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A B S T R A C T

The composition of polyhydroxyalkanoate (PHA) monomers affects the properties and final applications of
PHA polymers. This study focused on the feasibility of producing tailored PHA differing in hydroxyvalerate
(HV) content, through manipulation of the acidogenic fermented stream composition, and on the characteriza-
tion of PHA properties to determine the best composition for melt processing. Cheese whey was used as a feed-
stock, and changes in the organic loading rate during acidogenic fermentation led to the production of a
fermented stream with an HV precursor content of 9–33 wt%. In the PHA production assays, a PHA content
of 50 ± 11 wt%. (VSS basis) and yield of 0.76 ± 0.14 gCODPHA.gCODFP

‐1 were obtained. Fermented stream sup-
plementation with HV precursors during the PHA accumulation assays indicated the feasibility of producing
tailored PHA with differing HV content without a need for the selection of new cultures. The thermal properties
of PHA were found to be controlled by the HV content, and PHA with approximately 30 wt% HV had the lowest
melting temperature. These results demonstrated the robustness of the process at pilot scale, thus supporting
full‐scale applications in tailored PHA production.
Introduction

Currently, increasing awareness of the use of environmentally
friendly products has resulted in greater interest in renewable
resources as alternatives to petrochemical products. For example, poly-
hydroxyalkanoate (PHA) products are biobased, biocompatible and
biodegradable polymers with numerous potential applications
(Medeiros Garcia Alcântara et al., 2020; Oliveira et al., 2017). PHAs
are natural polyesters that are produced by several microorganisms
as carbon and energy reserves, and have mechanical and thermal prop-
erties similar to those of conventional plastics (Oliveira et al., 2017;
Sabapathy et al., 2020). However, the industrial production of PHA
remains limited by production costs as much as five times higher than
those for petroleum plastics (Sabapathy et al., 2020), thus limiting
their packaging applications. Therefore, decreasing the costs of PHA
production is crucial to allow these methods competitive alternatives
to conventional plastic production. One option is based on mixed
microbial cultures (MMC), which enable the use of open systems
(without a requirement for sterile conditions) and inexpensive feed-
stocks. Life cycle assessment and financial analyses have indicated that
PHA production using MMC and renewable resources is an economi-
cally and environmentally attractive option (Gurieff and Lant, 2007).
The feasibility of producing PHA at pilot scale has been demonstrated
by using several industrial wastes or by‐products, such as fruit waste
(Matos et al., 2021), the organic fraction of municipal solid waste
and/or waste activated sludge (Moretto et al., 2020; Morgan‐
Sagastume et al., 2015; Valentino et al., 2020, 2019, 2018), and
potato‐starch factory wastewater (Morgan‐Sagastume et al., 2020).
Cheese whey (CW), a by‐product in the dairy industry, is composed
mainly of lactose and provides a potential source of nutrients (pro-
teins) (Oliveira et al., 2018). Therefore, this feedstock is of potential
interest for acidogenic fermentation and subsequent PHA production.
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Indeed, CW has been used to produce PHA at laboratory scale and to
select MMC at pilot scale (Duque et al., 2014; Oliveira et al., 2018,
2017; Valentino et al., 2015).

Different types of PHA, most commonly polyhydroxybutyrate
(PHB) and polyhydroxy(butyrate‐co‐valerate) (PHBV), are produced
from wastes by MMC. The properties of PHA markedly vary depending
on the monomeric composition and molecular weight.

The incorporation of HV monomers decreases brittleness, thus
making the polymer more flexible and enhancing processability
(Keskin et al., 2017). Moreover, PHBV has better thermal properties,
notably a lower melting temperature, than PHB. Consequently, the
thermal degradation of the polymer is limited, thus overcoming chal-
lenges in converting PHA into packaging products through conven-
tional processing technologies (Cunha et al., 2016; Hilliou et al.,
2016a).

PHA monomers with differing composition can be obtained by sup-
plying the microbial population with different precursors. In the MMC
process, the first step, acidogenic fermentation, involves fermentation
of the feedstock to produce precursors for PHA, which are obtained
through the conversion of organic matter into volatile fatty acids
(VFAs). The second step, culture selection, consists of culture enrich-
ment with PHA‐storing organisms through application of a selective
pressure, usually a “feast and famine” regime. Finally, the third step
consists of PHA production, wherein the selected culture is fed with
the fermented stream (FS) obtained in the acidogenic fermentation
step, with an aim to reach the maximum PHA capacity of the culture.

