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A B S T R A C T   

Anoxygenic purple phototrophic bacteria (PPB) were utilised in an 80 L biofilm flat plate photobioreactor to 
generate polyhydroxyalkanoate (PHA) over 44 cycles, with acetate as feed. Over the cycles, net PHA yield 
(growth + accumulation) averaged 21% while accumulation yield averaged 55%. Average PHA content was 35 
wt% volatile solids (VS), with the majority (>80%) being harvested from the biofilm at 100 gTotal solids (TS) 
L− 1. The PPB microbial population averaged 45% of total population. Detailed cycle studies indicated that PHA 
content (and yield) peaked at 0.5–1 d into the accumulation stage (peak of 53 wt% VS), suggesting that cycle 
time optimisation could improve both yield and selection of PHA accumulators. The resulting polymeric material 
was comprised of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with 95.5 mol% 3-hydroxybutyrate and 4.5 mol 
% 3-hydroxyvalerate content, but the molecular weight, at >1090 kDa, is unusually high for extracted, micro
bially produced PHA and a feature of this work.   

1. Introduction 

Demand for bio-based and biodegradable plastics from renewable 
resources is experiencing substantial growth. This is due to their high 
functionality, low environmental impact, legislated requirements to 
eliminate non-degradable plastics from the environment, and consumer 
preferences (Kourmentza et al., 2017). This has attracted investment in 
polyhydroxyalkanoates (PHAs), which are bio-based and biodegradable 
thermopolymers, projected to be the fastest growing family of bio
polymers in terms of market demand throughout 2020 to 2025, ac
cording to European Bioplastics and nova-Institut (2020). 

PHA is only made commercially via microbial accumulation, where 
it is an energy and carbon storage polymer (Chen, 2009) and has addi
tional functions as a stress protectant (Obruca et al., 2021). The capa
bility to accumulate PHA exists in a broad range of prokaryotes, and is 
generally triggered by carbon-rich but nutrient limiting conditions (of 
one or several nutrients) with excess metabolic energy (Castro-Sowinski 
et al., 2010). A range of substrates can be utilised, including methane, 
H2/CO2, CO, methanol, volatile fatty acids (VFAs) and sugars, as well as 

hydrolysed and pre-fermented waste streams containing VFAs or sugars 
(Fradinho et al., 2021; Strong et al., 2016). The most common produc
tion mode is aerobic, with metabolic energy provided by oxidation of the 
substrate. Commercial production is dominated by aerobic pure culture 
production on sterilised sugars and organic acids (Chen, 2009). Mixed 
culture approaches have been applied as an alternative approach and are 
based on selection of PHA accumulating organisms, utilising their 
competitive advantage of substrate storage over ordinary heterotrophs 
(Reis et al., 2003). 

PHA can be produced on a pure culture by a natively capable, 
genetically engineered aerobic organism, which natively accumulates 
PHA when nutrient is limited (Chen, 2010). Common substrates are 
simple sugars, though more complex organics may be used (Chen, 
2010). However, catabolic energy generation results in oxidation of a 
substantial fraction of substrate to CO2 and H2O, with resulting PHA of 
30–40% commonly achieved (Reis et al., 2003) compared with a 
maximum theoretical yield of 48%. PHA contents of 80 wt% volatile 
suspended solids (VSS) in wild strains and up to 95 wt% VSS in re
combinant strains (Chen, 2009) have been reported. Gaseous substrates 
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(such as methane) achieve lower yields to PHA (on COD), in the order of 
12–30% (Liu et al., 2020; Revelles et al., 2016), mainly related to the 
increased energy requirements to fix C1 compounds and low solubility 
of candidate gases. Mixed culture PHA production relies on a selection 
process (generally feast-famine), which has been well documented in the 
literature (Reis et al., 2003). This results in lower yields, due to the need 
to select, and generally a lower PHA content (Jiang et al., 2012). 
Currently, PHA costs approximately 3–4 times fossil polyethylenes, with 
fundamental limitations being either yield on substrate (which is 
high-cost for pure culture), or microbial PHA content, in the case of 
mixed culture (Werker et al., 2014). 

A low net yield on substrate under aerobic conditions is due to the 
need to use a fraction of the substrate to deliver metabolic energy via 
oxidative catabolism (theoretical limit 0.48 gCOD gCOD− 1) (Sale
hizadeh and Van Loosdrecht, 2004). An alternative to delivering meta
bolic energy through oxidative respiration is to deliver it via infrared 
light, utilising phototrophic bacteria (specifically purple phototrophic 
bacteria (PPB)), (Harada et al., 2008). These organisms can accumulate 
PHA under anaerobic conditions, utilising infrared light to generate 
metabolic energy and substrate to form biomass (with nutrients), or PHA 
(without nutrients). This can increase chemical yield towards unity 
(Capson-Tojo et al., 2020), and the use of infrared light as energy source 
under anaerobic conditions eliminates competing aerobic heterotrophs 
(Hülsen et al., 2019). 

As such, the use of PPB for PHA production from pure cultures has 
been historically researched, and their use in mixed cultures is a current 
research focus (Montiel-Corona and Buitrón, 2021; Sali and Mackey, 
2021). 

However, the majority of research has been in pure cultures (pre
dominantly Rhodobacter sphaeroides), generally grown on acetic acid and 
in short batch tests, focusing almost exclusively on the accumulation 
phase, omitting time and COD required for the growth phase (e.g. to 
calculate rates and yields) (Sali and Mackey, 2021). Average PHA con
tents of 25 wt% TS (n = 35) were achieved (Capson-Tojo et al., 2020), 
with a calculated yield of 0.4 gCOD gCOD− 1. Several works employed 
mixed PPB cultures, focusing on the accumulation stage, with peak 
contents between 20 and 60 wt% VSS (Fradinho et al., 2021). None of 
the studies described the molecular characteristics of the produced PHA 
and studies addressing these, especially in mixed PPB culture, are rare 
(Higuchi-Takeuchi et al., 2016). Mixed culture PPB-PHA processes are 
economically interesting, since low value substrates can be used, and 
there is culture selection through the use of infrared light (Mon
tiel-Corona and Buitrón, 2021). However, in this case, both the re
quirements of the PHA accumulation and selection steps need to be 
considered in determining overall yield. 

