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Simultaneous nitrification and denitrification in microbial 
community-based polyhydroxyalkanoate production 

Ángel Estévez-Alonso a,b,*, Mark C.M. van Loosdrecht a, Robbert Kleerebezem a, Alan Werker b 

a Department of Biotechnology, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, The Netherlands 
b Wetsus, European Centre of Excellence for Sustainable Water Technology, Oostergoweg 9, 8911 MA, Leeuwarden, The Netherlands   

H I G H L I G H T S  

• Dissolved oxygen (DO) control on nitrifying and PHA-storing bacteria was evaluated. 
• Low DO levels can limit nitrifying activity without slowing PHA production. 
• Concomitant anoxic PHA production was evaluated at low DO concentrations. 
• An optimum DO level exists where SND is exploited for effective PHA production.  

A R T I C L E  I N F O   
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A B S T R A C T   

Microbial community-based polyhydroxyalkanoate (PHA) production has been demonstrated repeatedly at pilot 
scale. Ammonium, normally present in waste streams, might be oxidized by nitrifying bacteria resulting in 
additional aeration energy demand. The use of low dissolved oxygen (DO) concentrations allowed to reduce 
nitrifying rates by up to 70% compared to non-oxygen limiting conditions. At lower DO concentrations nitrate 
was used as alternative electron acceptor for PHA production and therefore, a constant PHA production rate 
could only be maintained if nitrate was sufficiently available. An optimum DO concentration (0.9 mgO2/L) was 
found for which nitrification was mitigated but also exploited to supply requisite heterotrophic nitrate re
quirements that maintained maximum PHA production rates. PHA accumulations with such DO control was 
estimated to reduce oxygen demand by about 18%. This work contributes to establish fundamental insight to
wards viable industrial practice with the control and exploitation of nitrifying bacteria in microbial community- 
based PHA production.   

1. Introduction 

Polyhydroxyalkanoates (PHA) are biodegradable polyesters that are 
naturally produced intracellularly by a wide range of species of micro
organisms. PHA are energy and carbon storage polymers used by bac
teria to cope with dynamic environments such as the alternating 
presence and absence of substrate (Van Loosdrecht et al., 1997). PHA 
have very interesting properties as materials for the polymer industry 
(Philip et al., 2007) and are commercially produced today using pure 
cultures and simple sugars as feedstocks (Li and Wilkins, 2020). How
ever, in the last decade a progression of developments with microbial 
community-based PHA production has led to an alternative production 
approach with several successful pilot-scale installations (Kourmentza 

et al., 2017; Sabapathy et al., 2020; Estévez-Alonso et al., 2021a). The 
microbial community-based approach instead of pure cultures for PHA 
production allows for anticipated lowering of production costs and for 
utilization of a wide range of low value unrefined feedstocks, which are 
managed today as waste streams (Rodriguez Perez et al., 2018). Most of 
these PHA production pilot systems to date have used PHA-storing 
biomass produced explicitly with an enrichment of PHA-storing activ
ity, or harvested directly as waste activated sludge from municipal/in
dustrial wastewater treatment (Estévez-Alonso et al., 2021a). In both 
cases, high PHA contents have been reached and pilot-scale demon
stration indicates the ability to engineer and maintain product quality 
and control even using fermented organic waste and/or municipal waste 
activated sludge as the volatile fatty acid (VFA) and biomass as input 
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materials for the biopolymer production. 
The use of fermented organic waste streams for microbial 

community-based PHA production introduces technical challenges due 
to the concomitant release of growth nutrients (mainly nitrogen and 
phosphorus) during the fermentation process (Capson-Tojo et al., 2016). 
The presence of growth nutrients in the feedstock plays a key role in the 
allocation of carbon towards PHA or biomass in PHA-storing bacteria 
(Johnson et al., 2010; Valentino et al., 2015). Phosphorus levels may be 
readily reduced by chemical precipitation, but nitrogen is more difficult 
to be removed (Wilfert et al., 2015). Bioavailable nitrogen may promote 
active growth over storage in PHA-storing bacteria, but also allow for a 
wider range of microbial growth activity, including so-called flanking 
populations of non PHA-storing bacteria (Valentino et al., 2015). An 
example of flanking population of non PHA-storing bacteria occurring 
when ammonium or nitrite are present in the process water is nitrifi
cation. Nitrification has been frequently observed at lab- and pilot-scale 
in microbial community-based PHA production when municipal waste 
activated sludge was used as PHA-storing biomass (Bengtsson et al., 
2017a; Bengtsson et al., 2017b; Conca et al., 2020; Morgan-Sagastume 
et al., 2015) or when allylthiourea was not added to the feedstock 
(Third et al., 2003a; Fra-Vázquez et al., 2019; Morgan-Sagastume et al., 
2020). Nitrifying bacteria are characterized by high oxygen consump
tion yields and low biomass production rates (Wiesmann, 1994), 
resulting in additional aeration energy demand. Alkalinity is also 
consumed and this introduces a loss of buffer capacity which may be 
required when acidic substrates are used within the process. 

