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Abstract: The use of residual streams as feedstock for the production of polyhydroxyalkanoates
(PHAs) is growing steadily, as it allows the valorization of waste and nutrients otherwise disposed
of and the potential production of a biodegradable bioplastic. To date, the environmental and
economic costs associated with this process limit its scale-up, which is why it is important to identify
possible solutions and optimize the costliest steps. With this in mind, a laboratory-scale sequenced
batch reactor (SBR, 5 L) was constructed to allow the selection of a mixed microbial culture able
to convert volatile fatty acids (VFAs) into PHA. The reactor is fed with synthetic water containing
VFAs, ammonium, phosphate, and micronutrients, typical compounds of fermented streams of
certain wastes, such as cheese whey, food waste, or wastewater sludge. The biomass selected and
produced by this first reactor is sent to an accumulation reactor, which is fed with a solution rich in
VFAs, allowing the accumulation of PHAs. The role of aeration and its impacts on the main process
parameters were analyzed. Three scenarios corresponding to different aeration rates were analyzed:
0.08, 0.16, and 0.32 vvm. The SBR was operated at an organic load rate of 600 mgCOD L~'d~!, under
a dynamic feeding regime (feast-famine) and a short hydraulic retention time (HRT; 1 day). The
results obtained showed that a value of 0.32 enabled better selection and better settling of the sludge.
Furthermore, a potential correlation between aeration rate and VFA and NH* consumption rates

was identified. The resulting biomass was able to accumulate up to 0.15 £ 0.02 g pHAgVSS_l.

Keywords: mixed microbial cultures; polyhydroxybutyrate; PHA; aeration rate; sequenced batch
reactor; circular bioeconomy

1. Introduction

Poor resource recovery, rising waste production, and other incorrect waste manage-
ment practices are putting strain on the environment and human health [1-3]. Plastics
are one of the most serious issues, owing to their dispersion in the environment and the
resulting contamination, the difficulty of the recycling process, and their derivation from
fossil sources [4,5].

To identify a sustainable alternative to plastics of fossil origin, researchers have focused
on the development of biodegradable plastics obtained from organic waste products,
defining the concept of a circular bioeconomy [6,7]. Polyhydroxyalkanoates represent a
potential substitute for standard petrochemically derived polymers [8]. In some specific
formulations, they exhibit thermal and elastomeric characteristics similar to some of the
most common polymers, such as polypropylene [9]. Polyhydroxyalkanoates (PHA) are
a class of polyesters with the potential to be replacements. PHA is made up of 3-, 4-, 5-,
and 6-hydroxycarboxylic acids and is stored as an internal carbon and energy reserve
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in the cytoplasm of many bacteria, including microorganisms found in activated sludge
systems [10,11].

As a result, using activated sludge for PHA production is being researched as a cost-
effective alternative to industrial pure culture-based fermentation techniques, which require
tightly controlled and sterile conditions [12].

To obtain a mixed microbial culture (MMC) capable of producing polyhydroxyalka-
noates, it is necessary to subject an active sludge to selective pressure through dynamic feast
and famine conditions to maximize the amount of PHA-accumulating bacteria [13]. These
conditions can be easily achieved in a sequencing batch reactor (SBR), whose operating
parameters ultimately affect the length of the feast phase. For better biomass selection and
improved productivity, the feast-to-famine ratio (F/F) must be lower than 0.33 [14]. To
increase the amount of accumulating PHA bacteria and reduce the amount of conventional
heterotrophs, the selective strategy of uncoupled feeding was defined. The dosage of
volatile fatty acids (VFAs) in the feast phase and nutrients in the famine phase allows the
separation of the accumulation phase from the replication phase, applying greater selective
pressure to have a greater conversion efficiency from VFA to PHA [15].

Both the SBR and the accumulation reactor can be supplied with a low-cost renewable
feedstock, such as fermented food waste. This allows the process to be coupled to anaerobic
digestion from a biorefinery perspective [16]. Organic waste can be subjected to a two-step
anaerobic digestion process [17]. VFA and hydrogen can initially be obtained through
dark fermentation [18], while biogas and fertilizer destined for agriculture can be obtained
through the methanogenic step [19].

In this setting, environmental and economic considerations limit the scale-up of this
type of process. A major contributor in both environmental and economic terms is the
energy cost, which is largely derived from the insufflation of air to maintain aerobic
conditions [20,21].

