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A B S T R A C T

This work explores the combined application of biological nitrogen removal and polyhydroxyalkanoate (PHA) 
synthesis within the operational framework of a wastewater treatment plant (WWTP), employing waste-activated 
sludge as both the microbial inoculum and carbon source. Consistent and high-yield PHA production was ach
ieved through a membrane-assisted microbial enrichment strategy, carried out in alternating aerobic and anoxic 
conditions, comprising a nitritation sequencing batch reactor (N-SBR), a membrane-based selection reactor (S- 
SBR), and a continuously operated PHA accumulation unit (A-SBR). The A-SBR reached 40–44 % w/w of PHA for 
about 70 days, while the storage yield was within 0.32–0.53 g CODPHA g− 1 CODVFA. The system maintained high 
efficiency despite the C/N variation around 2 and 6 g COD g− 1 N. Nitrous oxide (N2O) was monitored to assess 
the direct greenhouse gas (GHG) emissions. The N-SBR achieved the peak concentration of 0.62 ± 0.08 mg N2O-N 
L− 1 during period I (C/N 2), while the highest emission factor of 0.49 ± 0.08 % was reached during period IV (C/ 
N 6). This research highlights the benefits of integrating PHA production into WWTP operations, which involves 
recovering resources while meeting stricter nutrient removal and environmental impact standards. Future work 
should focus on optimizing nutrient removal and mitigating GHG emissions to fully meet the requirements of 
evolving urban wastewater treatment regulations.

1. Introduction

Biopolymers, such as polyhydroxyalkanoates (PHA), have rapidly 
gained recognition as high-value resources when recovered from solid 
waste. The increasing demand for sustainable waste management and 
resource recovery has increased interest in waste-activated sludge 
(WAS) based PHA production (Awasthi et al., 2023; Zhang and Liu, 
2022). Being a major waste of wastewater treatment plant (WWTP) 
operations, WAS offers a substrate rich in organic matter but is hardly 
exploitable for producing PHA without proper pre-treatments (Zhang 
et al., 2018; Chaudhry et al., 2011). The integration of PHA production 
into conventional WWTPs represents a promising step toward the 
development of water resource recovery facilities (WRRFs), potentially 
enhancing both resource efficiency and process sustainability.

PHA production can be coupled with a complete nitrogen (N) 
removal process through a preliminary nitritation step by applying 
aerobic/anoxic enrichment (AE/AN) (Frison et al., 2015a). The same 
strategy, involving the use of a specific nitritation reactor, has been 
explored by Conca et al. (2020) (Conca et al., 2020), who validated the 

process at pilot scale. The same enrichment strategy has also been 
adopted by Basset et al. (2016) (Basset et al., 2016), who explored using 
a single reactor process in which the NOx species produced during the 
aerobic feast serve as an electron acceptor during the anoxic famine. The 
same process was also tested on a laboratory scale, highlighting that no 
significant difference was observed between nitrate and nitrite as elec
tron acceptors in the process (Tu et al., 2019; Liu et al., 2023). In all the 
previous studies cited, the accumulation was carried out in batch mode, 
with the process length fixed. However, this approach would still require 
improvement to achieve a continuous process that could be more easily 
implemented on larger scales (Guo et al., 2024). The N removal-PHA 
production process, though nitrite/nitrate denitrification, offers 
several advantages due to the possibility of coupling it to conventional 
WWTP operation treating high N load influents. At the same time, 
despite the high removal efficiency achievable, a consistent concentra
tion of N will remain in the effluent waters, posing a potential risk to 
receiving water bodies.

The C/N ratio effect was recently assessed in AE/AN enrichment in a 
pilot plant fed by real wastewater/WAS (Mineo et al., 2024). System 
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performance was evaluated under varying external C/N ratios, with a 
particular focus on the environmental implications of nitrous oxide 
(N2O) emissions. Effluent quality characterization was limited, as the 
primary objective was to investigate nitrogen removal within the 
mainline process, excluding tertiary treatment steps. Consequently, the 
evaluation does not fully capture the extent of contaminant removal. 
Another previous study introduced a membrane bioreactor (MBR) in the 
enrichment process by applying aerobic dynamic feeding (Mineo et al., 
2025). Despite the high removal efficiencies obtained, complete N 
removal could not be achieved due to the lack of a denitrification phase. 
Today’s environmental challenges, posed by climate change, have 
further motivated actions to preserve the environment and human 
health. The revision of the Urban Wastewater Treatment Directive im
poses stricter limits on nitrogen (N) and phosphorus (P) concentrations 
in the effluent, as well as the monitoring of greenhouse gas (GHG) 
emissions (European Parliament, 2024). Moreover, the directive hardly 
promotes the practice of water reuse, almost as a mandatory require
ment for larger WWTPs, as water scarcity has become a severe global 
threat (He and Rosa, 2023). However, a revamp of existing WWTPs will 
be required to produce effluent that can be reused following the new 
directive limits. If the strict requirements are respected, this necessary 
revamping could be the key step in fostering PHA production imple
mentation within WWTPs.

To test the efficiency of the AE/AN enrichment in the context of the 
new EU Directive, a membrane bioreactor (MBR) was applied to the 
main effluent stream of the PHA production process, the selection 
reactor. The sludge withdrawn from the reactor was used as substrate in 
a continuous accumulation reactor run in parallel. The study’s goal was 
to monitor and test the efficiency of the aforementioned process, uti
lising the nitritation reactor for the first time in the membrane-based 
enrichment process and a continuous PHA accumulation reactor. 
Given their relevance, direct GHG emissions were monitored to assess 
the environmental footprint of the proposed configuration, alongside 
sCOD, nitrogen and phosphorus removal efficiencies and PHA produc
tion performance.