Several strategies are known to mitigate the growth of nitrifying 
microorganisms (Antoniou et al., 1990; Mulder et al., 2001; Pollice 
et al., 2002). Nonetheless, a challenge in a microbial community-based 
PHA production process is to control the extant activity of an established 
nitrifying community that is an inherent component of the PHA-storing 
biomass. In laboratory scale PHA production research, allylthiourea is 
used to eliminate nitrification activity, but it is unsuitable for industry 
scale application (Liu et al., 2018). High pH has also not been enough to 
limit the activity of nitrifying bacteria in a PHA production process even 
with highly functionalized biomass (Fra-Vázquez et al., 2019). However, 
low dissolved oxygen (DO) concentrations have shown promise (Third 
et al., 2003b; Reddy and Mohan, 2012; Wang et al., 2019). Based on 
batch activity tests with waste activated sludge, Wang et al. (2019) 
found that it should be possible to limit nitrification in a PHA accumu
lation process by lower DO concentrations. PHA-storing bacteria were 
also negatively affected by lower DO concentrations and simultaneous 
nitrification and denitrification (SND) was observed when both nitrify
ing and PHA-storing bacteria were active. These published results pro
moted an idea for a strategy of DO level control to mitigate flanking 
nitrifying bacteria, but also introduce the possibility to sustain PHA 
production productivity by promoting concurrent denitrification activ
ity in the activated sludge flocs. For a likely relevant PHA-storing 
biomass at industrial scale, the question, of the extent to which SND 
activity may be exploited during microbial community-based PHA 
production, has not yet been systematically explored. 

The aim of this work was to evaluate the extent of positive influence 
simultaneous nitrification and denitrification could bring to an indus
trial PHA production process. For this purpose, short-term batch PHA- 
accumulation experiments over a selected range of constant DO con
centrations were performed in order to quantify and compare the 
nitrification, denitrification and PHA production process rates in isola
tion and in combination. This work aimed to establish fundamental 
insight towards implementing a strategy of DO control and to critically 
assess the benefit that such control strategy could bring to industrial 
practice of microbial community-based PHA production. Nitrogen rich 
feedstocks and PHA-storing biomass that inherently have nitrifiers 
present are anticipated to become commonly available as starting 
resource materials in future value chains of PHA production (Bengtsson 
et al., 2017b). 

2. Materials and methods 

2.1. Experimental set-up 

Stimulus–response experiments were performed in double-jacketed 
glass bioreactors (1 L working volume). Two reactors were operated in 
parallel and thermostated at 25 ± 0.1 ◦C. Agitation was performed with 
two standard three-bladed turbines (R16 and R20, CAT Scientific, Ger
many) at a stirring rate of 150 rpm. pH was controlled between 7 and 7.5 
by automatic titration with 1 M HCl (VWR Chemicals, The Netherlands). 
Airflow rate was controlled in the range between 0–2 L/min by a PID 
mass flow controller (FG-201CV-RGD-22-V-AA-000, Bronkhorst, The 
Netherlands) for selected set-point mixed liquor DO concentrations. DO 
and pH probes (COS81D and CPS11D, Endress & Hausser, The 
Netherlands), pH control pumps (Stepdos 10, KNF, The Netherlands) 
and mass flow controllers were connected and controlled by a 4-channel 
transmitter box (Liquiline CM444, Endress & Hausser, The Netherlands). 
The transmitter box also provided for data logging at a 10 s interval. DO 
and pH probes were calibrated before each experiment according to the 
manufacturer’s instructions. 