This study employed an attached biofilm photobioreactor (PBR) to 
accumulate PHA in a concentrated form and compare biofilm and sus
pended contents. We aimed to determine the peak and sustained PHA 
contents, productivities, and the biomass as well as the PHA yields 
(based on COD), overall and separately over the growth and the accu
mulation phases, utilising a mixed PPB culture on synthetic media in a 
reactor operated over multiple batch cycles. Importantly, we also assess 
the as-produced PHA material properties, identifying the potential for 
PPB for PHA production in comparison with other production platforms. 

2. Material and methods 

Mixed culture phototrophic PHA production was investigated in an 
80 L photobioreactor (PBR), using synthetic medium as feed over 208 
d (44 cycles). The system was operated in sequenced batch mode (75% 
fresh feed, 25% inoculum), with separate growth (nutrient rich) and 
accumulation (nutrient limited) stages within a given cycle. The system 
was operated as an attached biofilm system, with both biofilm and 
flocculent phases being separately analysed. 

2.1. Inoculum and feed 

Inoculum was grown in a 10 L Schott bottle of synthetic-media 
enriched PPB from another experiment (Stegman et al., 2021) as per 
Hülsen et al. (2014) and fed with media containing: 266 
mgMgSO4⋅7H2O, 75 mgCaCl2, 175mgFeSO4⋅7H2O, 7 mgEDTA, 7 
mgyeast extract, 190 mg K2HPO4, 125 mg KH2PO4 and 1 mL trace 
element solution (per L). Glacial acetic acid (HAc) and ammonium 
chloride were used as a carbon (700 mgCOD L− 1) and nitrogen source 
(35 mgN L− 1), respectively. The medium was neutralised with 4 M 
NaOH (reactor pH 6–6.5) prior to the inoculum addition. 

2.2. Photobioreactor 

The PBR was an acrylic tank (L x H x W: 100 × 100 × 8 cm (total 
volume 80 L), with 0.015 m wall-thickness), with a detachable lid, 
fastened via six clamps and held in a HDPE stand. The lid was not gas 
tight and the headspace was not flushed to maintain anaerobic condi
tions. The illuminated reactor surface area was 0.6 m2 per wall (1.2 m2 

per PBR, illuminated area being lost due to the reactor stands and fill 
level). The PBR was covered with UV-VIS absorbing foil (Lee Filter: ND 
1.2 299, Transformation Tubes) and illuminated continuously with six 
150 W fluorescent lights (Nelson clamp flood light), from both sides, at 
250 W m− 2 (on the outside of the foil). Around 80% of the light (mainly 
UV-VIS) was attenuated by the foil and the Perspex wall, resulting in 48 
W m− 2 in the reactor. Reactor liquid was continuously recycled at 25 L 
min− 1 with a pump (0.37 kW, CP00251C1R8C, NOV Australia Pty Ltd) 
to mix the system. DO and temperature (Mettler Toledo EasySense O2 
21) were recorded during sampling. In addition, a 30 L drum served as 
reservoir to re-inoculate the flat plate photobioreactor (FPPBR) with 
drained reactor liquid (drum was only used when restarting). A sche
matic drawing of the system is presented in Fig. 1. 

2.3. Photobioreactor operation 

The reactor was fed batch wise (75% fresh, 25% inoculum) at an 
average cycle length of 4.0 d (varying 3–5 d, depending on SCOD con
sumption), generally divided into a growth and accumulation phase. 
The first 6 cycles (to 21 d) were growth phase only, to accumulate suf
ficient biomass on the walls (start-up). During start-up, biomass was 
scraped from the wall at the end of each phase and resuspended. The 
system was then operated to 208 d over 38 cycles with 4 d average cycle 
time (2.5 d average growth, and 1.5 d average accumulation (operation) 
(see Fig. 3). At the start of the cycle (t0), the growth phase (GRP) was 
initiated by adding 60 L of synthetic medium, including all nutrients and 

Fig. 1. Flat plate photobioreactor (FPPBR) set-up.  
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HAc-COD to the 20 L inoculum (collected in the inoculum drum) from 
the previous cycle. Ammonium was added in concentrations low enough 
(35 mgN L− 1) to be consumed during the 2.5 d during this phase (based 
on a COD:N ratio of 100:8). The accumulation period (ACC) was initi
ated with a spike of additional HAc-COD (400 mgCOD L− 1). The com
bined COD addition resulted in a load of around 66 gCOD per batch or 
0.27 gCOD L d− 1. The pH decrease accompanying the acid addition was 
adjusted with 1 M NaOH (to 6.0–6.5). The accumulation cycle was 
finalised (tf) once the SCOD was consumed. Liquid samples were 
collected daily to follow the cycles and analysed for pH, total and soluble 
chemical oxygen demand (TCOD, SCOD), NH4–N, PO4–P and volatile 
fatty acids (VFAs). Temperature and DO were assessed at sampling 
times. Initial (t0) and final (tf) samples were analysed for Total Kjeldahl 
Nitrogen (TKN) and total phosphorous (TP). 

At tf, the reactor contents were drained slowly (~1.25 L min− 1) to 
prevent resuspension of attached PPB biofilm and 20 L was collected in 
the inoculation drum (Fig. 1). The effluent was sampled and centrifuged 
(3270×g, 10 min (Allegra™ X-12)), and the centrifuge pellet analysed 
for PHA content. The biofilm was removed from the wall manually using 
a squeegee and collected for weighing and mass balance and areal 
productivity analysis. Biofilm samples were analysed (total and volatile 
solids (TS, VS), TKN, TP, PHA content and TCOD) while microbial 
composition (16S amplicon sequencing) for both biomass fractions was 
determined for selected cycles. 

2.4. Mass balance closure 

Due to the manual harvesting and residual sludge accumulation at 
the bottom of the reactor after draining, mass balance gaps were un
avoidable for individual cycles. To validate that the mass balances 
closed the following procedure was executed for cycles 33 and 36 (be
tween 133 and 151 d). After draining the reactor, the reactor walls and 
the bottom were cleaned with tap water. The system was started (t0) and 
COD samples were taken (gCODin). At tfinal, the liquid was drained in 
three steps, collecting 1/3 of the reactor content (bottom, middle, top). 
The COD was determined for each fraction (COD samples 1–3). The 
biofilm was harvested (sample 4). A known amount of water was used to 
clean the squeegee and the gloves (sample 5). The walls were cleaned 
with a known amount of water and PPB biomass was collected with the 
residual biomass at the bottom of the reactor (sample 6). The combined 
COD samples 1–6, represented the CODfinal. 

