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Abstract

The production of polyhydroxyalkanoates (PHA) using industrial wastewaters as feedstocks is a
current and challenging topic. This study investigated the production of biopolymers by a mixed
microbial culture under different OLRs equal to 1 kgCOD m=3d™* (Period 1), 2 kgCOD m=3d* (Period
2) and 3 kgCOD m3d* (Period 3). The maximum PHA content was achieved in Period 2 (0.38 gPHA
gTSS™Y), whereas lower values were obtained in Period 1 (0.13 gPHA gTSS™) and Period 3 (0.26
gPHA gTSS™). Overall, the maximum PHA productivity resulted equal to 0.08 gPHA L*h? (P2),
0.05 gPHA Lth? (P1) and 0.04 gPHA Lh* (P3), respectively.

The molecular weight of the PHA increased from Period 1 (250 kDa) to Period 2 (417 KDa) and
Period 3 (463 KDa), although resulting in a slight decrease of crystallinity degree. Microbial
community analysis, revealed a reduction in bacterial diversity and a progressive shift of the microbial
community with the increasing OLR. Alpha-diversity indexes based on Operational Taxonomic Units
(OTUs) at 99% identity revealed higher species richness (Taxa (S) 280) and diversity (Shannon (H)
4,06) in Period 1, whereas Period 3 was characterized by reduced richness and diversity and higher
dominance (Taxa (S) 133, Shannon (H) 2,40).

Based on the results obtained, it was pointed out that the OLR variation determined significant effects
on the process performances, as well as on the productivity and quality of the biopolymers. This
means that OLR is a key control parameter to maximize the PHA production and control the physical-

chemical characteristics of the polymers.

Keyword: industrial ~wastewater; mixed microbial cultures; organic loading rate;

polyhydroxybutyrate; SBR reactors.

1. Introduction

Material and energy recovery from wastewater treatment plants has become increasingly topical

during last years [1]. In this scenario, wastewaters, both of municipal and industrial origin, are
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considered a renewable resource from which energy and material could be derived during their
treatment [2,3]. An interesting pathway to recover material from wastewater treatment is the
production of biopolymers, such as polyhydroxyalkanoate (PHA) or polyhydroxybutyrate (PHB).
These are naturally occurring polyesters that are intracellularly accumulated by several bacteria and
might be used for the production of bio-based plastics [4]. During the last decade, the bioplastic’s
market is expanding and is involving various industries in the packaging, automotive and biomedical
sectors, and is expanding towards application within the framework of contaminated soils remediation
[5,6]. Therefore, there is a real interest by the manufacturing sector in developing sustainable
production processes for these biomaterials.

The microbial production of PHA is based on the ability of different bacterial strains to convert low
molecular weight organic molecules into PHA [7]. To date, the production of PHA at industrial level
is based on the use of pure bacterial cultures which, although enabling high production yields, entails
very high operating costs which makes the overall production cost still not competitive compared to
that of petroleum-based plastics (5 €/kg vs 0.5 €/kg) [2,8]. According to recent literature studies, the
use of mixed microbial consortia (MMC) allows to a significant reduction in costs during the
cultivation and enables to better compete with production-costs of oil-based plastics [9]. The selective
pressure to achieve a high enrichment of PHA-producing microorganisms typically involves
alternating excess (feast) and limitation (famine) of carbon substrate availability [10], which is
generally achieved in a sequencing batch reactor (SBR) configuration [11,12]. Previous literature
studies reported that waste-containing sugar and/or fatty acids may be the best feedstocks for PHA
production [13]. Moreover, to maximize PHA accumulation rather than cell synthesis, nutrients
imbalance should be ensured [14]. For this reason, recent researches have focused on wastewater
generated by the agro-food industries, as these are characterized by high concentration of organic
carbon and low nitrogen and phosphorus content [15]. Several applications concerning wastewaters
from the oil-mill, winery and dairy industries are reported in literature, but very few are those referred

to wastewater from citrus processing industries [16,17]. Citrus wastewater is generally characterized
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by high concentration of chemical oxygen demand (COD), low nitrogen and phosphorus content [18].
Citrus wastewater is characterized by seasonal fluctuations depending on the type of fruits to be
processed [19]. These affect the volume of wastewater produced as well as its organic content (as
COD), which varies according to the specificities of the production processes. Certainly, this aspect
could affect the bacterial community involved in the biological processes, which could evolve
according to the variable process conditions [20]. On the other hand, this might have remarkable
effects on the purification performances of the plant, since the selection of the PHA-accumulating
biomass occurs simultaneously with the wastewater treatment, but also on the physical characteristics
of the PHA produced. In this sense, one of the greatest challenge that could be encountered if PHA
production is to be integrated in existing plants would be to apply operating conditions to maximize
the PHA production yield without compromising the purification performances and obtain PHA
having physical characteristics suitable for downstream processes.

In this light, the present study focused on the possibility to use industrial wastewater characterized
by seasonal fluctuations as a feedstock for PHA production. Specifically, the aim of this study was to
evaluate the production and the physical characteristics of PHA obtainable from the treatment of
wastewater deriving from a citrus industry in a laboratory-scale plant, using a real mixed microbial
consortium (MMC) derived from a wastewater plant as inoculum. In more detail, the novelty of the
study was to assess the relationship between different OLR, ranging between 1-3 kgCOD m3d?, with
the performances and the productivity of PHA, their physical-chemical and mechanical properties

and the shift in the composition of the MMC.

2. Materials and methods

2.1 Characterization of citrus wastewater

The citrus wastewater was sampled from an industry that processes citrus fruits located in Palermo
(Italy). The wastewater collected from the industry, from now called concentrated citrus wastewater

(CW1), was characterized by very high COD concentration (>25,000 mgCOD L™1). A stock of this
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wastewater was stored at 4 °C and a pH of 3.5 for the entire duration of experiments. Daily, a fraction
of this wastewater was diluted with tap water until a COD close to 4,500 mgCOD L was obtained.
Then, it was fed to a fermentation reactor, after adjusting the pH to a value close to 7 by adding
NaOH. Subsequently, the wastewater was fed to a lab-scale SBR plant after the supply of a
concentrated solution (0.1 L d) containing nitrogen and phosphorus (2gCHsN20/L, 1gK2HPO4/L)
to obtain a ratio between carbon (as COD)/nitrogen/phosphorous (CW2) equal to 100: 5: 1.
Furthermore, a fraction of the CW1 was fed to a second fermentation reactor (pH = 7). After the
fermentation, this wastewater (CW3), without any supply of nitrogen and phosphorous, was fed to an
accumulation reactor aimed at producing PHA.

All the above mentioned streams, CW1, CW2 and CW3, were characterized in terms of pH, electrical
conductivity, total COD concentration (COD,t), nutrients (nitrogen and phosphorus) and acetate as
the main fermentation product.

The average values of the main qualitative parameters of the wastewater used are reported in Table
1:

Tab. 1

2.2 Experimental setup

The experimental activity lasted 180 days and was carried out in a lab-scale plant. It consisted of three
main units: a fermenter, an enrichment reactor (SBR1), in which the treatment of citrus wastewater
and the selection of the PHA-accumulating biomass were carried out simultaneously and, finally, a
PHA-accumulation reactor (SBRy) (Figure 1).

The fermenter was a completely mixed reactor, with a volume of 100 L. The operating conditions in
the fermentation reactor were chosen based on the results obtained in another study, to which the
reader is referred for further information [21].

The SBR: (operating volume of 22 L) operated according to cycles lasting 12 hours, divided as

follows: 30 minutes of feeding under static conditions, maintaining the aeration and mixing devices
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inactive, 9 hours of aeration, 2 hours of settling under static conditions and, finally, 30 minutes of
effluent discharge. The reactor was equipped with two porous stone diffusers placed at the bottom of
the reactor that were connected to an air blower providing an airflow rate of 15 L min™. All the
equipment was connected to a programmable logic controller that handled the phases’ alternation.

The SBR2 (volume of 1.5 L) was fed with the excess sludge discharged from the SBR1 and with the
CW3. The SBR2was equipped with an air compressor and a dissolved oxygen (DO) sensor connected

to a hardware-software system for data acquisition and handling of the aeration.

Fig. 1

2.3 Operating conditions and monitoring activities of the enrichment reactor

Based on both qualitative and quantitative seasonal variations of citrus wastewaters, it was decided
to operate the SBR1 in three different periods, called Period 1, Period 2 and Period 3, characterized
by increasing OLRs. In Period 1 (duration 78 days), the SBR1 operated with a flow rate equal to 5 L
d, corresponding to an OLR equal to 1 kgCOD m=3d™. In Period 2 (duration 32 days), the flow rate
was doubled (10 L d) and consequently the OLR increased to 2 kgCOD m=3d™. Finally, in Period 3
(duration 62 days), the plant operated with a flow rate of 15 L d, corresponding to an OLR of 3
kgCOD m=3d. The above periods corresponded respectively to the real average load conditions of a
citrus wastewater treatment plant (potential of 12,500 PE) located in Palermo (ltaly), which were
referred to the summer period (low load - Period 1), the autumn / spring (medium load - Period 2)
and the winter (high load - Period 3), respectively.

The operating volume of the SBR1 was set to 22 L, increasing the volumetric exchange ratio in each
period. The SBR: was seeded with activated sludge taken from the treatment plant serving the
industry from which the citrus wastewater was collected. The biomass concentration in the seeded
sludge was equal to 4.5 gTSS L and it was kept constant in the SBRy in all three periods, by purging

daily a known volume of mixed liquor variable according to the bacterial growth rate observed.
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Consequently, the sludge retention time (SRT) was variable in the three periods and calculated
according to a mass balance [22]. The duration of each period was set in order to ensure a minimum
of three times the SRT, as this time is generally suggested for the achievement of steady-state
conditions in biological systems [23]. The dissolved oxygen profile in the SBR1 was checked once a

week in order to assess the duration of the feast and famine phases [24].

