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A B S T R A C T   

Low PHA accumulation is one of the main limitations of the industrial production of polyhydroxyalkanoates 
(PHA) from mixed cultures. Different PHA yields and physical properties were obtained by varying culture 
conditions (acetate concentration, nitrogen and phosphate availability, temperature and pH). Glycogen accu-
mulating organisms (GAOs), microorganisms able to create and store PHA, which use acetate as their sole carbon 
source, were obtained after selection from mixed culture from activated sludge. All PHA presented good adhesion 
properties and were soluble in halogenated and polar solvents. The maximum PHA storage rate (20 % of cell dry 
weight) was achieved with a concentration of 4 g/L acetate. The optimum temperature for PHA production was 
23 ◦C (24 % of cell dry weight). Low nitrogen concentration increased the yield (22 %) while phosphate con-
centration and pH did not influence PHA production. PHA accumulation of almost 30 % was obtained with 
previously found optimum parameters.   

1. Introduction 

There has been increasing interest in biodegradable biopolymers, 
especially polyhydroxyalkanoates (PHA) as they could replace 
petroleum-based plastics in a variety of applications. Environmental 
problems caused by plastics include loss of biodiversity and pollution as 
plastics take hundreds of years to degrade. PHA are excellent substitutes 
as they can have similar properties to thermoplastics, depending on their 
monomer compositions (Dai et al., 2008). 

PHA, synthesised by microorganisms as intracellular energy reser-
voirs, are biodegradable in soil. Their production can become sustain-
able if the bacteria are cultivated with industrial by-products as 
substrates such as molasse (Pisco et al., 2009), olive oil (Research and 
Markets, 2021) or milk whey (Gomez et al., 2012). Since the substrate 
represents 50 % of the total production cost, it would also be econom-
ically beneficial for industries (Poltronieri and Kumar, 2018). 

However, microorganisms often produce only one type of PHA, 
called polyhydroxybuyryl-CoA (PHB) which has similar properties to 
polypropylene but is brittle and sensible to high temperatures (Bugni-
court et al., 2014). By combining PHB with other types of PHA, different 
physical and thermal properties can be obtained, which increases the 

number of commercial products made with PHA. Several industries, like 
Nestle and Coca-Cola, have already begun to produce biodegradable 
bottles while Mango Materials commercialize PHA for food packaging 
(Chemicals and Egineering News, 2019). 

TATA steel, one of the world's steel manufacturing leaders which 
emits >2 Millions tons of C02/year has a pilot plant which transforms 
greenhouse gases into acetate. They intend to add value to this product 
by converting it to biodegradable polymers which will be used for their 
coating steel. 

Glycogen accumulating organisms (GAOs) can produce four different 
types of PHA with acetate as the sole carbon source: 3-hydroxyvaleryl- 
CoA (3HV), 3-hydroxy-2-methylbutyrate (3HMB), 3-hydroxy-2-methyl-
valerate-CoA (3HMV) and 3-hydroxybuyryl-CoA (3HB) (Reis et al., 
2003). GAOs are found in wastewater treatment plants, where they 
compete with phosphate accumulating organisms, inducing a decrease 
in performance for the treatment plants (Rohwerder, 2009; Yan et al., 
2006). 

While pure culture accumulates more PHA, around 80 % of cell dry 
weight (Reis et al., 2003), compare to mixed culture (up to 60 % 
depending on the microorganisms), the cost of cultivating a mixed cul-
ture is reduced by half compared to the cost for a pure culture (Reis 

* Corresponding author. 
E-mail address: marie-claire.catherine@southwales.ac.uk (M.-C. Catherine).  

