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ARTICLE INFO ABSTRACT
Keywords: The production of polyhydroxyalkanoates with untreated used cooking oil (UCO) as substrate represents an
Accumulation interesting strategy to valorize this residue into a value-added product. Three sequencing batch reactors (R1, R2,

Bacterial abundance and RA) were operated, using mixed microbial cultures (MMGs) fed with raw UCO. R1 and R2 operated as

Bw?Olymer enrichment units, with withdrawal at the end of the feast and famine phases, respectively. Enrichment was achieved
Enrichment . 1 . o .

HRT in both within 30 days, reaching similar accumulations of the copolymer poly(3-hydroxybutyrate-co-3-hydrox-
Nitrogen source yvalerate) (PHBV) (17.76 wt. % in R1 and 12.47 wt. % in R2). To improve process stability and reduce chemical
pilot plant consumption for pH control, urea was evaluated as nitrogen source, resulting in a reactor less dependent on pH

control and increasing PHBV content from 16.7 to 25.7 wt. %. Then, the accumulation unit (RA) was operated in
series with R1 to evaluate the maximum PHBV production of the biomass and compare the one-unit (R1) and two-
unit (R1 + RA) configurations. Different hydraulic retention times (HRTs) were studied for the one-unit (24 and 48
h) and the two-unit (48 and 96 h) configurations. The best overall performance was observed at an HRT of 48 h in
both cases, with similar accumulations (44.8-49.1 wt. % PHBV), yields (230-250 g PHBV/kg UCO) and pro-
ductivities (0.010-0.013 g PHBV/(L-h)), showing that the one-unit was the best strategy for its operational
simplicity. These results demonstrate the feasibility of enriching MMCs to produce PHBV using raw UCO, high-
lighting the potential of one-unit configuration to perform enrichment and accumulation steps in the same reactor.
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1. Introduction

The production and environmental impact of petrochemical plastics
have attracted growing interest in recent decades, driving research into
renewable and environmentally friendly alternatives. Among these,
polyhydroxyalkanoates (PHAs) stand out as bio-based materials with the
potential to replace conventional petrochemical plastics.

The PHAs are biodegradable, biocompatible, and non-toxic products
with plastic-like properties, making them possible for multiple appli-
cations, both medical (tissue engineering, drug delivery, medical de-
vices, etc.) and industrial (smart gels, packaging, adhesives, textiles,
etc.) (Mozejko-Ciesielska and Kiewisz, 2016; Pakalapati et al., 2018).
PHAs are polyesters synthesized by various microorganisms using a
range of metabolic pathways, as a reservoir of carbon and energy
sources when fed with an organic carbon substrate in excess, particu-
larly when a nutrient limitation also exists. Once the organic carbon
becomes scarce in the medium, the microorganism can use the PHA as a
substitute (Satoh et al., 1999; Valentin et al., 1999). Among the different
PHAs, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) has been
extensively studied (Guho et al., 2020; Hori et al., 2009). This copolymer
is composed of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV)
monomers.

PHA production is already carried out using pure cultures (Hori
et al., 2009; Martino et al., 2014; Obruca et al., 2013; Ruiz et al., 2019).
However, with the aim of more economic, robust, and simple processes,
its production using mixed microbial cultures (MMCs) has been exten-
sively explored in the last years (Chen et al., 2017b; Valentino et al.,
2020), along with the use of waste streams like wastewater effluents,
sewage sludge, crude glycerol, animal waste, food waste, lignocellulosic
waste and cheese whey as substrate (Argiz et al., 2022; Campanari et al.,
2014; Din et al., 2008; Rodriguez-Perez et al., 2018). These feedstocks
are usually pretreated to facilitate the carbon assimilation and PHA
accumulation, consequently increasing the PHA production costs, so it
needs to be considered when outline the process (Rodriguez-Perez et al.,
2018). For a competitive process, the use of MMC and untreated waste
streams would be ideal to reduce production costs and simplify opera-
tion. Therefore, the adequate selection of the waste and the correct
enrichment of the MMC are critical for process success.

Among possible untreated waste streams suitable for PHA produc-
tion, waste oil has great potential, particularly used cooking oil (UCO).
UCO is a widely generated residue, for example, Europe produces
around 1 million tons per year (Supple et al., 2002). One advantage of
UCO is that it is collected separately, meaning that an established
collection infrastructure already exists. Although UCO is primarily
valorized for biodiesel production, other potential applications include
hydrogen production and biosurfactant synthesis (Beghetto, 2025;
Panadare and Rathod, 2015). Up-to-date PHA production from oily
wastes has mainly been carried out using pure or engineered cultures
(Kourmentza et al., 2018; Martino et al., 2014; Ruiz et al., 2019). In
contrast, PHA production from untreated UCO using MMCs remains
challenging, with only a few studies available at the laboratory scale
(Din et al., 2008; Tamang and Nogueira, 2021). In these studies, the
enrichment was not achieved when untreated UCO was used, due to the
proliferation of filamentous bacteria, and PHA accumulation did not
surpass 34 %.

Another aspect to consider when working with untreated UCO as
substrate is the possible accumulation of triacylglycerides (TAGs). Pre-
vious studies on the aerobic production of PHA have shown that when
TAG accumulation occurs, the yield and efficiency of the PHA accu-
mulation process decrease (Argiz et al., 2022; Hori et al., 2009). TAGs
are energy-storage lipids for microorganisms and are synthesized
intracellularly under stress conditions like nutrient starvation or carbon
excess (Chen et al., 2017a), similarly to PHAs. Furthermore, TAGs may
also be present extracellularly as residual oil adsorbed onto the biomass
surface (Garay et al., 2014). Therefore, avoiding the accumulation of
these TAGs when feeding untreated UCO is key for the effective
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enrichment of PHA storing microorganisms and for maximizing PHA
productivity.