For this purpose, the SBR was inoculated with activated sludge and fed an uncoupled
feeding strategy with a VFA-rich solution [15]. Once a pseudo-stationary process had been
defined, different airflows and their impact on the selection process taking place in the SBR
process were studied, which represents the novelty of this article. Finally, for the best-case
scenario, accumulation tests were performed to calculate the storage yield, referred to as
the accumulation phase, and the overall total process.

2. Materials and Methods
2.1. Selection and Acclimation Stage

Through a selection process with uncoupled feeding [15], a bacterial community
capable of using VFA as a substrate and converting it into PHA was selected. The selection
process was conducted inside a 5 L reactor, inoculated with a sample of activated sludge
taken from the sedimentation tank of the ‘Viareggio” wastewater treatment plant. The
sludge was previously settled to remove the supernatant before being resuspended in a
synthetic mineral medium (the composition of which is described below) [22]. Then, the
sludge was aerated for one night to remove residual COD, oils, and greases, and finally
characterized and inoculated. The TSS and VSS concentrations before the feeding were
1.50 gL ! and 1.12 gL. !, respectively.

An SBR cycle lasting 12 h and consisting of the following steps was set: VFA feeding
(15 min, 1.9 L), feast phase—accumulation (155 min), settling (60 min), supernatant with-
drawal (12 min, 1.7 L), nutrients feeding (5 min, 0.6 L), famine phase—replication (468 min),
and sludge withdrawal (5 min, 0.58 L). An organic load rate (OLR) of 600 mgCOD L~1d !
was applied through a mixture of acetic and propionic acid in tap water (80% and 20% on a
COD basis, respectively) fed in the first feeding phase. The settling phase allows to remove
separately the supernatant and the biomass, applying a hydraulic retention time (HRT) of
1 day and a sludge retention time (SRT) of 4 days with a volume exchange rate (VER) of
50% [23]. The duration of the phases has been defined to reach at least a feast-to-famine
ratio (F/F) < 0.33.
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The nutrient feeding was prepared to have C:N:P = 100:8:1.5, corresponding to the
full availability of ammonium and the limiting phosphorus [24]. This choice was made
because, from a plant engineering perspective, it will be easier to control phosphorus than
to control ammonium [25,26]. The nutrient feeding composition was (gL.~!): NH4CI (0.327),
KH,PO4 (0.071), MgSO4 * 7H,0 (0.072), KCl (0.028), EDTA Tritiplex III (0.101), ZnSO4
(0.035), CaCl; (0.013), MnSOy4 (0.008), FeCl, * 4H,O (0.005), CoCl, * 6H,0 (0.002), CuSOy4
* 5H,0 (0.002), (NH4)sMo070,4 * 4H,0 (0.002). Allythiourea (0.053 gL_l) was added to
inhibit nitrification [22].

After being inoculated, the reactor (shown in Figure 1) was continuously stirred and
aerated (except for the settling phase) according to the described conditions. The aeration
was provided by an air pump connected to a flow meter to adjust the flow rate, which
was then spread by an air ring. It was maintained under the same conditions for 60 cycles
to reach stability in the feeding regime [27]. Next, different aeration conditions, lasting
14 cycles, were studied to investigate the impact of aeration on the selection step. The pH
and the temperature were monitored but not controlled.

Figure 1. (A) Setup of the selection reactor: glass reactor with a stirrer, DO probe, pH meter, peristaltic
pumps, aeration, and timed sockets; (B) Biomass inside the selection reactor during the famine phase.

The dissolved oxygen (DO) was measured continuously during each cycle using a
DO probe (Mettler Toledo, InPro6000, Optical O, Sensors, Milan, Italy). An automatic
control and data acquisition system (LabView, National Instruments Corporation, Austin,
TX, USA) gathered and processed the probe’s signals [28]. The DO concentration declined
to a low and nearly constant value throughout feeding; the subsequent increase in DO
concentration indicated that the substrate had been depleted. This point also marked the
end of the feast phase and the beginning of the famine phase, and it was used to compute
the feast-famine ratio for each cycle [29,30].

Three different scenarios have been studied, corresponding to three different aeration
rates: 0.08, 0.16, and 0.32 vvm. Each scenario was carried out for 14 cycles.