2.5. Cycle tests 

Over the course of the experiment, two cycle tests were performed 
(Cycles 20 and 44). Samples were taken at 6 h intervals for 3.75 days. 
For suspended biomass PHA measurements, 3–10 L of reactor liquid was 
drained from the reactor and centrifuged. The solids were subsampled 
for PHA analysis. The remaining solids and the supernatant were mixed 
and returned to the reactor. This was done carefully to minimise biofilm 
disturbance. Once a biofilm was sufficiently developed (~1.5 d), biofilm 
samples were taken after liquid sampling (and draining), to analyse the 
PHA content. Consecutive biofilm samples were taken from the same 
area. Liquid samples were also analysed for COD, NH4–N, VFA and pH. 

2.6. Analytical methods 

Reactor temperature and dissolved oxygen were monitored by an 
easySense probe and M200 transmitter (Mettler Toledo). Sample pH was 
measured using a SevenExcellence™ system (Mettler Toledo). TCOD 
and SCOD were determined by COD cell tests (Merck, liquid samples: 
1.14541.0001, biomass samples: 1.14555.0001). Soluble NH4–N, 
NO2–N, NOX-N and PO4–P were determined by Flow Injection Analyzer 
(FIA) (QuikChem 8500, Lachat Instruments). For cycle studies, NH4–N 
test kits (Merck, 1.14752.0001) were used as a real-time ammonium 
indicator. TKN and TP samples were determined using sulfuric acid, 

potassium sulfate and copper sulfate catalyst in a block digester (Lachat 
BD-46, Hach Company, Loveland, CO, USA). VFAs were measured by 
gas chromatography equipped with a flame ionisation detector (GC-FID) 
(7890A, Agilent Technologies). All soluble samples were filtered using a 
0.45 μm membrane syringe filter (Millex®-HP, Millipore). Total solids 
were determined by drying at 105 ◦C for 24 h. Volatile Solids were then 
determined after 2 h at 550 ◦C. For PHA contents and for identification 
of the molar proportions of the 3-hydroxybutyrate (3-HB) and 3-hydrox
yvalerate (3-HV) monomer units in the poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate) (PHBV) copolymer, frozen samples (suspended and 
biofilm) were lyophilised by freeze drying (FD-1-54DD, Kinetics Ther
mal Systems), digested (20 h at 100 ◦C) (Ratek Block Dry Digester) in 3% 
sulfuric acid in methanol and chloroform (Braunegg et al., 1978) (with 
200 mg L− 1 sodium benzoate) solution and analysed by GC-FID (Oeh
men et al., 2005). 

2.7. Polyhydroxyalkanoate extraction and characterisation 

PHA was extracted from the biomass using chloroform as a solvent. 1 
g of biomass and 50 mL of chloroform were added into a 100 mL Parr 
reactor. Note, extraction results in slightly lower measured PHA content 
compared to direct measurements e.g. with thermo-gravimetric analysis 
(TGA). The reactor was heated to 140 ◦C and extracted for 2 h under 
agitation. The solution was filtered through a 0.22 μm PTFE membrane 
filter using a vacuum filtration apparatus. The filtrate (dissolved PHA in 
chloroform) was poured into a Petri dish and let evaporate. To remove 
the carotenoids from the extracted PHA, 100 mL of acetone/methanol 
(7/2 v/v) was added to the as-extracted PHA and sonicated for 30 min. 
The solution was filtered using the same procedure as described and the 
filter cake was dried in a vacuum oven at 60 ◦C to obtain clean PHA for 
further characterisation. The quality of the as-extracted PHA, specif
ically PHBV, in terms of co-monomer composition, molecular weight, 
thermal properties and thermal stability was compared with commercial 
PHBV (1.0 mol% 3-hydoxyvalerate (3-HV), TianAn Biologic Materials 
Co., Ningbo City, China). Extracted PHA weight percentages are 
expressed on a VS basis. 

2.7.1. 1H-nuclear magnetic resonance spectroscopy (1H-NMR) 
1H-NMR spectra of the extracted, purified PHBV were recorded using 

a Bruker Avance 500 MHz high-resolution NMR spectrometer for the 
determination of the copolymer content. PHA was dissolved in deuter
ochloroform (CDCl3) (10 mg mL− 1). 1H 1D NMR spectra acquisition at 
298 K was preceded by 4 dummy scans followed by 64 scans over a 
spectral width of 11 ppm (5500 Hz). The chemical shifts and the relative 
peak intensities were determined using the TopSpin 3.5 software. 
Chemical shifts were referenced to the proton peak of CDCl3 at 7.26 
ppm. 

2.7.2. Gel permeation chromatography (GPC) 
GPC was used to determine the molecular weight of the extracted 

PHA. PHA samples were dissolved in HPLC grade chloroform (Lichro
solv®, Merck) at 70 ○C for 30 min at a concentration of 2.5 mg mL− 1 in 
capped glass tubes in a dry block heater (Thermoline Scientific, Model 
TDB-3). GPC analysis was run using an Agilent 1260 Infinity Multi De
tector Suite system (Cheshire, UK). The column set consists of a guard 
column (Agilent PLgel Guard (5 μm, 7.5 mm × 50 mm)) followed by a 
series of columns in series: Agilent PLgel 105 Å (5 μm, 7.5 mm × 300 
mm), Agilent PLgel 103 Å (5 μm, 7.5 mm × 300 mm) and Agilent PLgel 
100 Å (5 μm, 7.5 mm × 300 mm). The columns were kept at 30 ○C. A 
refractometer and a viscometer, both at 30 ○C, were equipped to detect 
the eluted sample. A chloroform flow rate of 1 mL min− 1 was used for 
the analysis. Narrowly distributed molecular weight polystyrene stan
dards were used for calibration and the Mark-Houwink equation was 
used for molecular weight calculations. The Mark-Houwink constant for 
polystyrene (K = 7.2 × 10− 5 dL g− 1 and α = 0.76) and for P(3HB) in 
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chloroform (K = 7.7 × 10− 5 dL g− 1 and α = 0.82) were taken from 
literature. 