2. Materials and methods

2.1. PHA production plant layout

The pilot plant is located at the WRRF of Palermo University 
(Mannina et al., 2021). The PHA line operates as the sludge treatment 
train within the mainstream wastewater treatment pilot plant. It com
prises four units, beginning with a 200 L fermenter coupled with an 
ultrafiltration (UF) module to recover volatile fatty acids (VFAs). The 
nitritation sequencing batch reactor (N-SBR) is the second unit designed 
to produce a nitrite- and nitrate-rich effluent (working volume: 30 L). 
The third unit, a selection sequencing batch reactor (S-SBR) with a 

working volume of 50 L, is designed to enrich the mixed microbial 
culture through a feast/famine regime. At the onset of the feast phase, 
the VFA recovered from the fermenter is fed under aerobic conditions. 
The nitrites and nitrates-rich liquid produced in the N-SBR is fed during 
the famine phase in the S-SBR, which is carried out in anoxic conditions. 
The last unit is the accumulation SBR (A-SBR), which is periodically 
inoculated with waste sludge from the S-SBR and operates continuously 
in a feast-on-demand mode automatically controlled (Mineo et al., 
2023). All reactors were inoculated with WAS sourced from the main
stream wastewater treatment line. The experimental period was char
acterised by four C/N ratios (expressed as g COD g− 1 N), based on the 
characteristics of the fermented sludge liquid reported in Table 1: period 
I – 2 COD/N; period II – 3 COD/N; period III – 4; and period IV – 6 
COD/N. Variations in the characteristics of the fermented sludge liquor 
reflected seasonal fluctuations in the composition of the WAS, driven by 
changes in campus wastewater related to canteen activity and dormitory 
occupancy.

2.2. VFA production

Acidogenic fermentation of WAS was carried out in a continuously 
stirred tank reactor, operated at a hydraulic and sludge retention time 
(HRT and SRT, respectively) of 5 days. Following fermentation, the 
sludge mixture was filtered using a hollow fiber membrane within the 
40 L UF unit. No pre-treatment was applied to the WAS, while pH and 
temperature were monitored using a WTW SenTix probe. The liquid 
obtained from the fermented WAS filtration was used as feedstock for 
the other reactors in the pilot plant, and its characteristics are reported 
in Table 1.

2.3. Nitritation reactor

The N-SBR was designed to achieve partial ammonia oxidation, 
generating electron acceptors for use during the famine phase of the S- 
SBR. It was fed with fermented sludge liquor, similarly to the S-SBR. The 
cycle duration ranged from 3.5 to 4 h, depending on operational con
ditions, and consisted of feeding (15 min), aerobic reaction (2.5–3 h), 
settling (30 min) and effluent withdrawal (15 min). The effluent was 
collected and subsequently used as feedstock for the S-SBR. The opera
tional conditions of the N-SBR are reported in Table 2.

2.4. Selection reactor

The S-SBR was operated to enrich the microbial community in PHA- 
accumulating organisms. Each cycle included VFA feeding, an aerobic 
feast phase, addition of N-SBR effluent, an anoxic famine phase and 
effluent withdrawal via membrane filtration. The total cycle duration 
was approximately 10 h, with the feast phase lasting 1–3 h, depending 

Table 1 
Average features of the fermented waste-activated sludge filtration liquid.

Parameter U.M Period I Period II Period III Period IV

sCOD mg L− 1 215.51 ± 69.56 373.92 ± 36.58 470.84 ± 23.67 363.12 ± 105.40
VFA mg COD L− 1 98.89 ± 29.90 131.93 ± 14.64 193.94 ± 29.97 104.99 ± 61.04
Acetic acid mg COD L− 1 51.52 ± 46.18 121.82 ± 13.29 179.11 ± 28.57 96.93 ± 56.98
Propionic acid mg COD L− 1 10.90 ± 1.89 9.01 ± 7.42 6.32 ± 5.07 6.59 ± 6.18
Iso-butyric acid mg COD L− 1 0.12 ± 0.07 0.08 ± 0.04 0.64 ± 0.24 0.07 ± 0.03
Butyric acid mg COD L− 1 1.10 ± 0.97 1.56 ± 1.12 10.86 ± 8.02 2.21 ± 1.21
Iso-valeric acid mg COD L− 1 0.15 ± 0.05 0.07 ± 0.04 - 0.16 ± 0.07
Valeric acid mg COD L− 1 35.04 ± 30.20 0.61 ± 0.21 - 0.21 ± 0.09
Hexanoic acid mg COD L− 1 0.07 ± 0.05 - - -
VFA/sCOD mg CODVFA mg COD− 1 0.46 ± 0.05 0.36 ± 0.05 0.41 ± 0.06 0.27 ± 0.08
NH4
þ-N mg N L− 1 115.24 ± 10.69 115.30 ± 9.57 107.75 ± 4.08 56.99 ± 21.59

NO2
- -N mg N L− 1 0.04 ± 0.01 0.33 ± 0.20 0.51 ± 0.08 0.06 ± 0.06

NO3
- -N mg N L− 1 0.36 ± 0.02 0.52 ± 0.18 0.82 ± 0.34 0.31 ± 0.28

PO4
3--P mg P L− 1 23.01 ± 3.95 11.04 ± 6.29 8.52 ± 4.52 10.21 ± 4.88

Soluble chemical oxygen demand (sCOD); Ammonium (NH4
+-N); Nitrites (NO2

- -N); Nitrates NO3
- -N); Orto-phosphate (PO4

3--P)
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on process dynamics. The transition to the famine phase was triggered 
when dissolved oxygen (DO) levels reached a plateau, indicating VFA 
depletion. DO and temperature were monitored using a WTW FDO 
925–3 probe. The operational conditions for the S-SBR are reported in 
Table 3.