Contents lists available at ScienceDirect 

Bioresource Technology Reports 

journal homepage: www.sciencedirect.com/journal/bioresource-technology-reports 

https://doi.org/10.1016/j.biteb.2022.101226 
Received 29 July 2022; Received in revised form 20 September 2022; Accepted 20 September 2022   

mailto:marie-claire.catherine@southwales.ac.uk
www.sciencedirect.com/science/journal/2589014X
https://www.sciencedirect.com/journal/bioresource-technology-reports
https://doi.org/10.1016/j.biteb.2022.101226
https://doi.org/10.1016/j.biteb.2022.101226
https://doi.org/10.1016/j.biteb.2022.101226
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biteb.2022.101226&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Bioresource Technology Reports 20 (2022) 101226

2

et al., 2003; Serafim et al., 2004). Keeping a stable culture required less 
process control, fewer capital investment costs, no equipment steriliza-
tion and the possibility to use inexpensive substrates (Reis et al., 2003). 

However, from an industrial point of view, it is necessary to consider 
the yield and, in this case, biopolymer accumulation. The storage ca-
pacity of GAOs is thought to depend on several culture parameters such 
as temperature, pH, or substrate concentration (Crocetti et al., 2000; 
Filipe et al., 2001), This study will allow knowing more precisely the 
influence of each parameter. Polymers are often dissolved in a solvent, 
which can be harmful to the environment and is costly (Qiao et al., 
2012). Knowing the solubility of PHA could allow industrials to select 
green and inexpensive solvents. The adhesion to steel of the resulting 
PHA film will also be studied. 

2. Materials and Methods 

2.1. Reactor set-up and operation 

A laboratory-scale sequencing batch reactor (SBR) with a working 
volume of 3.25 L was seeded with sludge from Cog Moors wastewater 
treatment plant in Wales. The reactor was first operated for 3 months 
with acetate as the sole carbon source to enrich GAOs. 

Each cycle consisted of 2 h anaerobic, 2 h 30 min aerobic periods, 
with 1 h 30 min of settling and decanting, 6 min of outlet and 7 min of 
feeding. 1.62 L were pumped into the reactor during the feeding phase. 
The hydraulic retention time (HRT) and sludge retention time (SRT) 
were 12 h and 7 days, respectively. Nitrogen was supplied during the 
anaerobic phase at 0.5 L/min whereas air was sent at 3 L/min during the 
aerobic phase. Mixing was kept at 100 rpm and the pH was controlled at 
6.8 (±0.1) with 1 M HCL and 0.12 M NaOH. The temperature was kept at 
28 ◦C with a temperature controller. 

The standard mineral salt medium, based on Bengtsson (2009) which 
was used in these experiments was composed of (per litre): 0.850 gNa. 
Ac. 3H2O, 5 mg KH2P04, 4 mg K2HPO4, 600 mg MgSO4.7H2O, 160 mg 
NH4Cl, 100 mg EDTA, 70 mg CaCl2.2H2O and 2 mL of trace elements 
solution (Vishniac and Santer, 1957) with modification of the amount of 
Phosphate to limit the growth of Polyphosphate-accumulating organ-
isms (PAOs) while respecting the growth requirements. Thiourea was 
also added (10 mg/L) to inhibit nitrification. 

The trace element solution contained, per litre: 50.00 g Na2-EDTA, 
22.00 g ZnSO4 × 7 H2O, 5.54 g CaCl2 × 2 H2O, 5.06 g MnCl2 × 4 
H2O, 5.00 g FeSO4 × 7 H2O, 1.10 g (NH4)6Mo7O24 × 4 H2O,1.57 g 
CuSO4 × 5 H2O and 1.61 g CaCl2 × 6 H2O. 

2.2. PHA production 

Several parameters were varied to evaluate their influence on PHA 
production. The range of acetate concentration used was changed to: 2 
g/L, 4 g/L, 6 g/L, 8 g/L and 10 g/L at 28 ◦C and pH = 6.8. While keeping 
the acetate concentration at 4 g/L, the temperature was modified to 
18 ◦C, 23 ◦C, 28 ◦C and 35 ◦C. Various pH levels (6.8, 7.3, 7.8, 8.3 and 
8.8) were tested to find the optimum pH for PHA production. The ni-
trogen and phosphate concentration were changed from 50 mg/L to 100 
mg/L and 150 mg/L and 10 mg/L, 50 mg/L or 100 mg/L respectively. 