2.7.3. Differential scanning calorimetry (DSC) 
A differential scanning calorimeter Q2000 (TA Instruments) under a 

constant nitrogen flow of 50 mL min− 1 was used for thermal (DSC) 
analysis. The samples were first dried in the vacuum oven at 60 ◦C for 24 
h to remove any absorbed moisture. Samples of 2.0–4.0 mg were placed 
in a sealed aluminium pan and were analysed using standard DSC 
heating and cooling scans. Each sample was heated from 25 ◦C to 185 ◦C 
at 10 ◦C min− 1 and kept isothermal for 0.1 min, and then cooled to 
− 70 ◦C at 10 ◦C min− 1 and kept isothermal for 5 min. After this, the 
sample was once again heated to 185 ◦C at 10 ◦C min− 1. The melting 
temperature, Tm, and enthalpy of fusion, ΔHf, of the polymer powder 
were determined from the 1st heating scan. The melt crystallisation 
temperature, Tmc, was determined from the cooling scan. The glass 
transition temperature, Tg, was determined from the final heating cycle. 

2.7.4. Thermo-gravimetric analysis (TGA) 
A Mettler Toledo TGA LF1600 (Mettler Toledo, Switzerland) was 

used to evaluate the thermal stability of the polymers. Approximately 2 
mg of materials were placed in standard 40 μL aluminium crucibles with 
a pierced aluminium lid, and heated at a rate of 10 ◦C min− 1 from 30 ◦C 
to 450 ◦C in air. The air environment was chosen to replicate the con
ditions found during the extrusion process. 

2.8. Microbial community analysis 

The microbial community composition of the attached biofilm and 
the suspended biomass was determined by amplicon sequencing. DNA 
extraction and subsequent sequencing by Illumina Miseq Platform, using 
universal primer pair 926F (50-AAACTYAAAKGAATTGACGG-30) and 
1392wR (50-ACGGGCGGTGWGTRC-30) primer sets and data analysis 
was as previously described (Hülsen et al., 2019). 

Fluorescence in situ hybridization (FISH) was done with the probes 
ALF1B (CGTTCGYTCTGAGCCAG) (Manz et al., 1992) for Alpha and 
some Deltaproteobacteria (red colour) and GAM42a probe 
(GCCTTCCCACTTCGTTT) for Gammaproteobacteria (green colour). 
Sample preparation and imaging were described elsewhere (Stegman 
et al., 2021). 

2.9. Data processing and statistical analysis 

Inputs are represented as averages and variability in inputs expressed 
as standard deviation in time-series measurements, represented as 
X(sXi ), where X is the average value for the data Xi, and sXi is the standard 
deviation for the data. Outputs and calculated parameters (including 
slopes from linear models) are represented as average value, with un
certainty expressed as uncertainty in mean based on a two-tailed t-text 

(95% confidence, 5% significance threshold), represented as X±EX, 
where EX is the 95% confidence interval. 

3. Results and discussion 

3.1. Mass balance and biofilm 

The reactor for accumulating PPB was operated for 208 d. PPB 
attached to the inner submerged, IR irradiated surfaces of the FPPBR. 
This was indicated by a purple colour biofilm, indicative of carotenoid 
containing PPB. This biofilm could be recovered between cycles by 
manual wiping (Fig. 2). 

Full operational data for the reactor operation is provided in sup
plementary information. Cycle time averaged 4 d, and generally ranged 
from 3 to 5 d (due to manual operation). Uptake of soluble COD was 
effective, and relatively complete, at a rate of 253 ± 28 mgCOD L− 1 d− 1 

during growth and 280 ± 36 mg L− 1 d− 1 during accumulation (averages 
across 43 cycles). There was therefore no significant difference in sol
uble COD uptake rates for growth vs accumulation stages. The residual 
soluble COD at the end of the growth cycle was 20–100 mgCOD L− 1, but 
organic acid concentrations at the end of growth were always <10 
mgCOD L− 1. Ammonia was completely taken up during growth. Biofilm 
coverage averaged 27 gTS m− 2, recovered at a wet concentration of 
9.7%, >600 times more concentrated compared to the average sus
pended biomass concentration of 0.15 (0.06) gTS L− 1. Biofilm and sus
pended areal productivities, considering the entire batch, averaged 6.8 
± 0.7 and 2.3 ± 0.3 gTS m− 2 d− 1. The VS contents of both biofilm and 
suspended biomass were 80–85% (20–15% ash contents). 

Evaluating the COD balance across all cycles, 40 ± 4 gCOD was 
consumed during growth, and 25 ± 3 gCOD was consumed during 
accumulation for a net consumption of 66 ± 5 gCOD per cycle. Across 
the 44 growth/accumulation cycles, 49 ± 5 gCOD was recovered from 
the biofilm, and 14 ± 2 gCOD was recovered from suspension, resulting 
in 63 ± 6 gCOD per cycle (95% recovery). Detailed balances for cycles 
33 and 36 showed 107% and 102%, respectively, of the soluble COD fed 
was recovered as biomass, with 72% and 80% of the soluble COD fed 
recovered as biofilm. These data exclude aerobic COD consumption. 

3.2. Polyhydroxyalkanoate content and yield 

During start-up (Phase 1) the PHA content was low (<13%). Once 
the accumulation stage was introduced, PHA accumulated fairly 
consistently with an average of 35 wt% VS at the harvest point at end of 
cycle (Fig. 3). There was no significant difference between biofilm and 
suspended biomass PHA content, though the net quantity of PHA in the 
biofilm was much larger (80% of total PHA in biofilm). The PHA 
comprised 90% 3-HB and 10% 3-HV monomer units. 3-HV monomers 
were produced despite no odd chain VFAs (propionate, valerate) being 
fed or detected at >1 mg L− 1 during routine analysis. This was also 
observed by Higuchi-Takeuchi et al. (2016). The 3-HV monomer unit is 

Fig. 2. Representative cycle start with PPB inoculum and cleaned reactor(A), cycle end with biofilm (formed in one cycle) on the inner walls (B) and drained reactor 
with biofilm (C). 
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generally formed from odd-chained VFAs. This may be due to a TCA 
shunt via succinate to propionate, which yields two electrons from ac
etate, necessary to reduce acetate to PHB (Martínez-Reyes and Chandel, 
2020). 