2.5. Accumulation reactor

PHA accumulation was conducted in a 20 L tempered glass reactor 
operated under a feed-on-demand strategy. WAS from the S-SBR served 
as a periodic inoculum, enabling continuous operation. The reactor was 
aerobically fed with VFAs produced in the fermenter, with DO used as a 
control variable via an automated system (Mineo et al., 2023). The 
substrate was resupplied upon VFA depletion, as indicated by a decrease 
in DO. After several feedings, the aeration was stopped, allowing the 
sludge to settle for 20 min. The supernatant was then removed, and the 
next cycle was initiated by reactivating the air supply. Once the sludge 
took 2 h to consume, the substrate was fed, part was withdrawn, and the 
S-SBR wasted sludge was fed. The amounts of sludge withdrawn and fed 
were based on maintaining a fixed concentration of 1 g L− 1 of TSS in the 
reactor.

2.6. Analytical methods and calculations

Liquid samples were collected twice a week in the fermenter to 
analyse sCOD, VFAs, NH4

+-N, and PO4
3--P. For the N-SBR and S-SBR, 

influent and effluent samples were analyzed twice weekly for sCOD, 
NH4

+-N, PO4
3--P, NO3

- -N and NO2
- -N.

Mixed liquor was sampled weekly to quantify the dissolved N2O 
concentration, following the approach of Mannina et al. (2018a). Sam
ples were centrifuged at 8000 rpm for 20 min. Seventy-five millilitres of 
supernatant were transferred to 125 mL glass bottles and acidified with 
1 mL of 2 N H2SO4. Bottles were sealed and continuously mixed for 24 h 

to establish liquid–gas equilibrium. The headspace was then sampled to 
determine the dissolved N2O concentration. Gaseous N2O was quanti
fied by directly sampling the reactors’ headspace via the installed covers 
and sampling ports. Dissolved and gaseous N2O were analysed in 
duplicate using a gas chromatograph (Agilent 8860) equipped with a 
packed column (Popapak-Q 80/100 mesh, 6 ft - 1/8" x 2.1 mm) and an 
electron-capture detector. The N2O emission factor (EFN2O) was calcu
lated according to the literature (Tsuneda et al., 2005), as reported by 
Eq. 1: 

EFN2O =
N2O − Ng

/
HRTHS + N2O − Nd/HRT

TN
(1) 

where N2O-Ng and N2O-Nd are the gaseous and dissolved nitrous oxide 
concentrations, respectively, HRT is the pilot-plant hydraulic retention 
time, HRTHS is the retention time in the tank headspace, and TN is the 
total nitrogen concentration in the influent flow.

In the A-SBR, mixed liquor was sampled twice weekly to determine 
PHA content, defined as the sum of polyhydroxybutyrate (PHB) and 
polyhydroxyvalerate (PHV) (Conca et al., 2020).

Standard methods (Rice and Bridgewater, 2012) were employed to 
analyze sCOD, TCOD, NH4

+-N, PO4
3--P, NO3

- -N, NO2
- -N, TSS and VSS. VFA 

were quantified following the protocol described in the literature 
(Montiel-Jarillo et al., 2021). A gas chromatograph with a DB-FFAA 
column (MEGA-1, 30 m× 0.32 mm× 5μm) was used to determine VFA 
concentrations, while a Restek Stabilwax column (30 m x 
0.53 mm×1.00 µm) was used to determine the PHA concentration 
(Mannina et al., 2019). PHA concentration was expressed as the per
centage of PHA per biomass unit (% gPHA g− 1VSS). The PHA storage 
yield was calculated as the mass of PHA per VFA supplied (gCODPHA 
g− 1CODVFA). Oxidation stoichiometries of 1.67 g COD g− 1 for PHB and 
1.92 g COD g− 1 for PHV were applied, while VFA conversion factors 
followed the values reported by Yuan et al. (2011) (Yuan et al., 2011). 
N-SBR performance was evaluated through the nitrite accumulation rate 
(NAR) (Kowal et al., 2022), as reported by Eq. 2: 

NAR =
NO−

2 − NOUT

NO−
2 − NOUT + NO−

3 − NOUT
(2) 

Nitrogen effluent fractions were calculated according to the litera
ture (Mannina et al., 2016): 

Nitrified N =
NH+

4 − NIN − NH+
4 − NOUT − Nmetabolic

NH+
4 − NIN − Nmetabolic

(3) 

Where NOx is the sum of NO2
- -N and NO3

- -N and Nmetabolic is 5 % of 
the sCOD removed.