The distribution profile of organic acids in the FS appears to
depend on the type of feedstock used and the operating conditions
of the acidogenic reactor (Carvalheira and Duque, 2021). Thus, by
changing the operating conditions for acidogenic fermentation, such
as the pH, retention time and organic loading rate (OLR), fermented
products with different profiles can be obtained, mainly acetic, propi-
onic and butyric acids (Bengtsson et al., 2008; Calero et al., 2018b;
Carvalheira et al., 2018; Gouveia et al., 2017; Valentino et al.,
2019). Laboratory studies using CW as a feedstock have shown that
changes in the pH, and hydraulic and solid retention time produce
streams differing in composition and consequently HV precursor con-
tent (Bengtsson et al., 2008; Calero et al., 2018b; Gouveia et al., 2017).
These studies have indicated that increases in these parameters pro-
mote a shift from butyric acid to propionic acid production, favoring
the production of HV precursors. Generally, an increase in OLR favors
the production of VFA as more carbon becomes available. However, an
adequate amount of carbon should be provided, because high OLR can
lead to unstable operation and inhibit the microorganisms’ metabo-
lism, owing to the presence of inhibitory substances (Carvalheira
and Duque, 2021; Swiatkiewicz et al., 2021). The amount and the type
of substrate fed to a system influence the metabolic pathways (e.g.,
butyric acid fermentation or propionic acid fermentation) and conse-
quently the main acids produced, and can promote changes in the
microbial community, thus contributing to changes in the acid distri-
bution (Swiatkiewicz et al., 2021; Wainaina et al., 2020). Calero
et al. (2018a, 2018b) have studied the effects of OLR on the produc-
tion and distribution of VFA from CW, and observed a negative corre-
lation between butyric and propionic acids: the production of butyric
acid increases, and that of propionic acid decreases, with increasing
OLR. Nevertheless, prior studies have focused on the effects of OLR
on the yield and distribution of individual VFAs, but not on the PHA
precursor content. Because modulating the HV content in the polymer
can improve the thermal properties, studying the correlation between
OLR and HV precursors and assessing the relationship between precur-
sor content and polymer composition are crucial. Therefore, this work
aimed at assessing the effects of OLR on the composition of the FS, and
consequently on the HV precursor fraction, to produce and character-
ize tailored PHA by tuning the composition of the acidogenic fermen-
tation stream. The produced polymers with different monomeric
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compositions were then characterized to assess their properties and
potential applications.
Materials and methods

Three-stage pilot scale production of PHA

Experimental setup
The pilot scale setup for the production of PHA from CW by MMC

consisted of a three reactor system: a 100 L upflow anaerobic sludge
blanket (UASB) reactor–acidogenic reactor, a 200 L sequencing batch
reactor (SBR)–culture selection reactor and a 60 L fed‐batch reac-
tor–production reactor.

Acidogenic reactors. The acidogenic fermentation of CW was per-
formed in the UASB reactor, which was inoculated with 30 L of anaer-
obic granular sludge, which was harvested from a biogas production
anaerobic digestion system treating brewery wastewater, and fed with
CW. The CWwas composed of lactose (78.4 wt%), proteins (13.6 wt%)
and fats (1.2 wt%) (source: Lactogal–CW supplier). No additional
nutrients were supplied to the reactor, because CW has been demon-
strated to contain all nutrients required for the activity of acidogenic
consortia (Duque et al., 2014). The UASB reactor was operated at
30 °C, and the pH was controlled between 4.50 and 5.00 for inhibition
of methanogenic activity, through automatic addition of 5 M NaOH, a
hydraulic retention time (HRT) of 1 d and uncontrolled sludge reten-
tion time. A superficial velocity was maintained at 4 m.h−1 with a
recirculation flow controlled at 3.03 L.min−1. A relatively low organic
loading rate (OLR) (5 gCW.L‐1.d‐1; 4.6 ± 0.1 gCOD.L‐1.d‐1; stage I) was
applied to the UASB reactor during the first 4 days, to allow for the
acclimation of granules to the CW feedstock. The OLR was subse-
quently varied between 10 and 25 gCW.L‐1.d‐1 (9.1 ± 0.7 to
25.1 ± 1.5 gCOD.L‐1.d‐1; Table 1). The OLR variations were aimed
at not only tuning the FS composition—through adjustment of the fer-
mentation product (FP) content of hydroxybutyrate/hydroxyvalerate
(HB/HV) precursor, and targeting different monomeric ratios of HB/
HV in the subsequently produced PHA polymer—but also maximizing
FP productivity. The different precursor ratios enabled us to produce
PHA differing in HB/HV content and identify the polymer with the
best thermal properties for melt processing.