PHA recovery per cycle averaged 11 ± 1 gCOD in the biofilm and 2.4 
± 0.7 gCOD in suspension for a total of 13 ± 1 gCOD. This translates to 
average sustained volumetric and areal productivities of 58 mgPHA- 
COD L− 1 d− 1 and 3.5 gPHA-COD m− 2 d− 1, respectively. The sustained 
net PHA-COD yield considering all COD fed was 21 ± 3%, or considering 
VFA fed during accumulation only, was 54 ± 2%. Losses might have 
incurred due to a combination of biomass growth, alternative carbon 
storage products, and H2 production (which was not measured due to 
the open headspace). The net yield is highly important, especially when 
growth and accumulation are on the same value substrate, and the 
growth substrate requirements should not be omitted. This is less rele
vant when growth takes place with an abundant low-value substrate. 

The individual yields per cycle are shown in Fig. 4, and indicate 
yields per cycle were up to 30% (GRO + ACC + accumulation) in cycle 
21, and yield on accumulation only was up to 90%. 

3.3. Microbial community 

Microbial community data is shown in Fig. 5, and indicates a sub
stantial, but not dominant PPB clade in the community across both 
biofilm and suspended material. On average, 38 ± 9.9% and 45 ±
12.2% of the community in the suspension and biofilm, respectively, 
were PPB. The PPB fraction in the biofilm and the suspension were not 

significantly different (p = 0.135). The PPB community was originally a 
mix of Rhodopseudomonas sp., and Blastochloris sp. (and traces of 
Rubrivivax sp., Rhodobacter sp. and Rhodoplanes sp.), but after cycle 13, 
the relative abundance of Rhodopseudomonas sp. decreased while Allo
chromatium sp. emerged, leading to a purple sulfur bacteria dominated 
system. All major clades Rhodopseudomonas, Allochromatium, and Blas
tochloris are photoheterotrophs and have been identified to have meta
bolic or functional capability for PHA accumulation (Fradinho et al., 
2021) and to a lesser extent Blastochloris sp., which is not extensively 
covered in the PHA literature. This indicates effective selection for 
photoheterotrophic PPB. 

As reported by Alloul et al. (2019), sludge retention time (SRT) is a 
driver for PPB microbial community composition, with SRT of less than 
0.5 d favouring Rhodobacter, and over 0.5 d favouring Rhodop
seudomonas. Our results reflect this, with Rhodopseudomonas initially 
dominating at an SRT of approximately 4 d (batch) (Rhodobacter only 
present in traces). However, as operation proceeded, Blastochloris sp. 
remained, and Allochromatium sp. increased its relative fraction. The 
emergence of Allochromatium may be related to PHA accumulation 
capability, in which case, further selection could be done by including a 
famine stage (i.e., light with no substrate). FISH analysis of cycles (tfinal) 
12, 20, 22 and 44 confirmed the results (Supplementary data) where the 
Alphaproteobacteria abundance also appears to be higher than the 
relative abundance data. A famine stage would also introduce the pos
sibility to use low value, high nitrogen feeds (such as wastewater) to 
drive growth and selection, followed by a higher value, low nitrogen 
feed (e.g., acetate, ethanol or VFA from organic rich wastes) to drive 

Fig. 3. Weight percentage (based on VS) of 3-HB (solid) and 3-HV (open) monomer units in the biofilm (black) and suspension (grey).  

Fig. 4. PHA yields for each complete cycle (GRO + ACC) based on the combined COD added during growth and accumulation phases (GRO + ACC) and yields based 
on COD dosed during the accumulation phase (ACC) only (green). Overall yield is split between biofilm (deep red), and flocculent (striped red). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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accumulation only. Nitrogen is not the only nutrient which can be 
limited, and other substrates (e.g., P, Mg, S) could be limited to drive 
accumulation (Melnicki et al., 2009), which might enable the use of a 
fermentation broth (from wastewater) as accumulation phase substrate, 
after precipitation of e.g. phosphate and magnesium. 

The flanking community was dominated by a diverse range of Bac
teriodota (mainly anaerobic Bacteroidales), Firmicutes, Chloroflexi, and 
other Gammaproteobacteria. The top flanking clades as noted above 
have been widely identified as flanking or functional elements in aerobic 
and methylotrophic PHA accumulating systems (Farghaly et al., 2017; 
Luangthongkam et al., 2019). The role of the non-PPB flanking com
munity needs further investigation, including its actual fraction, func
tional role, and substrate source (e.g., decay products vs predation). It is 
not known whether they are functionally accumulating PHA (utilising 
ATP from proteolytic catabolism), or utilising PHA accumulated by the 
PPB clades, and this is an important question for system implementa
tion. However, under anaerobic conditions, these organisms cannot 
grow on acetate only, and we exclude a major role of these bacteria in 
the PHA accumulation. We further exclude major impacts of O2 diffusion 
via the open headspace and subsequent aerobic COD consumption, 
because of the mass balance closures as described in section 3.1. 

It remains a mystery that the relative abundance of PPB is low, at 
times ~20%, while acetic acid can only be consumed by PPB, metha
nogens or aerobically with O2. We also note that the flanking community 
may be smaller by mass as suggested by the relative abundances (e.g., 
due to different mean 16S gene copies (Bacteroidales 4.5 vs. Allochro
matium sp. of 3.0 (Database University of Michigan)). The flanking 
community may be wholly detrimental, in that they act as a proteolytic 
agent, removing microbes and PHA, and diluting effective PHA content 
neutral (essentially only utilising metabolic byproduct), or potentially 
positive (symbiotically providing growth cofactors). If only 45% of the 
community is capable of accumulating PHA levels, and the community 
can be enriched for PPB, the sustained PHA content theoretically in
creases 2.2 fold to around 78% PHA, assuming a relative PPB abundance 
of close to 100% (compared with contents observed in Rhodobacter 
Sphaeroides of 82% by Luongo et al. (2017)). In this case, the objective 
should be to minimise the flanking community, potentially by famine 
operation as noted above. If the flanking community is anaerobically 
accumulating PHA, they may have some (potentially synergistic) func
tion in an eventual phototrophic PHA system. 