2.4 PHA accumulation reactor

The PHA accumulation assays were carried out in the SBR2 using the enriched biomass derived from
the SBR1and the fermented CW3. The assays were carried out at the end of each experimental period,
after a time equal to three times the SRT had elapsed. To obtain reproducible and comparable results
dependent only on the microbiological composition of the activated sludge, the operating conditions
in each of the assays performed were the same, in terms of TSS concentration equal to 4.5£0.23 gTSS
L%, reactor volume (1.5 L), concentration of COD in the CW3 (27,000 mgCOD L) and temperature
(20 °C).

The operating conditions were such as to obtain an OLR close to 5 kgCOD m3d*. Moreover, nitrogen
and phosphorus were not added to the fermented wastewater to have nutrient imbalance (C: N: P =
300: 1: 0.8). The fermented CW3 was fed according to the "feed on demand" strategy, which
consisted in dosing of different small volumes every time the biomass present in the reactor had
completely degraded the readily biodegradable organic substrate fed with the previous sample [25].
The consumption of the readily biodegradable organic substrate was monitored indirectly by
continuously measuring the rate of oxygen consumption (OUR - Oxygen Uptake Rate). The rapid
decrease of OUR indicated the total disappearance of the readily biodegradable organic substrate
within the system.

Before carrying out a new dosage of wastewater, a sludge sample was withdrawn from the system
and was subjected to the extraction procedure for the quantification and characterization of the

intracellular biopolymers. Overall, 8 dosages of wastewater were performed in each test, for a total
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of 320 mL. Consequently, the organic load was approximately 5.5 kgCOD m=3d*. At the same time,
the pH was also monitored, and it ranged between 7.6 and 8.4, showing an increasing trend during
the test. Each assays had a duration of 9 hours.

For each accumulation assays, mass balances on the COD were carried out to evaluate the conversion

yield of the organic substance into PHA, extracellular polymeric substances (EPS) and new biomass

(X).

2.5 Analytical methods

The analyses of total suspended solids (TSS), COD, sludge volume index (SVI), total nitrogen (TN)
and total phosphorus (TP) were carried out according to Standard Methods [26]. The SVI was
determined by dividing the volume of the settled sludge inside a graduated cylinder of 1 L after 30
minutes of static settling by the concentration of TSS in the sample.

Measurements of pH, DO and electrical conductivity were carried out using electrochemical (pH and
conductivity) and optical (dissolved oxygen) sensors. The concentration of acetate in the fermented
wastewater was determined by ion chromatography, using sodium acetate (99.9% purity) as the
standard for the assessment of the calibration curve.

The calculation of the observed growth rate (Y obs) was carried out through mass balances, considering
the daily variation of TSS present in the system and those withdrawn as excess sludge, according to
literature [22].

The biokinetic parameters, including the maximum removal rate of organic carbon (v), the active
fraction of the heterotrophic biomass (fxx) and the maximum growth rate (Yn) were determined by
means of respirometric techniques [27].

The average size of activated sludge flocs was measured using an optical granulometer. The
extracellular polymeric substance (EPS) content and characterization were determined by a first
extraction step according to the literature [28] and subsequently by measuring the protein [29] and

carbohydrates concentration [30]. The microscopic observations and abundance of filamentous
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bacteria were carried out according to the procedures developed by Eikelboom [31] and Jenkins [32],

using a phase contrast optical microscope.

2.5.1 Extraction of intracellular biopolymers

The intracellular biopolymers were extracted following the procedure developed by Fiorese et al.
using 1-2 propylene-carbonate as a solvent [33]. The extracted polymer was subsequently subjected
to a three washing cycles with methanol. The separation of the polymer from the methanol was
obtained by suspension centrifuging at 4,000 rpm for 10 minutes, at the end of which the supernatant
was recovered using a "Pasteur” pipette. The polymer thus obtained on the bottom of the test tube

was dried in an oven at 60 °C for 4 h.

2.5.2 Chemical and thermal properties of biopolymers

The chemical properties of the extracted polymers samples were assessed by spectroscopic analysis.
Fourier Transform Infrared Spectroscopy Attenuated Total Reflection (FTIR-ATR) analysis was
carried out by using a Perkin-Elmer FTIR-NIR Spectrum 400 spectrophotometer. The spectra were
recorded in the range 4000400 cm 2.

The calorimetric properties of the biopolymers were studied by using a Differential Scanning
Calorimeter (DSC), (Setaram, model DSC131). The samples with approximately the same weight (~
7 mg) were sealed in aluminum pans. The analysis was carried out with one cycle of heating from —
20 °C up to 200 °C at 5 °C/min under nitrogen flow.

The degree of crystallinity () of PHA composites was calculated according to the following equation
(eq. 1):

m

AH®

x (%) = x 100 [1]

where AHm is the melting enthalpy of the samples and AHC is the melting enthalpy of 100%

crystalline, which is assumed to be 146.6 J g [34].
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The intrinsic viscosity (n) was measured by means of aniVisc Capillary Viscometer LMV 830 (Lauda
Proline PV 15, Lauda-Konigshofen, Germany) instrument equipped with a Ubbelohde (K =
0.009676) capillary viscometer in thermostatic oil bath set at 30 °C. The polymer was dried and then
dissolved in CHCIs under stirring for 3 h to prepare a polymeric solution at the 0.1 wt%. Flow time
measurements were performed in triplicate for each sample until the standard deviation was below

0.5 s. The intrinsic viscosity (n) values was calculated according to Solomon-Ciuta [35] (eq. 2):

V2
n= T Nsp — N Nye [2]

where c is the concentration of the polymer solution, nsp and e are the specific and relative viscosity,

respectively. The solution viscosity of each sample was obtained by averaging 5 flow measurements.

The viscosimetric molecular weight (Mv) was calculated using the Mark-Houwink's equation (eg. 3):
[n] = KMy 3]

The parameter values of the Mark-Houwink constants, o and K, depend upon the specific polymer-

solvent system. For PHA-CHCls, K = 1.18-10*dL/g and a = 0.78 [36].

2.5.3 Total DNA extraction and 16S rRNA gene sequencing

The mixed microbial consortia of the sludge samples collected from the SBR; at the end of each
experimental period were analyzed, using a molecular approach based on high throughput 16S rRNA
gene amplicon sequencing. About 20 mL of every sludge sample were filtered using a Corning® 150
mL Vacuum Filter/Storage Bottle System, 0.45 um Pore, CA membrane to retrieve the microbial
biomass. Total DNA was extracted from the membranes using the Ql1Aamp Fast DNA™ Stool Mini
Kit (QIAGEN) according to manufacturer’s instructions. Purity and concentration of total DNA were
assessed using a NanoDROP ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA)

and DNAs were stored at —20°C until further analysis.
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Extracted DNA was used as template to amplify bacterial and archaeal VV3-V4 hypervariable region
of the 16S rRNA gene using primers Pro341F (5'-CCTACGGGNBGCASCAG -3’) and Pro805R
(Rev 5'-GACTACNVGGGTATCTAATCC -3") [37].

PCR conditions are the following: an initial denaturation at 94 °C for 1 min; 25 cycles of 94 °C for
30s, 55 °C for 30 s, and 68 °C for 45 s; and a final extension at 68°C for 7 min.

PCR products were purified with AMPure XP beads and indexed using the Nextera XT Index Kit in
a second PCR step. The amplicons were sequenced on an Illlumina MiSeq Sequencer at BMR
Genomics (Padova, Italy) with 300 bp paired-end reads. The sequences’ quality was checked using
the FASTQC software. Reads denoising and feature filtering (0.005%) were performed using
Qiime2 tools version 2019.4. Taxonomy was assigned using trained Operational Taxonomic Units

(OTUs) at 99% from GreenGenes database version 13-8.

2.5.4 Calculations

The PHA content in the extracted intracellular biopolymer was calculated using the following

equation (eq. 4):

PHA =

Wyouy * %PHA (gPHA)
TSS gTSS

where Wiy is the weight of the extracted polymer and %PHA the percentage of PHA, evaluated by
spectrophotometric analysis. The percentage of PHA was calculated as the ratio between the
absorbance (235 nm) of a sulfuric acid solution having the same concentration of the extracted
biopolymer and a standard PHA (HB—-HV 88/12%, Sigma-Aldrich, Germany).

The mass balances for the COD in the accumulation tests were evaluated by applying the following

equation (eq. 5):
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where:

COD 4(gcopy = PHAp(gcop) + EPSp(gcopy+Xpcgcop) + CODrgcopy  [5]

CODy: the total mass of COD dosed during the test, obtained by multiplying the total volume
dosed by the concentration of COD in the sample;

PHA,: the mass of PHA produced, obtained by multiplying the difference between the PHA
concentrations at the end and the beginning of the test, by the volume of the reactor and by
the stoichiometric coefficient (equal to 1.67 gCOD gPHB™ and 1.92 gCOD gPHV?) as
reported in the literature [2];

EPSp: the mass of EPS produced, obtained by multiplying the difference between the sum of
concentrations of proteins (PN) and carbohydrates (PS) at the end and at the beginning of the
test, by the reactor volume and by the stoichiometric coefficients respectively equal to
1.36+0.03 gCOD gPS™ and 1.40+0.04 gCOD gPN™ obtained experimentally. Glucose [30]
and bovine serum albumin [29] were used as standards for carbohydrates and proteins,
respectively.

Xp: the mass of new bacterial cells, measured by multiplying the difference between the
concentrations of volatile suspended solids (VSS) at the end and at the beginning of the test,
net of the concentrations of EPS and PHA, by the volume of the reactor and by the
stoichiometric coefficient equal to 1.42+0.07 gCOD gVSS?! determined by direct
measurements;

COD:y: the mass of residual COD was calculated by multiplying the concentration of COD of

the supernatant at the end of the test by the volume of the reactor.