3. Results and discussion

3.1. Performance of the nitritation reactor

The N-SBR was operated for approximately 130 days, aiming to 
produce a suitable NOx load to facilitate the AE/AN enrichment in the S- 
SBR. Table 4 summarizes the reactor’s performance in contaminants 
removal. The system achieved a high removal efficiency in the first three 
periods, particularly in period III, where the highest values were 

Table 2 
Average operational conditions of the nitritation reactor.

Parameter U.M Period I Period II Period III Period IV

Influent C/N g COD g N− 1 1.90 ± 0.47 3.36 ± 0.52 4.16 ± 0.63 5.61 ± 1.38
F/M kg BOD kg SS− 1 d− 1 0.11 ± 0.04 0.18 ± 0.03 0.23 ± 0.06 0.17 ± 0.08
SRT days 5.91 ± 2.05 6.01 ± 2.53 6.03 ± 2.24 5.11 ± 2.32
OLR kg COD m− 3 d− 1 0.32 ± 0.10 0.56 ± 0.05 0.66 ± 0.09 0.47 ± 0.18
NLR kg N m− 3 d− 1 0.17 ± 0.02 0.17 ± 0.01 0.16 ± 0.01 0.09 ± 0.03
TSS g L− 1 1.20 ± 0.11 1.25 ± 0.20 1.21 ± 0.18 1.15 ± 0.18
VSS g L− 1 0.87 ± 0.11 0.94 ± 0.19 0.88 ± 0.12 0.84 ± 0.07
Temperature ℃ 18 ± 3 23 ± 2 27 ± 4 28 ± 2

Food to microorganism ratio (F/M); Organic Loading Rate (OLR); Nitrogen Loading Rate (NLR); Total suspended solids (TSS); Volatile suspended solids (VSS)

Denitrified N =
NH+

4 − NIN + NOx − NIN − NH+
4 − NOUT − NOx − NOUT − Nmetabolic

NH+
4 − NIN + NOx − NIN − Nmetabolic

(4) 
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obtained for sCOD and PO4
3--P removal. The C/N shift from 2 gCOD g− 1N 

in period I to 4 gCOD g− 1N in period III did not result in substantial 
differences, with the PO4

3--P removal mainly affected by the lower 
influent concentrations. However, system efficiency rapidly decreased 
at C/N higher than 5.5 gCOD g− 1N. Despite the lower COD influent 
concentrations, COD removal efficiency decreased, on average, by 10 %. 
This result may be related to the lower amount of readily biodegradable 
COD in period IV, which corresponds to the lowest VFA/sCOD ratio 
recorded (0.27). The removal efficiency trends for NH4

+-N and NOx-N are 
shown in Fig. 2. During period IV, NH4

+-N removal accounted for, on 
average, 74.7 ± 14.7 %, with nitrification efficiency and NAR of 45.4 
± 14.6 % and 29.7 ± 4.6 %, respectively. The decline in influent NH4

+-N 
concentration resulted in reduced free ammonia levels in the reactor and 
an increased C/N ratio, conditions that impaired the activity of 
ammonia-oxidising bacteria (AOB) and created a competitive advantage 
for nitrite-oxidising bacteria (NOB) (Shao et al., 2018; Okabe et al., 
2011). According to part of the literature (Wu et al., 2016), SRT should 
have been closer to 5 days instead of fostering the AOB’s activity. 
However, some studies report an opposite trend, indicating that high 
SRTs inhibit NOB activity (Conca et al., 2020; Jubany et al., 2009). 
However, since the SRT slightly changed during the experimental 
period, it is reasonable to say that it didn’t affect the biological activity 
in the N-SBR. The nitrification efficiency was consistently higher than 
70 % in the previous periods, whereas during period III, the highest NAR 
value of 54.5 ± 0.6 % was recorded. The NAR values registered are in 
accordance with previous studies for the NLR adopted in the N-SBR 
(Frison et al., 2015a, 2015b; Conca et al., 2020) higher NAR registered 
in period III may be related to the higher temperature recorded during 
the experimental activity in period III (Table 2).

The system efficiency worsening in period IV is also shown by the 
N2O emissions and N effluent fractions reported in Fig. 3. Period I was 
characterized by the highest emitted N2O concentration (0.62 
± 0.08 mg N2O-N L− 1) mainly because of the low C/N adopted (2 gCOD 
g− 1N) (Mannina et al., 2018b). However, the emission factor was 
considerably low, at 0.24 ± 0.02 %, highlighting the high biological 
activity previously reported. Despite the higher nitrite accumulated 
during period II compared to period I, lower N2O emission (0.42 
± 0.05 mg N2O-N L− 1) and emission factor (0.19 ± 0.01 %) were ach
ieved. Period III showed higher N2O emission (0.49 ± 0.03 mg N2O-N 
L− 1). Since the low difference in C/N ratios, the NAR played a role in the 

process. During period III, nitrite accounted, on average, for 6.3 
± 1.8 mg N L− 1, resulting in the average emission factor of 0.30 
± 0.06 %. As reported in the literature, increased nitrite accumulation 
will increase N2O emission during the AOB nitritation process (Massara 
et al., 2017; Kemmou and Amanatidou, 2023; Law et al., 2012a). Since 
the nitrite concentration was below 10 mg N L− 1, the N2O emission 
factor was considerably lower than that reported by Frison et al. (2015a)
for around 15 % of the influent TN when nitrite concentration was 
around 50 mgL− 1. While the concentration of emitted N2O was similar to 
period III, the period IV emission factor accounted for 0.49 ± 0.08 % of 
the influent TN. As discussed before and as reported by the lowest 
nitrified N share in Fig. 2b (53.7 ± 26.5 % of the effluent TN), period IV 
was characterized by a nitrification disturbance, which maintained the 
emitted N2O concentration (0.51 ± 0.03 mg N2O-N L− 1) comparable to 
period III despite the lower nitrites accumulated. As intermediate 
compounds in the AOB-mediated N₂O production pathway were not 
measured, the observed increase in N₂O emissions can only be attributed 
hypothetically to incomplete oxidation of hydroxylamine (Law et al., 
2012b).

