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Abstract
Nitrous oxide (N2O) emission has been reported to be enhanced during denitrification when internally-stored compounds are used
as carbon sources. However, negligible N2O emissions have been detected in the few studies where polyhydroxyalkanoates (PHA)
were specifically used. This study investigated and compared the potential enhancement of N2O production, based on utilization of an
internally-stored polymer and external carbon (acetate) by a denitrifying phosphorus removal culture. Results indicated that at relatively
low chemical oxygen demand-to-nitrogen (COD/N) ratios, more nitrite was reduced to N2O in the presence of an external carbon source
as compared to an internal carbon source (PHA). At relatively higher COD/N ratios, similar N2O reduction rates were obtained in all
cases regardless of the type of carbon source available. N2O reduction rates were, however, generally higher in the presence of an
internal carbon source. Results from the study imply that when the presence of an external carbon source is not sufficient to support
denitrification, it is likely competitively utilized by different metabolic pathways of denitrifying polyphosphate accumulating organisms
(DPAOs) and other ordinary denitrifiers. This study also reveals that the consumption of PHA is potentially the rate-limiting step for
N2O reduction during denitrification.

Key words: N2O; denitrification; carbon source; enhanced biological phosphorus removal; DPAOs; PHA

DOI: 10.1016/S1001-0742(11)60996-0

Introduction

Nitrous oxide is a greenhouse gas. Although atmospheric
concentrations of N2O are low, its influence on global-
warming is 320 times stronger than that of carbon dioxide
(CO2). Anthropogenic activity has been determined to be a
significant contributor of atmospheric N2O. In particular,
wastewater treatment processes incorporating biological
nutrient removal are major sources of N2O emissions. N2O
is a by product of microbial nitrification and denitrification,
the main mechanisms for nitrogen removal in wastewater
treatment processes (Chung and Chung, 2000; Fux and
Siegrist, 2004; Kishida et al., 2004). Complete denitri-
fication from nitrate (NO3

−) to molecular nitrogen (N2)
consists of four reduction steps, with nitrite (NO2

−), nitric
oxide (NO) and N2O as reaction intermediates. However,
under certain conditions, N2O has been found to be the
final product instead of an intermediate (Otte et al., 1996;
Schulthess et al., 1995; Hanaki et al., 1992; Zhou et al.,
2008; Lemaire et al., 2006).

Environmental and operating conditions, e.g., dissolved
oxygen (Otte et al., 1996), nitrite (Schulthess et al.,

* Corresponding author.

1995), pH (Hanaki et al., 1992), free nitrous acid (FNA)
(Zhou et al., 2008), and carbon sources (Hanaki et al.,
1992; Schulthess and Gujer, 1996; Chung and Chung,
2000; Zeng et al., 2003b; Lemaire et al., 2006), may
cause N2O-accumulation during denitrification processes.
Among these parameters, carbon sources have a relatively
large impact on N2O accumulation (Kargi and Uygur,
2003).

It has been shown that denitrifying bacteria prefer
volatile fatty acids (VFAs) as a carbon source over com-
plex organic molecules (Elefsiniotis and Wareham, 2007).
Polyhydroxyalkanoates (PHA) have been reported to be
a possible inducer of N2O emissions when utilized as
growth substrate and the availability of external growth
substrate is limited (Schalk-Otte et al., 2000). Itokawa et
al. (2001) suggested that at relatively low COD/N ratios,
a higher N2O concentration could be observed due to
incomplete denitrification caused by the lack of external
carbon sources. However, Adouani et al. (2010) found a
lack of correlation between the types of carbon source with
the amount of N2O produced. It has also been observed that
COD-limited conditions did not necessarily increase N2O
accumulation (Zhang and Wang, 2009). Further, Itokawa et

http://www.jesc.ac.cn
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al. (2001) pointed out that endogenous denitrification did
not result in N2O accumulation.