The data of PHA production obtained from accumulation assays were interpolated using an

exponential equation (eq. 6):

PHA(t) = PHA,,; - (1 —e7F?) (6)
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where PHA(t) is the PHA content at a generic time, PHA is the last value of PHA content at the end
of the accumulation assay, k is the rate of PHA production and t is the time. PHAwt and k were
estimated by minimizing the sum square of errors between the experimental data obtained from the
accumulation assays and the model. Therefore, the maximum PHA production (geHa, gPHA Lth?)

was calculated as the product between PHA:ot and k.

3. Results and discussion

3.1 Performances of the enrichment reactor (SBR1)

The performances of SBR1 were assessed in terms of COD removal and settling properties of the
activated sludge through the SVI parameter. Furthermore, the production of the excess sludge was
evaluated by calculating the Y ops.

Figure 2 shows the trends of the COD concentrations in the inlet and outlet of the SBR; and the
related removal performance (Fig. 2a), as well as the trend of the SVI (Fig. 2b) and the average values
of Yobs and SRT (Fig. 2c) in the three periods.

Fig. 2

Overall, the COD removal was always higher than 90%, showing a decreasing trend as the OLR
increased. Specifically, in Period 1, the steady value of the COD removal was approximately 97%,
with an average concentration of COD in the effluent equal to 40 mg L. In Period 2, the COD
removal was like that observed in the previous period and the COD concentration in the effluent was
on average equal to 50 mg L. Finally, in Period 3, a decrease in the COD removal was observed in
the early stages to about 93%, whereas it remained constant and almost equal to 95% in the following
days. However, a decrease in COD removal was observed in the long term. Specifically, at the end
of the observed period, the concentration of COD in the effluent was on average equal to 225 mg L~
1 thus resulting in a removal close to 91%. The above results confirmed what reported in previous

studies concerning the biological treatment of citrus wastewater, where it was found that the COD
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removal efficiencies decreased for OLR values higher than 3 kg COD m-3d™ [19,38]. Nevertheless,
the effluent COD concentration in Period 3 was below the regulatory limit imposed for the discharge
of production activities in the sewer (500 mg L), although it is reasonable that higher OLR may
determine the failure in complying the discharge limits by conventional activated sludge systems.
Because of the lack of studies referred to citrus processing wastewater with aerobic biological
processes, it was not possible to carry out a comprehensive comparison with other studies. Another
possible explanation could be due to the accumulation of essential oils (EOs) as the OLR increased.
Indeed, in recent studies, it was reported that aerobic degradation of the organic matter decreased as
the EOs concentration increased because of their toxic effect exerted on the biomass [18,39].
Nevertheless, the COD removal obtained in this study was in good agreement with previous
applications of aerobic activated sludge systems for the treatment of high strength wastewater from
food industry [40,41]. These results confirmed that aerobic granular sludge is a suitable technology
for the treatment of high strength wastewater.

Regarding the sludge settling properties, a significant SVI decrease from 250 mL gTSS™ to about 50
mL gTSS*was observed in Period 1, probably due to the transition from a continuous feeding system
to a SBR type. Indeed, the intermittent feeding conditions generate substrate concentration gradients
that are more favorable to the growth of floc-forming bacteria than filamentous ones, with an
important benefit on the settling properties of the activated sludge [42]. In Period 2, a slight worsening
of the sludge settling properties was observed especially in the early stage when the SVI increased to
about 100 mL gTSS™, although it decreased to about 40 mL gTSS™in the following days, indicating
excellent settling characteristics of the activated sludge, comparable with granular biomass systems
[43]. Finally, in Period 3, a gradual worsening of the sludge settling properties was observed. Indeed,
the SVI progressively increased during the entire period, at the end of which it was equal to about
150 mL gTSS™, indicating the onset of the filamentous bulking dysfunction. The results obtained
were consistent with those reported in other studies. In particular, Corsino et al. [38] observed that as

the OLR increased there was a proportional increase in the abundance of filamentous bacteria. Similar
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results were also obtained by Zema et al. [44], confirming that high OLR determined the onset of
process instability, especially in terms of worsening of the sludge settling characteristics due to the
overgrowth of filamentous bacteria as will be better discussed in the following paragraphs.

The Yops increased proportionally to the OLR. In Period 1, the average value of the Yops was equal to
0.26 gTSS gCOD and the same increased to 0.53 gTSS gCOD*and 0.72 gTSS gCOD in Period 2
and Period 3, respectively. The increasing value of Yops Observed in the three periods was due to the
increase of the F/M from 0.22 kgCOD kgTSS™d? (Period 1) to 0.68 kgCOD kgTSS™d (Period 3),
which led to a significant increase in cell synthesis phenomena. As a result, the SRT decreased from
about 22 days in the Period 1 to 8.8 days and 5 days in the Period 2 and Period 3, respectively.
Overall, it was observed that as the OLR increased, there was a worsening tendency in the overall
performances of the system, in terms of COD removal, sludge settling properties and excess sludge
production. Consequently, higher values of the OLR might reduce the stability of the biological
system, which could make unsustainable the biopolymers recovering from waste sludge in the long
term given the simultaneous reduction of the process purification performances. Besides, high OLR
represent a critical condition for conventional activated sludge systems [45], thus this parameter
should be properly managed to avoid process dysfunctions. Otherwise, the application of advanced

technologies for dealing higher load pollutants should be considered [46].

3.2 Metabolic kinetics of the enriched biomass
The kinetic parameters of heterotrophic bacteria performed on the enriched MMC of the SBR; are
summarized in Table 2:

Tab. 2

The maximum vyield coefficient of the heterotrophic biomass (Yr) increased proportionally to the
OLR, consistently with what was observed in the previous paragraph with reference to the Yobns. The

minimum value was obtained in the Period 1, in which the Yn was equal to 0.53 kgTSS kgCOD?,
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whereas the maximum was obtained in the Period 3 where it was equal to 0.60 kgTSS kgCOD™. This
result indicated that high OLR were favorable to the growth of fast growing bacteria as suggested by
recent literature studies [47,48].

The active fraction of heterotrophic biomass (fx+) did not show a significant relationship with the
OLR. Indeed, the highest value, equal to 29% of the VSS, was obtained in the Period 2, whereas in
Period 1 and Period 3 it resulted equal to 15% and 28%, respectively.

The maximum COD depletion rate (vh,max) Showed a non-linear trend with the OLR, but consistent
with the active fraction values. The lowest vh max Value was observed in Period 1, resulting equal to
104 mgCOD gTSS? h'l, whereas the maximum was observed in Period 2 (274 mgCOD gTSS* h).
In Period 3, the vh,max vValue was slightly lower than the previous period, being equal to 189.8 mgCOD
gTSS? h'l. A recent study observed that the maximum COD depletion rate was not affected by the
OLR, whereas it was driven by the SRT [49]. It should be stressed that in contrast to what was
observed from Period 1 to Period 2 where there was a significant increase in both the active fraction
and the vu max, in Period 3, a significant decrease was observed only for the maximum COD depletion
rate. The results obtained suggested that from Period 1 to Period 2, the greater availability of substrate
determined a greater abundance of active biomass, demonstrating that high availability of rapidly
biodegradable organic substrate was favorable to bacterial synthesis. Furthermore, from Period 2 to
Period 3, the lower value of vhmax While maintaining the same fxn, suggested the development of
different bacterial strains characterized by a lower rate of COD removal.

According to the literature, a prominent Kinetic parameter for assessing the effectiveness in the
selection of the PHA-accumulating biomass is the ratio between the duration of the feast and famine
phases [2]. The values obtained in this study were always lower than 0.20, with a minimum value
observed in Period 2 (0.10£0.07), a maximum in Period 3 (0.16+0.03) and an intermediate value in
Period 1 (0.14+0.05). Such values indicated the effective selection of PHA-accumulating biomass

[50].
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The observed kinetic parameters were on average higher than those obtained in other studies dealing
with citrus wastewater reported in the literature [19]. On the other hand, the results were comparable
with those obtained in a SBR type plant with granular biomass treating citrus wastewater [38]. By
comparing the above results with those reported in other studies on PHA accumulation biomass, in
was noted that the kinetic parameters were similar in these studies [51]. This confirmed the ability of
the mixed culture biomass to robustly adapt to a shift of OLR [52]. Therefore, based on the above, it
can be stated that the selection of a PHA-accumulating biomass in SBR reactors allows operating

with process Kinetics even greater than conventional continuous-flow systems.

3.3 Morphological characteristics of the activated sludge

The different operating conditions in the SBR1 had important implications on the morphology of the
activated sludge floc. Obviously, these changes could affect not only the PHA productivity, but also
the settling characteristics of the activated sludge and the removal performance of COD.

Figure 3 shows the microscopic images of the activated sludge in the three periods carried out on the
fresh sample of the SBR; (left column) and on the samples of the SBR; (central column) and SBR>

(right column) subjected to Sudan Black staining.

Fig. 3

The seed sludge was characterized by flocs with an average size of 170 um having a weak, open and
poorly thickened structure. Moreover, it was observed an abundant presence of filamentous bacteria
(class 5 of abundance) forming inter-bridging connections between the flocs. Previous studies
reported the abundance of filamentous bacteria in plants fed with wastewater containing high
concentrations of short-chain volatile fatty acids [53,54]. The transition from the continuous flow-
feeding regime of the full-scale plant from which the seed sludge was taken, to the discontinuous one

of the SBRy, resulted in a significant improvement of the activated sludge flocs structure in the Period
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1. The flocs appeared denser and more compact, although slightly smaller (160 um), due to a greater
abundance of floc-forming bacteria. Furthermore, a lower abundance of filamentous bacteria (class
3) was observed, which were mostly internal to the flocs. The reduction in the abundance of
filamentous bacteria was attributed to the transition from continuous to discontinuous feeding regime,
which involved the implementation of a kinetic selection principle of the floc-forming bacteria [55].
In Period 2, the flocs size increased until reaching an average size of about 210 um. Furthermore, the
flocs had a much denser and compact structure than the previous period with a significant prevalence
of floc-forming bacteria over the filamentous. Filamentous bacteria were mainly within the floc and
did not have any effect on its structure as no bridging neither open-floc structure were observed.
Sudan Black stains also showed a greater abundance of biopolymers inside the cells than the previous
period.

