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ABSTRACT

This study investigated the influence of different factors in maximizing poly-p-hydroxybu-
tyrate (PHB) accumulation in low-carbon urban sewage. The effects of chemical oxygen
demand and total phosphorus (TP) concentrations on PHB accumulation were analyzed
using an anaerobic/oxygen sequencing batch reactor. Both the anaerobic phase and the
aeration phase were studied. The results showed that maximum PHB accumulations
increased as the carbon source increased, growing from 5.45 to 27.51 mg/g, when the
carbon source concentration increased from 140 to 400 mg/L, at the end of anaerobic phase.
Maximum PHB accumulation decreased from 15.89 to 13.88 mg/g when exposed to influent
carbon-phosphorus C/P, suggesting that carbon source is more influential and beneficial
for PHB accumulation than TP. With an increase in pre-aeration time from 10 to 50 min,
PHB accumulation rose from 21.12 to 31.96 mg/g; this is higher than 15.54 mg/g PHB
accumulation without pre-aeration. When the pre-aeration time was fixed at 15 min, but
with different pre-aeration fluxes ranging from 20 to 50 L/h, PHB accumulation increased
from 23.79 to 30.09 mg/g. These results demonstrate that pre-aeration treatment facilitates
PHB accumulation.

Keywords: Low-carbon municipal wastewater; Polyhydroxybutyrate (PHB); Sequencing batch
reactor (SBR); Pre-aeration

1. Introduction

Poly-B-hydroxybutyrate (PHB) is a common and
well-known PHA, and it is formed by many bacterial
species as a result of biosynthesis in non-steady-state
conditions. PHB can be used as a source of carbon in
the absence of an external carbon source [1]. There is
currently great interest in producing PHB from
waste-activated sludge from sewage treatment plants.

*Corresponding author.

As technology advances, PHB production offers an
alternative to petroleum-derived plastics. PHB can be
used in agriculture, the food industry, the biomedical
field, and in some industrial production settings, and
its decomposition products do not pollute the environ-
ment [2,3]. PHB also can be an intracellular source of
sustained released carbon, and as a carbon source sup-
porting nitrogen and phosphorus removal.

PHB can be accumulated through biosynthesis
from bacterial fermentation, genetic engineering, and
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activated sludge. However, synthesizing PHB through
biosynthesis is 5-10 times more expensive than pro-
ducing plastic through traditional means [4-6]. To
reduce PHB production costs, research has focused on
developing inexpensive substrates and new technol-
ogy. This research collectively suggests that activated
sludge could be used to accumulate PHA [1,7].
Research on PHB synthesis using activated sludge has
focused on the following categories. First, previous
studies have assessed the role of “satiation” and “hun-
ger” in accumulating PHB during alternating activated
sludge processes, similar to feast-famine mechanisms
in a sequencing batch reactor (SBR). Anaerobic/aero-
bic-activated sludge is a modified activated sludge
process; it both removes organic pollutants and also
achieves biological phosphorus removal, recovering
phosphorus (phosphate) and PHB (plastic) [8]. PHB
accumulation is critical to PHB extraction. Identifying
methods to optimize PHB accumulation is of interest
because PHB is an excellent biocompatible material
and environmentally friendly polymer, offering an
alternative to petroleum-derived plastics.

Periodic feeding in an SBR creates cycling between
excess and insufficient substrate conditions (called
“feast and famine conditions”). These conditions favor
the microorganisms most able to quickly store the sub-
strate (during the feast phase) and then reuse it to
grow (during the famine phase) [9,10]. The anaerobic
conditions for PHB accumulation provide a new poten-
tial carbon source, optimizing processes such as carbon
denitrification and phosphorus removal. Denitrifying
polyphosphate-accumulating organisms (PAOs) can
accumulate PHA under anaerobic conditions with the
energy supplied from polyphosphate degradation.
PAOs can also use PHB to grow and take up phospho-
rus under aerobic conditions [11]. High PHB accumu-
lation in microorganisms, such as high concentrations
of chemical oxygen demand (COD) in sewage, helps
mitigate the problem of a low TN or total phosphorus
(TP) removal rate. This is a problem caused by having
a low carbon source in the anaerobic or aerobic phase
[10,12]. Therefore, it is a priority to maximize the use
of internal carbon sources, such as PHB, in municipal
wastewater treatment to remove phosphorus.