2.3. Microbial analysis 

The mixed liquid suspended solids (MLSS) were determined 
following the standard method 2540. 20 mL was filtered after homog-
enisation of its content. After filtration, the filter was placed into a 
previously weighted aluminium dish which was then dried at 105 ◦C for 
1 h before being weighed again to calculate the MLSS. 

The enrichment of GAOS was observed by Sudan Black Black (SBB) 
staining following the method by Mesquita et al. (2015). For each 
sample, 100 μL of biomass suspension was applied on a haemocytometer 
and air-dried. Slides were then stained with SBB (0.3 % w in 60 %v/v 

ethanol) for 10 min. It was then counterstained with safranin O (0.5 % 
w/v in distilled water) for 10 s. The haemocytometer was then washed 
with distilled water and let to dry. Samples were examined with an 
Olympus SX51 at ×100 and ×400. Purple bacteria represented PHA 
accumulating bacteria. Pictures were taken with a Canon IXUS132 and 
then analysed with the Gnu Image Manipulation Programme (GIMP). A 
percentage of the number of purple pixels compared to the total number 
of pixels gave a semi quantitative estimation of the number of PHA 
accumulating bacteria. 

Bacterial DNA was extracted from the biomass using the FastDNA 
spin kit for soil (MP biomedicals, LLC, Salon, OH, USA), following the 
manufacturer's instructions with modification of the bead beater time 
from 40 s to 4 × 40 s with 1 min in ice between each cycle. DNA 
quantification was performed by spectrophotometric readings at 260nm 
(1000 Spectrophotometer (Thermo Scientific). The sequencing was 
performed by LGC Genomics using Illumina MiSeq V3. Two Klindworth 
primers were used to target the 16 s RNA V3-V4 regions, which covered 
almost all bacteria. 

2.4. PHA extraction 

PHA was extracted from the biomass using the method by Rawte and 
Mavinkurve (2002): 10 mL of suspended biomass were centrifuged at 
12000 G for 10 min and the pellet was washed with 10 mL of saline 
solution (5 % NaCl). After centrifugation, the pellet was suspended in 5 
mL of a hypochlorite solution (2 % chlorine). The solution was then 
incubated at 37 ◦C for 10 min in a shaker before being centrifuged for 20 
min at 12000 G. The pellet was washed with cold diethyl ether. The 
pellet was air-dried and then weighed. The result was divided by the 
MLSS (mg/mL) to obtain the percentage of PHA per cell dry weight. 

2.5. Property analysis of polymers 

Analysis of the solubility was carried out following standard methods 
D3132-84 “Solubility Range of Resins and Polymers”. The polymer 
solubility is determined with two solvent parameters, the solubility 
parameter and the hydrogen bonding. Solvents used for the experiments 
were diethyl ether, n-butyl acetate, toluene, methylene chloride, 
acetone, n-propanol, ethanol, and methanol. 

Analysis of the adhesion followed standard method D3359 
“measuring adhesion by tape test”. The polymers, previously dissolved 
in a solvent, were applied in a thin film on the steel. A grid was created 
with cuts 1 mm apart and 20 mm long. The tape was placed on the area 
of the grid in a smooth motion. After 90 s, the tape was quickly removed 
at an angle of 180◦. The grid area was then inspected and classified 
depending on the amount of damaged film. 

3. Results and discussion 

3.1. SBR performance 

Three months after the setup, the SBR reached a steady state, as 
indicated by the nearly constant concentration of MLSS, which was 2.5 
g/L. The SBB staining revealed that almost 100 % of the bacteria inside 
the reactor were PHA accumulating organisms. 