In Period 3, the floc structure changed significantly. Indeed, the flocs, although characterized by an
average size close to 200 um, had an open, poorly dense structure, with a high abundance of
filamentous bacteria (class 5). In this case, the filamentous bacteria caused the formation of flocs with
open structure and inter-bridging connections between the flocs, as observed in the seed sludge. The
decrease of the SRT and the increase of the F/M from Period 2 to Period 3 probably favored the
overgrowth of filamentous bacteria that caused remarkable effects on the flocs morphology. This
result was in good agreement with previous literature [56].

Nevertheless, abundant Sudan Black staining positive granules were observed within the cells of
filamentous bacteria, indicating the ability of such bacteria in PHA accumulation [32,57].

The results discussed above demonstrated that the different operating conditions in terms of OLR
determined significant variations in the morphology of the activated sludge. The results were also
consistent with the settling characteristics of the sludge discussed in paragraph 3.1, highlighting how
the preponderance of floc-forming bacteria in the Period 1 and Period 2 led to the achievement of
very low SVI, whereas the overgrowth of filamentous bacteria in SBR: in Period 3, caused a

significant worsening of the activated sludge settling properties. Finally, the greater abundance of
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filamentous bacteria in the Period 3 would be consistent with the metabolic kinetics discussed in
section 3.2. Indeed, filamentous bacteria are characterized by a lower rate of organic carbon removal
compared with floc-forming bacteria, thereby confirming that their overgrowth from Period 2 to

Period 3 caused a decrease of the maximum COD depletion rate [32].

3.4 Microbial diversity in SBRy

The MMC of the sludge samples taken at the end of each period from the enrichment reactor SBR1
were analyzed through 16S rRNA gene amplicon sequencing (MiSeq) at the end of experimental
Period 1 (P1) and Period 3 (P3) to evaluate the microbial community shift during the experiment. In
total 20.592 and 29.999 reads were obtained from samples P1 and P3 respectively, which were
clustered at 99% identity in 280 and 133 OTUs (Operational Taxonomic Units) respectively. Several
attempts to extract high quality DNA from Period 2 samples failed, thus the community of Period 2
is missing. Alpha-diversity indexes based on OTUs at 99% identity reveal higher species richness
(Taxa, S) and higher diversity (Shannon, H) in Period 1. The sample of Period 3 was characterized
by reduced richness and diversity and higher dominance, suggesting that the microbial community of
the enrichment reactor became more specialized over the time of treatment because of the higher
OLR, as also confirmed by previous studies [58,59]. A recent study suggested that under high OLR
the diversity of the bacterial community decreased because the increased VFA accumulation [60].
This could be the reason of the reduction of biodiversity observed in Period 3.

Diversity indexes values obtained in this study were consistent [58] or higher (Carvalho et al., 2014;
Dionisi et al., 2006) if compared to other studies on PHA-producing MMCs. Although this result can
be explained by the differences in the analytical methods used. Coats et al. [61] suggested that
microbial communities grown on real wastewater, similar to the one used in this study, may be
characterized by higher richness and diversity than MMCs cultivated on synthetic or selected
substrates [62]. In particular, real wastewater could enrich for different PHA-producing species,

making the MMC more adaptive to changes in operational conditions. Indeed, changes in the
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operational conditions imposed by the SBR: seem to have affected the microbial community
composition, leading to the enrichment or the decrease of different taxa, and this is particularly

evident at genus level.

Tab.3

The dominant phyla in both the P1 and P3 MMC were Proteobacteria and Bacteroidetes (Fig. 4). Few
other phyla, Verrucomicrobia, Acidobacteria, Firmicutes and the TM7 division, had relative
abundances >1% in at least one of the two samples (Fig. 4). Period 1 MMC was dominated by
Betaproteobacteria (41.14%) and Bacteroidetes (27.51%). The most abundant families of
Betaproteobacteria were Rhodocyclaceae, dominated by the genus Zoogloea (26.07%), and
Comamonadaceae, comprising Pseudorhodoferax (7.88%) and Aquincola (1.11%). Bacteroidetes in
P1 community comprised Saprospiraceae (11.13%) and Flavobacteriaceae, entirely made up of the
genus Flavobacterium (7.58%). At genus level, Saprospiraceae were mainly unclassified, apart from
Haliscomenobacter accounting for 3.17% of the community. Haliscomenobacter, a genus comprising
only one isolated species so far, the filamentous H. hydrossis, may be involved in the hydrolysis of
polysaccharides to gain energy and carbon for growth, while little is known on the role and
ecophysiology of Saprospiraceae in activated sludge [63].

In Period 3, the community was enriched in the phylum Bacteroidetes (54.48%) that became
dominant followed by Betaproteobacteria (34.25%). Within Bacteroidetes Flavobacterium
(Flavobacteraceae) and Runella (Cytophagaceae) were the main genera, accounting for 36.73% and
12.93% respectively of the P3 community. Verrucomicrobia were also less abundant in respect to P1.
Betaproteobacteria in P3 were dominated by Pseudorhodoferax (25.03%, Comamonadaceae) and
Azoarcus (6.58%, Rhodocyclaceae). Betaproteobacteria, which usually include the main denitrifiers
in activated sludge systems, represent an abundant group in many wastewater treatment plants

(Thomsen et al., 2007). In particular, the genus Azoarcus (Rhodocyclaceae), which was enriched in
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P3 community, beyond having a role as denitrifier in wastewater treatment systems (Thomsen et al.,
2007) was also previously found to dominate PHA producing communities (Carvalho et al., 2014).
Bacteroidetes are frequently found in activated sludge treatment plants and they comprise highly
specialized bacteria involved in polysaccharide degradation, protein hydrolysis and aminoacid
consumption (Nielsen et al.,, 2009). Bacteroidetes were the dominant phylum during PHA
accumulation in microbial communities fed with acetate and propionate as carbon source
(Janarthanan et al., 2016). The genus Flavobacterium (Flavobateriaceae), which is often found in
mixed culture under feast/ famine conditions for PHA production (Dionisi et al., 2005), and Runella
(Cytophagaceae) comprise strains isolated from activated sludge performing enhanced biological
phosphorus removal (Bernardet and Bowman, 2015; Ryu et al., 2006) although it is also responsible

for sludge bulking [63].

Fig.4

Both P1 and P3 communities comprised known Poly (3-hydroxybutyrate) - accumulating genera
(Figure 5) such as Zooglea, Pseudorhodoferax, Aquincola (Betaproteobacteria) and Rhodobacter
(Alphaproteobacteria) (Unz, 2015; Bruland et al., 2009; Chen et al., 2013; Lechner et al., 2007;
Monroy & Buitron, 2020). The genera Zooglea and Pseudorhodoferax may be among the main PHA-
producers in Period 1 and Period 3 communities, respectively. Moreover, Zoogloea, the most
abundant genus in Period 1, is also a known floc-forming microorganism, responsible for exopolymer
production in the sludge (Unz, 2015).

Beyond the molecular taxonomic analysis, a polyhydroxybutyrate producing Bacillus sp. was isolated
by dilution plating method on Nutrient Agar from the enrichment reactor SBR; at the end of Period 3
(data not shown). This genus was not detected by metagenomics analysis and the phylum it belongs,

Firmicutes, was scarcely abundant in the bacterial assemblage. This discrepancy can be explained by
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the difficulties in extracting genomic DNA from spore-forming microorganisms but also because

only a minor fraction of environmental bacteria can be isolated on laboratory media.

Fig.5

3.5 Results of biopolymers accumulation assays

The accumulation assays and the extraction of biopolymers were carried out at the end of each
experimental period, once steady-state conditions were reached.

Figure 6 shows the results of the FTIR-ATR analysis carried out on the samples extracted in each
period (Fig. 6a), the maximum biopolymers production at the end of the accumulation assays (Fig.

6b) and the theoretical productivity of PHA referred to the volume of wastewater treated (Fig. 6¢).

Fig. 6

FTIR-ATR measurements revealed the typical bands of (hydroxybutyrate) HB monomer, and any
other co-monomers were observed (Fig. 6a). Therefore, PHB were found as the main PHA polymer
in all the periods. This result was consistent with previous studies in which the wastewater fed into
the accumulation reactor was characterized by a high concentration of acetate [2,20,64]. Furthermore,
other authors observed that the production yield of polyhydroxyvalerate (PHV) was modest in plants
operating with a OLR lower than 5 kgCOD m=3d, resulting in a ratio between the feast and famine
phases lower than 0.20 [20]. Furthermore, other authors reported that if the pH in the biopolymer
accumulation reactor is higher than 7.50, the production of PHV is significantly reduced [65]. These
observations can justify the absence of PHV in the biopolymers extracted in this study, given that the
conditions unfavorable to the synthesis of PHV were all achieved. FTIR spectra showed prominent
peaks at 1726 cm™ and 1279 cm™ denoting carbonyl (C=0) and asymmetric C-O-C stretching

vibration, respectively, characteristic for ester bonding found in PHB molecule. Other adsorption
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bands obtained at 1383 cm™, 1462 cm™, 2959-2854 cm™, and 3442 cm™ denoted the -CHs, -CHo, -
CH, and -OH groups, respectively. The absorption bands at 1138 cm™ to 829 cm™ were consigned to
C-0 and C-C stretching vibration that could be attained by amorphous phase of PHB. The FTIR-ATR
peaks, obtained at different extraction period, were found to be almost identical, thus highlighting
that the biopolymer chemical structure did not change significantly as a function of the experimental
period.