The conventional configuration for PHA production using MMCs
typically involves two reactors, an initial sequencing batch reactor (SBR)
for enriching PHA-accumulating microorganisms, followed by a second
fed batch reactor (FBR) dedicated to maximizing biopolymer accumu-
lation. Nevertheless, this approach can be simplified into a one-unit
system if biomass discharge from the enrichment reactor is carried out
when intracellular PHA content is at its peak. Under these conditions, a
separated accumulation reactor may become unnecessary if the accu-
mulation in the enrichment one is adequate, with the corresponding
simplification of the process and cost reduction (Lorini et al., 2020; Zeng
et al., 2018). In this regard, Cruz et al. (2022) pointed that parameters
such as solids retention time (SRT) need to be evaluated. Nevertheless,
further studies are still needed to optimize PHA production with MMC in
a one-unit configuration.

Furthermore, studies at pilot scale with MMC-based processes are
available for substrates such as manure, slurry, or wastewater sludge,
which are typically pre-fermented into volatile fatty acids (VFAs)
(Chakravarty et al., 2010; Guho et al., 2020; Lorini et al., 2021). How-
ever, literature addressing oily waste streams such as untreated UCO are
still limited, remarking the lack of knowledge in this field.

This study aims to fill all these gaps by enriching an MMC with un-
treated UCO for PHBV production at pilot scale. Furthermore, one- and
two-unit configurations were investigated at different SRTs and
compared in terms biopolymer accumulation in the biomass and the
system's production capacity.

2. Materials and methods
2.1. Operational strategies

Three identical SBRs, designated R1, R2, and RA, each with a
working volume of 24 L, were operated under aerobic conditions. R1
was operated for 196 days following the patented PRETENACC process
(PCT/ES2022/070806, Mosquera-Corral et al. (2022)). R2 was operated
solely as an enrichment reactor, coinciding with days 10 to 50 of the
operation of R1. RA served as an accumulation reactor and received the
effluent withdrawn from R1 between days 51 and 156 for dedicated
PHBV accumulation.

The cycle configurations for the three reactors are described in Table
S1 (see supplementary material). The volume exchange ratio was 50 %
in all three reactors. The SRT was equal to the hydraulic retention time
(HRT). Aeration was continuously supplied via air pumps (Laboport N
86 KTP, KNF Neuberger, USA) through diffusers at the bottom of the
reactors supplying 18 L/min, to provide oxygen for biological reactions
and ensure the mixing of the liquor media within the reactors. A me-
chanical stirrer (RW 20 digital, IKA Works Inc., Germany) was used to
assist in mixing the biomass and the raw UCO in the liquor media with a
speed of 80 rpm. The temperature was maintained at 30 °C using a
thermostatic bath (Tectron Bio-100, JP Selecta, Spain) connected to a
thermal jacket.

The raw UCO used as substrate in the three SBRs was obtained from a
waste oil management company (PMA Nutrigras S.A., Galicia, Spain)
and characterized in terms of fatty acid percentage (93.61 %), with oleic
(52.89 %) and linoleic (33.48 %) acids as the dominant components,
elemental composition (CH; 9Og 1), and organic matter content as total
chemical oxygen demand (2.8 + 0.4 g tCOD/g UCO) (Table S2) (see
supplementary material). This UCO was fed without any previous
treatment.

The nutrient solution used to feed R1 and R2 after withdrawal was
prepared according to Argiz et al., (2022), with the buffering effect of
the phosphate salts which fixes the pH value at 7.0 + 0.3 in the solution.
The composition includes KHoPO4, MgSO4, KCl, KoHPOy,, allylthiourea,
a trace solution (Vishniac and Santer, 1957) and NH4Cl or CO(NHy), in
R1, the NH4Cl in R2 was supplied separately, more details provided in
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Table S3 (see supplementary material).

2.1.1. One-unit configuration for enrichment and accumulation (R1)

To start the operation of the enrichment and accumulation unit using
the PRETENACC process, R1 was inoculated with activated sludge from
a municipal wastewater treatment plant of Santiago de Compostela
(Northwest Spain) at a volatile suspended solids (VSS) concentration of
2.53 £ 0.02 g VSS/L. R1 was operated under aerobic dynamic feeding
(ADF) and double growth limitation (DGL) strategies to enrich a PHBV-
accumulating MMC. A feast/famine regime was imposed, with each
phase representing half of the total cycle duration. During the feast
phase, raw UCO was supplied as the substrate in a single pulse (12.0 mL)
for the first 30 days, and in pulses of between 4.0 mL or 3.5 mL every 2 h
thereafter (Table 1). After the feast phase, the withdrawn reactor con-
tent contains the maximum percent of PHBV accumulated. At the
beginning of the famine phase, the reactor was refilled with the nutrient
solution containing nitrogen. The pH in R1 was set to 7.0 &+ 0.5 by a
controller (46 Series, Chemitec Srl, Italy) with two pumps that supplied
HCI (1 M) or NaOH (1 M), as needed. The reactor operated for 196 days
in three stages (R1-I, R1-II, and R1-III) (Table 1).