3.2. Performance of the selection reactor

The S-SBR was coupled with an MBR unit to test the feasibility of 
achieving an effluent which could be reused. Accordingly, effluent COD 
concentrations were evaluated against the BOD discharge limit of 
10 mg L− 1 set by Regulation 2020/741/EU, while nitrogen and phos
phorus concentrations were compared to the thresholds defined by 
Italian Decree 39/2023, 15 mg L− 1 for total nitrogen and 2 mg L− 1 for 
total phosphorus for WWTPs serving fewer than 100,000 population 
equivalents. Overall, the system achieved high removal efficiencies for 
COD and N over the four periods, as reported in Table 5. Contrary to the 
N-SBR, the COD removal efficiency never dropped below 90 %, meeting 
the discharge limit for all periods except period IV. As discussed, this 
period was characterised by a low readily biodegradable COD, which 
worsened biological activity. TN removal efficiency also remained 
above 85 %, registering a slight decrease during period IV compared to 
the previous periods. Still, effluent TN concentration was within the 
legislation limits for periods II and III. The effluent phosphate concen
tration never met the legislation limits imposed by ITA/39/2023, thus 
highlighting the need for further optimisations in this regard. As re
ported in Fig. 4, no substantial worsening of the ammonia removal 
occurred during the experimental period. It accounted, on average, for 
90.6 ± 3.5 %, 87.5 ± 2.4 %, 91.4 ± 2.3 % and 87.1 ± 3.5 % for periods 
I, II, III and IV, respectively. Additionally, the denitrification efficiency 
was stabilised at a value higher than 85 % during the first three periods, 
indicating that the system was not affected by the C/N shifts from 2 to 4 
gCOD g− 1N (Wang et al., 2021). However, the severely decreased ni
trites and nitrates concentrations in the N-SBR effluent during period IV 
worsened the S-SBR performance. Indeed, the lowest denitrification 
efficiency of 22.9 ± 9.7 % was achieved during that period. Overall, a 
slightly higher denitrification efficiency was achieved in this work 
compared to other studies that applied the two-reactor scheme (Frison 
et al., 2015a; Conca et al., 2020; Frison et al., 2015b, 2021). However, it 
must be noted that a lower NLR was adopted in this work for the S-SBR 

Table 4 
Average and standard deviation removal efficiencies for the nitritation reactor.

Parameter sCOD PO4
3--P

​ IN OUT Removal IN OUT Removal
U.M mg L− 1 mg L− 1 % mg P 

L− 1
mg P 
L− 1

%

Period I 215.4 
± 69.6

13.1 
± 3.4

93.3 
± 3.4

21.9 
± 3.8

12.8 
± 1.6

40.9 
± 7.3

Period II 373.8 
± 36.6

12.9 
± 2.3

96.5 
± 0.9

10.5 
± 6.0

6.1 
± 3.7

43.2 
± 9.1

Period III 441.4 
± 62.4

11.4 
± 10.7

97.1 
± 3.2

8.1 
± 4.3

2.7 
± 0.9

59.6 
± 20.7

Period IV 315.8 
± 118.2

44.9 
± 30.0

86.1 
± 7.1

9.7 
± 4.7

3.0 
± 0.9

57.6 
± 31.3

Table 3 
Average operational conditions of the selection reactor S-SBR.

Parameter U.M Period I Period II Period III Period IV

Influent C/N g COD g N− 1 1.78 ± 0.46 3.13 ± 0.43 3.87 ± 0.45 5.11 ± 1.53
F/M kg BOD kg SS− 1 d− 1 0.12 ± 0.03 0.18 ± 0.05 0.21 ± 0.05 0.17 ± 0.08
SRT days 6.38 ± 3.31 5.54 ± 2.61 8.00 ± 6.36 12.03 ± 7.69
OLR kg COD m− 3 d− 1 0.38 ± 0.12 0.64 ± 0.06 0.75 ± 0.09 0.60 ± 0.23
NLR kg N m− 3 d− 1 0.21 ± 0.02 0.21 ± 0.01 0.20 ± 0.05 0.12 ± 0.03
CODVFA/NOx g CODVFA g− 1NOx-N 11.14 ± 6.64 13.55 ± 2.49 20.13 ± 8.37 51.23 ± 13.59
TSS g L− 1 1.28 ± 0.28 1.33 ± 0.33 1.34 ± 0.34 1.35 ± 0.41
VSS g L− 1 0.92 ± 0.16 1.01 ± 0.31 0.99 ± 0.30 1.00 ± 0.34
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operation, 50–70 % lower than the above-cited manuscript, and that a 
higher CODVFA/NOx ratio was measured, thus favouring a more effective 
complete via-nitrite/nitrate nitrogen removal process. The high deni
trification efficiency was also not affected by the relatively low NAR 
efficiency of the N-SBR, thus indicating that there is no substantial dif
ference in using nitrites or nitrates as electron acceptors when PHA is 
used as an internal carbon source (Liu et al., 2023; Salehizadeh and Van 
Loosdrecht, 2004). A similar denitrification efficiency was achieved 
compared to the single reactor process adopted in several literature 
studies. Still, higher overall nitrogen removal was reported in this work, 
thus proving the higher efficiency of adopting the N-SBR for complete 
nitrogen removal (Basset et al., 2016; Tu et al., 2019; Liu et al., 2023). 
However, as reported in Fig. 3, higher efficiency comes at the cost of 
higher N2O emissions and increased indirect emissions due to the setup 
and operation of an additional reactor (Mannina and Mineo, 2024).