The maximum PHA content per unit of dry weight is shown in Fig. 6b. The maximum PHA content
in Period 1 was equal to 0.12 gPHA gTSS™?, whereas the same increased in Period 2 and Period 3 to
0.34 gPHA gTSStand 0.23 gPHA gTSS?, respectively. The results obtained were in line with those
reported in other studies dealing with wastewater generated by food-industries [66,67]. This
confirmed that PHA production by MMC appears consistently achievable using real wastewater from
food industries enriched in VFA [67]. By applying the Equation 6, it was obtained that the maximum
PHA productivity resulted equal to 0.08 gPHA L*ht (P2), 0.05 gPHA L*h* (P1) and 0.04gPHA L
h1 (P3), respectively. These results indicated that also the kinetics of PHA accumulation were
affected by the operating conditions imposed in the enrichment reactor. A low PHA vyield was
observed both at the lowest and highest OLR. Indeed, the maximum PHA yield was obtained in
Period 2 under intermediate OLR. The effect of OLR on PHA accumulation was widely studied.
Several studies demonstrated that applying too high OLR increased the biomass production and
reduced the selective pressure and hence the biopolymer production. For instance, in recent studies it
was observed that the optimum OLR for the achievement of enriched MMC was 4.7 gCOD Ld*
(tested OLR between 2.4 and 8.4 gCOD L™d) [68] and 2.4 gCOD L*d? (tested OLR between 1.2
and 3.6 gCOD L"*d?) [69]. The results obtained in this study confirmed that operating with low OLR
increased the selective pressure to enrich the MMC with PHA-accumulating organisms.

Overall, the PHA productivity obtained in this study was lower compared with that reported in other
studies. Indeed, in the study conducted by Conca et al. [2], it was observed that the PHA productivity

was close to 0.22 gPHA L*h and similar results were obtained by Morgan-Sagastume et al. [70]
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treating fermented municipal wastewater containing acetic, propionic and valerate acid in different
ratios (0.40 gPHA L*h). A possible explanation to the above result could be due to the OLR applied
in the accumulation reactor (SBR2), which was about three times the one applied in the other studies
[71]. Indeed, some authors showed that as the OLR applied in the biopolymer accumulation reactor
increased, there may be a slowdown in the PHA accumulation kinetics or even a total bacterial
inhibition [71]. In this respect, in a recent study it was observed a decrease of the PHA productivity
at high OLR as a clear consequence of substrate inhibition rather than the result of culture selection
[49]. Nevertheless, the PHA productivity was similar to that achieved in studies carried out with real
industrial wastewaters (0.03-0.09 gPHA L*h) [68,72]. This could be related to the presence of
complex organic molecules that reduce the metabolic activity of PHA-accumulating organisms.
Indeed, the presence of possible inhibiting substances in the citrus wastewater, such as essential oils,
which could induce partial inhibition of bacterial biomass, cannot be completely neglected and should
be better investigated in future studies [73]. As reported in the literature, to avoid PHA-accumulation
inhibition, industrial waste feedstocks required pretreatment to remove recalcitrant or toxic
components that could impair the process [24,74].

The theoretical overall PHA productivity was estimated considering the PHA content in the biomass
and the daily production of the excess sludge. This value was then referred to the volume of daily
wastewater treated (Fig. 5¢). Based on the results obtained, it was noted that the minimum production
of PHA occurred in Period 1 (0.12 kgPHA m%), whereas the maximum was observed in Period 2
(0.77 kgPHA m?). Lastly, in Period 3, the overall PHA productivity resulted approximately 0.66
kgPHA m. It should be noted that the lower PHA content observed in Period 3 was offset by a higher
production of excess sludge. Indeed, in Period 3 the SRT was lower than the other periods. Thus, a
lower SRT favored the selection of populations which are characterized by having higher maximum
specific growth rates but lower storage rates [49]. Consequently, the growth rate of MMC that
determines the excess of sludge production should be also considered in the overall assessment of the

PHA productivity.
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3.6 Organic carbon mass balances in accumulation assays

For each of the accumulation assays, COD mass balances were carried out to evaluate the conversion
of the organic substrate into three main products: intracellular polymers (PHA), extracellular
polymers (EPS) and new biomass. All these products were expressed in terms of COD using the
respective conversion coefficients reported in the paragraph 2.5.4. The results obtained are reported

in Table 4.

Tab.4

The maximum conversion yield of COD into PHA was observed in Period 2, where about 64% of the
COD was converted into intracellular polymers, while in the Period 1 and Period 3 the yields were
lower and equal to 38% and 56%, respectively. The results obtained were consistent with those
obtained by other authors, who reported maximum PHA production yields equal to about 0.60
gCODpna gCOD™ [75-77], even in case of using agro-food wastewaters. Indeed, Gouveia et al. [78]
obtained a maximum PHA production yield between 0.56-0.68 gCODpna gCOD™ using dairy
wastewater, while Campanari et al. [79] have obtained similar yields (0.55 gCODpna gCOD™) by
treating wastewater from the olive mill industries.

The conversion of COD into EPS decreased from Period 1 to Period 3. Indeed, the production of EPS
was equal to 0.16 gCOD gCOD in Period 1, 0.13 gCOD gCODtin Period 2 and, finally, 0.05 gCOD
gCODin Period 3. This result suggested the lower propensity of biomass to produce exopolymers
as the OLR in the SBR1 increased. It should also be noted that in Period 3 the presence of filamentous
bacteria in SBR2, which have less capacity to produce extracellular polymers, significantly increased,
whereas in Period 1 and Period 2 the greater prevalence of floc-forming bacteria led to a greater
production of extracellular polymers [80]. Therefore, it is possible that the microbiological

composition of the sludge influenced the conversion of COD in the various fractions mentioned
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above. As the abundance of filamentous bacteria increased, the fraction of COD converted into EPS
decreased. Similar results were also obtained in a previous study, in which the authors observed that
the organic carbon was mainly converted into EPS rather PHA if fast-growing bacteria prevailed in
the MMC [81]. This was a consequence of the higher OLR in Period 3 that promoted the overgrowth
of bacteria with a higher growth rate and lower PHA accumulation ability [68].

Regarding the production of new biomass, in all three cases, it was in the order of 5%, suggesting
that the process conditions in the accumulation reactor were not favorable to microbial growth
because of the lack of nutrients.

During the accumulation assays, a residual COD was observed at the end of each test, since only the
most biodegradable fraction of the organic matter was used by bacteria, according to the assays
operating conditions. The residual COD fraction observed in each test was also consistent with the
COD removal performances observed in SBR1. The lowest residual COD was observed in Period 2
(20%), whereas this was greater in Period 1 (42%) and Period 3 (32%).

Based on the results obtained, it is possible to assess that the best operating condition in terms of PHA
production was that of Period 2. Conversion of COD into EPS, on the other hand, was likely
dependent on the ratio of floc-forming and filamentous bacteria in the activated sludge and it
increased when the abundance of the former was higher. In this sense, previous studies demonstrated
that under fully aerated conditions the COD conversion into EPS is a competitive reaction to that of
intracellular biopolymers. In fact, the carbon source is divided between EPS and PHA synthesis
pathways, thereby reducing the PHA yield [82]. The results obtained in this study demonstrated that
the change in the operating conditions and the consequent modification of the MMC led to a different

route for COD conversion into EPS or PHA.

3.7 Physical and thermal characteristics of the biopolymers
In Figure S1 the DSC thermograms and the viscosimetric molecular weight of the biopolymers

extracted in each experimental period are reported.
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Fig. S1

DSC thermograms for the first heating scan of the extracted biopolymers are reported in Figure Sla.
The melting temperature of the biopolymers was approximately 176°C independently of the
experimental period. The relatively high melting enthalpy, of about 106 J g™* for the sample of Period
1 and around 101 j g for those referred to Period 2 and Period 3, suggested the highly crystalline
nature of the extracted polymer which was calculated to be around 72.5 % (Period 1) and 69 % (Period
2 and Period 3). Similar values of melting temperature (170-177°C) and crystallinity (60-80 %) had
been determined for other PHA previously [36,83,84]. The only difference between the thermal
properties of the extracted polymers can be observed between the sample referred to Period 1 with
those referred to Period 2 and Period 3, suggesting that the different operating conditions slightly
affects the thermal properties of the polymer.

Molecular weight represents an important parameter, which determines suitability of a biopolymer
for specific applications. Regardless of final application, molecular weight of recovered PHA should
be sufficiently high. The molecular weight of biopolymers extracted during Period 1 was about 250
kDa (Fig. S1b) and it increased up to 417 KDa and 463 KDa in Period 2 and Period 3, respectively.
This result was coherent with the slight decrease of crystallinity observed during the last two
extractions since it is well known that generally a decrease of the polymer weight usually led to an

increase of the crystallinity of a polymer.

3.8 General remarks and future developments

In this study, it was shown that changes in the operational conditions that can occur in wastewater
plants characterized by seasonal fluctuations can cause a significant shift in the bacterial composition
of the mixed microbial consortium and some PHA-producing species might prevail over others.
Therefore, seasonal load fluctuations could affect both PHA yields and characteristics. Consequently,

the amount and the quality of the extracted polymer could be different during the year and this could
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limit their use especially for those applications that require a precise and constant standard quality
over time. Overall, the use of a real wastewater enabled to obtain a rich and diverse MMC that was
monitored by molecular methods throughout the three periods. This allowed enriching the MMC with
different species of PHA-producing organisms that improved the process performances and making
it more flexible from an operating point of view than a process carried out with a pure microbial
culture.