2.2. Sludge source and feedstock 

Waste activated sludge from the municipal wastewater treatment 
plant (WWTP) Bath (Rilland-Bath, The Netherlands) was used as the 
PHA-storing biomass for all experiments. WWTP Bath (470,000 PE) 
consists of a primary separation by screening and primary sedimentation 
followed by a modified Ludzack-Ettinger biological process (pre-deni
trification and nitrification) treating a mix of regional municipal and 
industrial wastewater. This biomass was selected based on its well- 
established and consistent level of performance for PHA accumulation 
(Bengtsson et al., 2017b). Fresh gravity belt thickened waste activated 
sludge (57.8 ± 1.2 gTS/kg and 40.6 ± 1.4 gVS/kg (n = 5)) was delivered 
batchwise by courier every two weeks in 20 L carboys and stored at 4 ◦C 
pending experiments. Benchmark evaluations found no evidence to 
support that storage of samples at 4 ◦C up to 10 days have any significant 
effect in both nitrifying and PHA-storing capacity of this activated 
sludge. In total, 5 distinct batches were used for the experiments 
performed. 

The accumulation feedstock, with nutrients ratio 100:5:2.5 (COD:N: 
P by weight), was prepared with tap water and was as follows: 80 g/L 
acetic acid, 19 g/L NH4Cl, 10.96 g/L KH2PO4 and 20 mg/L allylthiourea. 
Acetic acid and/or allylthiourea were included or omitted from the 
feedstock depending on the activity assay that was to be performed, as 
shown in Table 1. The pH of the feedstock was adjusted to pH 6 with 
KOH pellets. 

2.3. Batch assays at selected dissolved oxygen concentrations 

A total of 24 assays, divided into three different sets of experiments, 
were performed to evaluate PHA-storing and nitrifying bacteria activ
ities in combination and in isolation, over a selected range of DO con
centrations (Table 1). For each assay, a 30 g grab sample from the stored 

Table 1 
Overview of the batch assays performed at selected DO concentrations of 0.5, 1, 
3 and 5 mgO2/L. Batch HT(+)N(-) was to quantify the activity of PHA-storing 
bacteria in absence of nitrification. Batch HT(-) N(+) was to quantify nitrify
ing activity in absence of heterotrophic activity. Batch HT(+) N(+) was to 
quantify the activity of both PHA-storing and nitrifying bacteria simultaneously. 
ATU  = allylthiourea.  

Batch Acetate Ammonium Nitrate ATU Phosphate  

HT(+)N(-) Yes Yes Yes Yes Yes  
HT(-)N(+) No Yes Yes No Yes  
HT(+)N(+) Yes Yes Yes No Yes   
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thickened activated sludge was diluted with tap water to nominally 1 
gVSS/L, and 1 L was dispensed to the two parallel reactors set to 25 ◦C. 
Reactor mixed liquor was conditioned by aeration overnight at DO levels 
greater than 5 mgO2/L to oxidize all the easily biodegradable COD, 
ammonium and nitrite present in the water and to establish a common 
baseline of endogenous microbial activity between tests. Because 
ammonium and nitrite were oxidized to nitrate during conditioning, all 
the experimental dose–response assays started with an initial back
ground nitrate concentration of 9–13 mgN-NO3/L. Subsequently, 5 mL 
of feedstock was added as a single pulse input, and DO concentration 
was then regulated to one of four selected set points within a ± 0.1 
mgO2/L error margin: 0.5, 1, 3 or 5 mgO2/L. Selected set-points were 
reached within 10 min and this time was used to determine maximum 
oxygen consumption rates. The three types of assay applied are 
explained in Table 1. 