3.4. Cycle studies 

Cycle studies for cycles 20 and 44 are shown in Fig. 6(A and B). These 
show peak PHA contents of 53.2 wt% VS in Cycle 20 compared to 35.9 
wt% VS in Cycle 44. SCOD and TCOD removal from liquor were 

generally correlated, indicating mainly biofilm growth. SCOD uptake 
rate accelerated during the first 0.5 d, indicating biomass limited con
version, and was then stable at 410 ± 60 mgCOD L− 1 d− 1 for cycle 20, 
and 440 ± 40 mgCOD L− 1 d− 1 for cycle 44. Uptake during accumulation 
was lower (not statistically significant) at 310 ± 100 mgCOD L− 1 d− 1 for 
the first cycle, and 330 ± 60 mgCOD L− 1 d− 1 for the second cycle. The 
SCOD:N uptake ratio of 100:8 indicates that biomass formation domi
nated during growth (Hülsen et al., 2014). 

Both cycles had a peak PHA content, particularly in the biofilm, at 
2.5–2.7 d, which indicates that stopping accumulation at this peak point 
would be important to both maximise PHA yield and enable subsequent 
extraction. This may also assist in stabilising the community towards 
PHA accumulators (since they are selected at the peak PHA level for re- 

Fig. 5. Microbial community sampled in suspended and attached biomass. “Other PPB” comprises Rhodocyclaceae, Rhodobacter, and Rhodoplanes.  

Fig. 6. Ammonium (●), TCOD (◆), SCOD (■), VFA-COD (●), pH (●), PHA of 
the attached (▴, solid line) and the suspended biomass (▴, hatched line) for 
Cycles 20 (A) and 44 (B). 
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inoculation). Based on the peak production, volumetric PHA pro
ductivities were 0.16 gPHA-COD L− 1 d− 1 over the entire cycle (COD 
dosed during GRO + ACC) or 0.62 gPHA-COD L− 1 d− 1 over the accu
mulation phase (COD dosed at the beginning of ACC). This results in a 
PHA yield of 0.43 gPHA-COD gHAc-CODadded

− 1 , over the entire cycle, and 
1.1 gPHA-COD gHAc-CODadded

− 1 based on HAc-COD dosed during the 
accumulation phase. Following this peak, there was a fairly rapid 
decline, not associated with release of COD to the liquid, indicating this 
was either transferred to another storage compound, or used for biomass 
growth (potentially by the flanking community following decay). This 
behaviour was not seen in suspended biomass to the same extent, where 
the PHA contents peaked and remained relatively constant afterwards. 
This may be caused by hydrolysis and availability of nutrients in the 
dense biofilm, which provides nutrients to grow on the stored PHA as 
well as potentially N-fixation. PPB are capable of N-fixation. The energy 
requirement of 1.14 molATP gN− 1 (Hubbell and Kidder, 2009) is 
compatible with the energy needed to synthesise (or consume) PHA 
using the common rule of 10 g biomass molATP

− 1 . It is quite possible that 
the biofilm (with sufficient light supply) fixed N2 into NH4–N, while 
biofilm induced shading limited the N fixation in the bulk liquid, and 
further improvements in yield may be achieved if N2 can be excluded 
from the system. 

3.5. Extracted polyhydroxyalkanoate properties 

3.5.1. Polymer properties – molecular weight and co-monomer content 
PHA composition was determined by 1H-NMR and GC analysis. The 

1H-NMR spectra are shown in supplementary materials with the peaks 
corresponding to 3-HB and 3-HV units labelled. The extracted material 
(collected over the operation period) was found to be 95.5% 3-HB and 
4.5 mol% 3-HV PHA. The weight average and number average molec
ular weights (Mw and Mn) of the material were 1090 and 453 kDa, 
respectively, which is substantially higher than for commercial PHA e.g. 
590 and 230 kDa in ENMAT Y1000 (by TianAn Biopolymer, China) 
(noting that other commercial products have other characteristics). 
Furthermore, the polydispersity (Ð) of 2.4 (Table 1) was reasonably low 
for PHA, indicating a relatively narrow molecular weight distribution. In 
short, the molecular weight of the as-produced PHA is commercially- 
relevant. The relatively higher Mw (and lower Ð) allow for PHA with 
improved mechanical properties, such as higher impact resistance and 
toughness, mechanical and tensile strength, and transition temperature 
(Gentekos et al., 2019) which could amplify its applicability. 

3.5.2. Thermal properties 
Thermal properties of the synthesised PHA were determined by DSC, 

with the DSC thermograms being shown in the supplementary materials. 
Their corresponding thermal properties are summarised in Table 1. The 
Tm, Tmc and Tg were 169 ◦C, 114 ◦C and 3.0 ◦C respectively. All were 
consistent with literature for 3-HB rich material (Feng et al., 2002). Due 
to the higher 3-HV content in the extracted PPB PHA, the peak melting 
temperature decreased with an increase in 3-HV co-monomer content as 
expected, due to the disturbance of the 3-HB crystalline lattice resulting 
from the bulkier 3-HV units. The extracted PHA had a lower enthalpy of 