Moreover, in view of integrating the PHA production into existing facilities of a wastewater treatment
plant, it should be considered that the enrichment of the MMC occurs simultaneously with the
treatment of the wastewater that is used as feedstock. Therefore, the choice of the operating conditions
that enable an efficient enrichment of the MMC in the biopolymer-producing fraction should be made
taking into consideration the purification performances and the compliance with the discharge limits
imposed by regulations.

The existence of an optimal OLR value that allowed to simultaneously maximize the purification
performance and the production of biopolymers suggested the need to operate with systems able to
adjust the OLR according to seasonal qualitative-quantitative variations of the wastewater. Moreover,
this study demonstrated that the operating condition also affected the quality of the biopolymers.

In this light, further studies are necessary to enhance PHA production with MMCs, for example by
implementing advanced biological processes (e.g., membrane bioreactor, granular sludge). Indeed,
these could improve the biomass retention capacity into the biological reactor, increase the overall
productivity because of the higher biomass concentration and achieve higher purification

performances than conventional activated sludge systems at higher OLR.

4. Conclusions
The effects of OLR on the production of biopolymers obtainable from the simultaneous treatment of
wastewater deriving from a citrus industry were evaluated in this study. The optimal OLR in terms

of both COD removal performance (98%) and biopolymer production (0.38 gPHA gTSS™) was equal
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to 2 kgCOD m=3d™L. For higher OLR, a gradual decrease was observed in terms of both purification
performances and production of the biopolymers, although its quality increased as indicated by the
lower degree of crystallinity. The results obtained demonstrated that the maximum production yields
of biopolymers were comparable with those obtained in many other studies, although the productivity
was strongly affected by the OLR. Nevertheless, it was demonstrated that microbial diversity of real
sludge provides both enough degradation potential and PHA accumulating strains to fulfill integrated
wastewater treatment and biopolymers production. The results obtained in this study demonstrated
the potential feasibility of using citrus wastewater as a low-cost substrate for the synthesis of
biopolymers, although the variability of the quality of this wastewater determined a different
production yield of the biopolymers with different mechanical characteristics.

Based on the above considerations, further efforts should be devoted to the optimization of PHA
production in WWTP subjected to seasonal fluctuation of the OLR. Monitoring the MMC by using
high-throughput DNA sequencing allowed to identify PHA accumulating taxa that are enriched
during the treatment. Further studies are needed to understand the effects of the process conditions to
reach the possibility to optimize PHA production by modulating the MMC composition. Moreover,
application of advanced biological-based technologies aimed at improving the selection of the MMC
(e.g., membrane bioreactor, aerobic granular sludge) should be tested. This could be a topic of great
interest for the scientific community because these systems operate with higher TSS concentration

than CAS, thus the PHA productivity could significantly be increased.

Acknowledgments

This work was funded by the Ministry of Education, University and Research (MIUR, Italy) — Project
AIM 1845825. Authors thank the "Agrumaria Corleone S.p.A." (Palermo) for the precious technical
support. Furthermore, authors warmly thank Eng. Pietro Intravaia for his valuable contribution during

pilot plant operations.



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

A. Gherghel, C. Teodosiu, S. De Gisi, A review on wastewater sludge valorisation and its
challenges in the context of circular economy, J. Clean. Prod. 228 (2019) 244-263.

doi:10.1016/j.jclepro.2019.04.240.

V. Conca, C. da Ros, F. Valentino, A.L. Eusebi, N. Frison, F. Fatone, Long-term validation
of polyhydroxyalkanoates production potential from the sidestream of municipal wastewater
treatment plant at pilot scale, Chem. Eng. J. 390 (2020) 124627.

doi:10.1016/j.cej.2020.124627.

C. Puchongkawarin, C. Gomez-Mont, D.C. Stuckey, B. Chachuat, Optimization-based
methodology for the development of wastewater facilities for energy and nutrient recovery,

Chemosphere. 140 (2015) 150-158. doi:10.1016/j.chemosphere.2014.08.061.

F. Silva, M. Matos, B. Pereira, C. Ralo, D. Pequito, N. Marques, G. Carvalho, M.A.M. Reis,
An integrated process for mixed culture production of 3-hydroxyhexanoate-rich
polyhydroxyalkanoates from fruit waste, Chem. Eng. J. 427 (2022).

d0i:10.1016/j.cej.2021.131908.

A.T. Adeleye, C.K. Odoh, O.C. Enudi, O.0. Banjoko, O.0. Osiboye, E. Toluwalope
Odediran, H. Louis, Sustainable synthesis and applications of polyhydroxyalkanoates
(PHAS) from biomass, Process Biochem. 96 (2020) 174-193.

doi:10.1016/j.prochio.2020.05.032.

V. Pérez, C.R. Mota, R. Mufoz, R. Lebrero, Polyhydroxyalkanoates (PHA) production from
biogas in waste treatment facilities: Assessing the potential impacts on economy,
environment and society, Chemosphere. 255 (2020) 126929.

doi:10.1016/j.chemosphere.2020.126929.

E.R. Coats, F.J. Loge, M.P. Wolcott, K. Englund, A.G. McDonald, Synthesis of



767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Polyhydroxyalkanoates in Municipal Wastewater Treatment, Water Environ. Res. 79 (2007)

2396-2403. doi:10.2175/106143007x183907.

G.-Q. Chen, X.-Y. Chen, F.-Q. Wu, J.-C. Chen, Polyhydroxyalkanoates (PHA) toward cost
competitiveness and functionality, Adv. Ind. Eng. Polym. Res. 3 (2020) 1-7.

doi:10.1016/j.aiepr.2019.11.001.

W. Zhou, D.I. Colpa, B. Geurkink, G.J.W. Euverink, J. Krooneman, The impact of carbon to
nitrogen ratios and pH on the microbial prevalence and polyhydroxybutyrate production
levels using a mixed microbial starter culture, Sci. Total Environ. 811 (2022) 152341.

doi:10.1016/j.scitotenv.2021.152341.

R.A.P. Cruz, A. Oehmen, M.A.M. Reis, The impact of biomass withdrawal strategy on the
biomass selection and polyhydroxyalkanoates accumulation of mixed microbial cultures, N.

Biotechnol. 66 (2022) 8-15. d0i:10.1016/j.nbt.2021.08.004.

F. Silva, S. Campanari, S. Matteo, F. Valentino, M. Majone, M. Villano, Impact of nitrogen
feeding regulation on polyhydroxyalkanoates production by mixed microbial cultures, N.

Biotechnol. 37 (2017) 90-98. doi:10.1016/j.nbt.2016.07.013.

P.C. Sabapathy, S. Devaraj, K. Meixner, P. Anburajan, P. Kathirvel, Y. Ravikumar, H.M.
Zabed, X. Qi, Recent developments in Polyhydroxyalkanoates (PHAS) production — A

review, Bioresour. Technol. 306 (2020) 123132. doi:10.1016/j.biortech.2020.123132.

S. Vigneswari, M.S.M. Noor, T.S.M. Amelia, K. Balakrishnan, A. Adnan, K. Bhubalan,
A.AA. Amirul, S. Ramakrishna, Recent advances in the biosynthesis of
polyhydroxyalkanoates from lignocellulosic feedstocks, Life. 11 (2021).

doi:10.3390/1ife11080807.

C. Simona, L. Laura, V. Francesco, V. Marianna, M.G. Cristina, T. Barbara, M. Mauro, R.

Simona, Effect of the organic loading rate on the PHA-storing microbiome in sequencing



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

[15]

[16]

[17]

[18]

[19]

[20]

[21]

batch reactors operated with uncoupled carbon and nitrogen feeding, Sci. Total Environ. 825

(2022) 153995. doi:10.1016/j.scitotenv.2022.153995.

A. Elain, A. Le Grand, Y.M. Corre, M. Le Fellic, N. Hachet, V. Le Tilly, P. Loulergue, J.L.
Audic, S. Bruzaud, Valorisation of local agro-industrial processing waters as growth media
for polyhydroxyalkanoates (PHA) production, Ind. Crops Prod. 80 (2016) 1-5.

doi:10.1016/j.indcrop.2015.10.052.

J.L. Waller, P.G. Green, F.J. Loge, Mixed-culture polyhydroxyalkanoate production from
olive oil mill pomace, Bioresour. Technol. 120 (2012) 285-289.

doi:10.1016/j.biortech.2012.06.024.

B. Colombo, M. Villegas Calvo, T. Pepé Sciarria, B. Scaglia, S. Savio Kizito, G.
D’Imporzano, F. Adani, Biohydrogen and polyhydroxyalkanoates (PHA) as products of a
two-steps bioprocess from deproteinized dairy wastes, Waste Manag. 95 (2019) 22-31.

doi:10.1016/j.wasman.2019.05.052.

D.A. Zema, P.S. Calabro, A. Folino, V. Tamburino, G. Zappia, S.M. Zimbone, Valorisation
of citrus processing waste: A review, Waste Manag. 80 (2018) 252-273.

doi:10.1016/j.wasman.2018.09.024.

D. Di Trapani, S.F. Corsino, M. Torregrossa, G. Viviani, Treatment of high strength
industrial wastewater with membrane bioreactors for water reuse: Effect of pre-treatment
with aerobic granular sludge on system performance and fouling tendency, J. Water Process

Eng. 100859 (2019). doi:10.1016/j.jwpe.2019.100859.

G. Carvalho, A. Oehmen, M.G.E. Albuquerque, M.A.M. Reis, The relationship between
mixed microbial culture composition and PHA production performance from fermented

molasses, N. Biotechnol. 31 (2014) 257-263. doi:10.1016/j.nbt.2013.08.010.

S.F. Corsino, D. Di Trapani, M. Capodici, M. Torregrossa, G. Viviani, Optimization of



815 acetate production from citrus wastewater fermentation, Water Resour. Ind. 25 (2021)

816 100140. doi:10.1016/j.wri.2021.100140.