2.4. Analytical methods 

During the batch assays, the process was monitored by online data 
logging (DO, temperature, pH and airflow rate) and from 45 mL hourly 
grab samples for water quality and solids analyses. Grab samples from 
the well-mixed vessel comprised three 15 mL aliquots: two aliquots were 
used for solids and liquid analyses, and the third was applied for biomass 
PHA content determination. Suspended solids were separated from the 
mixed liquor by centrifugation (3250 RCF and 4 ◦C for 20 min). The 
supernatant after membrane filtration (0.45 μm pore size filters) was 
stored at − 20 ◦C pending analyses within 72 h. The harvested biomass 
pellet dry weight and volatile solids contents were estimated based on 
Standard Methods (105 ◦C drying and 550 ◦C ashing Clesceri et al., 
1999), and these were referenced to the sample volume to estimate total 
and volatile suspended solids (TSS and VSS), respectively. Soluble 
chemical oxygen demand (sCOD) was determined by Hach-Lange 
(Germany) LCK014 and LCK314 test kits. Acetic acid concentration 
was determined by ultra high pressure liquid chromatography (UHPLC) 
using a Dionex Ultimate 3000RS system equipped with a Phenomenex 
Rezex Organic Acid H+ column (300x7.8 mm) and a Dionex Ultimate 
3000 RS UV detector (210 nm) with 2.5 mM sulfuric acid mobile phase 
at 0.5 mL/min and 80 ◦C. Ammonium, nitrite, nitrate and phosphate 
concentrations were determined by ion chromatography or IC (Metrohm 
Compact IC Flex 930, Metrohm, Switzerland) with conductivity detec
tor. For ammonium determination, a pre-column (Metrohm Metrosep 
RP 2 Guard/3.6) and a column (Metrohm Metrosep C4-150/4.0 mm) 
and 2.5 mM nitric acid mobile phase at 0.9 mL/min and room temper
ature were applied. For nitrite, nitrate and phosphate determination, 
two pre-columns (Metrohm Metrosep RP 2 Guard/3.6 and Metrohm 
Metrosep A Supp 4/5 Guard) and a column (Metrohm Metrosep A Supp 
5, 150/4.0 mm) with 3.2 mM sodium carbonate and 1 mM sodium bi
carbonate  + 1% acetone solution mobile phase at 0.7 mL/mL and room 
temperature were used. Additionally a chemical suppressor was applied 
(0.2 M phosphoric acid  + 1% acetone at 0.1 mL/mL). 

The aliquot for PHA determination was directly acidified to pH 2 
with 20 μL of H2SO4. After thorough mixing (5 min) suspended solids 
were collected (3250 RCF and 4 ◦C for 20 min). The biomass pellet was 
retained and dried at 105 ◦C. Dried pellets were ground and analyzed by 
thermogravimetric analysis or TGA (TGA 2, Mettler Toledo, The 
Netherlands). A 5 mg of ground sub-sample was introduced to the 
furnace at 80 ◦C, and heated to 105 ◦C (10 ◦C/min) under nitrogen at
mosphere. After drying at 105 ◦C for 10 min, the sample was heated to 
550 ◦C (10 ◦C/min), under nitrogen atmosphere. At 550 ◦C, the atmo
sphere was switched to air and temperature was held for 30 min. The 
weight loss trends were used to determine the sample residual moisture 
content and the biomass PHA fraction with respect to the biomass dried 
total and volatile solids as previously described (Chan et al., 2017). The 
PHA content was expressed as fraction of the biomass volatile solids 
(gPHA/gVSS). The biomass fraction was estimated as the total biomass 
as VSS minus PHA content. Biomass was chemically represented as 

CH1.8O0.5N0.2 (Roels, 1980). 

2.5. Mass balance and process modeling 

For each batch assay, biomass specific rates and yields on substrate 
were estimated based on mass balance principles and a process model. 
Both on and offline monitoring data were applied. This model was 
adapted from Tamis et al. (2014) and was used to estimate the biomass 
specific rates for the heterotrophic fraction of the biomass: acetic acid 
uptake rate (qHAc), PHA yield on substrate (YPHA,HAc), PHA degradation 
rate (kPHA) and heterotrophic nitrate uptake rate (qNO3). Nitrifying 
biomass specific rates, ammonium uptake rate (qAOB) and nitrite uptake 
rate (qNOB) were incorporated to the model by means of a modified 
version of the activated sludge models (Iacopozzi et al., 2007). Bacterial 
growth (heterotrophic and autotrophic) was not included in the process 
model and microbial rates were calculated on a total VSS basis. All 
model kinetic equations are shown in Table 2. 

The model was applied to estimate the parameter set that minimized 
the sum of the squared relative error with respect to measured variables 
for each respective individual experiment. Subsequently, a second ki
netic model estimated the overall average response of the biomass with 
respect to maximum specific substrate uptake rates (qmax

HAc) and apparent 
affinity constant for oxygen (kDO) as function of DO, as defined in Eqs. 1 
and 2. It was assumed that oxygen was the only limiting substrate and 
denitrification would only begin to take place when oxygen became 
sufficiently limiting, based on an affinity constant kDO. The qmax

HAc was 
assumed to be independent of electron acceptor and therefore, kDO 
provided an estimate of the balance of aerobic/anoxic contributions to 
heterotrophic substrate uptake rates. The nitrate yield (YNO3 ,HAc) was 
assumed to be constant and was 0.2 gN-NO3/gCOD (Beun et al., 2000b). 
These equations were implemented in Microsoft Excel and the function 
SOLVER (Generalized Reduced Gradient Nonlinear algorithm) was used 
to minimize the sum of squared relative error between the ensemble of 
fitted data from all the batch experiments. 

qHAc = qaerobic
HAc + qanoxic

HAc = qmax
HAc

(
DO

kDO + DO

)

+ qmax
HAc

(
kDO

kDO + DO

)

(1)  

qNO3 = qanoxic
NO3

⋅YNO3 ,HAc (2)  

3. Results and discussion 

A total of 24 assays were performed with the activated sludge to 
evaluate the PHA-storing and nitrifying activity, in combination and in 
isolation, over a selected range of DO concentrations (Table 1). One of 

Table 2 
Model kinetics used for the data fitting.  