The relative abundances of phyla before and after selection are 
presented in Fig. 1. The most dominant phylum in the activated sludge 
was Beta-proteobacteria (59 %), followed by Bacteroidetes (16 %), Alpha- 
proteobacteria (4.6 %), Actinobacteria (4.37 %), Chloroflexi (3 %), Delta- 
proteobacteria (3.05 %), Verrucomicrobia (2.43 %) and 2.17 % of Gamma- 
proteobacteria. However, after selection, Bacteroidetes dominated the 
community with 43.43 % relative abundance. Beta-proteobacteria (21.8 
%), Alpha-proteobacteria (12.1 %), Epsilon-proteobacteria (7.8 %), 
Gamma-proteobacteria (5.8 %), Firmicutes (4.21 %), Delta -proteobacteria 
(2.74 %) were the next most abundant phylum. 

The community analysis showed that there was a significant shift 
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between the activated sludge and the bacterial composition after 3 
months. Moreover, the genus diversity decreased over time, from 29 
different species in the activated sludge to 16 species after the selection. 
The number of the non-defined genus also declined from 25 % to 7.6 % 
relative abundance. It is a typical behaviour also reported by Huang 
et al. (2018). They observed that the species elimination occurred at the 
beginning while afterwards it was the relative abundance of each species 
that was altered. 

The most abundant genus found after selection were Mucilaginibacter 
(36.6 %, Thaurea sp. (19 %) and Arcobacter (8.85 %). Mucilaginibacter 
belonged to the family Sphingobacterium and the phylum Bacteroidetes. 
Although no other studies concerning SBR found this genus as the most 
abundant, Kourmentza et al. (2017) and Tamboli et al. (2010) studied 
the production of PHA by Bacteroidetes, confirming that it stored PHA. 
The predominance of Sphingobacterium can be explained by the fact that 
they can rapidly break down organic compounds compared to other 
bacteria (Hossain et al., 2017). Competition in a feast and famine system 
is based on substrate uptake rate rather than growth rate (Johnson et al., 
2009; Venkateswar Reddy and Venkata Mohan, 2012a). 

Thaurea sp., known as a PHA-storing bacteria, have often been found 
in stable SBR (Carvalho et al., 2014; Huang et al., 2018). The capability 
of Arcobacter to produce PHA has not yet been reported (Venkateswar 
Reddy and Venkata Mohan, 2012b). However, the microscopic analysis 

performed in this study demonstrated that 100 % of PHA accumulating 
bacteria were present in the bioreactor after stabilization, therefore it 
can be supposed that Arcobacter were able to store PHA. 

3.2. Evolution of PHA production with initial acetate concentration 

This experiment aimed to investigate the effects of acetate concen-
tration on PHA synthesis. There was a significant difference in PHA 
production (p < 0.05), as shown by the results in Fig. 2. There was a 
difference in PHA production between 1 g/L and 2 g/L, from 6 % to 14 % 
of cell dry weight. The maximum storage (20 % of cell dry weight) was 
achieved with an initial concentration of 4 g/L acetate. At higher acetate 
concentrations, the polymer storage greatly decreased to 15 % of cell dry 
weight. 

At 1 g/L, GAOs had insufficient acetate for growth and PHA storage, 
indicated by the low PHA yield (5 % of cell dry weight). From 2 g/L of 
acetate, the concentration was sufficient to be used as energy storage, 
which is illustrated by a PHA accumulation of 15 % of cell dry weight. 

In this study, the optimum concentration was 4 g/L, however it 
greatly depends on the bacteria consortium. Previous studies using 
mixed culture from activated sludge have obtained an optimum pro-
duction at 1 or 2 g /L acetate (Yan et al., 2006; Yang et al., 2019). 

The highest storage with an SBR and a feast and famine method, the 

Fig. 1. Structure of microbial community at the phylum level before (a) and after selection (b) using Illumina MiSeq sequencing.  
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method used in this study, in which the bacteria are starved to maximise 
PHA storage, also significantly varied with the microbial population, 
ranging from 17 % of cell dry weight to 40 %, at a comparable acetate 
concentration (Pisco et al., 2009; Reis et al., 2003). 