This study investigated a special group of denitrifiers
commonly found in the enhanced biological phosphorus
removal (EBPR) process. Typically EBPR is achieved by
subjecting polyphosphate accumulating organisms (PAOs)
to alternating anaerobic and aerobic conditions. Previous
works (Meinhold et al., 1999; Zeng et al., 2003a) have
shown that some PAOs are able to oxidize their intra-
cellular PHA with nitrate and/or nitrite as the terminal
electron acceptor, providing energy for phosphorus uptake.
This would mean the carbon source taken up by PAO in
the anaerobic phase is used for both denitrification and
the removal of phosphorous, and is advantageous when
a wastewater contains relatively low levels of organic
carbon.

N2O accumulation can be a potential problem in such
a system as PHA had been suggested to promote N2O
production from denitrifying activated sludge (Zeng et
al., 2003a). However, no appreciable N2O accumulation
could be deduced based on mass-balance calculations of
a denitrifying PAOs (DPAOs) reactor reported by Kuba et
al. (1996) where poly-β-hydroxybutyrate (PHB) was used
as carbon source for denitrification by DPAOs. Zhou et
al. (2008) proved that N2O accumulation may occur in a
DPAOs system under certain conditions. They pointed out
that FNA may be the inducing factor for N2O accumula-
tion.

Overall, the abovementioned studies on N2O accumu-
lation occurring under COD-limited conditions have not
addressed the role of PHA as a carbon source. This study
investigated the impact of relatively low COD/N ratios and
PHA utilization on N2O accumulation by a denitrifying
phosphorus removal culture. To investigate the effect of the
type and quantity of carbon source on N2O accumulation,
unfavorable environmental conditions for denitrification to
occur were established in this study, i.e., relatively low
COD/N ratios and high concentrations of nitrite.

1 Materials and methods

1.1 Seed biomass source

The DPAOs culture was drawn from a sequencing batch
reactor (SBR) fed with synthetic wastewater containing
organic sources, ammonia, orthophosphate, and a trace
nutrients supplement. The carbon source was a mixture
of acetate and propionate providing 200 mg COD/L with
a CODacetate to CODpropionate ratio of 3:1. The influent
concentrations of ammonia and phosphate were 20 mg
NH4

+-N/L and 10 mg PO4
3−-P/L, respectively. The trace

nutrients supplement solution was prepared according to
the method of Smolders et al. (1994). Details of reactor
design, operation and performance are available in Zhou
et al. (2010). The SBR was displaying excellent EBPR
(> 99%) and nitrogen (> 90%) removal performance when
its biomass was drawn for the batch experiments described
below. Fluorescence in-situ hybridization (FISH) results
showed that Accumulibacter was at an abundance of 39.8%

(± 5.1%) of all bacteria bound to the EUBMIX probes.
GAOs belonging to Competibacter were less than 1%. The
D. vanus-cluster 1 and cluster 2 groups were not detected.

1.2 PHA as internal carbon sources (“PHA”)

Pretreatment of sludge started with withdrawing 2000 mL
of biomass from the parent reactor at the end of the
aerobic phase and evenly distributing it into four batch
reactors. The biomass was washed with phosphate buffer
solution (PBS) to remove any remaining nitrite from the
aerobic phase, and subsequently sparged with nitrogen gas
to remove residual oxygen.

The “PHA” batch experiment comprised anaerobic
(where external carbon was accumulated as PHA in
DPAOs), and anoxic phases (where nitrite was added
and used as an electron acceptor in denitrification). Four
COD/N ratios of 0.625, 1.25, 1.875, and 2.5 were investi-
gated with COD pre-stored as PHA during the anaerobic
phase. It has been reported that the optimal COD/N ratio
for complete nitrite reduction is 2.7–4.3 (Zhang and Wang,
2009). Therefore, the maximum COD/N ratio chosen of
this study was 2.5 to create unfavorable conditions.