Selection reactors. For selection of a PHA‐accumulating culture for PHA
production, a 200 L SBR, with a working volume of 150 L was inocu-
lated with aerobic sludge from a municipal wastewater treatment plant
(Almada, Portugal) and operated under a feast and famine regime with
uncoupled carbon and nitrogen availability, and fed with diluted FS.
The operating conditions for the SBR reactor were adapted from those
in a previous study of MMC PHA production from FS of CW (Oliveira
et al., 2018, 2017).

Production reactor. The PHA production was performed in a fed‐batch
reactor of 60 L inoculated with sludge harvested from the SBR and fed
with the FS produced in the UASB reactor after different production
times, in pulse‐wise mode, controlled by dissolved oxygen. The reactor
was operated with no pH control and at controlled room temperature
(23–25 °C). Dissolved oxygen and pH were continuously monitored.
For the production of PHA with HV contents of 40 and 60 wt%, the
FS was supplemented with valeric acid (an HV precursor). After the
maximum PHA content in the cells was reached, the biological activity
was stopped by quenching to pH 2–3 with sulfuric acid. Then the PHA
was extracted and purified before polymer characterization. Extraction
and purification were performed with a method based on non‐organic
solvents, thus resulting in extraction and purification yields of 85%
and 95%, respectively. This method is licensed by Biotrend S.A. (Can-
tanhede, Portugal), and a patent application is pending.



Table 1
Summary of the operational stages applied to the UASB reactor.

Stage Time (d) OLR

I 0–4 5 gCW.L-1.d-1

(4.6 ± 0.1 gCOD.L-1.d-1)
II 5–39 10 gCW.L-1.d-1

(9.8 ± 1.6 gCOD.L-1.d-1)
III 40–75 20 gCW.L-1.d-1

(21.5 ± 2.3 gCOD.L-1.d-1)
IV* 76–80 30 gCW.L-1.d-1

(28.9 ± 1.7 gCOD.L-1.d-1)
V 81–123 20 gCW.L-1.d-1

(20.8 ± 4.2 gCOD.L-1.d-1)
VI 125–200 25 gCW.L-1.d-1

(25.1 ± 1.5 gCOD.L-1.d-1)

* This stage corresponds to the perturbation in the reactor.
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Analytical methods
The chemical oxygen demand (COD) was determined with a Hach

Lange kit (LCK 914; Hach‐Lange, Germany). Total suspended solids
(TSS) and volatile suspended solids (VSS) were determined according
to standard methods (APHA/AWWA, 1995). Biogas composition (CH4,
CO2, H2, N2 and O2) was determined with a gas chromatograph
equipped with a TCD detector and 50 m CP‐Molsieve 5A and 25 m Por-
aBOND Q columns. Argon was used as the mobile phase (flow rate of
5 mL.min−1), and the injection port and detector temperatures were
120 °C and 70 °C, respectively. Nutrient concentrations (i.e., ammonia
and phosphorus) were determined through a colorimetric method with
a segmented flow analyzer (Skalar San++, Skalar Analytical, the
Netherlands). FP and lactose concentrations were determined by high
performance liquid chromatography as described by Oliveira et al.
(2018, 2017), with a Chromaster VWR Hitachi instrument equipped
with both RI and UV (wavelength 210 nm) detectors, a Bio‐Rad
125–0129 pre‐column and an Aminex HPX‐87H (Bio‐Rad) column
(0.01 M H2SO4 eluent, flow rate 0.6 mL.min−1 and column tempera-
ture 60 °C). PHA content and composition were quantified through
gas chromatography with a Bruker 430‐GC instrument, as described
by Lanham et al. (2013). The molecular weight and polydispersity
index were determined with size exclusion chromatography, as
described by Pereira et al. (2019).