It is assumed that the decrease in PHA accumulation from 6 g/L of 
acetate was caused by the absence of a famine phase. Since the carbon 
source was abundant, the microorganisms never entered a famine phase 
and did not store as much PHA, which is typically employed as a form of 
energy storage. Another explanation is an inhibition of bacterial growth 
and metabolism in presence of high acetate concentration (Albuquerque 
et al., 2007; Farghaly et al., 2017; Reis et al., 2003). The threshold of the 
inhibitory effect depends on the type of microorganisms, Yan et al. 
(2006) reported an inhibition above 1 g/L with a mixed culture while 
Yang et al. (2019) observed that 5 g/L acetate inhibited the bacterial 
growth. The inhibition was caused by the penetration of acetate inside 
the cells, which resulted in a decrease in intracellular pH and an increase 
of anion, leading to growth and PHA production inhibition (Chong et al., 
2013). Along with a decrease in PHA accumulation, a growth decline 
from 6 g/L of acetate was detected but not studied. To avoid inhibition, 
acetate can be provided by three pulses instead of one however this 
process was not tested in this study (Serafim et al., 2004). Moreover 
pulse-feeding reduces productivity since the reaction phase has to be 
stopped, and the medium let to decant before withdrawal to provide 
room for the new feed (Albuquerque et al., 2011), this could be over-
come with the supply of a concentrated feed. 

3.3. Evolution of PHA production with the pH 

This effect of pH on the evolution of PHA storage was evaluated. The 
experiments were performed at pH 6.8, 7.3, 7.8, 8.3 and 8.8. Fig. 3 
showed that there was no statistically significant difference across the 

pH range studied with a PHA yield of approximately 18 % to 20 % of cell 
dry weight. These results are consistent with previous findings that 
showed that acclimation to new pH conditions (between 7 and 8) 
resulted in stable PHA production (Chua et al., 2003; Oehmen et al., 
2014). In this study, PHA production analysis was conducted one week 
after each parameter change to allow bacteria to adapt to the new 
environment. However, under short time adaptation (24 h) at pH 6 and 
7, Chua et al. (2003) observed there was almost no PHA production (2 % 
of MLSS). Under the same batch conditions, at higher pH (8 or 9), the 
microorganisms yielded PHA comparable to acclimated bacteria. 

Filipe et al. (2001) observed that the rate of acetate uptake decreased 
with the pH along the PHA production. At pH 6.5, all acetate was 
consumed after 90 min, whereas acetate was still present after 180 min 
at higher pH (pH 8 and 8.5) and with the same initial acetate concen-
tration. Liu et al. (2011) and Yau et al. (2015) also demonstrated that a 
pH value of 7 resulted in faster PHA accumulation compared to higher 
pH values. 

In the present study, the acetate uptake rate was not analysed, 
additional experiments would be required to confirm or refute this 
previous finding. It would imply that neutral pH increases the efficiency 
of acetate conversion to PHA for GAOs. 

3.4. Evolution of PHA production with the temperature 

Fig. 4 demonstrates that the PHA production between 18 ◦C, 28 ◦C, 
and 35 ◦C did not differ significantly (Anova, p < 0.05), with the GAOs 
accumulating 20.45 %, 20 %, and 20.2 % of cell dry weight, respec-
tively. However, the optimum yield was obtained at 23 ◦C, with PHA 
representing 24 % of cell dry weight. 