Heterotrophic bacteria 

HAc uptake 
qHAc = qmax

HAc

(
CHAc

kHAc + CHAc

)
-  

PHA production q+
PHA = qHAc⋅YPHA,HAc  if CHAc > 0  

PHA degradation 
q−

PHA = k⋅
(

CX0

CX

)1/3
⋅f2/3

PHA  

if CHAc = 0   

NO3
- uptake  

qNO3 = qmax
NO3

(
CNO3

kNO3 + CNO3

)
if CHAc > 0      

Nitrifying bacteria 

NH4
+ uptake 

qAOB = qmax
AOB

(
CNH+

4

kNH+
4
+ CNH+

4

)
-   

NO2
- uptake 

qNOB = qmax
NOB

(
CNO−

2

kNO−
2
+ CNO−

2

)
-    
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the assays at 5 mgO2/L with the measured data and its model charac
terization is provided, as a typical example, in Fig. 1. All the other ex
periments followed similar systematic trends and the data set can be 
found in Mendeley Data (Estévez-Alonso et al., 2021b). 

3.1. PHA storage in absence of nitrification 

Four batch tests without nitrification were performed to determine 
reference aerobic and anoxic acetate uptake rate, PHA production rate 
and the yield of PHA on acetate as function of DO concentration. The 
absence of nitrification allowed to study the heterotrophic activity only. 
A pulse containing acetate, ammonium and ATU was added to the mixed 
liquor that had the above mentioned background NO3 concentration. An 
overview of results for the four assays is provided in Fig. 2 and Table 3. 

The aerobic acetate uptake rate was not measurably affected by low 
DO concentrations and was estimated to be 154.7 mgCOD/(gVSS⋅h). 
Low denitrification rates were observed at 0.5 mgO2/L, qNO3 

= 0.34 
mgN-NO3/(gVSS⋅h), which represented less than 1% of the total respi
ration rate, based on electron equivalents. The low denitrification rates 
at low DO concentration indicate that the tests were successfully per
formed under fully aerobic conditions. Besides, a negligible apparent 
kHT

DO, 0.01 mgO2/L, was identified. A low apparent kHT
DO indicates a high 

affinity for oxygen which resulted in the ability to maintain maximum 
uptake rates even at low DO concentrations. Because heterotrophic ac
tivity could be maintain at maximum rates at low DO concentrations, the 
yields of PHA on acetate were also not affected by the lower DO con
centrations and were in the range 0.5–0.6 gCOD-PHA/gCOD-HAc. The 
PHA yields on substrate obtained in this work were similar, and close to 
the theoretical maximum yields, to those obtained previously under 
fully aerobic conditions, 0.5–0.7 gCOD-PHA/gCOD-HAc (Morgan- 
Sagastume et al., 2015; Bengtsson et al., 2017b; Bengtsson et al., 2017a; 
Wang et al., 2019; Conca et al., 2020). 

The average ammonium uptake rate was 1.33 mgN-NH4/(gVSS⋅h) 
and was assumed to be exclusively due to assimilation by the hetero
trophic bacteria, as ATU was present in the feedstock to block nitrifi
cation. The average ammonium uptake rate was used in the modelling as 
ammonium uptake for heterotrophic growth in tests HT(+)N(+). 

3.2. Nitrification rates 

Eight batch assays were used to characterize the ammonium and 
nitrite uptake rate as function of DO concentration, when both ammo
nium oxidation (AOB) and nitrite oxidation bacteria (NOB) were 
dominantly active due to absence of added organic substrate. A pulse of 
ammonium was added to the mixed liquor also containing a background 

NO3 concentration. An overview of the eight assays is shown in Fig. 2 
and Table 3. 