On working days, end-of-famine sludge was manually sampled and analyzed in COD,
N-NH4*, and P- PO4®~ concentrations. In the middle of each week, a complete cycle
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analysis was conducted, studying the same concentration throughout the cycle, the TSS
and VSS of biomass after 6 hours of the cycle, and the TSS and VSS of the supernatant
discharged at the end of the feast. For the last condition studied, the polyhydroxybutyrate
(PHB) analysis of the whole cycle was conducted to define the PHB accumulation and its
consumption in the replication of the bacteria occurring in the famine phase.

2.2. Batch Accumulation Test

At the end of the third scenario, batch accumulation tests were conducted with biomass
sampled for the SBR reactor. The test, conducted in triplicate, took place on three con-
secutive days to minimize the variability of the selected biomass. All batch tests were
performed with multiple and instantaneous spikes of the substrate to obtain a feast phase
longer than in SBR to determine the maximum specific PHA storage rates, PHA storage
yield, and the maximum polymer content achievable in the biomass. The biomass was
withdrawn from the SBR at the end of the famine phase and placed in a smaller reactor
(working volume of 600 mL, temperature and pH monitored but not controlled), as shown
in Figure 2. The biomass was fed with the same mixture of VFA as in the SBR, but at a
higher concentration to have the same concentration in the reactor (300 mgCODL!) with
a smaller volume of feeding solution. The spiking was manually conducted following the
DO trend (continuously monitored): the first spike was performed at the beginning of the
test, and the operation was then repeated at each DO rising over 5 mgL~! until the spike
caused no further change in DO level [16].

Figure 2. Setup of the selection reactor: Glass flask, DO probe, pH meter, stirrer, aeration.

The feeding does not contain nitrogen and phosphorous to prevent cell growth and
increase the achievable polymer content. Thus, the only nitrogen available at the beginning
of the tests was the residual ammonia content in the mixed liquid withdrawn from the SBR.

At the start and the end of each test, the biomass was sampled to determine TSS,
VSS, COD, N-NH,*, P- PO,3~ and PHB. Before (at least 20 min) and during the test, the
batch reactor was maintained under air bubbling (at a DO concentration in the range of
4-6 mgL~!) and completely stirred.
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The test allowed us to define the accumulation and process efficiencies and the per-
centage of final PHB within the biomass.

2.3. Analytical Methods

The substrates (acetate and propionate) and the nutrients (ammonium and phosphate)
were measured on filtered samples (0.45 um porosity). VFAs were measured on a COD
basis through the adaptation of USEPA 410.4 [31]. Ammonium ions were measured by
the adaptation of the Nessler spectrophotometric method [32], and phosphate ions were
measured by the adaptation of the ascorbic acid method [33]. A Hanna spectrophotometer
(HI 83099, Hannah Instruments Italy Srl, Padua, Italy) was used for each analysis.

VSS and TSS were determined for difference through filtration of a specific volume
(20 mL for the biomass, 50 mL for the supernatant) with a glass fiber filter of 0.45 pm
porosity and submitted to 24 h in the oven at 105 °C and 4 h at 550 °C in the muffle [34].

For the three identified scenarios, COD, NH,*, and PO,3~ at the end of the famine
phase were analyzed during the respective weeks. In addition, DO was continuously
monitored. For the third scenario, PHB analysis was also performed. Finally, the complete
characterization of the ninth cycle, i.e., the first one following the complete biomass change
(SRT = 4 d), was performed. During the cycle analysis, COD, NH4*, and PO,>~ were
monitored at defined intervals, as were TSS and VSS, both of the reactor and supernatants.

For PHB determination, a total of 30 mL of the biomass was centrifuged at 14,000 rpm
for 8 min, and the supernatant was removed. PHB was determined in the form of crotonic
acid by HPLC [35]. Three mL of the solid phase was diluted to 30 mL with distilled
water, and 5.0 mL of this was destined for acid digestion to crotonic acid by boiling it
in 1.0 mL of pure sulfuric acid for 30 min. This procedure transforms PHB into crotonic
acid, which HPLC measures. The latter was carried out with the help of an HPLC-Thermo
Finnigan-Spectra System 6000LP (Thermo Finnigan, San Jose, CA, USA) outfitted with a
Synergi-Hydro-RP C-18 column (250 4.6 mm i.d.) (Phenomenex International, Torrance,
CA, USA) and an ultraviolet detector (214 nm). Using a flow rate of 1.0 mL/min, a mobile
phase consisting of 15% (v/v) acetonitrile and 0.1% (v/v) H3POy in an aqueous solution was
used [36]. For the calibration curve, pure PHB (Biomer, Krailling, Germany) was converted
to crotonic acid. All analyses were performed in triplicate.