Previous studies also observed the highest PHA concentration at a 
temperature of 20 ◦C (Ben et al., 2016). Lopez-Vazquez et al. (2008) 
demonstrated that GAOS could not grow below 10 ◦C and over 40 ◦C, 
therefore showing that GAOs are mesophilic bacteria (Kumar et al., 
2019; Chiara, 2015). Lopez-Vazquez et al. (2009) also confirmed this 
fact by studying their metabolism between 10 ◦C and 40 ◦C, following a 
period of acclimatisation to each temperature. Below 20 ◦C and above 
35 ◦C, their metabolism slowed until it reached 0, however it remained 
constant in this temperature range. A partial inactivation and inhibition 
of their metabolic pathway at 10 ◦C resulted in lower glycogen con-
sumption and thus lower PHA production (Lopez-Vazquez et al., 2016). 
Moreover, at low temperature NADH/NAD ratio decreased, leading to 
PHA degradation to maintain a redox balance (Ayub et al., 2009). It 
makes sense that the metabolism of bacteria from activated sludge in 
wastewater treatment plants, where the temperature was around 20 ◦C, 
would be more active at this temperature (Pittmann and Steinmetz, 
2017). 

Fig. 2. Evolution of PHA production with acetate concentration.  

Fig. 3. Evolution of PHA production (% of cell dry weight) with the pH.  
Fig. 4. Evolution of PHA production (% of cell dry weight) with the 
temperature. 
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3.5. Evolution of PHA production with the nutrients 

The PHA production did not statistically change with a variation in 
phosphate concentration (Fig. 5a). The PHA storage varied from 17 % to 
20 % of cell dry weight for 10 mg/L, 50 mg/L and 100 mg/L of phos-
phate. However, it decreased significantly with an increase of the ni-
trogen concentration from 22 % of cell dry weight to 20 % and 16 % for 
100 mg/L,150 mg/L and 200 mg/L respectively (Fig. 5b). 

Studies reported that nitrogen limitation or deficiency usually im-
proves PHA production storage but greatly decreases microbial growth 
(Bengtsson, 2009; Serafim et al., 2004) as nitrogen is an essential 
component of protein, nucleic acid and enzymes (Venkateswar Reddy 
and Venkata Mohan, 2012a). In the current study, reduced phosphate 
concentration in the medium already slowed the growth, so a decrease 
in nitrogen concentration did not affect it. 

When there is limited nitrogen availability, nitrogen is mainly used 
for energy storage in the form of glycogen accumulation during the 
aerobic phase, which in turn would favour PHA production, as glycogen 
is a limiting factor for its production (Dai et al., 2007). 

Previous studies have reported contradictory results concerning the 
importance of nitrogen and phosphate limitation on PHA storage, which 
increased or decreased the PHA yield (Basak et al., 2011; Kourmentza 
et al., 2017). 

Phosphate is a vital component for the maintenance of cells, being 
used for protein synthesis, ATP or for nucleic acid production (Ven-
kateswar Reddy and Venkata Mohan, 2012a). Although 1.5 % of the 
total dry solid is necessary for cell survival, higher quantities might 
improve bacterial resilience and growth (Venkateswar Reddy and Ven-
kata Mohan, 2012a). In the current paper, the lower phosphate con-
centration (10 mg/L) was adopted to follow this recommendation. 
However higher phosphate concentration did not change the PHA pro-
duction (Fig. 5a). This is consistent with the previous findings of Yagci 
et al. (2007) and Valentino et al. (2015) although a growth improvement 
was noticed, which was not the case here. 

It can be supposed that the microbial community has a significant 
impact on how nutrients affect PHA accumulation. Since GAOS made up 

the majority of the bacterial population in this experiment, it may be 
deduced that GAOs enhance their PHA storage in the event of a nitrogen 
limitation but do not alter their productivity with a change in phosphate 
concentration. 

3.6. Evolution of PHA production with combined factors 

The combined effect of experimental parameters was evaluated and 
compared with random conditions. PHA production increased to 29 % of 
cell dry weight compared to 19 % with random parameters. Previous 
studies which employed GAOs and acetate as sole carbon sources in a 
SBR obtained from 14 % to 20 % of cell dry weight (Bengtsson, 2009; Dai 
et al., 2007; Reis et al., 2003). This is similar to the non optimised PHA 
production obtained in this study. 