817 [22] T.S.de Oliveira, S.F. Corsino, D. Di Trapani, M. Torregrossa, G. Viviani, Biological

818 minimization of excess sludge in a membrane bioreactor: Effect of plant configuration on
819 sludge production, nutrient removal efficiency and membrane fouling tendency, Bioresour.
820 Technol. 259 (2018) 146-155. doi:10.1016/j.biortech.2018.03.035.

821 [23] D. Dionisi, A.A. Rasheed, A. Majumder, A new method to calculate the periodic steady state
822 of sequencing batch reactors for biological wastewater treatment: Model development and

823 applications, J. Environ. Chem. Eng. 4 (2016) 3665-3680. doi:10.1016/j.jece.2016.07.032.

824 [24] L. Argiz, A. Fra-Vazquez, A.V. del Rio, A. Mosquera-Corral, Optimization of an enriched
825 mixed culture to increase PHA accumulation using industrial saline complex wastewater as a

826 substrate, Chemosphere. 247 (2020). doi:10.1016/j.chemosphere.2020.125873.

827 [25] F. Morgan-Sagastume, F. Valentino, M. Hjort, D. Cirne, L. Karabegovic, F. Gerardin, P.

828 Johansson, A. Karlsson, P. Magnusson, T. Alexandersson, S. Bengtsson, M. Majone, A.
829 Werker, Polyhydroxyalkanoate (PHA) production from sludge and municipal wastewater
830 treatment, Water Sci. Technol. 69 (2014) 177-184. doi:10.2166/wst.2013.643.

831 [26] APHA, Standard Methods for the Examination of Water and Wastewater, 2012. doi:ISBN

832 9780875532356.

833 [27] M. Capodici, S. Fabio Corsino, F. Di Pippo, D. Di Trapani, M. Torregrossa, An innovative

834 respirometric method to assess the autotrophic active fraction: Application to an alternate
835 oxic-anoxic MBR pilot plant, Chem. Eng. J. 300 (2016) 367—-375.
836 doi:10.1016/j.cej.2016.04.134.

837 [28] P.Le-Clech, V. Chen, T.A.G. Fane, Fouling in membrane bioreactors used in wastewater

838 treatment, J. Memb. Sci. 284 (2006) 17-53. doi:10.1016/j.memsci.2006.08.019.



839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the Folin-
Phenol Reagent, J. Biol. Cemistry. 193 (1951) 265-275.

http://linkinghub.elsevier.com/retrieve/pii/S0003269784711122.

M. DuBois, K. a. Gilles, J.K. Hamilton, P. a. Rebers, F. Smith, Colorimetric method for
determination of sugars and related substances, Anal. Chem. 28 (1956) 350—356.

doi:10.1021/ac60111a017.

D. Eikelboom, H. Van Buijsen, Microscopic sludge investigation manual, TNO Rep. ISBN

97819 (1981). doi:10.1657/1523-0430(2004)036[0011:AGCEAN]2.0.CO;2.

D. Jenkins, M.G. Richard, G.T. Daigger, Manual on the Causes and Control of Activated

Sludge Bulking, Foaming and Other Solids Separation Problems, IWA, London, 2003.

M.L. Fiorese, F. Freitas, J. Pais, A.M. Ramos, G.M.F. De Aragao, M.A.M. Reis, Recovery of
polyhydroxybutyrate (PHB) from Cupriavidus necator biomass by solvent extraction with

1,2-propylene carbonate, Eng. Life Sci. 9 (2009) 454-461. doi:10.1002/elsc.200900034.

S. Ansari, T. Fatma, Cyanobacterial polyhydroxybutyrate (PHB): Screening, optimization

and characterization, PLoS One. 11 (2016) 1-20. doi:10.1371/journal.pone.0158168.

O.F. Solomon, I.Z. Ciuta, Détermination de la viscosité intrinseque de solutions de
polymeres par une simple détermination de la viscosité, J. Appl. Polym. Sci. 6 (1962) 683—

686. d0i:10.1002/app.1962.070062414.

T.M. Keenan, S.W. Tanenbaum, A.J. Stipanovic, J.P. Nakas, Production and characterization
of poly-B-hydroxyalkanoate copolymers from Burkholderia cepacia utilizing xylose and

levulinic acid, Biotechnol. Prog. 20 (2004) 1697-1704. doi:10.1021/bp049873d.

S. Takahashi, J. Tomita, K. Nishioka, T. Hisada, M. Nishijima, Development of a
prokaryotic universal primer for simultaneous analysis of Bacteria and Archaea using next-

generation sequencing, PLoS One. 9 (2014) 1-9. doi:10.1371/journal.pone.0105592.



863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

S.F. Corsino, D. Di Trapani, M. Torregrossa, G. Viviani, Aerobic granular sludge treating
high strength citrus wastewater: Analysis of pH and organic loading rate effect on kinetics,
performance and stability, J. Environ. Manage. 214 (2018) 23-35.

doi:10.1016/j.jenvman.2018.02.087.

A. loppolo, V.A. Laudicina, L. Badalucco, F. Saiano, E. Palazzolo, Wastewaters from citrus
processing industry as natural biostimulants for soil microbial community, J. Environ.

Manage. 273 (2020) 111137. doi:10.1016/j.jenvman.2020.111137.

V. Shrivastava, I. Ali, M.M. Marjub, E.R. Rene, A.M.F. Soto, Wastewater in the food
industry: Treatment technologies and reuse potential, Chemosphere. 293 (2022).

doi:10.1016/j.chemosphere.2022.133553.

M. Barbera, G. Gurnari, Wastewater Treatment and Reuse in the Food Industry, Springer,

2018.

R.E. Sheker, R.M. Aris, W.K. Shieh, The effects of fill strategies on SBR performance under
nitrogen deficiency and rich conditions, Water Sci. Technol. 28 (1993) 259-266.

doi:10.2166/wst.1993.0242.

M. Pronk, M.K. de Kreuk, B. de Bruin, P. Kamminga, R. Kleerebezem, M.C.M. van
Loosdrecht, Full scale performance of the aerobic granular sludge process for sewage

treatment, Water Res. 84 (2015) 207-217. doi:10.1016/j.watres.2015.07.011.

D.A. Zema, P.S. Calabro, A. Folino, V. Tamburino, G. Zappia, S.M. Zimbone, Wastewater
management in citrus processing industries: An overview of advantages and limits, Water

(Switzerland). 11 (2019) 2481. doi:10.3390/w11122481.

R. Hreiz, M.A. Latifi, N. Roche, Optimal design and operation of activated sludge processes:

State-of-the-art, Chem. Eng. J. 281 (2015) 900-920. doi:10.1016/j.cej.2015.06.125.

D.C. Banti, M. Tsangas, P. Samaras, A. Zorpas, LCA of a membrane bioreactor compared to



887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

[47]

[48]

[49]

[50]

[51]

[52]

[53]

activated sludge system for municipal wastewater treatment, Membranes (Basel). 10 (2020)

1-15. doi:10.3390/membranes10120421.

T.R. Devlin, A. di Biase, M. Kowalski, J.A. Oleszkiewicz, Granulation of activated sludge
under low hydrodynamic shear and different wastewater characteristics, Bioresour. Technol.

224 (2016) 1-7. doi:10.1016/j.biortech.2016.11.005.

A.M.S. Paulo, C.L. Amorim, J. Costa, D.P. Mesquita, E.C. Ferreira, P.M.L. Castro, High
Carbon Load in Food Processing Industrial Wastewater is a Driver for Metabolic
Comepetition in Aerobic Granular Sludge, Front. Environ. Sci. 9 (2021) 1-15.

doi:10.3389/fenvs.2021.735607.

M. Matos, R.A.P. Cruz, P. Cardoso, F. Silva, E.B. Freitas, G. Carvalho, M.A.M. Reis, Sludge
retention time impacts on polyhydroxyalkanoate productivity in uncoupled storage/growth

processes, Sci. Total Environ. 799 (2021) 149363. doi:10.1016/j.scitotenv.2021.149363.

J. Hao, H. Wang, X. Wang, Selecting optimal feast-to-famine ratio for a new
polyhydroxyalkanoate (PHA) production system fed by valerate-dominant sludge
hydrolysate, Appl. Microbiol. Biotechnol. 102 (2018) 3133-3143. doi:10.1007/s00253-018-

8799-6.

P. Chakravarty, V. Mhaisalkar, T. Chakrabarti, Study on poly-hydroxyalkanoate (PHA)
production in pilot scale continuous mode wastewater treatment system, Bioresour. Technol.

101 (2010) 2896-2899. doi:10.1016/j.biortech.2009.11.097.

G. De Grazia, L. Quadri, M. Majone, F. Morgan-Sagastume, A. Werker, Influence of
temperature on mixed microbial culture polyhydroxyalkanoate production while treating a
starch industry wastewater, J. Environ. Chem. Eng. 5 (2017) 5067-5075.

doi:10.1016/j.jece.2017.09.041.

Y.F. Tsang, S.N. Sin, H. Chua, Nocardia foaming control in activated sludge process treating



911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

[54]

[55]

[56]

[57]

[58]

[59]

[60]

domestic wastewater, Bioresour. Technol. 99 (2008) 3381-3388.

doi:10.1016/j.biortech.2007.08.012.

P.H. Nielsen, C. Kragelund, R.J. Seviour, J.L. Nielsen, Identity and ecophysiology of
filamentous bacteria in activated sludge, FEMS Microbiol. Rev. 33 (2009) 969-998.

doi:10.1111/j.1574-6976.2009.00186.xX.

M. Majone, P. Massanisso, A. Carucci, K. Lindrea, V. Tandoi, Influence of storage on
Kinetic selection to control aerobic filamentous bulking, Water Sci. Technol. 34 (1996) 223—

232. d0i:10.1016/0273-1223(96)00649-X.

P.A. Jones, A.J. Schuler, Seasonal variability of biomass density and activated sludge
settleability in full-scale wastewater treatment systems, Chem. Eng. J. 164 (2010) 16-22.

doi:10.1016/j.cej.2010.07.061.