During the first stage (R1-1, days 0-84), ammonium chloride (NH4Cl)
was used as the nitrogen source, and the SBR cycle lasted 12 h (6 h feast
and 6 h famine) (Table Sla, b) (see supplementary material). In stage
R1-II (days 85-134), urea (CO(NH3);) replaced ammonium chloride as
the nitrogen source, while maintaining a 12-h cycle (Table S1b) (see
supplementary material). In the final stage (R1-III, days 135-196), the
cycle length was doubled to 24 h (12 h feast and 12 h famine), with urea
as the nitrogen source (Table S1d) (see supplementary material). In this
last stage, with the duplication of the cycle length the raw UCO and the
nitrogen amounts added were also duplicated to maintain the organic
loading rate (OLR) and the ratio COD/N, respectively (Table 1).
Furthermore, the concentration of the nutrient solution was increased,
to maintain the ratio of carbon to nitrogen.

2.1.2. Enrichment unit (R2)

The enrichment unit R2 was inoculated with biomass collected on
day 10 from R1. R2 was operated in parallel to R1 for 40 days. The
operational conditions of R2 were similar to R1-I (Table 1): the OLR was
2.4 g tCOD/(L-d); the nitrogen source used was NH4Cl; the cycle length
was 12 h, and the addition of the raw UCO changed from one to three
pulses the same day as in R1 keeping the total added volume constant.
The difference between the two reactors was the timing of biomass
withdrawal and nutrient filling. In R2, it occurred at the end of the
famine phase and the nutrient filled do not have nitrogen, whereas in
R1, the withdrawal and nutrient filling was at the end of the feast phase
(Table Sla, b) (see supplementary material). The nitrogen solution
prepared for R2 had a concentration of 45.25 g NH4Cl/L, and 44 mL of it
was added separately each cycle at the end of the feast phase (Table S3)
(see supplementary material). Furthermore, the pH inside R2 was not
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controlled, but maintained around 6.5 + 0.5 by the buffering effect of
the phosphate salts in the nutrients.

2.1.3. Accumulation unit (RA)

The accumulation unit, RA, was inoculated with biomass from R1
(day 51) and operated for a total of 105 days. RA received the effluent
withdrawn from R1 in subsequent operational cycles between days 51
and 156. The operational cycle of RA was configured to expand the
accumulation time for the biomass of R1, so raw UCO was fed at the
same pulse volume and frequency as in R1 (every 2 h) (Table Slc) (see
supplementary material). In this reactor, no pH control was used. The
operation of RA was divided into two stages depending on the cycle
length (12 or 24 h) (Table 1). Stage RA-I/1I (days 51-134) was operated
with a 12-h cycle. When the cycle length of R1 was subsequently
doubled (Table Sle) (see supplementary material), the operating cycle
of RA was also increased to 24 h (stage RA-III, days 135-156).

2.2. Batch accumulation assays

On day 29 of the operation, batch assays were performed to assess
the MMC’s maximal PHA accumulation capacity in R1 and R2. Two fed-
batch reactors with a working volume of 4 L were inoculated with the
biomass withdrawn from each reactor (at the end of the feast and famine
phases for R1 and R2, respectively). The temperature was maintained at
30 °C using a thermostatic bath (Tectron Bio-100, JP Selecta, Spain)
connected to a thermal jacket. Aeration was continuously supplied using
air pumps (Laboport N 86 KTP, KNF Neuberger, USA) with diffusers at
the bottom of the reactor. Substrate pulses of 1.25 mL/pulse were added
every three hours (3 pulses in total, corresponding to 1800 mg tCOD/L
inside the reactor), when the dissolved oxygen concentration had
recovered after the previous carbon addition. Liquid and solid samples
were taken before each pulse to track the process.

2.3. Sampling and analytical methods

Dissolved oxygen (DO) concentration was monitored inside the re-
actors every 5 min using a DO luminescence probe connected to a
portable multimeter (LDO101 and HQ40d, Hach-Lange, USA). In all
reactors, two samples were collected and analyzed by duplicate peri-
odically. In R1 and R2, samples were collected at the end of the feast and
the famine phases. In the case of RA, samples were collected at the
midpoint (hours 6 and 12 in 12- and 24-h cycles, respectively) and at the
end of the cycle. In each sample, the pH was measured with a pH & Ion-
Meter model GLP 22 (Crison, Spain), and both the liquid and solid
fractions were then characterized.

For the liquid fraction, the samples were centrifuged and filtered
(0.45 pm pore size, mixed cellulose ester membrane, Advantec, Japan).
With this, the soluble chemical oxygen demand (sCOD) (APHA-AWWA-
WPCF, 2017) and the total nitrogen (TN) (TOC-L analyser with the TNM-

Table 1
Summary of operational parameters and feeding strategies applied in R1 and R2 throughout the mixed microbial culture (MMC) enrichment process.
R1 R2 RA

Stage R1-I R1-II R1-1II RA-I/11 RA-IIT
Operational days 0-84 85-134 135-196 10-50 51-134 135-156
N source NH,Cl CO(NH,), CO(NHy), NH,Cl - -
Cycle length (h) 12 12 24 12 12 24
HRT (h) 24 24 48 24 24 48
UCO pulses/cycle 1-3 3 6 1-3 6 12
UCO added (mL/pulse) 12.0-4.0 4.0 4.0-3.5 11.5-3.8 3.5 3.5
OLR (g tCOD/(L-d)) 2.5 2.5 2.5-2.2 2.4 4.4 4.4
tCOD (mg/L) * 1263 1263 2525-2321 1213 2183 4367
N added (mg N/L) * 20.0 20.0-22.5 42.5-46.7 20.0 - -
COD/N (g/g) 63.1 63.1-56.1 59.4-54.6 60.6 — -

HRT: hydraulic retention time; UCO: used cooking oil; OLR: organic loading rate; COD: chemical oxygen demand; tCOD: total COD.
# Values inside the reactor after feeding the UCO (feast) or the nitrogen source (famine).
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module, TOC-5000 Shimadzu, Japan) were determined. With the solid
phase, the concentrations of total COD (tCOD), total and volatile sus-
pended solids (TSS and VSS) (APHA-AWWA-WPCF, 2017), as well as the
content of PHBV and TAG, were measured. All measurements were
performed in duplicate and the results are reported as mean + standard
deviation (SD).