This research used low-carbon urban sewage to
study relationship between PHB accumulation, COD,
and phosphorus concentrations under different circum-
stances. We also used the concept of “feast and famine
conditions” as an inspiration to assess PHB accumula-
tion during a pre-aeration mode. This paper presents
experimental data using several stable operating cycles,
demonstrating the test result reproducibility.
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2. Materials and methods
2.1. Experimental setup

For this study, a completely automated SBR was
operated in the configuration as shown in Fig. 1,
with online measurements of dissolved oxygen (DO),
pH, and oxidation-reduction potential (ORP). The
reactor body was a Plexiglas cylinder (18.0 cm in
diameter), with a total flux volume of 12.0L and a
working flux volume of 10.0 L. The reactor was con-
tinuously stirred with a paddle during the reaction.
Air for the reactor, provided by a vacuum pressure
pump, was released through an air stone placed at
the bottom of the reactor. One standard SBR cycle
(6.0 h) consisted of a rapid fill phase (5min), a 5h
reaction phase (1 h anaerobic and 4 h aerobic), a set-
tling phase (up to 50 min), and an effluent with-
drawal phase (5 min). Time-based changes in the
reactor were controlled using an automatic timer.
ORP values and pH were collected at 1 min inter-
vals and averaged over 5 min.

Fig. 1. Schematic diagram of (a) SBR.

Notes: (1) timer, (2) stirrer, (3) influent, (4) SBR reactor, (5)
sampling point, (6) temperature sensor, (7) temperature
meter, (8) ORP and DO sensor, (9) pH sensor, (10) ORP
and pH meter, (11) air stone, (12) air float meter, (13) air
pump, (14) discharge sludge and wastewater valve.
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2.2. Experimental wastewater

Synthetic wastewater was formulated to simulate
municipal wastewater. Trace elements were added
based on the method in [13]. The wastewater tempera-
ture was maintained at 20 + —-0.5°C (Table 1).

2.3. Activated sludge

Activated sludge for inoculation in the SBR was
collected from an urban wastewater treatment plant in
Guangzhou, China. To acclimate the seed sludge, the
SBR was operated for two cycles a day in the follow-
ing cycle sequence: water entering, 1.0 h anaerobic,
4.0h aerobic, 50 min settlement, 5.0 min decanting.
The average sludge age was maintained at 14 d, by
regularly draining sludge. After 3—4 weeks, the COD
and TP removal fluxes exceeded 90 and 85%, respec-
tively. Mixture liquid suspended sludge (MLSS) was
maintained at approximately 4.920 mg/L. As such, the
sludge is considered to have an elementary perfor-
mance level with respect to organic substance and
phosphorus removal and the completion of sludge
acclimation.

2.4. Experimental design

To maximize PHB accumulation, experimental
runs were divided into three groups:

(1) PHB accumulation was studied at different car-
bon concentrations: 140, 260, and 400 mg/L (in-
fluent phosphorus was 6 mg/L). COD, TP, and
PHB were measured during the experiment,
while phosphorus removal was steady. The pH
level was maintained at approximately 7.0
using NaHCO:;.

(2) PHB accumulation was studied at different
COD/TP ratios: 75, 35, and 21 mg/L (at a con-
stant influent COD of 260 mg/L).

(3) PHB accumulation was assessed during pre-
aeration, under the different conditions listed
in Figs. 2 and 3. The retention time is used to
eliminate the remaining DO from pre-aeration.

Table 1
Characteristics of experimental wastewater

Synthetic wastewater (mg/L)

COD 140-400
TP 3-12
TN (NH3-N) 15-25
NO;s;-N 0-0.5
NO,-N 0-0.5
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Fig. 3. Operating strategies with different pre-aeration
fluxes.