melting (ΔHm) than the commercial PHA (Supplementary materials), 
again as expected. It is important to note here that determining the 
approximate crystallinity of a PHBV copolymer from the melt enthalpy 
is not straightforward, since it needs to be calculated relative to the 
enthalpy of melt of a theoretically 100% crystalline copolymer of the 
same composition. Pearce and Marchessault (1994), for example, used a 
reference ΔHm 100% for 95 mol% 3-HV of 128 J g− 1, while Cheng et al. 
(2009) took their ΔHm 100% as 146 × mol fraction HB J g− 1, since at 
low 3-HV contents (<10%) the sequences of 3-HV units are excluded 
from the lamella. Either way, the bulk crystallinity is not much different 
for the PPB derived PHA compared to the commercial product. A higher 
melt crystallisation temperature was observed for the PPB derived PHBV 
(Supplementary materials), indicating that crystallisation of the 
extracted PHBV was occurring with a lower under-cooling energy 
(driving force) when compared to the commercial PHBV (Kai et al., 
2005). The crystallisation rate can also be estimated by the difference 
between the starting and ending temperatures (ΔTc) of the crystal
lisation peak. The results further indicate that the PPB PHBV had a 
higher rate of crystallisation than that of the commercial PHBV (with 
lower 3-HV content) as indicated by a shorter time needed for the 
completion of crystallisation. Such an observation could be due to the 
presence of impurities that acted as nucleating agents but further 
research is required to fully understand the crystal growth behaviour. 
Close inspection of the heating scan after quench revealed that the Tg of 
the as-extracted PHA is slightly lower than that of commercial PHA 
(Supplementary materials). The disparity could be explained by the 
higher 3-HV content of the extracted PHA. The Tg values of PHBV co
polymers decrease with increasing 3-HV content as the distance between 
molecules is farther given that 3-HV units have a longer side chain (Feng 
et al., 2002). The segmental mobilities of the copolymer chains are thus 
lower, resulting in a lower Tg. Overall, the observed differences were 
consistent with the disparity of composition between the two PHBVs. 

3.5.3. Thermal stability 
The same conclusions also applied to the thermal stability. The onset 

of thermal decomposition (Td, onset) was defined as the temperature at 
which the specimen weight drops below 95% from the baseline and the 
peak temperature (Td, peak) was defined as the temperature at the peak of 
the derivative curve. Commercial PHA showed better thermal stability 
than the extracted PPB PHA, with a higher Td, peak value (Supplementary 
materials). The commercial PHA was produced using pure culture 
biotechnology with sterilisation requirements. On the other hand, the 
PPB accumulation was performed using mixed culture under non-sterile 
conditions. The disparity in thermal stability could be due to the pres
ence of small amounts of residual cations or impurities, such as carot
enoids, from the accumulation process in the as-extracted polymer or to 
trace metal impurities, which are known to promote PHA degradation 
during processing (Werker et al., 2010). The supplementary materials 
showed the 1H-NMR spectra of the as-extracted PHA before and after 
carotenoids extraction. A collection of unidentified peaks was observed 
from the pre-extraction spectra corresponding the complex structure of 
carotenoid mixture. Those peaks were significantly reduced after the 
acetone/methanol extraction although still seen at very low 

Table 1 
Molecular and thermal properties of commerical and as-extracted PHBV.  

Sample Molecular characteristics Melting behaviour Crystallisation behaviour Re-melting behaviour 

Mn Mw Ð Peak 
Tm 

Start 
Tm 

End 
Tm 

ΔHm Tmc Start 
Tm 

End 
Tm 

ΔHc Peak 
Tm 

Start 
Tm 

End 
Tm 

ΔHm 

(kDa) (kDa) (− ) (◦C) (◦C) (◦C) (J 
g− 1) 

(◦C) (◦C) (◦C) (J 
g− 1) 

(◦C) (◦C) (◦C) (J 
g− 1) 

Commercial PHBV (1.0 mol 
% 3-HV) 

198 ±
8 

640 ±
40 

3.2 ±
0.1 

171 138 180 97.8 108 124 70 91.7 170 120 177 97.8 

As-extracted PHBV from this 
study (4.5 mol% 3-HV) 

453 ±
7 

1090 ±
130 

2.4 ±
0.3 

148/ 
169 

107 178 77.3 114 127 77 79 168 114 178 86.3  
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concentration. We note, non-optimised conventional extraction method 
(chloroform extraction followed by acetone/methanol cleaning) was 
used. Literature has shown that the adverse effect can be mitigated by 
optimising and tailoring the extraction steps to this reported system 
(Chan et al., 2017), which is the clear next step to improve the pro
cessability of the prototype mixed culture PHBV. For the industrial ap
plications, green solvents might be applied (e.g. eutectic solvents) 
combined with peroxide and acids. 

Overall, the properties of the generated PHA are promising and 
consistent with commercially available high 3-HB PHA, (e.g. Tianan 
PHA (1% 3-HV)). The inclusion of 3-HV only becomes important at 
contents >20% 3-HV, which might be achieved with odd numbered 
VFAs, e.g. to increase the elasticity of the biodegradable material. 

While PPB are known to generate high molecular weight PHA, the 
Mw recorded here are quite significant. This material could potentially 
be used to make thin films, which generally requires Mw > 106 Da to 
blow. This also protects against thermal degradation and related prop
erty loss. In conjunction with relatively low polydispersity (lower than 
published for other PPBs but in line with biomass derived PHA) the high 
Mw indicates the potential for excellent mechanical properties. 

3.6. Performance and industrial significance for PHA production 

This study indicates that mixed culture PPB can be used to produce 
PHA, with sustained net yields of 21 ± 3% (on COD) (and up to 30%), 
and yield on accumulation only of 54 ± 2%. Peak net yields of 43% over 
the entire cycle, and 100% during the accumulation were achieved. The 
results from cycle studies indicate potential to increase sustained pro
ductivity through optimisation growth and accumulation end-points. 
Currently the end of cycle PHA contents averaged 35% on VS, but 
with a peak content in the cycle study of over 50% on VS. The peak PHA 
content compares well to other phototrophic and aerobic mixed, and 
potentially even pure culture aerobic platforms (Chen, 2009; Strong 
et al., 2016). The sustained volumetric productivities over the entire 
cycle and the accumulation were 58 ± 6 and 145 ± 14 mgPHA-COD L− 1 

d− 1, respectively. The cycle studies indicated that it will be important to 
stop accumulation prior to PHA decay, to maximise yield and PHA 
content. Considering detailed analysis of cycle 20 (achieving a content 
of 53 wt% VS) the accumulation time can be reduced to 0.7 days with a 
peak volumetric productivity of 0.62 gPHA-COD L− 1 d− 1. These rates are 
comparable to peak rates achieved with mixed PPB cultures (0.48–1.3 
gPHA-COD L− 1 d− 1 (Fradinho et al., 2019)), which are among the 
highest production rates reported for PPB in literature (e.g. compared to 
0.048–2.11 gPHA-COD L− 1 d− 1 (Fradinho et al., 2021)). The main dif
ference here is that the biomass can be harvested at around 100 gTS L− 1 

(up to 42 gPHA L− 1), compared to around 0.35–2.7 gTS L− 1 in sus
pended systems in open or closed photobioreactors (Jorquera et al., 
2010). The integrated up-concentration of the biomass has the potential 
to reduce the processing costs as (for example) centrifuges and decanters 
can be skipped or can be substantially downsized (note that the sus
pended fraction would be lost). However, scraping will also incur 
additional costs, particularly capital costs. 