Different volumes of sodium acetate stock solution were
introduced into the batch reactors to achieve the desired
COD concentrations. The anaerobic phase lasted for an
hour in the completely sealed batch reactors. At the end of
this anaerobic phase, the biomass was washed with phos-
phate buffer solution (PBS) twice to remove any remaining
sodium acetate and topped up with 20 mg PO4

3−-P/L
phosphorus solution to 500 mL in each batch reactor.
N2 was sparged through the biomass for 5 min before
each reactor was sealed. A 60 mL gas-tight syringe filled
with N2 was then connected to each reactor to balance
the gas pressure within the reactor during the following
experiment. The two-hour anoxic phase was initiated by
injecting sodium nitrite solution into the reactors. The
concentration of nitrite at the start of the anoxic phase in
each batch reactor was about 40 mg NO2

−-N/L. The pH
in the reactor was adjusted and controlled at 7.5 ± 0.05
with addition of 0.1 mol/L NaOH or 0.1 mol/L HCl. Liquid
and solid samples drawn at the beginning and end of the
anaerobic phase were analyzed for VFAs and subjected to
PHA and glycogen analysis. Liquid, solid, and gas samples
were taken at 30-min intervals during the anoxic phase, and
analyzed for phosphate, nitrite, ammonia, PHA, glycogen,
NO and N2O. Mixed liquor suspended solids (MLSS) and
volatile MLSS (MLVSS) were measured at the beginning
and end of the anoxic phase.

1.3 Sodium acetate as external carbon sources (“SA”)

The “SA” batch experiments applied sodium acetate as
the external carbon source for denitrification. The electron
donor (carbon source) and electron acceptor (nitrite) were
injected into the sealed batch reactors simultaneously.
Pretreatment of the biomass followed the same procedures
as described earlier. Four batch reactors with working
volumes of 500 mL each were sealed immediately after
such biomass pretreatment. Different volumes of sodium
acetate solution with sodium nitrite solution were then
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injected into the batch reactors, resulting in COD/N ratios
of 0.625, 1.25, 1.875, and 2.5. The anoxic phase lasted
two hours. Control of pH and sampling strategies were the
similar to those used in the “PHA” experiment.

1.4 Analysis

NH4
+, NO2

−, PO4
3−-P, and MLSS and MLVSS concen-

trations were determined in accordance with Standard
Methods (APHA, 1995). Acetate was measured with an
Agilent gas chromatograph (Model No. 6890) equipped
with a capillary column (DB-FFAP 15 m × 0.53 mm × 1.0
µm), with the injector and flame ionization detector (FID)
operating at 250 and 300°C, respectively. High purity
helium was used as the carrier gas at a constant pressure of
103 kPa. A 0.9-mL of the filtered sample was transferred
into a GC vial to which 0.1 mL of formic acid was added.
In each analysis, a sample volume of 1 µL was injected in
splitless mode.

The concentration of glycogen was determined using
the method of Zeng et al. (2003b). Briefly, a volume of
5 mL of 0.6 mol/L HCl was added into a known weight of
freeze-dried biomass in screw-topped glass tubes, and then
heated at 105°C for 6 hr. After cooling and centrifugation,
1 mL of the supernatant was analyzed for glucose using
high performance liquid chromatography (HPLC). PHA
analysis was performed using the method of Oehmen et al.
(2005) to determine PHB, poly-β-hydroxyvalerate (PHV),
and poly-β-hydroxy-2-methylvalerate (PH2MV). Freeze-
dried biomass of known weights, and PHB/V and PH2MV
standards were introduced into screw-topped glass tubes.
The tubes were heated at 100°C for 20 hr after the biomass
was suspended in 2 mL methanol (2 mL chloroform and
acidified with 3% H2SO4). After cooling, 1 mL Milli-
Q water was added and the sample was mixed. When
the phases separated, approximately 1 mL of the bottom
organic layer was transferred for analysis via gas chro-
matography.