Considering the 2020/741/EU and ITA/39/2023, the system pro
duced a reusable effluent, in addition to the PO4

3--P concentration. 
However, considering the proposed new Urban Wastewater Treatment 
Directive, a lot of work still needs to be done. Suppose the advantage of 
implementing the PHA production within the WWTP operation wants to 

be exploited. In that case, further solutions and more advanced treat
ments must be adopted, or simpler PHA production schemes (i.e., direct 
accumulation) may be coupled with further nutrient removal processes.

As already reported for the N-SBR, period IV was characterized by 
low biological activity, which also resulted in higher N2O emissions in 
the S-SBR, as reported in Fig. 5. Considering the average emissions 
during the periods, the N2O total concentration was always below 
0.4 mg N2O-N L− 1. Period I showed the highest concentration of emitted 
N2O-N, reaching 0.39 ± 0.09 mg N2O-N L− 1, while the lowest was 
registered during period II (0.24 ± 0.04 mg N2O-N L− 1). Similarly to the 
N-SBR, the highest concentration reached during period I may be related 
to a C/N ratio below 2.85 gCOD g− 1N, which can result in an electron 
donor deficiency and lower microbial activity (Santorio et al., 2019). As 
for the emission factor, periods II and III achieved the lowest level of 
0.15 %, while period IV achieved, on average, 0.29 ± 0.05 %. The 
worsening of the activity during period IV is also shown by the nitrogen 
effluent fractions reported in Fig. 5b. The denitrified N accounted for 
approximately 58 % of the effluent N, representing a decrease of around 
20 % compared to previous periods. Moreover, the metabolic N share 
increased by around 15 % compared to previous periods, indicating a 

Fig. 1. Schematic view of the adopted layout.

Fig. 2. Ammonia removal efficiency (a), NAR and nitrification efficiencies with the related NOx species (b) for the nitritation reactor.
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worsening of heterotrophic activity. In any case, despite the worsening 
in the last period, N2O never accounted for more than 0.3 % of the 
influent N. Different results were reported by Tu et al. (2019) (Tu et al., 
2019) which, to the author’s knowledge, is the only one monitoring N2O 
emissions in an AE/AN enrichment process, besides the authors’ studies 
(Mannina and Mineo, 2024). In their study, the authors conducted 
denitrification batch tests under anoxic conditions, using a nitrate so
lution with an initial NO3-N concentration of 40 ± 3 mg N L− 1. The 
authors reported an average N2O-N concentration of 2 mg L− 1, reaching 
peaks of around 5 mg L− 1 at 4 h. The concentration is incredibly higher 
than that reported in this work, but, at the same time, a higher NOx 
concentration is adopted. At the end of the famine step, the authors 
reported a concentration below 1 mg L− 1, highlighting the crucial role 
of denitrification as an N2O sink (Conthe et al., 2019) (Fig. 6).

However, the N2O emission has been poorly addressed in AE/AN 
enrichment processes compared to other denitrification-based PHA en
richments. As reported by Liu et al. (2015), numerous advanced models 
were optimized and built upon anaerobic-anoxic processes, which 
allowed for comprehensive evaluation of the effect of operational pa
rameters (such as the NLR or the SRT), the PHA produced, and the 
feeding strategy adopted with the N2O emission (Scherson et al., 2014; 
Wu et al., 2013). Despite the easy-to-implement process, the AE/AN 
enrichment still suffers from a knowledge gap that needs to be assessed 

for scalability.

3.3. Continuous operation of the accumulation reactor

The PHA accumulation was carried out continuously in the A-SBR, 
adopting a feed-on-demand strategy. The reactor operated for 117 days, 
starting on day 21 of the pilot plant operation. The reactor was fed with 
wasted enriched biomass produced from the S-SBR on days 29, 45, 76, 
and 118. Before the inoculum feeding, the biomass within the reactor 
was withdrawn to maintain a stable TSS concentration of 1 g L− 1. The 
results of the accumulation are reported in Fig. 5.

During the first 80 days of operation, the amount of PHA produced 
continued to increase with every enriched biomass feeding, reaching a 
peak concentration of 44.6 % w/w. Of this, 9.9 % w/w was produced as 
PHV, while the remaining 34.7 % w/w was produced as PHB. The sharp 
increase registered in the first 30 days of operation was mainly related to 
PHV production, as the HV:HB peak of 1.04 was achieved on day 28. 
This result is primarily associated with a high concentration of propionic 
and valeric acids in the substrate feed, as registered during period I, 
which is almost comparable to that of acetic acid, as reported in Table 1
(Perez-Zabaleta et al., 2021; Chang et al., 2012; Zhang et al., 2023). 
Additionally, the sharp increase during the first 30 days was attributed 
to the highest VFA/sCOD ratio recorded during period I, resulting in a 

Fig. 3. Gaseous and dissolved N2O emission and N2O emission factor measured (a) and effluent nitrogen shares (b) for the nitritation reactor.