PHA thermal characterization

The thermal properties of PHA were characterized for a prelimi-
nary assessment of potential applications in melt processing (extru-
sion, injection, thermoforming and coating for hot tack application).
A rotational stress‐controlled rheometer (ARG2, TA Instruments) was
used to assess the softening point (temperature) of the produced
PHA. Samples in powder form were loaded into the shearing geometry
(parallel plates with diameter of 20 mm) pre‐heated at 100 °C. Pow-
ders were compacted in the geometry with a removable metallic circu-
lar ring (to keep the powder in the geometry during the reduction of
sample thickness) and application of a controlled normal force up to
12 N. Then the temperature was ramped to 200 °C at a rate of 5 °C/
min, and the normal force was recorded. The thermal expansion of
the shearing geometry was corrected during testing by maintaining a
constant sample thickness. Differential scanning calorimetry (DSC)
curves of PHBV samples (nearly 10 mg per sample) were measured
with a Netzsch DSC200F3 instrument at a heating rate of ± 10 °C/
min under nitrogen purging.

Calculations

The yield of FP in lactose (YFP/Lactose, gCODFP.gCODLactose
‐1 ) was

determined with the following equation:
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YFP=Lactose ¼ FPout

Lactosein � Lactoseout

where FPout corresponds to the concentration of FP in the reactor
(gCOD.L‐1), and Lactosein and Lactoseout correspond to the lactose con-
centrations in the feed and the reactor (gCOD.L‐1), respectively.

The acidification degree in the acidogenesis step was calculated as
the ratio between the amount of FP produced (ΔFP, gCODFP.L‐1) and
the total COD in the feed (TCODin, gCOD.L‐1):

acidificationdegree ð%Þ ¼ ΔFP
TCODin

� 100

FP volumetric productivity (gCODFP.L‐1.d‐1) was calculated by
dividing the FP produced, converted to COD units, by the HRT (days).

The feast and famine ratio (h.h−1) was determined as the ratio of
the durations of the feast and famine phases. The PHA content in
the biomass was determined in terms of VSS (PHA (wt.%) = 100 ×
(PHA/VSS), gPHA.gVSS‐1). The active biomass concentration (X, g.L‐1)
was calculated according to the difference between VSS and PHA con-
centrations (g.L‐1). To convert X to Cmol and COD, we used the generic
formula C5H7NO2, and conversion factors of 44.2 CmmolX.gX‐1 and 1.41
gCODX. gX‐1, respectively. The FP consumption rate (gCOD.gCODX

‐1.h−1)
and PHA storage rate (gCODPHA.gCODX

‐1.h−1) were determined on
the basis of the slope of the linear regression of total FP and PHA
specific concentrations, respectively, plotted over time. The PHA
storage yield (gCODPHA.gCODFP

‐1 ) was calculated as the ratio between
the specific PHA storage rate and specific FP consumption rate. PHA
productivity (gPHA.L‐1.d‐1) was determined according to the amount
of PHA produced per unit accumulation reactor volume and per unit
time.
Results and discussion

Pilot scale performance

Acidogenic fermentation
The UASB reactor was operated for 200 days under different OLR

(corresponding to six stages) to promote the conversion of CW into
FP. The concentrations of TSS and VSS in the effluent of the UASB
were 8.9 ± 2.0 g/L and 7.6 ± 1.7 g/L, respectively. The different
operating conditions applied to the UASB reactor resulted in various
FS compositions and productivity levels, thus allowing us to determine
the conditions for obtaining the desired HV precursor content (10, 20
or 30 wt%). According to general knowledge, lactic acid (H.Lact),
acetic acid (H.Acet), isobutyric acid (H.isoBut) and butyric acid (H.
But) were considered HB precursors, and propionic acid (H.Prop), iso-
valeric acid (H.isoVal), valeric acid (H.Val) and ethanol (EtOH) were
considered HV precursors (Duque et al., 2014). Additionally, because
hexanoic acid (H.Hex) was consistently detected in the UASB reactor’s
FS, a batch test using this organic acid as substrate was performed to
identify its metabolic pathway. Because H.Hex produced HB mono-
mers (data not shown), this acid was considered an HB precursor.