Both dissolved N2O (within the liquid phase) and
emitted N2O (in the reactor headspace) samples were
collected in vacuum tubes (BD Diagnostics, USA). In
order to extract the dissolved N2O from the liquid phase,
the liquid samples and the tubes were shaken overnight
to allow for the equilibration of gas and liquid phases.
The liquid samples were transferred to new vacuum tubes
to be re-extracted and analysed for any residual N2O, of
which none was detected in all cases. Accumulated N2O
concentrations at the sampling point were quantified by
the sum of N2O concentrations arising from the analysis
of both the liquid and gas samples. N2O emission is the
phenomenon of the balance of N2O in both the gas- and
liquid-phases under equilibrium conditions. In order to
evaluate total N2O emissions, total accumulated N2O from
the biosystem was considered; this can indirectly indicate
the N2O emission potential. N2O and NO were determined
using an Agilent GC 6890 coupled with a capillary column
(GS Gaspro 60 m × 0.32 mm × 1.0 µm). Gas samples
of 100 µL were manually injected into the GC operated
with an oven temperature of 35°C. Inlet pressure was kept
constant at 141.3 kPa. Helium was used as the carrier

gas at a flow rate of 3 mL/min. The Micro-ECD detector
was operated at 340°C. The limits of detection of the GC
were 0.3 ppm and 0.1 ppm for N2O and NO, respectively.
Further, no NO was detected in all cases in the current
study.

Fluorescence in situ hybridization (FISH) of PAO was
performed as described in Amann (1995) with Cy5-
labelled EUBMIX probes (for most Bacteria; Daims et
al., 1999) and Cy3-labelled PAOMIX probes (for Can-
didatus Accumulibacter phosphatis or Accumulibacter,
comprising equal amounts of probes PAO462, PAO651 and
PAO846 (Crocetti et al., 2000). The presence of the major
groups of GAOs currently known was tested using Cy5-
labelled GAOMIX probes (for Candidatus Competibacter
phosphatis or Competibacter, comprising equal amounts of
probes GAOQ431 and GAOQ989 (Crocetti et al., 2002),
Cy5-labelled DF1MIX (for Defluviicoccus vanus cluster
1-related bacteria or α-GAO, comprising equal amounts
of probes DEF218 and DEF618 (Wong et al., 2004), and
Cy5-labelled DF2MIX (for Defluviicoccus vanus cluster 2-
related GAOs, comprising equal amount of probes DF988
and DF1020 plus helper probes H966 and H1038 (Mey-
er et al., 2006) against FITC-labeled EUBMIX probes.
FISH preparations were observed with a Zeiss LSM 510
Meta confocal laser-scanning microscope (CLSM) using a
Plan-Apochromat 63× oil (normal aperture 1.4) objective.
Thirty images were taken from each sample for quantifi-
cation. All the images were 8-bit, 512 × 512 pixels and of
0.1 µm pixel size. The area containing cells targeted by the
Cy3- or Cy5-labelled specific probes (PAOMIX, GAOMIX
or α-GAO) was quantified as a percentage of the area of
Cy5- or FITC-labelled Bacteria probe (EUBMIX) within
each image using a pixel-counting program. The final
quantification result was expressed as a mean percentage
(with standard errors) obtained from the 30 images. The
standard error of the mean (SEmean) was calculated as the
standard deviation of the percentage area divided by the
square root of the number of images analyzed.

2 Results and discussion

Transitions of PHA, glycogen, nitrite, phosphate and N2O
compounds from both “PHA” and “SA” tests at the same
COD/N ratio of 1.25 are displayed in Fig. 1. The rates of
transition of the compounds were determined against the
biomass concentration and described as mg N, P/(min·g
biomass), or mg C/(min·g biomass). Details involving the
calculations can be found in Zhou et al. (2007). N2O
accumulation rates were obtained from linear regression
of N2O concentrations (within both liquid and gas phases)
during the 2 hr anoxic phase. As an example, Fig. 1b shows
the N2O and NO2

− concentration profiles with regression
trendlines. At pH 7.5 and an initial nitrite concentration of
38 mg NO2

−-N/L, nitrite reduction (N2O production) and
N2O accumulation occurred simultaneously. The rates of
the two processes were determined as 0.056 and 0.034 mg
NO2

−-N or N2O-N/(min·g biomass), respectively, through
linear regression. The N2O reduction rate was calculated
as the difference between the measured NO2

− reduction
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Fig. 1 Nitrite, phosphorous, N2O, acetate, PHA, and glycogen concentration profiles during denitrification by internal carbon PHA (a) and external
carbon sodium acetate (b) (COD/N = 1.25).

rate and N2O accumulation rate. The N2O reduction rates
in other batch experiments were determined in a similar
fashion. The extent of N2O accumulation was determined
as the percentage of denitrified nitrite accumulated as N2O.