2.4. Calculations

The selection process was evaluated through the calculation of VFA and nutrient
(NH4* and PO,3") intake rates (IRs). The equation used is the following:

IR =(P1 x t1)/(P2 X t2), 1)

which expresses the intake rate of a parameter (P) in a specific interval of time (i.e., from
minute 20 to 50). The average intake rate is an arithmetic average of the single ratios
calculated in the feast period (VFA) and during the famine period (NH4* and PO,37).

For the evaluation of the process, the PHB accumulated (APHB), expressed in mgL 1,
the VFA consumed (AS), the storage yield (Ys), and the process yield (Yp), calculated
according to Equations (1) and (3), were evaluated [37].

Ys = APHB/AS, )

where
AS=Ss —S;, 3)
Yp = APHB/(AS+0.5 x OLR), 4)

Storage yield (Ys) represents the conversion efficiency of VFAs to PHB, calculated
as the ratio of accumulated PHB (APHB) to consumed substrate (AS), in terms of mass.
The substrate consumed is calculated by the difference between the substrate supplied,
calculated stoichiometrically for the preparation of the feeding solution (Ss), and the
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residual substrate present at the end of the accumulation test (Sr). Finally, the process yield
is calculated as the ratio of the PHB accumulated at the end of the accumulation test to the
sum of VFA dosed between the accumulation and one selection cycle (0.5 OLR).

3. Results and Discussions
3.1. First Scenario SBR Performance

An aeration rate of 0.08 vvm resulted in a feast length of about 350 min and a conse-
quential feast-to-famine ratio of F/F ~ 0.82. Table 1 shows the target parameters measured
at the end of the famine phase and the related consumption. In these conditions, part of the
VFAs are not consumed, probably due to the presence of recalcitrant compounds (EDTA)
and part due to the oxidation of other molecules [38]. Even ammonia and phosphate
are not completely degraded, indicating that microbial replication is not complete in the
famine phase.

Table 1. Average values of the target parameters (COD, NH4*, PO4 ™) at the end of the famine phase
of the reactor during the week relating to the first scenario.

Parameter Mean End of Standard Consumption Standard
Famine [mgL~-1] Deviation [mgL—1] p Deviation
COD 57.00 26.15 81% 9%
N-NH,* 2.53 0.38 79% 3%
P-PO43~ 0.50 0.37 76% 17%

The biomass was characterized by TSS = 0.69 4- 0.01 gL ! and VSS = 0.39 & 0.01 gL,
while the supernatants were 0.21 4 0.01 gL ~! and 0.19 & 0.01 gL.~!, respectively.

Since the feeding is free of colloidal substances, we can assume that the VSS indicates
exclusively the microbial component. The results obtained indicate a percentage of volatiles
of 58% in the sludge and 92% in the supernatants. The supernatants, which are charac-
terized by a lower concentration, therefore have a greater microbial component, which is
probably due to the short starvation period and therefore to a non-optimal selection, with a
considerable amount of filamentous bacteria in suspension.

The cycle analysis depicted in Figure 3 shows a slow COD trend, initially higher than
300 mgCODL !, due to the presence of further molecular complexes as highlighted in the
previous paragraph. When the COD drops below 100 mgL !, there is a recovery of the DO,
the starting point of the famine phase. In this case, the feast and the replication phase are
partially overlapped, with ammonium and phosphate not reaching the typical values of
the end of the feast in the analytical time considered.

—=COD --&--N &P ——DO
500 10
Feast phase Famine phase
400 A 8 _
)
5 ‘ £
d = £
Q 300 * 6
o]
; 3
£ b
< 20 g
= 3
z
100 L o I
A M
0 'y 0
150 200 250 300 350 400 450 500
Time (min)

Figure 3. Analysis of the target parameters (COD, NHy*, PO43~) and DO during the first 500 min of
the ninth cycle (first cycle after a time equal to SRT) of the 0.08 vvm aeration rate scenario.
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3.2. Second Scenario SBR Performance

An aeration rate of 0.16 vvm resulted in a feast length of about 280 min and a con-
sequential feast-to-famine ratio of F/F ~ 0.67. Table 2 shows the values of the target
parameters measured at the end of the famine phase and the related consumption.

