Fourier Transform Infrared Spectroscopy (FTIR) spectra from extracted polyhydroxyalka-
noate (PHA) produced by C. necator DSM 545 using different carbon sources and for poly(β-
hydroxybutyrate-β-hydroxyvalerate) (PHBV) commercial pellet: (a) PHBV pellet, (b) glucose,
(c) synthetic volatile fatty acids (VFAs) (ammonium sulfate), (d) synthetic VFAs (urea), and (e) real
VFA stream.
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Nuclear Magnetic Resonance (NMR) Analysis

Figure 8 shows the 13C CPMAS NMR of the four typical samples to determine the
effect of different carbon and nitrogen sources used on the accumulated PHA. The main
peaks can be assigned to polyhydroxybutyrate (PHB). The smaller peaks are due to the
presence of smaller amounts of polyhydroxyvalerate (PHV). The amount of HV in each
sample was taken from the ratio of the HV methyl peak area around 10 ppm to the HB
methyl peak area around 20 ppm, after scaling by a factor to allow for the cross polarisation
dynamics effect. This factor was found by comparing the CPMAS NMR spectrum of
the VFA/urea sample with a quantitative single pulse experiment from the same sample
(Supplementary Material, Figure S1).
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Figure 8. 13C CPMAS NMR spectra of samples produced from different carbon and nitrogen sources:
(a) real volatile fatty acid (VFA) stream, (b) glucose/(NH4)2SO4, (c) VFA/urea, (d) VFA/(NH4)2SO4

using a contact time of 2 ms. * indicates peaks due to spinning sidebands.

Figure 9 shows an expansion of the HB methyl peak area from the CPMAS NMR exper-
iment together with the direct excitation MAS NMR experiment. This methyl peak has both
a broader and narrower component. The narrow component is assigned to PHB in more
ordered areas, presumably the crystalline regions, while the broader component is assigned
to PHB in the less ordered, amorphous regions [69–71] (see also Supplementary Material).
The ratio of these two components found in the CPMAS NMR experiment was corrected
for the CP dynamics by comparing the CP spectrum of the VFA/urea sample with the
quantitative single pulse experiment shown in Figure 9. This correction factor was used to
estimate the degree of crystallinity for the other samples where only CPMAS NMR spectra
were measured. The deconvolution of the methyl peaks depends on the peak lineshapes
used (Lorentzian/Gaussian) for fitting, but in this case all four samples were fitted with the
same lineshapes so the relative amounts of crystalline/amorphous should be comparable.
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The side chain CH2 carbon peak HV4 from HV, around 27 ppm in the spectra, is
frequently seen as asymmetric and, at this low HV content, has been assigned to crystalline
HV with different arrangements of the HV side chain in the PHB lattice and amorphous
HV [72]. It has also been suggested that at this low level of HV, there is no or little crystalline
form of HV present [70,73]. This asymmetric peak is observed for all the samples analysed
here. In addition, for two of the samples (VFA/urea and VFA/glucose), there is also a
weak peak around 30–31 ppm (indicated by an arrow in Figure 8). When the level of HV is
over 30–40%, a peak near this area (29–30 ppm) has been assigned to HV in a crystalline
PHV lattice [70]. However, the level of HV in these samples is only 4–8% and at this low
level, this crystalline form of HV is not normally observed. In addition, the peak observed
here displays a slightly higher chemical shift than normally seen for crystalline HV in a
PHV lattice.

To determine the character of this extra peak, a variable contact CPMAS experiment
was conducted on the VFA/urea sample (see Supplementary Materials). The CP dynamics
of the 31 ppm peak indicated that it is unlikely to be due to any crystalline HV and could
be due to some type of amorphous homopolymer of HV. This would agree with the general
assumption that crystalline HV in a PHV lattice is not formed at such low HV contents.
The asymmetric peak in this area was treated as two overlapping peaks and the variable
contact CPMAS indicated that these are most likely due to HV in the amorphous and
interfacial regions of the HB/HV copolymer—although due to the poor signal intensity,
this conclusion is only tentative (see Supplementary Materials).

The composition and crystallinity of each sample is summarised in Table 3, using
the methods and assumptions outlined above. The degrees of crystallinity obtained in
Table 3 are in line with those normally observed for HB/HV copolymers [71]. Table 3 could
indicate that when the HV content is higher, the crystallinity of the HB polymer is lower.
However, this can also be influenced by ageing and thermal history, neither of which were
controlled in these samples.
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Table 3. Composition of the copolymers and the total crystallinity found.

Mole% Total

Sample HB HV Crystallinity *

VFA/NH4SO4 93.8 6.2 62.2
VFA/urea 91.7 8.3 58.3

Glucose batch 95.9 4.1 66.5
Real VFA stream 93.5 6.5 61.4

* Assuming all HV is amorphous.