As shown in Fig. 1a, the biomass expressed a typical
anoxic P-removal phenotype of DPAOs. Phosphate was
taken up by utilizing the energy generated from PHA
degradation and denitrification, with the replenishment of
glycogen. The rate of accumulation of N2O was constant

(Fig. 1b). When COD was added as an external carbon
source (acetate), anaerobic DPAOs metabolism with P-
release, PHA generation and glycogen consumption was
observed. Once the external carbon source was depleted
(Fig. 1b), anoxic metabolism of DPAOs was employed.
Nitrite reduction and N2O accumulation were at relatively
constant rates (R2 > 0.98) during the entire test.

Figure 2 shows a comparison, under different COD/N
ratios, of N2O accumulation (Fig. 2a), production

COD/N ratio
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(Fig. 2b), reduction (Fig. 2c) rates, and accumulation
percentages (Fig. 2d) between the use of PHA and sodium
acetate as the internal and external carbon source, respec-
tively. In considering a particular COD/N ratio, the rates
of accumulation of N2O in the presence of an external
carbon source were generally higher (c.f. an internal car-
bon source) (Fig. 2a). The study also suggested that the
COD/N ratio did not significantly affect the rate of N2O
accumulation in the presence of both external and internal
carbon source conditions. Furthermore, this indicated that
in the considered range of COD/N ratios between 0.625 to
2.5, relatively higher COD/N ratios may not necessarily
reduce N2O accumulation rates from a denitrifying P-
removal system.

The N2O production rate was determined by the nitrite
reduction rate as shown in Fig. 2b. With increasing COD/N
ratios, the rates of production of N2O increased slowly
with PHA as carbon source. This suggested that when
PHA was used as the sole electron donor, the COD/N
ratio might not have been the major factor influencing
nitrite reduction or N2O production. In addition, the rate
of PHA utilization was potentially the rate-limiting (Beun
et al., 2002) step of denitrification. On the other hand, the
rates of production of N2O in the presence of external
carbon increased sharply with increasing COD/N ratios.
Therefore, availability of external carbon source and the
COD/N ratio are likely important conditions for complete
denitrification to occur externally (Chung and Chung,
2000; Kishida et al., 2004). Figure 2b also shows that
nitrite reduction or N2O production rates were generally
higher with an internal carbon source compared to the
external carbon source situation. This suggested that PHA
may be a more efficient and accessible carbon source for
DPAOs under carbon-limited conditions.

Figure 2c shows that higher N2O reduction rates were
obtained at higher COD/N ratios and this was more pro-
nounced when an external carbon source was available.
The N2O reduction rates with an internal carbon source
at relatively lower COD/N ratios (0.625–1.25) were higher
than those in the presence of an external carbon source.
The results added evidence that at very low COD/N
ratios, stored PHA would be the preferred carbon source
in DPAOs’ denitrification process. At a COD/N ratio of
0.625, N2O was hardly reduced in the presence of an
external carbon source (Fig. 2c). It is clear that a very
limited amount of external carbon source was used for N2O
reduction under this condition. It is noted that as long as
the external carbon source was sufficient to support nitrite
reduction processes (based on a COD/N ratio of 1.875
and above), N2O reduction rates were comparable for both
carbon types (Fig. 2c).

Low N2O reduction activity results in increased N2O ac-
cumulation. Figure 2d shows that with the external carbon
sources, nearly 90% of denitrified nitrite accumulated as
N2O under low COD/N ratio conditions. The extent of this
accumulation decreased as COD/N ratios increased. This
trend is consistent with the study of Chung and Chung
(2000) and Itokawa et al. (2001). Both groups reported
there was less N2O emission at higher COD/N ratios but

this sharp decrease was only observed in studies involving
external carbon sources. Using PHA as a carbon source,
the extent of N2O accumulation was not significantly
reduced with greater carbon source supply. Approximately
40% of reduced nitrite accumulated as N2O regardless of
the COD/N ratios.