PHBV and TAG quantification were performed by gas chromatog-
raphy using the method described by Smolders et al. (1994), with minor
modifications. Biomass samples were dried at 50 °C in an oven (Mem-
mert BE300, Memmert, Germany) for 24 h without pre-freezing. Be-
tween 15 and 20 mg of the dried sample was weighed into glass tubes. A
mixture of HCl:1-propanol for acid digestion, 1,2-dichloroethane for
extraction, and 1-propanol:benzoic acid as the internal standard was
added. The samples were then digested at 100 °C for 3 h (Conterm, JP
Selecta, Spain). After digestion, 3 mL of distilled water were added to
facilitate liquid-liquid extraction. Following vortex mixing and phase
separation, the organic phase was transferred to a vial for bioproduct
quantification. Then, a flame ionization detector (GC-FID) was used for
analysis, and PHBV and TAG were separated on the HP-INNOVAX
(Agilent, USA) capillary column. Calibration curves were obtained
using commercial standards of PHBV copolymer (3HB, 90.82 % w/w,
and 3HV, 9.18 % w/w) and TAG (palmitic, stearic, oleic, and linoleic
acids).

2.4. Microbiological analysis

DNA from the biomass of both enrichment reactors (R1 and R2) was
extracted using the FastDNA SPIN Kit and the FastPrep 24 Instrument
(MP Biomedicals, Germany) according to the manufacturer’s protocol.
Subsequently, partial bacterial 16S rRNA DNA sequencing was per-
formed by using the primers Pro341F and Pro805R (Takahashi et al.,
2014) in a NextSeq 500 sequencer (Illumina, USA). The Mothur V1.44.3
software was used to process the raw sequencing data (default settings
for quality control, primer trimming, filtering, pre-clustering, and
chimaera detection were employed). Operational taxonomic units
(OTUs) at 97 % homology with an abundance of fewer than 100 se-
quences were removed for later analysis. Taxonomic classification was
performed using the BLAST tool in Geneious Prime v.2019 (Geneious,
New Zealand) against the 16S rRNA database at the National Centre for
Biotechnology Information (USA).

2.5. Calculations

The active biomass concentration, X (g VSS/L), was calculated by
subtracting the storage compounds accumulated (PHBV + TAG, in g/L)
from the VSS concentration, supposing these as the only products
accumulated. The maximum specific PHBV production rate (g, g PHBV/
(g X-h)) during the feast or batch accumulation assays was determined
using the maximum slope of the experimental data (g PHBV/(L-h))
collected in single cycle measurements divided by the active biomass
concentration. For the values in Cmmol of the productivities, the indi-
vidual slopes for 3HB and 3HV were used, along with their respective
conversion factors to Cmmol, and the elemental composition of the
biomass was assumed as CH; gOgsNg2 (Argiz et al., 2022), using its
corresponding conversion. The productivity of PHBV (g PHBV/(L-d)) for
one- and two-unit configurations was determined considering the
characteristics of the effluent obtained (TSS concentration and wt. %
PHBV) divided by the HRT of the whole configuration. The PHBV yield
was calculated as the g of PHBV produced per kg of raw UCO fed. For
statistical analysis, a one-factor ANOVA was performed by R statistics
for the R1 and R2 performance (day 10 to 50), with a significance level
set at p-value < 0.01.
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3. Results and discussion
3.1. Enrichment configuration: R1 vs R2

The enrichment of a PHBV-accumulating MMC was studied with two
different reactor configurations: R1 with the withdrawal at the end of
the feast phase and R2 with the withdrawal at the end of the famine
phase. Therefore, in R1 the famine phase begins with half of the active
biomass containing the PHBV accumulated during the feast phase,
resulting in a lower PHBV-to-nitrogen (PHBV/N) ratio at the onset of
famine compared to R2. Conversely, the feast phase in R1 starts with all
the active biomass, whereas in R2 it begins with only half, due to the
prior withdrawal.

To verify the level of enrichment achieved, the performance of the
biomass during the feast phase was monitored on specific days to study
the PHBV accumulation (Fig. S1a, c) (see supplementary material). The
results showed that both reactors exhibited similar behavior, increasing
their PHBV content at the end of the feast phase, from 3.19 + 0.01 (day
11) to 7.07 + 0.02 wt. % (day 30) in R1, and from 5.42 + 0.02 (day 15)
to 6.78 + 0.02 wt. % (day 23) in R2, independently of the moment of the
effluent removal (end of the feast or famine phase, respectively). Fed-
batch accumulation assays performed on day 29 to determine the
maximal PHBV accumulation capacity of the biomass from each reactor
confirmed the potential of the MMCs, reaching PHBV contents of 17.76
+ 0.03 wt. % (R1) and 12.47 + 0.01 wt. % (R2) after 9 h (Fig. S1b, d)
(see supplementary material), with a 8.2 mol % and a 11.1 mol % of
3HV, respectively (Table 2). The PHBV accumulation values obtained in
this study were moderate compared to other studies using pure cultures
and UCO as substrate and extended batch accumulation assays (30-50
h), where values between 37-63 wt. % PHA have been reported (Cruz
et al., 2022; Martino et al., 2014). However, these results confirm that
both operational configurations are suitable for achieving MMC

Table 2
Comparison of the main results obtained in the enrichment configurations in R1
and R2.