Both ammonium and nitrite uptake rates decreased at lower DO 
concentrations: a 49% lower qAOB was observed at 0.5 mgO2/L 
compared to the model maximum qmax

AOB. Consequently an apparent kAOB
DO 

of 0.49 mgO2/L was estimated for this activated sludge AOBs. Similar 
results were obtained for NOBs at 0.5 mgO2/L, with a 50% lower qNOB 

with respect to the maximum qmax
NOB and an apparent kNOB

DO of 0.50 mgO2/ 
L. The higher apparent kDO obtained for nitrifying bacteria compared to 
heterotrophic bacteria indicates that low DO concentrations have a 
more detrimental effect in nitrifying than in heterotrophic bacteria. At 
lowered DO concentrations, therefore, nitrifying bacteria will be more 
progressively limited compared to the heterotrophic bacteria. The 
apparent kDO includes not only biological but also physical mass transfer 
rate dependent phenomena, such as the size of the cell clusters and/or 
the size of the floc, which also depends on the mixing intensity 
(Picioreanu et al., 2016; Pérez et al., 2005; Manser et al., 2005; Chu 
et al., 2003). Nonetheless, the apparent kDO and rates obtained for ni
trifying bacteria are in line with those previously reported for similar 
reactor conditions (Wang et al., 2019; Picioreanu et al., 2016; Arnaldos 
et al., 2015). As a result, the use of low DO concentrations should allow 
to run a PHA production process with predominant heterotrophic and 
lower nitrifying activity, which was further explored in Section 3.3. 

3.3. Simultaneous PHA storage and nitrogen conversion 

Twelve batch assays were used to characterize the heterotrophic 
aerobic and anoxic acetate uptake rates, PHA production rate and the 
yields of PHA on acetate in combination with the autotrophic AOBs 
ammonium uptake rate and the NOB nitrite uptake rate as function of 
DO concentration. A pulse of feedstock containing acetate and ammo
nium (with no ATU) was added to start these assays, again with a 
background starting NO3 concentration. An overview of the twelve as
says is given in Fig. 2 and Table 3. 

3.3.1. PHA storage 
The acetate uptake rate remained constant and seemingly indepen

dent of DO level. However, the maximum acetate uptake rate was 26% 
higher compared to the acetate only experiments: 194.9 compared to 
154.7 mgCOD-HAc/(gVSS h). The higher heterotrophic rates may be 
attributed to a naturally expected degree of batch-to-batch variability 
between the 5 activated sludge batches from a full-scale process and 
delivered over a period of 40 days from the WWTP. At lower DO con
centrations, higher anoxic qHAc was estimated: 23.0 mgCOD-HAc/(gVSS 
h) at 0.5 mgO2/L compared to 2.6 mgCOD-HAc/(gVSS h) at 5 mgO2/L. 

Fig. 1. Detailed characterization of a representative test at 5 mgO2/L with active PHA production and nitrification including model fitting and measurements of (A) 
acetate, PHA and biomass (X) and (B) ammonium, nitrite and nitrate. 
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Consequently, the aerobic qHAc decreased at lowered DO concentrations, 
being 12% lower at 0.5 mgO2/L compared to the derived maximum 
qmax

HAc. This suggests that the use of nitrate as alternative electron acceptor 

allowed the PHA-storing bacteria to maintain a similar level of activity 
as observed under non-oxygen limiting conditions. Simultaneous nitri
fication and denitrification is often explained as a consequence of mass 
transfer limitations due to diffusion gradients, which leads to oxygen 
limitation within the floc/granule (PPochana and Kellerochana and 
Keller, 1999). In those zones within the floc where oxygen is depleted, 
facultative aerobic bacteria can switch electron acceptor from oxygen to 
nitrate. The waste activated sludge used in this work was obtained from 
Bath WWTP, which is composed of a pre-denitrification (anoxic) and 
nitrification (aerobic) steps. It is expected that the Bath sludge is 
enriched in facultative aerobic bacteria that are able to switch electron 
acceptor from oxygen to nitrate, depending on the environmental con
ditions e.g. oxygen limitation within the floc. Oxygen limitation within 
the floc/granule is likely due to the presence of active nitrifying bacteria 
competing for the available oxygen, as no anoxic PHA production was 
observed in those tests where only heterotrophic bacteria were active. 
The presence of active nitrifying bacteria altered the diffusion of oxygen 
within the floc, reducing the penetration depth and the oxygen avail
ability for aerobic PHA production in the floc. As introduced in Section 
3.2, the apparent kDO includes not only biological but also physical mass 
transfer rate phenomena, and therefore, a higher apparent kHT

DO 
compared to the baseline experiments without active nitrification 
should be observed. The observed apparent kHT

DO was 0.07 mgO2/L, 
almost one order of magnitude higher than the baseline experiments 
without active nitrification, 0.01 mgO2/L. 