Comparing the extents of N2O accumulation for the
different types of carbon source and at the same COD/N
ratio, a significant difference was observed only at the
lower COD/N ratios. This limitation of an external carbon
source supplied for denitrification may potentially intro-
duce competitive utilization of carbon sources in a DPAO
culture. The competition for electron donors would occur
in the different metabolic pathways of DPAOs in terms
of denitrification and PHA storage, and between ordinary
denitrifiers and DPAOs.

Kuba et al. (1994) also observed that an external carbon
source, sodium acetate, was partially utilized for denitri-
fication and also for P-release in the presence of nitrate.
They proposed that the reducing power for the formation
of PHA is supplied through the tricarboxylic acid (TCA)
cycle, and that the energy is produced by denitrification
and P-release. Kuba et al. (1994) reported that 80% of
the acetate is utilized for PHA production and phospho-
rus release, and that remaining is used in denitrification.
Therefore, with the simultaneous presence of a carbon
substrate and nitrite, some of the carbon substrate was
likely to be stored as PHA in DPAOs, resulting in a further
limitation of electron donors (necessary for nitrite and N2O
reduction).

Because of the large phylogenetic diversity of den-
itrifying bacteria, the commonly targeted rRNA genes
are impractical for examining denitrifying communities
(Wallenstein et al., 2006). In this study, the denitrifying
population was not quantified. However, the existence of
denitrifiers in this system cannot be discounted. It has
been proposed that DPAOs may have nirS gene codes for
nitrite reductase (Shoji et al., 2006). Hence, DPAOs may
be considered a unique group of denitrifiers capable of
utilizing both external (Kuba et al., 1994) and internal
(Zhou et al., 2007) carbon for denitrification. Currently, the
metabolism of DPAOs in using external carbon sources for
the purpose of denitrification is not fully understood.

In the “PHA” study, PHA was used as the sole carbon
source during the anoxic period (this period is hereafter
referred to as PHAI). Most of the acetate in all “SA” tests
was consumed in the first 30 min of the anoxic phase
(Fig. 3). There was a period when acetate was depleted and
PHA was used as the sole carbon source for denitrification
(this period is hereafter referred to as PHAII). Figure 4
shows a comparison of N2O reduction rates and percentage
of N2O accumulation between PHAI and PHAII. N2O
reduction rates and extent of N2O accumulation during the
PHAII period were determined from 30 min onwards (i.e.,
when acetate was absent). Figure 4a shows that at very low
COD/N ratios (0.625 and 1.25), N2O reduction rates were
much lower in the PHAII tests as compared to those noted
in the PHAI tests, resulting in N2O as the main product of
denitrification.
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Table 1 Amount of accumulated PHA during the anaerobic phase* and
comparison of ratios of PHA reduction rate to N2O reduction rate of

PHAI and PHAII tests with different COD/N ratios

COD/N PHA accumulation amount PHA reduction rate/N2O
ratio (mg C/g biomass) reduction rate (mg C/mg N)

PHAIII PHAIV* PHAI PHAII

0.625 35.77 4.28 4.38 87.26
1.25 29.23 14.69 4.15 9.93
1.88 43.05 22.18 4.25 3.67
2.50 63.46 31.17 4.24 3.60

* in “PHA” study (hereafter referred to as PHAIII) as well as in the first
30 min of the “SA” study (hereafter referred to as PHAIV).
In PHAIV, acetate was present as external carbon source.

Table 1 shows the amount of PHA accumulated during
the anaerobic phase under different starting concentrations
of COD. The ratios of PHA reduction rate to the N2O
reduction rate of PHAI and PHAII tests under different
COD/N ratios are also compared and shown in Table 1.
It is noted that more PHA was stored in the PHAIII
study. Hardly any PHA accumulation occurred at a COD/N
ratio of 0.625 using external carbon in PHAIV. This may
account for N2O becoming the main denitrifying product
during the PHAII period with COD/N of 0.625, due to a
lack of carbon source (Fig. 4b). However, the results from

the current study are in contrast with Kuba et al. (1994)
where 80% of an external carbon source was accumulated
as PHA by DPAOs. Given the fact that with such a low
COD/N ratio and limited accumulation of PHA, the nitrite
reduction rate could achieve 50% of the maximum rate
obtained (COD/N of 2.5) in this study (Fig. 2b), nitrite
reduction was certainly carried out through other pathways
and/or by other microbial communities.