S. Bengtsson, A.R. Pisco, M.A.M. Reis, P.C. Lemos, Production of polyhydroxyalkanoates
from fermented sugar cane molasses by a mixed culture enriched in glycogen accumulating

organisms, J. Biotechnol. 145 (2010) 253-263. doi:10.1016/j.jbiotec.2009.11.016.

J. Pereira, D. Queir6s, P.C. Lemos, S. Rossetti, L.S. Serafim, Enrichment of a mixed
microbial culture of PHA-storing microorganisms by using fermented hardwood spent sulfite

liquor, N. Biotechnol. 56 (2020) 79-86. doi:10.1016/j.nbt.2019.12.003.

D. Dionisi, M. Majone, G. Vallini, S. Di Gregorio, M. Beccari, Effect of the applied organic
load rate on biodegradable polymer production by mixed microbial cultures in a sequencing

batch reactor, Biotechnol. Bioeng. 93 (2006) 76—-88. doi:10.1002/bit.20683.

H. Chen, Y. Wei, P. Liang, C. Wang, Y. Hu, M. Xie, Y. Wang, B. Xiao, C. Du, H. Tian,
Performance and microbial community variations of a upflow anaerobic sludge blanket
(UASB) reactor for treating monosodium glutamate wastewater: Effects of organic loading

rate, J. Environ. Manage. 253 (2020) 109691. doi:10.1016/j.jenvman.2019.109691.



935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

[61]

[62]

[63]

[64]

[65]

[66]

[67]

E.R. Coats, B.S. Watson, C.K. Brinkman, Polyhydroxyalkanoate synthesis by mixed
microbial consortia cultured on fermented dairy manure: Effect of aeration on process
rates/yields and the associated microbial ecology, Water Res. 106 (2016) 26—40.

doi:10.1016/j.watres.2016.09.039.

H. Chen, Y. Wei, C. Xie, H. Wang, S. Chang, Y. Xiong, C. Du, B. Xiao, G. Yu, Anaerobic
treatment of glutamate-rich wastewater in a continuous UASB reactor: Effect of hydraulic
retention time and methanogenic degradation pathway, Chemosphere. 245 (2020) 125672.

doi:10.1016/j.chemosphere.2019.125672.

M. Zhang, J. Yao, X. Wang, Y. Hong, Y. Chen, The microbial community in filamentous
bulking sludge with the ultra-low sludge loading and long sludge retention time in oxidation

ditch, Sci. Rep. 9 (2019) 1-10. doi:10.1038/s41598-019-50086-3.

F. Morgan-Sagastume, M. Hjort, D. Cirne, F. Gérardin, S. Lacroix, G. Gaval, L.
Karabegovic, T. Alexandersson, P. Johansson, A. Karlsson, S. Bengtsson, M. V. Arcos-
Hernandez, P. Magnusson, A. Werker, Integrated production of polyhydroxyalkanoates
(PHAS) with municipal wastewater and sludge treatment at pilot scale, Bioresour. Technol.

181 (2015) 78-89. doi:10.1016/j.biortech.2015.01.046.

C. Kourmentza, M. Kornaros, Biotransformation of volatile fatty acids to
polyhydroxyalkanoates by employing mixed microbial consortia: The effect of pH and

carbon source, Bioresour. Technol. 222 (2016) 388—-398. doi:10.1016/j.biortech.2016.10.014.

F. Valentino, F. Morgan-Sagastume, S. Campanari, M. Villano, A. Werker, M. Majone,
Carbon recovery from wastewater through bioconversion into biodegradable polymers, N.

Biotechnol. 37 (2017) 9-23. doi:10.1016/j.nbt.2016.05.007.

F. Morgan-Sagastume, S. Bengtsson, G. De Grazia, T. Alexandersson, L. Quadri, P.

Johansson, P. Magnusson, A. Werker, Mixed-culture polyhydroxyalkanoate (PHA)



959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

[68]

[69]

[70]

[71]

[72]

[73]

production integrated into a food-industry effluent biological treatment: A pilot-scale

evaluation, J. Environ. Chem. Eng. 8 (2020) 104469. doi:10.1016/j.jece.2020.104469.

S. Campanari, F.A. E Silva, L. Bertin, M. Villano, M. Majone, Effect of the organic loading
rate on the production of polyhydroxyalkanoates in a multi-stage process aimed at the
valorization of olive oil mill wastewater, Int. J. Biol. Macromol. 71 (2014) 34-41.

doi:10.1016/j.ijbiomac.2014.06.006.

W. Fang, X. Zhang, P. Zhang, J. Wan, H. Guo, D.S.M. Ghasimi, X.C. Morera, T. Zhang,
Overview of key operation factors and strategies for improving fermentative volatile fatty
acid production and product regulation from sewage sludge, J. Environ. Sci. (China). 87

(2020) 93-111. doi:10.1016/j.jes.2019.05.027.

F. Morgan-Sagastume, S. Bengtsson, G. De Grazia, T. Alexandersson, L. Quadri, P.
Johansson, P. Magnusson, A. Werker, Mixed-culture polyhydroxyalkanoate (PHA)
production integrated into a food-industry effluent biological treatment: A pilot-scale

evaluation, J. Environ. Chem. Eng. 8 (2020) 104469. doi:10.1016/j.jece.2020.104469.

F. Valentino, G. Moretto, L. Lorini, D. Bolzonella, P. Pavan, M. Majone, Pilot-Scale
Polyhydroxyalkanoate Production from Combined Treatment of Organic Fraction of
Municipal Solid Waste and Sewage Sludge, Ind. Eng. Chem. Res. 58 (2019) 12149-12158.

doi:10.1021/acs.iecr.9b01831.

S. Bengtsson, J. Hallquist, A. Werker, T. Welander, Acidogenic fermentation of industrial
wastewaters: Effects of chemostat retention time and pH on volatile fatty acids production,

Biochem. Eng. J. 40 (2008) 492-499. doi:10.1016/j.bej.2008.02.004.

P.S. Calabro, L. Pontoni, I. Porqueddu, R. Greco, F. Pirozzi, F. Malpei, Effect of the
concentration of essential oil on orange peel waste biomethanization: Preliminary batch

results, Waste Manag. 48 (2016) 440-447. doi:10.1016/j.wasman.2015.10.032.



983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

U. Jayakrishnan, D. Deka, G. Das, Waste as feedstock for polyhydroxyalkanoate production
from activated sludge: Implications of aerobic dynamic feeding and acidogenic fermentation,

J. Environ. Chem. Eng. 9 (2021) 105550. doi:10.1016/j.jece.2021.105550.

M.G.E. Albuquerque, S. Concas, S. Bengtsson, M.A.M. Reis, Mixed culture
polyhydroxyalkanoates production from sugar molasses: The use of a 2-stage CSTR system
for culture selection, Bioresour. Technol. 101 (2010) 7123—-7133.

doi:10.1016/j.biortech.2010.04.0109.

K. Sudesh, K. Bhubalan, J.A. Chuah, Y.K. Kek, H. Kamilah, N. Sridewi, Y.F. Lee, Synthesis
of polyhydroxyalkanoate from palm oil and some new applications, Appl. Microbiol.

Biotechnol. 89 (2011) 1373-1386. doi:10.1007/s00253-011-3098-5.

L. Lorini, F. di Re, M. Majone, F. Valentino, High rate selection of PHA accumulating
mixed cultures in sequencing batch reactors with uncoupled carbon and nitrogen feeding, N.

Biotechnol. 56 (2020) 140-148. doi:10.1016/j.nbt.2020.01.006.

A.R. Gouveia, E.B. Freitas, C.F. Galinha, G. Carvalho, A.F. Duque, M.A.M. Reis, Dynamic
change of pH in acidogenic fermentation of cheese whey towards polyhydroxyalkanoates
production: Impact on performance and microbial population, N. Biotechnol. 25 (2017) 108-

116. doi:10.1016/j.nbt.2016.07.001.

S. Campanari, F. Augelletti, S. Rossetti, F. Sciubba, M. Villano, M. Majone, Enhancing a
multi-stage process for olive oil mill wastewater valorization towards polyhydroxyalkanoates

and biogas production, Chem. Eng. J. 317 (2017) 280-289. doi:10.1016/j.cej.2017.02.094.

J. Li, Y. Li, D.G. Ohandja, F. Yang, F.S. Wong, H.C. Chua, Impact of filamentous bacteria
on properties of activated sludge and membrane-fouling rate in a submerged MBR, Sep.

Purif. Technol. 59 (2008) 238-243. doi:10.1016/j.seppur.2007.06.011.

Y.W. Cui, Y.P. Shi, X.Y. Gong, Effects of C/N in the substrate on the simultaneous



1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

[82]

[83]

[84]

production of polyhydroxyalkanoates and extracellular polymeric substances by Haloferax
mediterranei via kinetic model analysis, RSC Adv. 7 (2017) 18953-18961.

doi:10.1039/c7ra02131c.

R. Mitra, T. Xu, H. Xiang, J. Han, Current developments on polyhydroxyalkanoates
synthesis by using halophiles as a promising cell factory, Microb. Cell Fact. 19 (2020) 1-30.

d0i:10.1186/s12934-020-01342-z.

M.Y. Lee, S.N. Lee, W.H. Park, Thermal stabilization of poly(3-hydroxybutyrate) by
poly(glycidyl methacrylate), J. Appl. Polym. Sci. 83 (2002) 2945-2952.

doi:10.1002/app.10318.

R.M.R. Wellen, M.S. Rabello, G.J.M. Fechine, E.L. Canedo, The melting behaviour of
poly(3-hydroxybutyrate) by DSC. Reproducibility study, Polym. Test. 32 (2013) 215-220.

doi:10.1016/j.polymertesting.2012.11.001.