The successive OLR increase from 4.6 ± 0.1 gCOD.L‐1.d‐1 (stage I)
to 20.8 ± 4.2 gCOD.L‐1.d‐1 (stage V) allowed for a gradual acclimation
of the culture to CW, as reflected by the increase in FP concentration
from 3.9 ± 1.6 gCOD.L‐1 (stage I) to 18.7 ± 2.0 gCOD.L‐1 (stage V)
(Fig. 1), as well as the inhibition of methanogenic activity (indicated
by the decrease in methane content in the gas; data not shown). At
day 76, a perturbation in the system occurred, which led to an OLR
increase to 28.9 ± 1.7 gCOD.L‐1.d‐1 (stage IV). However, this OLR
was not maintained because it caused a substantial increase in gas pro-
duction, which destabilized the hydrodynamic balance of the reactor,
thereby causing a loss of anaerobic granules through the effluent out-
let. Nevertheless, the FS obtained during this short period was used for
the production of PHA with approximately 30 wt% HV. This perturba-
tion at high OLR has also been observed by Matos et al. (2021) during



Fig. 1. Profile and concentration of the obtained fermentation products (FP) with UASB reactor operation under different organic loading rates (OLR).
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UASB operation treating fruit pulp. To re‐stabilize the reactor, we
reverted the OLR to the previous value (20.8 ± 4.2 gCOD.L‐1.d‐1; stage
V), and then, to increase the FP productivity, increased it to 25.1 ± 1.5
gCOD.L‐1.d‐1 (stage VI). However, this increase did not significantly
affect the FP productivity, thus resulting in a similar FP concentration
(18.6 ± 2.7 gCOD.L‐1) to that in previous stages, at an OLR of approx-
imately 20 gCOD.L‐1.d‐1 (18.1–18.7 gCOD.L‐1) (Table 2). The highest
OLR applied was similar to that used to produce VFAs at pilot scale
by using fruit pulp waste (Carvalheira et al., 2018) or waste activated
sludge (Morgan‐Sagastume et al., 2011).

Throughout the operation, and independently of the conditions
imposed, lactose was completely consumed, and the rate of FP produc-
tion reached 18.5 ± 0.3 gCODFP.L‐1.d‐1 when stable FP production was
observed (stages III, V and VI). The fluctuations observed in FP concen-
trations at each stage were associated with the variation in OLR
(Fig. 1). The productivity was in the same range as or even higher
(10.0–17.8 gCODFP.L‐1.d‐1) than that previously reported at pilot scale
under a similar OLR (Carvalheira et al., 2018; Morgan‐Sagastume
et al., 2011). We obtained higher productivity than that in other stud-
ies using CW at laboratory scale. However, those studies used a lower
OLR (13.5–15.9 gCODFP.L‐1.d‐1) at the same HRT, thus explaining the
lower productivity (10–14 gCODFP.L‐1.d‐1) (Duque et al., 2014;
Gouveia et al., 2017).

Throughout operation, the yield of FP in lactose (YFP/Lactose) was
consistently higher than 0.67 gCODFP.gCODLactose

‐1 , and a maximum
of 0.97 gCODFP.gCODLactose

‐1 and a global yield of 0.87 ± 0.12 gCODFP.
gCODLactose

‐1 were achieved. The acidification degree varied between
60% and 84%, corresponding to an average of 77 ± 10% (80 ± 5%
considering the period of stable FP production) (Table 2), and was
not affected by the OLR increase, in contrast to observations in other
studies using CW as feedstock (Calero et al., 2018a, 2018b). The differ-
ence between YFP/Lactose and the acidification degree might have been
due to the proteins and lipids present in the CW (composing approxi-
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mately 14 wt% and 1 wt% of the CW, respectively), which might also
contribute to acetic, propionic and butyric acid production (Hassan
and Nelson, 2012). The obtained acidification degree was similar to
(74–84% using fruit pulp) or higher than (15–31% using waste acti-
vated sludge and/or the organic fraction of municipal solid waste)
the values observed in other pilot scale studies (Carvalheira et al.,
2018; Matos et al., 2021; Morgan‐Sagastume et al., 2015; Valentino
et al., 2019, 2018). These differences in the acidification degree might
relate to the type, composition and readily biodegradable organic mat-
ter content of the different feedstocks, thereby affecting the hydroly-
sis/acidification step. Because CW is a sugar‐rich substrate (Duque
et al., 2014), the FP conversion occurs more readily than that for com-
plex substrates with low biodegradability; consequently, a higher acid-
ification can be obtained. Indeed, in Moretto’s study (2020) a higher
acidification degree was observed when the feedstock was subjected
to a pre‐treatment increasing the content of soluble organic matter.
The global yield was in the same range as those in previous studies
at laboratory scale, using substrates rich in sugars (CW: 0.65–0.74