R1 R2
Reactor performance Days 10-50 Days 10-50
X (g VSS/L) 0.32 +£ 0.13° 0.37 £+ 0.09°
wt. % PHBV 15.9 + 5.9° 17.6 £ 5.8°
mol % 3HB 92.3 92.6
mol % 3HV 7.7 7.4
sCOD end feast phase (mg/L) 270 + 110** 1501 + 80**
N end famine phase (mg/L) 9.0 + 4.3* 5.9 + 1.5%
Feast (1 pulse, 6 h) Day 30 Day 23
X (g VSS/L) * 0.24 + 0.01 0.41 £ 0.01
wt. % PHBV 7.07 + 0.02 6.78 + 0.02
mol % 3HB 85.7 79.1
mol % 3HV 14.3 20.9
q (g PHBV/(g X-h)) 0.044 + 0.001 0.006 + 0.001
q (Cmmol PHBV/(Cmmol X-h)) 0.048 + 0.001 0.008 + 0.001
Fed-batch Assay (3 pulses, 9 h) Day 29 Day 29
X (g VSS/L) * 0.35 + 0.01 0.34 +0.01
wt. % PHBV 17.76 + 0.03 12.47 + 0.01
mol % 3HB 91.8 88.9
mol % 3HV 8.2 11.1
q (g PHBV/(g X-h)) 0.040 + 0.001 0.029 + 0.001
q (Cmmol PHBV/(Cmmol X-h)) 0.043 + 0.001 0.031 + 0.001

One-factor ANOVA performed for the Reactor performance: *p-value < 0.01, **p-
value < 0.001, °p-value > 0.01 (no significant differences).
Values are expressed as mean of the operational period + standard deviation
(SD) in case of the Reactor performance, and as the mean of the duplicates of the
sample point + SD in the Feast and Fed-batch Assay.
X: active biomass concentration at the end of the famine; VSS: volatile suspended
solids; PHBV: poly(3-hydroxybutyrate-co-3-hydroxyvalerate) at the end of the
feast; 3HB: 3-hydroxybutyrate; 3HV: 3-hydroxyvalerate; sCOD: soluble chemical
oxygen demand; N: total nitrogen; g: specific production rate.

# Active biomass before the assay starts.
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enrichment using raw UCO.

Comparing the results at the end of the feast phase (single pulse) with
those obtained at the end of the fed-batch accumulation assays (3 pulses)
(Table 2), it was observed that when the effluent is withdrawn at the end
of the feast phase (R1) the specific production rate (q) values were very
similar in both cases (0.043-0.048 Cmmol PHBV/(Cmmol X-h)), sug-
gesting that the maximum g was already achieved during the continuous
operation of the reactor. However, when the effluent is removed after
the famine phase (R2), the maximum q value was obtained in the fed-
batch accumulation assay (0.031 Cmmol PHBV/(Cmmol X-h)), indi-
cating that the R2 configuration did not enable the MMC to reach its full
accumulation potential during the feast phase. Similar values have been
reported by other authors under 12-18-h cycles using MMCs, but with
acetate as a synthetic carbon source (0.01-0.07 Cmmol PHA/(Cmmol
X-h)) (Moita Fidalgo et al., 2014; Montiel-Jarillo et al., 2017; Zeng et al.,
2018), even though in the present study, a complex substrate such as
raw UCO is used as substrate. The results obtained comparing R1 and R2
are consistent with those reported by Cruz et al. (2022), who also found
better performance in the reactor operated with biomass withdrawal at
the end of the feast phase compared to that operated with withdrawal at
the end of the famine phase. However, unlike the present work, Cruz
et al. (2022), reported notably higher active biomass concentrations in
the reactor with withdrawal after the famine phase. In contrast, in this
study, active biomass concentrations remained similar in both reactor
configurations (Table 2).

Based on the results of the fed-batch accumulation assays and to
improve the accumulation capacity of the MMC in R2, the feeding
pattern in both reactors was changed from 1 to 3 pulses on day 30,
maintaining the total raw UCO volume added per cycle. Argiz et al.
(2022) also followed a similar strategy, feeding an MMC with fish waste
oil as a carbon source, starting with a single pulse and switching to
multiple pulses after 20 days of operation. In their study single-pulse
feeding was identified as necessary at the beginning for proper enrich-
ment, which caused stress in the culture that helped with selection.
Then, switching to pulsed feeding resulted in higher PHBV accumulation
at the end of the feast phase as well as a higher active biomass con-
centration. Furthermore, the pulse-feeding strategy helps prevent sub-
strate inhibition (Moita Fidalgo et al., 2014), which is common when
VFA mixtures are used as substrates. Moreover, several authors have
reported the greater suitability of pulse feeding compared to other
feeding modes (Argiz et al., 2022; Zeng et al., 2018), such as single-pulse
or continuous feeding, for PHA accumulation.