As these conditions are highly dependent on the culture parameters, 
it is necessary to analyse the optimum yield conditions when designing a 
full-scale process. In fact, high production costs combined with low yield 
are known as major problems for the commercial production of PHA 
from mixed culture, making PHA 5 to 10 times more expensive than 
petroleum-based polymers (2.5–5€/kg for PHA compared to 0.87€/kg 
for PE) (Salgaonkar and Bragança, 2017; Chanprateep, 2010). Pure 
culture can accumulate PHA up to 80 % of cell dry weight compared to 
around 20 % of cell dry weight for mixed culture (Serafim et al., 2004). 
However pure culture requires more process control than mixed culture, 
which increases the overall production costs. 

3.7. PHA parameters: solubility and adhesion 

It was observed that PHA solubility did not change with the acetate 
concentration or the pH. PHA were soluble in solvents with solubility 
parameters >8.9, as shown in Fig. 6, and their solubility was indepen-
dent of hydrogen bonding (Terada and Marchessault, 1999). PHA can be 
dissolved in a halogenated solvent like methylene chloride or chloro-
form which have solubility parameters of 9.7 and 9.21 respectively, or in 
polar solvents such as ethanol or acetone (12.8 and 9.7 respectively). 

PHA produced at initial acetate concentrations of 1 g/L and 2 g/L 
was found to dissolve more quickly than at higher acetate concentra-
tions. It is suggested that this could be due to their lower molecular 
weight as a polymer solubility is highly dependent on its molecular 
weight and small chains require less time and pressure to dissolve (Qiao 
et al., 2012; Sadowski, 2004). This hypothesis will be confirmed in 
further research, with the molecular weight analysis of the PHA. 

The film adhesion formed by dissolved PHA applied to steel or 
another coating was examined in this study. It was observed that the film 
adhesion varied with the acetate concentration, as shown in Table 1. 
Higher adhesions to steel were obtained with an acetate concentration of 
4, 6 and 10 g/L, with around 98 % adhesion. 1 g/L of acetate induced the 
lower results, with 93 % adhesion on steel while it led to 100 % adhesion 
if the film was applied on another coating. It was demonstrated that 
adhesion on coating decreased at higher acetate concentrations with 90 
% of adhesion at 10 g/L of acetate. 

Adhesion to steel changed with the pH (Table 2) with the highest 
value obtained at pH 6.8 with 97 % adhesion. pH 7.3 and 7.8 resulted in 
lower adhesion at 88 %. However the pH did not influence the adhesion 
on another coating with around 98 % of adhesion. 

Table 3 demonstrated that there was no statistical difference in steel 
adhesion with a temperature change (92 % at 18 ◦C to 97 % at 28 ◦C). 
However, the optimum temperature for adhesion on coating was 23 ◦C 
with 98 % of adhesion. 

The nitrogen concentration during PHA storage did not impact the 
adhesion on steel (Table 4) with around 98 % of adhesion. Nitrogen 
content influenced the adhesion on coating, the adhesion was statisti-
cally different between 100 mg/L and 200 mg/L of nitrogen with 98 % 
and 92 % adhesion, respectively. The phosphate concentration did not 
impact the adhesion on steel or coating (Table 5) with around 98 % of 
adhesion. 

Fig. 5. Evolution of PHA production (% of cell dry weight) with initial phos-
phate concentration (a) and nitrogen concentration (mg/L) (b). 
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All the PHA obtained by varying the culture conditions had very 
good adhesion on steel or on coating. These good results are due to the 
presence of polar groups in the polymers (Sørensen et al., 2009). Polar 
groups bind to the metal surface with hydrogen or secondary bonds (Van 
der Walls forces or dipole interaction). The visible variations of adhesion 
are probably due to a change in the composition of the PHA mix which 
modifies the molecular structure (Cui et al., 2002). 

Almost no study analysed the effect of culture parameters on PHA 
adhesion therefore further research would be performed to really un-
derstand the adhesion mechanisms and to correlate adhesion to PHA 
composition. 