2.5. Analytical methods

CODcr, MLSS, MLVSS, TP, NH4-N, NO3s-N, and
NO,-N parameters were analyzed using standard
methods (APHA, 1995). CODcr was measured using
the closed reflux titrimetric method. Samples collected
from the reactor to analyze TP, NH4-N, NO3-N, NO,-N,
and CODcr were filtered through a 0.45 um filter, sepa-
rating the bacterial cells from the liquid. TP, NH4-N,
NO3-N, and NO,-N were measured using spectropho-
tometry with an auto analyzer (Beifen-Ruili UV1600
and UV1200). ORP and pH values were continuously
monitored using a WTW Multi 340i meter with an ORP
electrode and a pH probe.

Determining the PHB concentration was done
using an internal standard method. First, the active
sludge was dried. This was followed by the addition
of chloroform, methanol, and reacted benzoate
ester. Finally, after stratification, the lower organic
phase was analyzed using gas chromatography
(Agilent, 7890A) [14].
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Fig. 4. Changes in PHB and COD profiles at different influent COD concentrations: (a) COD concentration: 133.33 mg/L,

(b) COD concentration: 266.67 mg/L, and (c) COD concentration: 400.00 mg/L.
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Fig. 5. The linear relationship between COD concentrations
and maximum net PHB accumulation.

The suspended solids (SS) concentration was
assumed to be composed of active biomass (X) and
PHB. The measured PHB concentration of the sludge
was expressed as follows:

PHB
PHB =
SS

x 1000 (mg/g) 6))

3. Results and discussion

3.1. Effect of influent COD concentration on PHB
accumulation performance

Fig. 4 shows the PHB and COD profiles (influent
TP of 6 mg/L) under three different influent COD
concentrations (133.33, 260.67, and 400.00 mg/L). As
COD concentration increased, the maximum accumu-
lation of PHB increased to 5.45, 15.62, and 27.51 mg/g,
respectively (Fig. 4(a), (b), and (c)). The fastest and
highest proportion of total PHB accumulation
occurred in the first 5 min. PHB levels reached 2.73,
10.38, and 17.67 mg/g (with COD concentrations of
133.33, 260.67, and 400.00 mg/L, respectively) in the
first 5 min, representing 51, 66, and 64% of the net
maximum PHB accumulation. COD degradation was
also fastest and highest in the first 5 min, reaching
93.33, 166.67, and 260.00 mg/g. During the anaerobic
period, COD consumption aligned with PHB
accumulation.

The PHB degraded slightly by the end of the
anaerobic phase (Fig. 4). The COD was reduced to a
minimum level after only 30 min (Fig. 4(a)), and PHB
accumulation was maximized. Without an external
carbon source, the PAOs use PHB for endogenous
respiration, and PHB degrades. After 45 min, there
was still surplus COD (Fig. 4(b) and (c)), and PHB
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degradation still occurred. This may be due to the dis-
appearance of the microorganism’s glycogen [15] or
because an electron acceptor, such as NO;-N and
NO;-N, remained in the system. This may have led to
PHB degradation at the end of the anaerobic phase.
The COD remained at 0.83, 8.25, and 80.00 at the end
of anaerobic phase; the reactor's COD removal effi-
ciency was 99, 96, and 80%. This result points to the
need to control the influent COD concentration.

Fig. 5 illustrates a positive correlation between the
maximum PHB accumulation and the carbon source
concentration. This correlation was calculated as
CPHB maximum net accumulation = 0.0936 CCOD -9.012
(R?* = 0.9933), which is a statistically significant linear
correlation.

When the sludge concentration is constant, increas-
ing the carbon concentration requires increased sludge
loading. The increase, however, is insufficient to stim-
ulate rapid microbial multiplication, because microbes
prefer to store the nutrients, so PHB increases [8].
When the influence of the carbon source exceeds
microbe needs for a period of time, the phosphorus
removal mechanism is destroyed [16]. As such, COD
content was the variable of interest for the next
experiment.

3.2. Effect of influent COD/TP ratios on the performance of
PHB accumulation

Fig. 6 shows the PHB, COD, and TP profiles under
three COD/TP ratios (with an influent COD of
260 mg/L). Maximum PHB levels are 15.97, 15.82, and
14.74 mg/g, at COD/TP ratios of 75, 35, and 21,
respectively (Fig. 6(a), (b), and (c)). As the COD/TP
ratio decreases, both the maximum net PHB accumu-
lation and the phosphorus levels decrease slightly.