R2 . R1
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Average values from days 10-50 (Table 2) show lower sCOD con-
centration at the end of the feast and lower nitrogen concentration at the
end of the famine phase in R2, which favors MMC enrichment. However,
the overall performance metrics in terms of active biomass (0.37 + 0.09
g VSS/L for R2 and 0.32 + 0.13 g VSS/L for R1) and PHBV accumulated
at the end of the feast (17.6 + 5.8 wt. %) showed non-statistically sig-
nificant differences (p-value > 0.01, Table 2). Given this similarity and
the practical advantage of coupling enrichment and accumulation in one
unit (since biomass is withdrawn after the feast phase, when PHBV
content is maximal), R1 was selected as the most suitable configuration.

Samples were taken in R1 and R2 to study the microbial diversity and
the evolution of the MMC enrichment. Relative abundance of bacterial
OTUs for days 25 and 46 are represented in Fig. 1. The bacterial com-
munity comprised 19 dominant bacterial OTUs (average relative abun-
dance > 0.5 %). These dominant OTUs were: OtuB001 (Aquabacter),
OtuB0002 (Curvibacter), OtuB0003 (Telluria), OtuB0004 (Dulcicalothrix)
and OtuB0005 (Pseudacidovorax). Also, 21.3 % of the OTUs had an
overall relative abundance < 0.5 % and were clustered into the
miscellaneous minority bacterial OTUs. Although in R2 the community
stays diverse compared to days 25 and 46, in R1 could be observed a
main dominant OTU (OtuB002 Curvibacter). Curvibacter has not been
described as a PHA-accumulating microorganism except for some au-
thors that observed accumulation capacity in a few species (Nielsen
et al., 2009). By the end of the operation, OtuB001 (Aquabacter)
emerged as the dominant OTU in both reactors. To the best of the au-
thors knowledge, the PHA-accumulation capacity of the genus Aqua-
bacter has not been previously demonstrated, although it was found in
other enriched PHA-accumulating MMC, but in a significant lower
relative abundance (Correa-Galeote et al., 2022). On the other hand,
OTUs belonging to Telluria (Diard et al., 2002), Pseudacidovorax
(Bruland et al., 2009), and other less abundant OTUs have been related
to bacteria able to bioaccumulate PHA (Alaux et al., 2023; Correa-
Galeote et al., 2022; Liang and Faucher, 2024).

The enrichment achieved in R1 and R2 represents one of the few
successful MMC enrichment processes using raw UCO as substrate.
Previous studies mainly relied on pure cultures (Cruz et al., 2016;
Kourmentza et al., 2018) or on pretreated UCO (Din et al., 2008; Obruca
et al., 2013; Ruiz et al., 2019). In earlier laboratory-scale MMC studies,
enrichment was achieved but typically required more than 100 days. In
contrast, in the present research work, enrichment was achieved in
approximately 30 days, reaching 17.76 wt. % PHBV (Table 2) without
any pretreatment of the waste or prior adaptation of the culture to a
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Fig. 1. Distribution of the main bacterial OTUs (relative abundance > 0.5 %) in the mixed microbial culture of R1 and R2 on specific days.
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synthetic carbon source. Kourmentza et al. (2018) worked with a pure
strain of Burkholderia thailandensis fed with UCO, achieving up to 60 wt.
% PHA. Similarly, Cruz et al. (2016) tested several pure strains with UCO
and reported that some species were unable to grow on oil, while others
could grow but did not accumulate PHA; the highest PHA content ob-
tained was 60 wt. %. Ruiz et al. (2019) hydrolyzed UCO before feeding a
pure culture of Pseudomonas putida, obtaining a maximum of 36 wt. %
PHA in batch accumulation. Although pure cultures can achieve higher
PHA accumulation levels, the use of MMCs with raw UCO, as in the
present study, represents a more straightforward and sustainable
approach.

3.2. Effect of nitrogen source change on the accumulation performance

During the operation of R1-I, the reactor experienced several insta-
bility episodes associated with pH probe failures due to fouling by oil,
despite having a pH control system, which resulted in medium acidifi-
cation and increased chemical consumption. Acidification occurred
mainly during the famine phase, due to consumption of the nitrogen
source (NH4Cl). To enhance operational stability and mitigate pH drops,
the nitrogen source was changed from NH4Cl to urea (CO(NH3)) in
stage R1-II. Urea hydrolysis produces ammonia, which buffers the sys-
tem by releasing OH™ ions at equilibrium with water, thereby stabilizing
pH. This modification helped reduce reagent consumption for pH con-
trol, as observed in the daily NaOH demand by the pH controller, which
decreased from 2.9 g/d to 0.2 g/d (Fig. S2a) (see supplementary
material).

In stage R1-II, the average active biomass decreased (to 0.25 + 0.09
g VSS/L) compared with the previous stage (0.32 + 0.12 g VSS/L)
(Fig. 2), but the PHBV accumulation clearly increased (Fig. 3a), reaching
40.1 wt. % (96.8 mol % of 3HB and a 3.2 mol % of 3HV) on day 105 of
operation and stabilized thereafter around 25.7 + 9.7 wt. %. Therefore,
the volumetric PHBV productivity was not negatively affected, and it
doubled to 0.12 g PHBV/(L-d) in comparison with R1-I (0.06 g PHBV/
(L-d)) using ammonium chloride (Fig. 2). Residual nitrogen measured at
the end of the famine phase (5.2 + 0.4 mg N/L) was within the same
range as previously observed with NH4Cl (8.0 & 3.7 mg N/L) (Fig. S2b)
(supplementary material), indicating that the biomass effectively
assimilated urea. Nevertheless, a lower TAG content was observed after
this change (Fig. 3a).