Table 2. Average values of the target parameters (COD, NH,*, PO437) at the end of the famine phase
of the reactor during the week relating to the second scenario.

Parameter Mean End of Standard Consumption Standard
Famine [mgL—1]  Deviation [mgL~1] P Deviation
COD 69.40 11.67 77% 4%
N-NH4* 1.70 0.34 85% 3%
P-PO43~ 0.41 0.25 77% 14%

Even in this scenario, at the end of the famine period, a residue of COD is identified,
completely similar to the previous case, and a residue of nutrients, which in this case
undergo a greater but still incomplete degradation.

The biomass was characterized by TSS = 0.75 4 0.03 gL ~! and VSS = 0.56 + 0.04 gL,
while the supernatants were 0.16 & 0.00 gL.~! and 0.14 & 0.00 gL}, respectively.

The results obtained indicate a percentage of volatiles of 74% in the biomass and 89%
in the supernatants. Even for this characterization, the results are similar to the previous
scenario, indicating that the biomass has probably not undergone any particular changes.
The supernatants show a lower concentration, indicating a reduction of filamentous bacteria
in the overall sludge.

As illustrated in Figure 4, the VFA reduction follows a similar trend as in the previous
scenario, with a constant reduction during the feast phase and steady concentration during
the first 100 min of the famine phase. Even in this case, the DO starts to increase when the
COD is about 100 mgL~!. In contrast to the previous scenario, the nutrient concentration
decreases faster, indicating a higher replication of bacteria, probably due to a higher
biomass concentration.

—a—COD ---&---N -@-—P ——DO
500 10
Feast phase Famine phase
400 8
g
3 Ey
i
é 300 ‘8’
9, 5
£ b
< 20 %
= 3
Z
100 B “

0 50 100 150 200 250 300 350 400 450 500

Time (min)

Figure 4. Analysis of the target parameters (COD, NH4*, PO43~) and DO during the first 500 min of
the ninth cycle (first cycle after a time equal to SRT) of the 0.16 vvm aeration rate scenario.

3.3. Third Scenario SBR Performance

An aeration rate of 0.08 vvm resulted in a feast length of about 110 min and a conse-
quential feast-to-famine ratio of F/F ~ 0.16. Table 3 shows the target parameters measured
at the end of the famine phase and the related consumption.

In this scenario, there is also a residue of non-degraded COD that is quantitatively
similar to the two previous cases. In this case, we instead identify almost total consumption
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of phosphorus, which turns out to be limiting and therefore is an indicator of complete
microbial replication.

Table 3. Average values of the target parameters (COD, NH,*, PO,437) at the end of the famine phase
of the reactor during the week relating to the third scenario.

Parameter Mean End of Standard Consumption Standard
Famine [mgL—1]  Deviation [mgL~1] P Deviation
COD 60.00 6.78 80% 2%
N-NH4* 1.55 0.03 86% 0%
P-PO43~ 0.02 0.04 99% 2%

An ammonia residue remains, the elimination of which would require a slightly higher
dosage of phosphate or a reduction in the incoming ammonium.

The biomass was characterized by TSS = 0.99 4 0.10 gL ! and VSS = 0.48 + 0.03 gL},
while the supernatants were 0.06 + 0.00 gL ~! and 0.04 4 0.00 gL ™!, respectively.

The results obtained indicate a percentage of volatiles of 48% in the sludge and 72%
in the supernatants. This indicates a reduction in the biomass fraction in both the reactor
and the supernatant, which can be attributed to better selection due to a lower F/F. The
solids concentration in the supernatant is near zero, indicating good settling properties of
the biomass and a poor presence of filamentous bacteria.

Figure 5 shows a rapid degradation of VFA, which occurred before nutrient dosing,
with a consequent shorter feast and a correct uptake of N and P during the starvation phase.
Ammonium and phosphorus are consumed rapidly, as confirmed by the DO graph, which
shows a rapid decrease from minutes 175 and 250, then a progressive rise. Once all the
phosphate is consumed, the ammonium remains constant and shows the typical values
found in end-of-mine analyses.