However, in comparison to aerobic PHA platforms which readily 
achieve 3.1–96 gPHA L− 1 d− 1 (Jung et al., 2001; Tamis et al., 2014), 
even the peak rates realised in this study are relatively low. It is noted 
that phototrophic PHA production is at a very early stage compared with 
aerobic PHA production, which has been produced from feedstocks as 
diverse as primary sludge, municipal waste activated sludge, crude 
glycerol, cheese whey, and pickle wastewater (Novelli et al., 2021), but 
volumetric productivity needs to be increased by an order of magnitude 
to be competitive with aerobic sources (even considering that higher 
yield on substrate can be theoretically achieved with PPB). 

Some options may include a shorter, optimised cycle, focused on 
minimum time for accumulation and to an accumulation peak, and se
lection for phototrophic PHA accumulators, both of which would 
improve viability. PPB granulation may also assist in focusing on self- 

supporting biofilm option (Stegman et al., 2021). Light input is a 
major issue, and the economics of artificial light input mean that arti
ficial light is unviable. The irradiance of 250 W m− 2 applied here would 
result in electricity costs of $171 kgPHA-COD− 1 (assuming 3.5 
gPHA-COD m− 2 d− 1, 0.1 $ kWh− 1), which is clearly uneconomic. Even at 
irradiances of 6 W m− 2 (which is low, but has been previously applied 
for PPB growth (Dalaei et al., 2020)), the costs for light supply only, 
would be >$4 kg− 1 of PHA-COD (capex not considered), which is 
already higher than the value of the PHA (Pérez et al., 2020). This un
derlines the necessity of naturally illuminated, outdoor operation, with a 
possibility to accumulate during the day and grow in the night e.g. via a 
mixed metabolic mode system applying anaerobic illuminated photo
heterotrophy and aerobic chemoheterotrophy at night. 

3.7. Alternative utilisation routes of PHA containing PPB biomass 

PHA containing PPB biomass as immuno-nutritional feed component 
might be an interesting alternative to actual biodegradable plastic pro
duction. This would naturally increase the volumetric productivities of 
PPB biomass by 58–72% (based on 53 and 35 wt% VS PHA) and save all 
PHA extraction related costs. PPB biomass is generally characterised by 
high crude protein contents, relatively favourable amino acid profiles, 
pigments (carotenoids and bacteriochlorophylls) and vitamins, making 
bulk substitution of fishmeal possible (Delamare-Deboutteville et al., 
2019). In addition, intracellular PHA granules might add additional 
functionality, potentially increasing the value of the biomass. 

PHA, or more specifically short chain fatty acids (SCFA), which are 
by-products of microbial PHA degradation, are commercially used as 
antimicrobial bio-agent in commercial animal feed. While the antibac
terial effects of SCFA are not clearly elucidated, a range of pathogenic 
enterobacteria (Escherichia coli, yeast, Salmonella typhimurium, Shigella 
flexneri, Vibrio campbelli) have been effectively inhibited in poultry (Van 
Immerseel et al., 2006), fish (sea bass, Nile tilapia, (Situmorang et al., 
2016), and shrimps (Kiran et al., 2020). At additions of 0.5–5.0 wt% TS 
of PHA to the feed, the bioactive role of SCFA reduced mortalities and 
improved weight gains, tolerance towards stress conditions as well as 
disease prevention. 

The average (non-optimised) PHA content of 28 wt% TS achieved in 
this study would require an inclusion rate of around 18 wt% TS of PPB 
biomass to commercial feed. PPB inclusion rates of 33% and 66% 
(substituting fishmeal) have been successfully tested in barramundi feed 
(Delamare-Deboutteville et al., 2019). This means a PPB PHA content of 
around 15 wt% TS PHA might be sufficient to add immuno-nutritional 
functionality to the PPB feed product. It is highly desirable to achieve 
this without the limitation of nutrients in a dedicated accumulation 
phase as this would broaden the applicability. In this context, low 
amounts of PHB (2.5 wt% TS) were found in PPB grown with full 
nutrient supply (Delamare-Deboutteville et al., 2019). 

Potential advantages of the use of intracellular PHA (in the PPB cell) 
in feed include an increased potential to reach the gastrointestinal tract 
to exhibit bacteriocidal activity. This might not be achieved when liquid 
or powdered SCFA are applied. This is partially solved by SCFA coated 
feed although the applications in aquaculture are also limited due to the 
water-soluble character of SCFA. Another advantage might be the 
increased palatability of intracellular PHA and its degradation into SCFA 
as the foul volatile odour of SCFA is avoided. The amorphous character 
of intracellular PHA (in wet biomass) is also helpful as it exerts improved 
biotic and abiotic degradabilities (compared to crystalline PHA) in the 
gut of fish and crustaceans (Jendrossek and Handrick, 2002; Yu et al., 
2005). This likely maximises the SCFA generation and the 
immuno-nutritional effects. However, there is currently no literature 
about intracellular PHA from PPB and the combined effects in feeds. 

4. Conclusions 

Mixed culture PPB accumulates relevant PHA contents of >35 wt% 
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VS at average yields of 21% (net growth + accumulation) or 55% 
(accumulation only). A shortening of the accumulation phase has the 
potential to increase to the PHA to >50 wt% VS while yields can be 
beyond 40% and >90% for net growth + accumulation and accumula
tion only. Up to 80% of the PHA can be harvested by biofilm removal at 
~100 gTS L− 1 (remainder in suspension). Sustained and peak volu
metric productivities of 0.15 gPHA-COD L− 1 d− 1 and 0.62 gPHA-COD 
L− 1 d− 1 (ACC only) can be achieved. Further exploration of different 
cycle times and environmental conditions could help to optimise the 
PHA content and yield. 
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