Regarding the microbial population of the reactor, the nitrogen
source change had a strong impact on the relative abundance of the
bacteria OTUs (Fig. 1). Before this change, in R1 a clear dominance of
Curvibacter could be observed (day 25). After 20 days of operation under
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Fig. 2. Evolution of the concentration of active biomass (X) at the end of the
famine phase (@), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
productivity (@) measured in R1 throughout the operational time. All the values
are the mean of the duplicate replicas taken. The different operational stages
are indicated with a pointed vertical line (§). VSS: volatile suspended solids.
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urea as nitrogen source (day 105) the population changed completely
for a predominance of Aquabacter, suggesting that the use of urea instead
ammonium chloride acted as a driving force of the microbial community
structure, favoring the development of an MMC amply dominated by
this bacterium. In this regard, it was reported that urea is a more ener-
getically efficient nitrogen source for promoting bacterial growth than
ammonium salts (Yao et al., 2024) as assimilation from ammonium has a
higher cost (1 ATP per ammonia) compared to urea (2 ATP per
ammonia) (Konzock et al., 2022), enhancing a selective enrichment of
this bacterium.

The improved performance of R1 in terms of PHBV accumulated
following the nitrogen source change also had a direct impact on the
subsequent accumulation reactor (RA), where the PHBV content
increased from 29.3 wt. % on day 77 (84.0 mol % of 3HB and 16.0 mol %
of 3HV) to 61.0 wt. % on day 91 (98.3 mol % of 3HB and 1.7 mol % of
3HV) (Fig. 3b). Then, the PHBV content in RA stabilized around 46.1 wt.
% between days 95 and 135. Regarding TAG, the values in RA fluctuated
but consistently remained below 20.0 wt. %.

Most PHA accumulation studies use NH4Cl or (NH4)2SO4 as nitrogen
sources (Campanari et al., 2014; Chen et al., 2017b; Moita Fidalgo et al.,
2014; Montiel-Jarillo et al., 2017; Zeng et al., 2018). However, when
NH4Cl is compared to the urea, the latter shows better results in terms of
PHA accumulation, as demonstrated by Fazielawanie et al. (2021), and
in agreement with the present study.

3.3. Effect of the hydraulic retention time increase by cycle length
extension

The use of 24 h HRT values in PHA enrichment reactors is common
(Campanari et al., 2014; Chen et al., 2017b; Valentino et al., 2020),
although the cycle length may vary depending on the volume exchanged
in the withdrawal phase. However, some authors have suggested that
significantly longer HRTs (up to 9 days) can enhance PHA accumulation
(Din et al., 2008). Therefore, HRT in R1 was increased from 24 hto 48 h
on day 135 (R1-III) (Table S1d) (see supplementary material). This was
achieved by doubling the cycle length and simultaneously doubling the
tCOD and nitrogen feed concentrations. As a result, the sCOD and the
nitrogen concentrations remained at the end of the feast and famine
phases, respectively, increased in R1-III (Fig. S2b) (see supplementary
material).

With the extension in the HRT, and consequently the SRT, the active
biomass progressively rose from 0.25 + 0.09 to 0.32 £+ 0.08 g VSS/L
(Fig. 2), and the PHBV content also increased, from 25.7 + 9.7 wt. % to
35.3 £+ 10.6 wt. %, reaching a maximum of 54.3 wt. % on day 154 (97.5
mol % of 3HB and 2.5 mol % of 3HV) (Fig. 3a), while TAG levels
remained low and stable, below 20.0 wt. % (Fig. 3a). Contrary to this
study, Moretto et al. (2020) reported higher PHA accumulation at an
HRT of 24 h (13-20 wt. %) compared to 48 h (7-14 wt. %). In their
study, the increase in HRT was achieved by reducing the volume ex-
change ratio, a strategy that may be detrimental due to decreased
biomass renewal per cycle. In the present study the volume exchange
ratio was maintained and the cycle time extended, so the renewal stays
the same value per cycle.

The parameter that best reflects the overall process improvement is
the PHBV productivity, which increased from 0.10 g PHBV/(L-d) in
stage R1-II to 0.14 g PHBV/(L-d) in stage R1-III (Fig. 2). This improve-
ment can be attributed to the longer reaction time available for the
culture to metabolize the raw UCO and synthesized PHBV during the
feast phase, as well as to the greater amount of carbon supplied for
accumulation. In addition, during the famine phase, the extended re-
action time combined with higher nitrogen availability supported
greater biomass growth compared to the previous stage. In terms of
relative bacterial abundance, this change does not result in an important
modification of the OTUs present on the MMC of R1. In this period, the
most abundant OTU was still the Aquabacter (day 154), with a clear
dominance over the others (Fig. 1).
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When the HRT was doubled in R1, it was also doubled in RA from 24
to 48 h (Stage RA-III, Table 1). However, the HRT change in RA did not
enhance the intracellular PHBV content, which even decreased from
values of 41.8 + 7.5 wt. % in Stage RA-I/1I to values of 34.6 + 6.3 wt. %
in Stage RA-III (Fig. 3b). Several authors have attributed this behavior to
the existence of an adequate HRT that favors biomass performance,
whereas further increases may become detrimental due to the excessive
residence time of the biomass (Lai et al., 2025; Liu et al., 2011). In the
present study, the operation of the accumulation unit (RA) with an HRT
of 48 days appears to be unfavorable for the proper accumulation of
PHBYV while in R1 it was beneficial. However, it should be noted that the
biomass fed to RA had already undergone a residence time in R1.