This result can be explained through the following
chemical expression [17]:

(CH3COOH), , + 0.5(C5H1¢Os), 5 + 0.48HPO;
+0.023H,0
— 1.33(C4Hs02); 4 + 0.48H3PO; + 0.17CO, @)

This expression shows that when there was more
phosphorus in the solution, phosphorus release was
more difficult and slow. When the influent COD was
constant and phosphorus increased, PHB accumula-
tion decreased slightly. The net maximum phosphorus
release was 47.85, 45.44, and 42.11 mg/L (Fig. 6),
decreasing slightly as the COD/TP ratio decreased.
When the COD was consumed, phosphorus accumu-
lated, which corresponds with expression (1) and PHB
accumulation.
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Fig. 6. Changes in PHB and COD profiles at different COD concentrations: (a) COD/TP ratio:
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Fig. 4(b) shows a C/P ratio of 45, while the carbon
concentration is approximately 260 mg/L (Fig. 4(b)),
which approaches the level in Fig. 6(b). The maximum
PHB accumulation is 15.62 mg/g (Fig. 4(b)), very close
to the 15.54 mg/g (Fig. 6(b)) level. Fig. 4(c) shows that
the influent C/P ratio is approximately 70 (influent

COD is approximately 400 mg/L and phosphorus is
about 6 mg/L); the maximum PHB accumulation of
2751 mg/g is far more than 15.62 mg/g (Fig. 4(b))
and 15.54 mg/g (Fig. 6(b)). The experiment shows that
the COD concentration influences PHB accumulation
more than phosphorus concentration; as such, influent
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Fig. 7. Changes in PHB, TP, and COD profiles at different pre-aeration time: (a) without pre-aeration, (b) pre-aeration
time of 10 min, (c) pre-aeration time of 20 min, (d) pre-aeration time of 30 min, (e) pre-aeration time of 40 min, and (f)

pre-aeration time of 50 min.
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Fig. 7. (Continued).

phosphorus content was used as the test variable for phase, which then exhausts the remaining oxygen

the next experiment. from the system.
3.3. The role of pre-aeration in PHB accumulation 3.3.1. Different pre-aeration times
Pre-aeration involves aeration at different time Fig. 7 (with an influent COD of approximately

durations or fluxes before the anaerobic treatment 260 mg/L and phosphorus at 6 mg/L) presents PHB
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and COD profiles at different pre-aeration time
durations of 10, 20, 30, 40, and 50 min, but with a
steady aeration flux of 35L/h (Fig. 2). With the
increase in pre-aeration time, the maximum PHB accu-
mulation changed from 21.12 mg/g to 28.06 mg/g to
30.48 mg/g, to 3095mg/g and to 31.96mg/g
(Fig. 7(b), (c), (d), and (e)). Without pre-aeration
(0 min), the PHB accumulation was only 15.54 mg/g
(Fig. 7(a)). With a pre-aeration time of 20 min
(Fig. 7(c)), the maximum PHB accumulation was
28.06 mg/g, more than 27.51 mg/g (Fig. 4(c)). This
indicates that pre-aeration effectively promotes PHB
accumulation. At pre-aeration durations of 0, 10, and
20 min, the maximum PHB accumulation was at
approximately 45 min (Fig. 7(a), (b), and (c)). At pre-
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PHB accumulation was at approximately 35 min
(Fig. 7(d), (e), and (f)). COD degraded to 93.33 mg/L
in the first 5min (Fig. 7(a)); with pre-aeration, COD
levels degraded to 53.33, 29.67, 20.00, 18.40, and
17.67 mg/L as duration increased from 10 to 50 min
(Fig. 7(b), (c), (d), (e), and (f)). The reactor’s efficiency
in removing COD was faster and more complete,
reaching 64, 79, 88, 92, 93, and 93% over different pre-
aeration durations (starting after 5 min). This shows
that the pre-aeration mode also speeds up the average
reaction flux. In a certain range, the longer the pre-aer-
ation time, the faster the COD degrades and the more
PHB accumulates.