Lowered DO concentrations did not influence the PHA yield on ac
etate, that were in the same range as in tests where only heterotrophic 
bacteria were active, 0.5–0.6 gCOD-PHA/gCOD-HAc. In this case, and as 
a result of mass transfer limitation within the floc, up to 15% of the 
obtained PHA has been produced under anoxic conditions. PHA yields 
on substrate under anoxic conditions are reported to be 40–60% lower 
than under aerobic conditions (Kuba et al., 1996; Beun et al., 2000a). 
However, an anticipated decrease in the overall PHA yield on substrate 
due to the anoxic PHA accumulation could not be resolved in this work, 
at least within the frame of the replicated experiments and the model 
used to fit these data. If the aerobic PHA yield on substrate would be 0.6 
gCOD-PHA/gCOD-HAc and the anoxic PHA yield on substrate would be 
50% lower, 0.3 gCOD-PHA/gCOD-HAc, the expected observed yield, 
when 15% of the PHA is produced anoxically, would be expected to have 
been lowered by 7% to 0.56 gCOD-PHA/gCOD-HAc. 

3.3.2. Nitrogen conversion 
The maximum AOB uptake rate was higher (almost double) than in 

tests where only nitrifying bacteria were active: 6.3 mgN-NH4/(gVSS⋅h) 
compared to 3.2 mgN-NH4/(gVSS⋅h). The higher nitrifying uptake rates 
may not be explained only by a variation in the sludge samples. The 
observed higher rates are understood to have been promoted both by 
variations in airflows between experiments and a development of inor
ganic carbon limitation in tests where only nitrifying bacteria were 
active. During the conditioning of the biomass (overnight aeration) the 
dissolved inorganic carbon has been observed to become depleted due to 
gas stripping and nitrification. Sufficient loss of inorganic carbon could 
have led to conditions of carbon limitation for autotrophic microbial 
activity in tests where only nitrifying bacteria were active. In tests, with 
both nitrification and heterotrophic consumption on acetate, carbon 
dioxide is supplied by heterotrophic activity even if alkalinity is simi
larly depleted initially. 

In line with tests HT(-)N(+) and with the previous work of Wang 
et al. (2019) with the same activated sludge, nitrification rates were 
negatively affected by the lower DO concentrations, the aerobic qAOB at 
0.5 mgO2/L was 70% lower than the derived maximum qmax

AOB. Not only 
the presence of nitrifying bacteria affected the PHA-storing bacteria, as 
explained in Section 3.3.1, but also the PHA-storing bacteria had an 
effect on the nitrifying bacteria. This effect can be observed in the higher 
apparent kAOB

DO . kAOB
DO in tests where both nitrifying and heterotrophic 

Fig. 2. Aerobic and anoxic acetic acid, ammonium and nitrite uptake rates as 
function of DO concentration in tests where only heterotrophic bacteria (A), 
only nitrifying bacteria (B) and both nitrifying and heterotrophic bacteria (C) 
were active. The symbols represent the microbial rates derived from each batch 
assay and the lines the model results from Eq. 1. 
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bacteria were active was 1.23 mgO2/L, and two times higher than the 
one obtained in tests where only nitrification was active, 0.48 mgO2/L 
(Table 3). From these experiments, the maximum nitrifying oxygen 
consumption rate was also derived and would represent 23–27% of the 
total oxygen demand for a process under assumed steady state condi
tions, as shown in Fig. 3. Nonetheless, if the nitrifying bacteria rates 
were indeed underestimated in tests where only nitrifying bacteria were 
active due to inorganic carbon limitation, then these predicted outcomes 
are conservative, and the nitrifying oxygen consumption rates could 
have represented up to 40% for the total oxygen demand of the process. 