—&—COD —%—PHB -—-&-N -e-—P ——DO
500
Feast phase Famine phase
%,D 400 =
£ 2
g g
= 300 8
= N
: 5
g 200 9
%0 ]
& z
Z
R
>
0 'y e
0 50 100 150 200 250 300 350 400 450 500
Time (min)

Figure 5. Analysis of the target parameters (COD, NH,*, PO43*), DO, and PHB during the first
500 min of the ninth cycle (first cycle after a time equal to SRT) of the 0.32 vvm aeration rate scenario.

For this scenario, the PHB curve was also constructed, showing a very rapid increase
in the early phases of the feast, with a peak reached during the end of the feast and a
progressive degradation, almost constant, during the famine phase, which is used for
replication of PHA-accumulating bacteria. The consumption of PHB continues even after
the consumption of ammonium, indicating that the NH," intake and the consumption of
PHB for replication probably do not follow the same reaction rates.

3.4. Scenarios Comparison and Overall Discussion

By calculating the VFA, nitrogen, and phosphorous removal rates through the equa-
tions (X), different trends are identified for the scenarios. The first and second scenarios
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show a VFA removal rate of 51.3 and 59.0 mg/h, while on the other hand, for the third
scenario, there is a value of 99 mg/h. Thus, oxygen is the limiting factor in such cases,
preventing the proper consumption of substrate. A deeper analysis of these two scenarios
shows that the consumption rates in scenario 1 are constant, while for scenario 2 there is
a rate of 48 mg/h in the first half-hour and 80 mg/h in the second half-hour. This could
be due to the presence at first of the phosphate ion, which is subsequently consumed and
then found again at a later stage, probably due to some bacteria capable of accumulating it
and subsequently releasing it. In fact, in the third scenario, we note that no nutrients are
present in the feast phase, a consequence of proper oxygenation and proper consumption
in the famine phase. This allowed a higher rate of carbon consumption, optimizing the
separation between the accumulation phase and the replication phase.

The famine phase, on the other hand, is characterized by differences related to the
mode of nutrient intake. Analyzing the period when replication occurs, there is a nitrogen
rate of 1.6 for scenario 1, 2.4 for scenario 2, and 4.8 for scenario 3. For phosphate, there
is a different trend. The first scenario is characterized by an intake of 0.3 mg/h, while in
the second scenario, the intake is significantly higher, amounting to 0.8 mg/h. Especially
for the final interval, we show a higher intake equal to 0.9 mg/h. Finally, for the third
scenario, there is an intake of 0.4 mg/h. While for ammonium, the uptake seems to
be related to airflow, which is characterized by potential proportionality, for phosphate,
this seems not to be the case. This phenomenon could be justified by better selection
for the third scenario, characterized by a lower F/F ratio and lower VSS concentration.
The lack of overlap between the accumulation phase and the replication phase disfavors
conventional heterotrophs, allowing an increase in the PHA-accumulating fraction that
probably has lower P requirements. A lower need for phosphorus by PHA-accumulating
bacteria confirms the possibility of P-limiting strategies to improve selection, which is
especially useful for streams where ammonium is in high concentrations and is difficult to
remove, as in the case of digestates.

Applying equation X defines the accumulation and consumption rates that character-
ize the feast and famine phases, respectively. While PHB accumulation has an increasing
rate, it is clear that PHB degradation presents an almost constant trend, with an average
consumption of 79.4 mg/h of PHB. This linearity is in line with ammonium intake, rein-
forcing the theory that phosphorus is accumulated initially for later use, while ammonium
intake occurs only during actual replication.

Although the number of observations was limited, the results identified prompted
the investigation of the potential correlation between airflow and VFA, NH4*, and PO43’
uptake rates, as illustrated in Figure 6.

BMVFArate ANrate @P rate

R2=0.9918

= =
= 80 4 F
T -1
2 ?
8 &
Qo 60 3,
g o
E =
< 40 2 *g
g T
Z
20 1
. R2=0.0204
® L J
0 0
0.00 0.05 0.10 0.15 020 025 030 035

Aeration rate (LL"'m™)

Figure 6. Intake rate of VFA, nitrogen, and phosphorous for the aeration rate of each scenario. Linear
regression lines are represented, as is their specific coefficient of determination, R2.
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As shown in the figure, there is a potential linear correlation between airflow and
COD uptake and nitrogen uptake, with an R? value > 0.95. In contrast, for phosphate,
no correlation is present (R% = 0.02). Given that the dosage for each cycle of PO43~ is
2.1 mgL~! and the first value is 0.66, it follows that in the first 20 min following the nutrient
dosage, there was a PO4%~ uptake of 1.5 mgL~!. This would indicate a rate of 4.5 mgL !
in this first interval, indicating a potential nonlinear correlation. These results need focused
investigations aimed at investigating nutrient trends in the first moments after feeding
to identify any nonlinear consumption rates and fully understand any correlation with
oxygen availability.