Table 5 
Average and standard deviation removal efficiencies for the selection reactor S-SBR.

Parameter sCOD TN PO4
3--P

​ IN OUT Removal IN OUT Removal IN OUT Removal
U.M mg L− 1 mg L− 1 % mg N L− 1 mg N L− 1 % mg P L− 1 mg P L− 1 %
Period I 228.5 ± 70.2 6.4 ± 1.6 97.0 ± 1.1 127.3 ± 11.1 11.3 ± 3.4 91.0 ± 3.2 34.7 ± 5.0 18.1 ± 2.9 47.5 ± 8.2
Period II 386.7 ± 35.3 7.7 ± 6.4 98.1 ± 1.4 124.1 ± 8.8 14.5 ± 3.2 88.3 ± 2.3 16.6 ± 9.6 10.0 ± 7.4 44.7 ± 12.0
Period III 452.8 ± 52.8 9.2 ± 4.6 96.1 ± 4.5 117.8 ± 6.3 9.3 ± 2.1 92.1 ± 2.1 10.8 ± 4.0 4.0 ± 1.6 59.3 ± 15.5
Period IV 360.8 ± 139.7 21.0 ± 9.3 93.4 ± 3.3 70.5 ± 18.6 9.6 ± 1.5 85.8 ± 3.7 12.8 ± 4.5 4.7 ± 1.4 61.6 ± 6.0
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Fig. 4. Ammonia removal efficiency (a) and denitrification efficiency with the relative NOx trend (b) for the selection reactor.

Fig. 5. Gaseous and dissolved N2O emission and N2O emission factor measured (a) and effluent nitrogen shares (b) for the selection reactor.
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storage yield of 0.32 g CODPHA g− 1CODVFA (days 20–28). Instead, 
despite the following periods being characterised by a lower VFA/sCOD 
ratio, a higher OLR, F/M, SRT, and C/N were measured during periods II 
and III, which probably resulted in an enriched culture with increased 
PHA production capacity (Frison et al., 2021; Chen et al., 2017; 
Mokhtarani et al., 2012; Crognale et al., 2022; Isern-Cazorla et al., 
2023). Indeed, the storage yields accounted for 0.53, 0.52, and 0.51 g 
CODPHA g− 1CODVFA on days 29–45, 46–76, and 77–117, respectively. At 
the same time, despite being characterized by the highest C/N ratio in 
period IV, the severely decreased VFA/sCOD ratio may have played a 
crucial role in not increasing the PHA production, achieving an average 
of 39.6 ± 2.5 % w/w and a storage yield of 0.41 g CODPHA g− 1CODVFA 
during days 117–138. Despite system fluctuations, the A-SBR achieved a 
stable PHA production of 40–44 % w/w between days 62 and 138. This 
result slightly contrasts with the relative literature, where the AE/AN is 
usually considered a low-PHA production strategy (Kourmentza et al., 
2017). However, the long-term continuous operation of the accumula
tion reactor’s study showed that a stable PHA production of around 
40 % w/w can be achieved. To comprehensively compare the results of 
this study with the literature, the accumulation results of studies 
adopting the same enrichment strategy are summarised in Table 6.

The single reactor nitritation-denitritation proposed by Tu et al. 
(2019) and (Liu et al., 2023) achieved higher PHA concentrations than 
those reported by Frison et al. (2015a), (2015b) and Conca et al. (2020)
adopting a two-reactor process. However, it must be considered that a 
lower SRT was applied in the selection reactor by Tu et al. (2019) and 
that a synthetic substrate was used by Liu et al. (2023), which may have 
favoured PHA production compared to the real substrate. The two re
actors’ process showed an increased storage yield, which highlights the 
higher efficiency of the process in enriching the PHA producers’ culture. 
The results presented in this study demonstrate that it is possible to 
adopt WAS as a feedstock for producing PHA, achieving results similar 

to those obtained with other more efficient feedstocks typically used in 
the literature. Moreover, it is worth noting that the lowest C/N ratio 
during accumulation was adopted in this study, compared to the liter
ature (Table 6), which further underscores the robustness and efficiency 
of the process. However, it is worth noting that the studies by Frison and 
Conca involved accumulation over hours, whereas this study was con
ducted over several days. As indicated by the storage yields obtained, 
similar to the literature, the difference is primarily related to the feed
stock used and its VFA concentration.

3.4. Assessing the possible implementation in WWTP

The recently proposed Urban Wastewater Treatment Directive in
cludes the following recommendations: tertiary treatment for N and P 
removal for urban areas with > 100,000 person equivalents (PE), the 
introduction of limits for nitrogen (<6 mg L− 1) and phosphorus 
(<0.5 mg L− 1) and the setting up of minimum yields for their removal, 
85 % for N and 90 % for P. New standards will be applied for agglom
erations of 10,000 PE or more affected by eutrophication by the end of 
2040. However, most WWTPs are not designed to meet these legislative 
limits, indicating that worldwide-scale plant retrofitting may occur 
soon. To foster the WRRF application, the PHA production process may 
represent an attractive, sustainable, and efficient process that can be 
integrated into existing WWTPs to meet future stricter legislative limits. 
The results presented in this work suggest that AE/AN enrichment may 
be considered in light of the above.