Fig. 7(a), (b), and (c) shows a clear increase in PHB
accumulation with the increased pre-aeration; this

aeration durations of 30, 40, and 50 min, the maximum increase was not as obvious with pre-aeration
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durations of 30, 40, and 50 mins (Fig. 7(d), (e), and
(). Results show that when the pre-aeration flux was
35L/h, a 20-min pre-aeration time was sufficient.
Controlling the pre-aeration time saves energy.

The phosphorus release trend was synchronized
with PHB accumulation, and the maximum phospho-
rus concentration in bulk reached 41.90, 37.59, 32.01,
28.94, and 26.96 mg/L with increased pre-aeration
time (Fig. 7(b), (c), (d), (e), and (f)); the phosphorus
release  without pre-aeration was 4748 mg/L
(Fig. 7(a)). Phosphorus release results directly result
phosphorus uptake and also may lead the phosphorus
removal system. Pre-aeration led to a decrease in
phosphorus concentration. Similar to PHB accumula-
tion, when the pre-aeration flux was 35 L/h, a 20-min
pre-aeration time was sufficient. As such, for a stable

phosphorus removal system, a controlled pre-aeration
time is needed.

3.3.2. Different pre-aeration fluxes

Fig. 8 shows PHB accumulation, phosphorus
accumulation, and COD degradation profiles in the
anaerobic phase of a 15-min pre-aeration period
(Fig. 3). As the pre-aeration flux increased from 20 to
40 L/h, the PHB accumulation reached 23.79, 28.43,
29.82, and 30.07, respectively (Fig. 8). Conversely,
PHB accumulation was only 15.54 mg/g without
pre-aeration (Fig. 8(a)). When the pre-aeration flux
was 50 L/h, the PHB accumulation reached its maxi-
mum level at approximately 35 min (Fig. 8(d)). When
the pre-aeration flux was 20, 30, and 40 L/h, the
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PHB accumulation reached its maximum level at
approximately 45 min (Fig. 8(a), (b), and (c)). The
phosphorus release trend was aligned with PHB. The
maximum  phosphorus concentration decreased
from 41.54, 38.54, 35.13, and 3221 mg/L at the
different flux (Fig. 8), while the phosphorus release
without pre-aeration was higher, at 4748 mg/L
(Fig. 7(a)).

When comparing the effects of a longer pre-aera-
tion time (Fig. 7(e) and (f)) against a maximum pre-
aeration flux (Fig. 8(d)) on PHB accumulation and the
stability of the phosphorus removal system, the length
of time has a larger effect than the flux. As such, to
increase PHB concentrations, it is most effective to
add a short (15 or 20 min) pre-aeration time and a
moderate pre-aeration flux (35 or 40 L/h).

Pre-aeration leads to microbe hunger; microbes
consume the PHB and also consume ATP and release
phosphorus. The influent phosphorus concentration is
almost the same at the beginning of the experiment;
pre-aeration leads to a decrease in sludge ATP; phos-
phorus release decreases slightly during the anaerobic
phase. After the low COD is added to the SBR, micro-
bial use of external carbon is very short; bacteria with
the ability to store PHB quickly take advantage of the
external carbon and become the dominant bacteria. In
systems without an external carbon source, microbes
can decompose PHB to obtain energy. Without extra-
cellular polymeric substances, such as PHB, there is
endogenous respiration when the substrate is
exhausted, slowing growth. For microbial systems
operating in a “survival of the fittest” mode, when the
best competitor has the capacity to store PHB, PHB
will accumulate.

4. Conclusions

This study highlighted PHB accumulation dynam-
ics under the different COD, COD/TP ratios, and the
mode of pre-aeration, showing that:

(1) The influent COD concentration was positively
correlated with maximum PHB accumulation
under limited or low influent COD, fixed bio-
mass, and TP concentration.

(2) When the influent COD was constant, as the
COD/TP ratio decreased, the PHB accumulation
was more difficult and slower. When comparing
the effects of COD and phosphorus concentra-
tion on PHB accumulation, the effect of COD on
PHB accumulation is larger than phosphorus.
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(3) Adding a short pre-aeration time and a moder-
ate pre-aeration volume effectively promotes
PHB accumulation. Conversely, a long pre-aera-
tion time or high pre-aeration volume does not
benefit PHB accumulation. It is important to
properly control pre-aeration of the PHB to
maximize accumulation.
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