The gradual increase in airflow allowed a reduction in the duration of microaerophilic
conditions in the feast phase. This affected the quality of the flocs, providing the sludge
with greater settleability, as evidenced by the significantly lower supernatant values in the
case of the third scenario. This correlation between aeration and floc formation and size is
known in the literature, although a clear correlation has not been identified [39]. Further
investigations could be carried out to identify a potential correlation between airflow
and the Sludge Volume Index (SVI) to develop more efficient management strategies for
uncoupled feeding systems.

3.5. Accumulation Test

Table 4 reports the characterization of the biomass before and after the accumulation
test. The initial PHB concentration was 0.

Table 4. Characterization of the sludge before and after the three accumulation tests.

Parameter VSSin VSSfin AS (mgCOD L-1) PHBfin (mg L—1)
Average 0.39 1.20 1166.56 1005.97
Standard dev. 0.05 0.17 185.35 15.57

At the first spike, the VFAs are consumed rapidly, with times slightly shorter than
those of the selection phase. With the progressive accumulation of PHB, the degradation
of the remaining VFAs also slowed down, a trend that was maintained in all subsequent
spikes (Figure 7, dotted arrow). The last spike was performed shortly after reaching the
peak indicated by the undashed arrow, which was not followed by a decrease in COD.
Before this moment, a sample was taken for analysis, and the test was continued for the
scheduled 12 hours to verify the assumption.

0 100 200 300 400 500 600 700

Time (min)

Figure 7. Dissolved oxygen profile and spike collocation in the timeline of one accumulation test.

The selected biomass demonstrated the ability to accumulate about three times the VFA
provided at the selection stage (300 mgCODL '), as demonstrated by the characterization
in terms of AS and PHB concentration. The VSS concentration increased significantly,
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resulting in a PHB concentration in volatile solids of 0.15 & 0.02 gpppgyss . According to
Equations (2) and (4), the storage and process yields were calculated, with the resulting
Ys =1.01 & 0.18 and Yp = 0.80 £ 0.11. At the end of the test, ammonium analysis was also
performed, which confirmed the complete consumption of the initial residue, which was
equal to what is reported in Table 3.

The results obtained confirmed that oxygenation is a key parameter of the process,
essential not only for an adequate feast period but also for improved biomass settling
properties, as indicated by the supernatant analyses. Under the conditions studied, with
an aeration rate of 0.32 vvim, the accumulation phase finishes in less than 120 min and
replication after about 400 min. On a 12-h cycle, about 300 min of famine does not require
the strongly aerobic conditions for accumulation and replication processes [40]. Therefore,
microaeration or an anoxic phase could be applied in this interval to allow lower energy
costs [41].

4. Conclusions

This study investigated the influence of the aeration rate on the selection process of
PHA-accumulating bacteria from activated sludge by exploiting an uncoupled feeding
strategy in an SBR reactor. Once the biomass was adapted to the feeding regime, three
separate scenarios with increasing aeration rates (0.08, 0.16, and 0.16 vvm) were analyzed.
Each of these scenarios was continuously characterized through DO monitoring, COD,
N and P analysis during the end-of-famine, and full-cycle analysis, with TSS and VSS
correlated with the cycle investigated.

The third scenario, for which a better selection was found, evaluated the role of PHBs
during the cycle, taking PHB concentration as a reference. The results identified that, in
this case, an aeration rate of 0.32 vvm for an OLR of 600 mgCODL~!d ! ensures adequate
selection, thus allowing a correct size parameter to be defined in the design of experimental
tasks. A potential correlation between VFA aeration rate and NH4 " intake is also identified,
while no correlation is identified for phosphate, probably due to a non-linear intake.

Future developments may investigate larger OLRs to test the correlation between
aeration rate, OLR, and F/F and different feedings and the variation of nutrients and
substrate intakes in different conditions.
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