3.4. Implications for microbial community-based PHA production 

Microbial community-based PHA production research and develop
ment at laboratory and pilot-scales are usually run with an objective for 
fully aerobic conditions with fixed airflow rate and without a control or 
consideration for influence of autotrophic oxygen demand (Kourmentza 
et al., 2017; Rodriguez Perez et al., 2018; Sabapathy et al., 2020). This 
work introduces the possibility to operate the PHA accumulation process 
at fixed low DO concentrations and to consequently utilize a wide 

variety of feedstocks, ranging from both low to high ammonium con
centrations. The ability to leverage the activity of nitrifiers relies on 
potential for facultative PHA-storing microbial activity. While running a 
PHA accumulation at low DO concentrations part of the PHA will be 
stored using nitrate as electron acceptor. Therefore, an optimum control 
point for DO for nitrifying activated sludge is achieved when the auto
trophic nitrate production balances the heterotrophic nitrate re
quirements. The DO optimum level and respective denitrification rates 
are expected to be tunable for biomass with different origin and 
enrichment strategy, as process specific conditions will influence floc 
size and mass transfer coefficients (Arnaldos et al., 2015). However, the 
fundamental principles are expected to be valid and generically appli
cable. For the biomass used in this work, the optimum point was found 
to be around 0.9 mgO2/L (Fig. 4). Running a PHA accumulation with DO 
control level close the optimum allows to reduce the respiration de
mands of the process, conservatively, by 17 to 19% or to increase the 
reactor biomass loading (volumetric productivity) given the same vessel 
and aeration capacity. These outcomes are expected to influence prac
tical outcomes of capital (CAPEX) and operating expenses (OPEX). 
Anoxic PHA production will also allow to lower the final nitrogen con
centrations in the process effluent. Denitrification rates observed at 0.9 
mgO2/L can allow to remove nitrogen from the liquid phase at removal 
rates of 2.7 mgN/(gVSS h). For a standard PHA accumulation run with 
waste activated sludge as biomass source and a duration of 16 h, 43 
mgN/gVSS could be removed for this biomass. Nitrate is expected to be 
reduced to dinitrogen gas, but the fate of nitrogen requires validation as 
part of the ongoing research and development. If the denitrification 
process is not complete, nitrous oxide (N2O) can be produced, which is a 
known greenhouse gas (Kampschreur et al., 2009). Most of the N2O 
emissions in wastewater treatment plants are associated with low DO 
concentrations in the nitrification tank. These conditions are very 
similar to those tested in this work, therefore further evaluation of this 
control strategy with respect to nitrogen fate with N2O and/or its control 
in PHA production at low DO concentration is recommended. 

4. Conclusions 

This study establishes methods for microbial community-based PHA 
production with nitrogen rich feedstocks and PHA-storing biomass 
containing nitrifying bacteria. Simultaneous nitrification and denitrifi
cation can be used to optimize polymer production, process aeration 
requirements and productivity. In this way, the aeration demand of the 
process can be reduced, conservatively, by 17 to 19% while reducing the 
effluent nitrogen discharge levels. The results of this work show that 
substrate sources containing ammonium can efficiently be used for 

Fig. 3. Maximum oxygen uptake rates in tests where only heterotrophic bac
teria (HT(+) N(− )), only nitrifying bacteria (HT(− ) N(+)) and both nitrifying 
and heterotrophic bacteria (HT(+) N(+)) were active. The symbols represent 
the microbial rates derived from each batch assay and the bars give the 
average values. 

Table 3 
Model derived variables for heterotrophic and nitrifying bacteria in assays tests where only heterotrophic bacteria (HT(+)N(-)), only nitrifying bacteria (HT(-) N(+)) 
and both nitrifying and heterotrophic bacteria (HT(+) N(+)) were active. n.d = not determined.   

Heterotrophic bacteria Nitrifying bacteria  

HAc  AOB NOB  

Batch HT(þ) N(− )      
qmax  154.7 mgCOD/(gVSS⋅h)  n.d. mgN/(gVSS⋅h)  

kApp
DO  

0.01 mgO2/L n.d. mgO2/L 

YPHA,HAc  0.58 ± 0.05  mgCOD/mgCOD    
Batch HT(þ) N(þ)      
qmax  194.9 mgCOD/(gVSS⋅h)  6.26 4.42 mgN/(gVSS⋅h)  

kApp
DO  

0.07 mgO2/L 1.23 0.68 mgO2/L 

YPHA,HAc  0.57 ± 0.04  mgCOD/mgCOD    
Batch HT(− ) N(þ)      
qmax  n.d mgCOD/(gVSS⋅h)  3.23 3.27 mgN/(gVSS⋅h)  

kApp
DO  

n.d mgO2/L 0.48 0.50 mgO2/L 

YPHA,HAc  n.d. mgCOD/mgCOD     
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microbial community-based PHA production, widening the generic po
tential for substrate availability for PHA production from waste sources. 

Data availability 

Datasets related to this article can be found at: https://data.mende
ley.com/datasets/gnnkdpg3rp/1, an open-source online data repository 
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