During the aerobic feast phase, ammonium is partially oxidised to 
nitrite, providing an electron acceptor that is readily available for the 
anoxic famine phase. Subsequently, under substrate limitation condi
tions (anoxic famine), PHA accumulated during the aerobic feast phase 
acts as an internal carbon reserve, utilized by denitrifying bacteria as an 
electron donor for nitrite reduction. The internal carbon-driven 

Fig. 6. Trend of PHB, PHV and PHA concentrations measured during the accumulation reactor operation.

Table 6 
Operational conditions adopted and results achieved from literature studies that employ the AE/AN enrichment strategy, both as a single reactor and a double reactor.

PHA Storage Yield Accumulation C/N Selection OLR Selection SRT Feedstock used Reference
% w/w g CODPHA g− 1CODVFA gCOD g− 1 N kg COD m− 3 d− 1 days

19–21 0.40 10–13 0.72–0.82 12–15 PS + WAS (thickened) 
WSFL - SFL

(Frison et al., 2015a)

10–20 (Cmmol/Cmmol) 0.60–0.67 3–5 1.12–1.32 15 Primary + WAS (Frison et al., 2015b)
44.1 0.58–0.61 50 1.31–1.58 6–7 PS + WAS (normal or thickened) (Conca et al., 2020)
10.6 0.01–0.22 18–22 0.20–0.26 25 OFMSW - OFMSW + PS (Basset et al., 2016)
49.7 0.47 7.8 - 4 PS + WAS (thermal-hydrolyzed) (Tu et al., 2019)
58–64 - 10–20 - 15 Synthetic substrate (Liu et al., 2023)
40–44 0.32–0.53 2–6 0.38–0.75 5–12 WAS This study

PS: primary sludge; WSFL: sewage sludge fermentation liquid with wallosonite; SFL: sewage sludge fermentation liquid; OFMSW: organic fraction of municipal solids 
waste.
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denitritation process is particularly advantageous because it avoids 
external carbon dosing, contributing to overall process economy and 
operational simiplicity. Considering the effluent legislation limits, high 
COD and TN removal efficiencies were achieved (>85 %) despite the 
effluent N values being greater than 6 mg L− 1. To decrease the N effluent 
concentration, the S-SBR denitrification process needs to be improved, 
either by increasing the length of the famine step or by increasing the 
amount of PHA produced during the feast to provide a sufficient carbon 
source for completely consuming the NOx species. Furthermore, as 
proposed in the literature (Frison et al., 2015a, 2015b, 2021), an N-rich 
effluent, such as that from an anaerobic digester, can be used in the 
N-SBR to increase overall efficiency. At the same time, this approach 
may increase the N2O emissions, as reported for different enrichment 
strategies (Liu et al., 2015). Indeed, despite the low N2O emissions re
ported in this work, further studies should address the active N2O gen
eration pathways in the process and evaluate the effectiveness of 
mitigation strategies, if needed. Since only this study and the one by Tu 
et al. (2019) have monitored the N2O emissions of an AE/AN enrichment 
process, further research is needed, despite the promising results. At the 
same time, adopting a two-reactor process will inevitably increase the 
indirect GHG emissions despite the higher N removal efficiency 
(Mannina and Mineo, 2024). This will lead to further assessment to 
balance the emissions or improve the efficiency of the single-reactor 
process. Further studies should also focus on enhancing P removal by 
implementing chemical reactions or biochar adsorption in the process 
scheme (Di Capua et al., 2022; Bunce et al., 2018).

The process also achieved stable and continuous PHA accumulation, 
highlighting the effectiveness of aerobic feast/anoxic famine conditions 
in selecting and maintaining a consortium enriched with denitrifying, 
PHA-storing microorganisms. Although microbial community compo
sition was not directly analyzed, the operational results strongly suggest 
an enriched microbial community capable of both PHA storage and ni
trite reduction under the provided operational conditions. Once the 
nutrient removal is optimised, the system could represent a sustainable 
and effective alternative to recover both water eligible for reuse and 
carbon as a biopolymer, thus positively impacting environmental pro
tection and potentially increasing revenue to WWTPs.

4. Conclusions

For the first time, this study demonstrated the feasibility and effec
tiveness of an MBR-based AE/AN enrichment process adopting WAS 
from WWTPs operating in continuous conditions. The observed mech
anism, driven by internally stored PHA consumption during the anoxic 
famine, was close to achieving water of effluent quality suitable for 
reuse. COD removal efficiencies exceeded 90 %, except during period 
IV, and nitrogen concentrations were below 15 mg L− 1 for periods II and 
III, which aligns with EU standards. However, further optimizations are 
needed to comply with stricter future regulations. Enhancing S-SBR 
denitrification and integrating nitrogen-rich anaerobic digester effluent 
may improve performance, though it could increase N2O emissions in 
the N-SBR. N2O emissions pathways and potential mitigation strategies 
need to be evaluated for the AE/AN enrichment, given the need to 
enhance its sustainability. The continuous PHA accumulation reactor 
achieved a considerable PHA accumulation (40–44 % w/w) over the last 
76 days. Future work should optimise the process within the WWTP by 
integrating other treatment steps as necessary, while always managing 
both direct and indirect GHG emissions. Generally, the environmental 
aspect of the process is sacrificed in favour of maximizing the amount of 
PHA produced. However, the future may open novel possibilities for 
integration within the WWTPs’ operation if the environmental impact is 
considered.
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