4. Conclusions 

PHA production from a mixed culture with acetate as the sole carbon 
source revealed that the PHA yield could be improved by varying some 
parameters. The optimum acetate concentration was 4 g/L, which 
resulted in PHA accounting for 20 % of cell dry weight, substrate inhi-
bition occurred at higher acetate concentration, slowing microbial 
metabolism and therefore decreasing PHA production. 23 ◦C was the 
optimum temperature for PHA production by GAOs as these microor-
ganisms are adapted to temperatures around 20 ◦C. PHA production 
increased at lower nitrogen concentration (100 mg/L), however, pH or 
phosphate concentration did not affect the yield. When all the optimum 
conditions were combined, a PHA yield of 29 % was obtained compared 
to 20 % of cell dry weight with random parameters. All of the PHA 
obtained had good solubility in halogenated and polar solvents. 
Furthermore, regardless of culture parameters, PHA films had very good 
adhesion to steel. Further studies are required to understand the corre-
lation between PHA composition and physical properties. 

Fig. 6. PHA solubility in solvent in the hydrogen-solubility diagram.  

Table 1 
variation of adhesion with the initial acetate concentration.  

Initial acetate concentration (g/l) adhesion on steel adhesion on coating  

1 93 % 100 %  
2 95 % 97 %  
3 95 % 97 %  
4 97 % 93 %  
6 97 % 92 %  
8 95 % 92 %  
10 98 % 90 %  

Table 2 
Variation of adhesion with the pH.  

pH Adhesion on steel Adhesion on coating  

6.8 97 % 97 %  
7.3 88 % 98 %  
7.8 88 % 98 %  
8.3 93 % 98 %  
8.8 95 % 97 %  

Table 3 
Adhesion of PHA on steel or coating depending on the temperature.  

Temperature Adhesion on steel Adhesion on coating  

18 92 % 92 %  
23 93 % 98 %  
28 97 % 93 %  
35 95 % 92 %  

Table 4 
Adhesion of PHA on steel or coating depending on the nitrogen content (mg/L).  

Nitrogen Adhesion on steel Adhesion on coating  

100 100 % 98 %  
150 97 % 93 %  
200 98 % 92 %  

Table 5 
Adhesion of PHA on steel or coating depending on the phosphate content (mg/ 
L).  

Phosphate Adhesion on steel Adhesion on coating  

10 97 % 93 %  
50 97 % 97 %  
100 98 % 98 %  

M.-C. Catherine et al.                                                                                                                                                                                                                          



Bioresource Technology Reports 20 (2022) 101226

7

CRediT authorship contribution statement 

Marie-Claire Catherine: Conceptualization, Methodology, Valida-
tion, Formal analysis, Investigation, Writing – original draft, Visualiza-
tion, Writing – review & editing, Software. Alan Guwy: Resources, 
Funding acquisition, Supervision. Jaime Massanet-Nicolau: Resources, 
Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to acknowledge the Knowledge Economy 
Skills Scholarships scheme (KESS) for the financial support. The authors 
declare no conflict of interest. 

References 

Albuquerque, M.G.E., Eiroa, M., Torres, C., Nunes, B.R., Reis, M.A.M., 2007. Strategies 
for the development of a side stream process for polyhydroxyalkanoate (PHA) 
production from sugar cane molasses. J. Biotechnol. 130 (4), 411–421. https://doi. 
org/10.1016/j.jbiotec.2007.05.011. 

Albuquerque, M.G.E., Martino, V., Pollet, E., Avérous, L., Reis, M.A.M., 2011. Mixed 
culture polyhydroxyalkanoate (PHA) production from volatile fatty acid (VFA)-rich 
streams: effect of substrate composition and feeding regime on PHA productivity, 
composition and properties. J. Biotechnol. 151 (1), 66–76. https://doi.org/10.1016/ 
j.jbiotec.2010.10.070. 
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