3.3.3. Thermogravimetric and Differential Scanning Calorimetry Analysis (TGA and DSC)

Thermal properties of PHA samples were determined by TGA and DSC and the results
are presented in Table 4. Compared to extracted samples from a synthetic medium, the
polymer obtained from the real VFA stream showed a slight difference in thermal deteri-
oration from both initial decomposition temperature (Tonset) and maximum degradation
temperature (Tmax). In particular, the initial and maximum degradation temperatures
which were around 201.1 and 308.8 ◦C, respectively, are both approximately 10 ◦C lower
than those of polymers extracted from bacterium cultivated in synthetic VFAs, indicating
a slightly lower thermal stability. This result can be attributed to the surplus impurity
content in the polymer recovered from the cultivation in the waste-based stream leading
to a total weight loss of only around 80%, corresponding to the difference of 15–16% in
the total mass loss. The excessive impurity can also be observed from the decomposition
curve being gradual in contrast with the steep slope of extracted samples from the syn-
thetic medium, resembling results from studies of Ntaikou et al. [74] and Rodrigues [75].
Either downstream processing or food waste-based VFA pre-treatment should therefore
be developed to achieve purer recovered PHA. Such a development, furthermore, should
be conducted in an economical way as the PHA downstream process also accounts for a
significant share in PHA production cost [76].

Table 4. Thermal characteristics of extracted polyhydroxyalkanoate (PHA) obtained from C. necator
DSM 545 using different carbon and nitrogen sources.

Samples Tonset (◦C) Tmax (◦C) Total Mass Loss (%) Tm (◦C) Melting
Enthalpy (J/g)

Degree of
Crystallinity (%)

Glucose, (NH4)2SO4 218.4 316.8 98.5 176.1 66.4 45.5
Synthetic VFA, (NH4)2SO4 212.5 317.7 97.5 154.7 37.2 25.5

Synthetic VFA, Urea 213.9 315.1 96.3 156.3 31.7 21.7
Real VFA stream 201.1 305.7 81.2 151.9 15.8 10.8

According to the second heating curves, melting temperatures (Tm) of extracted poly-
mer in this study were in a range of 151.9 to 176.1 ◦C. Melting enthalpies (∆H), on the other
hand, were allocated in a wider range of 15.8 to 66.44 J/g, corresponding to a crystallinity
of 10.8 to 45.5%, respectively, and were similar to those in studies by Ntaikou [74], Nygaard
et al. [77] and Li et al. [78]. The low degree of crystallinity of synthesised polymers using
real VFAs could be an advantage in facilitating various processing windows as suggested
by Rosengart et al. [79]. The degrees of crystallinity for the samples by solid state NMR
and DSC are different, with the DSC values consistently lower. This is generally seen when
comparing crystallinities by DSC and solid state NMR [80]. The DSC degree of crystallinity
depends on the heat of fusion used for 100% crystalline PHB. In this case, 146 J/g was
used, while some authors have used 109 J/g, which would raise the overall degree of
crystallinity, as shown in Table 4. NMR measures crystalline order on a smaller scale and,
depending on the lineshapes used for the separation of those components, can also include
the interfacial region between the crystalline and amorphous areas. Therefore, it would not
be expected that DSC and NMR give the same degrees of crystallinity, rather they should
be seen as complimentary methods for probing the crystallinity. Furthermore, the reactions
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of re-crystallisation and cross-linking isomerization that correspond to the presence of
dual meting point were found during the melting process [25,81]. Thermal properties of
extracted polymer in this study, moreover, tended to be affected by the carbon sources,
where the endothermic peaks of extracted polymer were decreased as the bacterium was
cultivated in VFAs (see Supplementary Materials, Figure S3). These findings, however,
contrast with the study of Zhila, et al. [82] which used various long chain fatty acids, with
the results showing a consistency in thermal properties regardless of the carbon sources.

4. Conclusions

Food waste-based VFAs present the possibility of replacing conventional expensive
carbon sources as an economical alternative for tackling the challenging issue of high PHA
production costs. VFAs, however, could be toxic and inhibit bacterial growth depending on
the tolerance of individual species. In this study, Cupriavidus necator DSM 545 showed the
capacity to consume all types of VFAs with a feasible concentration ranging from 2.5 to
5 g/L. Isobutyric, isovaleric and caproic acid are, for the first time, reported to be consumed
by C. necator. The cultivation of C. necator, in a mixture of VFAs, presented a preferable
consumption in butyric acid, while acetic acid, by contrast, was assimilated at the lowest
consumption rate. The accumulated PHAs was confirmed by NMR analysis to be PHBV,
with the highest HB content achieved being 96%. Cultivation parameters of pH control,
C/N 6, and 1 vvm were found to be favourable for this bacteria’s growth. These conditions
can be applied in the feast stage of a two-stage strategy of PHA production, where the
biomass production is maximised to facilitate PHA accumulation in the second stage.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fermentation8110605/s1, Figure S1: Comparison of PHB and
PHV methyl areas in the sample “VFA/urea” using cross polarisation (contact time 2 ms) and direct
excitation; Figure S2: Fits of the I-I*-S and I-S cross polarisation models to the (a) 3HB4 and 3HB2 peak
areas, and (b) the HV peaks. Peak intensities were scaled to 1.0 for the most intense peak. The peaks
labelled as HV2 were not used but can be identified in the variable contact experiment; Figure S3:
DSC profiles of extracted samples from biomass cultivated in different carbon sources of (a) glucose,
(b) synthetic VFAs and (c) real VFA stream; Table S1: Fitted parametersS2 found from the variable
contact cross polarisation experiment on the sample VFA/urea. References [83,84] are cited in the
supplementary materials.
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