Table 1 also shows that in spite of the varying N2O
reduction rates from the PHAI tests (Fig. 4a), the ratios of
PHA to N2O had remained rather constant. This confirmed
that the N2O reduction rate is regulated and limited by the
PHA degradation process (Beun et al., 2002). In addition,
comparing the ratios of PHA to N2O from the PHAI and
PHAII studies at lower COD/N ratios (0.625–1.25), the
ratios from the PHAII studies were considerably higher
than those from the PHAI studies. It was clear further
reduction of N2O was significantly affected. It is however,
unclear as to whether PHA utilization would be prioritized
for phosphorus uptake at very low PHA levels.

In summary, this study applied different concentrations
of carbon sources to a denitrifying phosphorus removal
culture in two different ways. First, varied concentrations
of COD in the form of sodium acetate were added to the
culture during an anaerobic phase to generate different
levels of PHA. Sodium acetate was also simultaneously
applied with the electron acceptor nitrite, resulting in a
much lower level of PHA accumulation as compared to
the earlier case. The results indicated the available amount
of intracellular PHA affected denitrification rates (Fig. 2b)
(particularly N2O reduction rates; Fig. 4a). However, if
the available PHA was sufficient to support the multiple
metabolic pathways of DPAOs, the PHA degradation rates
controlled the N2O reduction rates (Table 1). Increasing
carbon source loading in both studies did not reduce N2O
accumulation. This could be due to the slow degradation
kinetics of PHA and direct inhibition from FNA on N2O
reductase (Beun et al., 2002; Zhou et al., 2008).

It is noteworthy that although the simultaneous den-
itrifying phosphorus removal system has been proposed
to be a carbon-source-efficient system and thus suitable
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period of the external carbon sources study (PHAII).
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Fig. 5 Schematic of low N2O emission wastewater treatment system for
treating low carbon content wastewater.

for treatment of low-carbon-content wastewater, it may
potentially induce the N2O emission problem. In order
to reduce N2O emission from such a system, the current
study suggests avoidance of competitive carbon sources
(i.e., allowing a purely anaerobic phase to precede an
anoxic phase). The recycled stream which may contain
nitrite or nitrate can be fed into the anoxic phase (Fig. 5).
Ordinary denitrifiers that may compete for carbon sources
with DPAOs can therefore be gradually removed through
this approach.

3 Conclusions

This study investigated the differences in N2O accumu-
lation caused by DPAOs in environments with internal
(PHA) and external carbon (sodium acetate) sources. The
following conclusions can be drawn:

At very low COD/N ratios (0.625–1.25), an external
carbon supply may enhance N2O accumulation when
compared with the situation where the same level of carbon
supply was applied as internal carbon (due to the special
metabolism of DPAOs and potential carbon competition
from ordinary denitrifiers). This phenomenon is likely to
have an impact on simultaneous denitrifying phosphorus
removal plant operation strategies in terms of avoiding
N2O accumulation.

At relatively higher COD/N ratios (1.875–2.5), the
nature of the carbon source seemed not to affect N2O
accumulation. Similar percentages of N2O accumulation
were noted at higher COD/N ratios regardless of carbon
source type.

The constant percentages of N2O accumulation and ra-
tios of PHA to N2O drawn from the internal carbon source
tests indicate that PHA consumption for denitrification is
potentially the rate-limiting step for N2O reduction.

At this stage, it is unclear if DPAOs can utilize an ex-
ternal carbon source for denitrification. A metabolic study
on DPAOs utilizing external carbon and nitrite or nitrate
simultaneously is required to provide a more detailed
explanation of the impact of DPAOs on N2O accumulation.
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