3.4. One-unit vs two-unit system for PHBV production

The results obtained from R1 and RA allowed the comparison of the
two configurations for PHBV production under different HRTs: a one-
unit system (R1) operated at 24 h and 48 h HRT, and a two-unit sys-
tem (R1 + RA) operated at 48 h and 96 h HRT (Table 3). Unlike most
studies based on independent batch accumulation assays (Chakravarty

et al,, 2010; Guho et al.,, 2020; Martino et al., 2014; Tamang and
Nogueira, 2021), the two-unit (R1 + RA) configuration enabled the
continuous coupling of enrichment and accumulation units to be
investigated.

The results summarized in Table 3 show that the scenarios of the one-
unit at 24 h HRT and the two-unit at 96 h HRT delivered the lower values
of PHBV content (around 35.0 wt. % for both) and yield (180 and 210 g
PHBV/kg UCO, respectively).

Comparing the one-unit and two-unit systems at the same HRT (48
h), the results were very similar, with no significant differences. How-
ever, the one-unit configuration showed a slightly higher yield (250 vs
230 g PHBV/kg UCO), whereas the two-unit configuration was a little
better in terms of PHBV content (49.1 + 7.5 wt. %) and productivity
(0.026 + 0.007 g PHBV/(g X-h)) (Table 3). As suggested by several
studies, a minimum PHA content of approximately 40 wt. % is required
for efficient extraction, making it a critical factor for the overall eco-
nomic feasibility of the process (Bengtsson et al., 2017; Estévez-Alonso
et al., 2022). In the present study, configurations operated with an HRT
of 48 h proved to be the most suitable, as the average accumulation
percentage exceeded this value. Moreover, as indicated by other authors
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Table 3
Comparison of one-unit (R1) and two-unit (R1 + RA) configurations for PHBV production at different values of HRT.
Configuration HRT (h) PHBV (wt. %) 3HB (mol %) 3HV (mol %) g PHBV/(L-h) g PHBV/(g X-h) g PHBV/kg UCO
One-unit 24 349+7.0 96.3 3.7 0.008 + 0.002 0.024 + 0.007 180 + 40
(R1) 48 44.8 +£ 6.8 97.4 2.6 0.010 + 0.008 0.020 + 0.005 250 + 60
Two-units 48 (24 + 24) 49.1 +7.5 98.1 1.9 0.013 + 0.003 0.026 + 0.007 230 + 60
(R1 + RA) 96 (48 + 48) 34.6 £6.3 97.0 3.0 0.012 + 0.002 0.006 + 0.001 210 + 30

Values are expressed as mean of the operational period + standard deviation (SD).

HRT: hydraulic retention time; PHBV: poly(3-hydroxybutyrate-co-3-hydroxyvalerate); 3HB: 3-hydroxybutyrate; 3HV: 3-hydroxyvalerate; UCO: used cooking oil.

the one-unit system reduces the PHA production costs, due to the lower
capital investment compared to the two-unit system and the reduction of
equipment and energetic costs (Ahuja et al., 2024; Cruz et al., 2022).
These production costs are a bottleneck when trying to compete with
petroleum-based plastics, so its reduction is important to an economi-
cally feasible process.

The results of the present study are comparable to those obtained in
lab-scale studies (2-10 L) for pure cultures of Cupriavidus necator using
UCO, in terms of productivity (0.001 to 0.020 g PHA/(g X-h)) (Martino
et al., 2014; Obruca et al., 2013) and in terms of yield (290 g PHA/kg
UCO) (Martino et al., 2014). Kourmentza et al. (2018) achieved better
results with 350 g PHBV/kg UCO using a pure strain of Burkholderia
thailandensis, which reached 60 wt. % of PHA with a productivity of
0.063 g PHA/(L-h) in a batch assay of 120 h. When MMC is used, yield
can decrease. Tamang and Nogueira (2021), for example, obtained 75 g
PHA/kg UCO in batch assays, although the enrichment was previously
made in synthetic nonanoic acid after the enrichment with UCO was
unsuccessful.

4. Conclusions

This study demonstrates the feasibility of enriching an MMC and
accumulating PHBV at pilot scale using untreated UCO as the sole car-
bon source. Enrichment was successfully achieved within 30 operational
days under two different cycle configurations, regardless of whether
biomass withdrawal occurred at the end of feast (R1) or famine phase
(R2). The strategy of starting with a single raw UCO pulse and the
subsequent distribution in pulses promoted an increase in active
biomass in both reactors. The replacement of ammonium chloride by
urea as the nitrogen source reduced chemical consumption for pH
control, improved the overall process stability and increased the PHBV
accumulation, achieving values of 40.1 wt. %. Furthermore, the nitrogen
source change acted as a driving force for bacterial community shifts,
leading to the selection of the genus Aquabacter. These results indicate
that, while the withdrawal moment does not critically influence
enrichment, carbon feeding strategy and nitrogen source are key factors
for the effective culture selection and growth.

The comparison between one-unit and two-unit systems at different
HRTs identified 48 h as the optimal value in both cases, where similar
accumulation (44.8 and 49.1 wt. %), yields (250 and 230 g PHBV/kg
UCO) and productivities (0.010 and 0.013 g PHBV/(L-h)) were obtained.
Considering its operational simplicity and potential cost reduction, the
one-unit system represents an efficient and practical strategy, as it in-
tegrates enrichment and accumulation within a single reactor.
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