gCODFP.gCODSugar
‐1 (Duque et al., 2014) and 0.74–0.87 gCOD.gCOD‐1

(Bengtsson et al., 2008); molasses: 0.8 gCODFP.gCODSugar
‐1 (Duque

et al., 2014)).
The different OLRs applied to the UASB resulted in varying FS com-

positions and consequently affected the amounts of HV precursors
obtained, as observed in other studies (Bengtsson et al., 2008;
Carvalheira et al., 2018; Gouveia et al., 2017; Valentino et al.,
2019). In all conditions, H.Acet and H.But, both HB precursors, were
the main compounds produced, composing at least 70% of the total
FP (gCOD basis). This high content of H.Acet and H.But was also
obtained when glucose, lactose or CW was used as a substrate
(Davila‐Vazquez et al., 2008). Because of the variations in H.Prop,
H.Val and EtOH production throughout the operation, the HV precur-
sors varied between 9 and 19 wt% during the stable production of FP,
thus allowing for the production of PHA with different HV content



Table 2
Performance of the acidogenic reactor under different operational conditions.

Stage OLR (gCOD.L-1.d-1) FP productivity (gCODFP.L-1.d-1) YFP/Lactose (gCODFP.gCODLactose
-1 ) Acidification degree (%) HV precursors

(wt. %)

I 4.6 ± 0.1 3.9 ± 1.6 0.67 ± 0.41 60 ± 34 20
II 9.8 ± 1.6 7.8 ± 1.3 0.94 ± 0.19 83 ± 8 16
III 21.5 ± 2.3 18.1 ± 2.2 0.90 ± 0.15 82 ± 19 19
IV* 28.9 ± 1.7 25.5 ± 1.8 0.93 ± 0.07 88 ± 1 33
V 20.8 ± 4.2 18.7 ± 2.0 0.97 ± 0.13 84 ± 6 18
VI 25.1 ± 1.5 18.6 ± 2.7 0.89 ± 0.10 75 ± 10 9

* This stage corresponds to the perturbation in the reactor, and the obtained FS was used to produce PHA with approximately 30 wt% HV.
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grades. The production of H.Lact was observed only during the last
conditions applied (stages IV to VI), but in small amounts (1–4%), in
contrast to Gouveia’s findings (2017), in which H.Lact was the main
compound produced independently of the applied pH. This discrep-
ancy might be related to different reactor configurations or inocula
used (Duque et al., 2014). The results suggested that the microbial cul-
ture was enriched in organisms that predominantly performed two
metabolic pathways: fermentation of H.Acet and H.But.

The obtained results indicated that the increase in OLR affected the
production of HV precursors, mainly when the OLR increased from
approximately 20 to 25 gCOD.L‐1.d‐1 (from stage V to VI), where the
variation in HV precursor content was more prominent. In contrast,
only a slight increase in HV precursors was observed when the OLR
changed from 9.8 to 21.5 gCOD.L‐1.d‐1 (from stage II to III, Table 2).

The decrease in HV precursors is likely to relate to the increase in
hydrogen (H2) content in the produced gas stream. Indeed, a correla-
tion between these parameters was observed (Fig. 2). The content of
H.Prop and H.Val, the main HV precursors, decreased with increasing
H2 (H.Prop = ‐0.19.H2 + 0.06; H.Val = ‐0.20.H2 + 0.06). H2 has
been reported to be produced by the metabolic pathways of acetic
and butyric acid fermentation, whereas propionic acid fermentation
is associated with little or no H2 production (Chu et al., 2008; Cohen
et al., 1984; Moreira et al., 2017). These findings are consistent with
our findings, because H2 production increased when the content of
HB precursors increased, and composed more than 80 wt% (gCOD
basis) of the total FP, whereas the HV precursors decreased. These
results demonstrated that H2 production might potentially be used as
an indicator of the dynamics of HV/HB precursor production.

PHA production
An SBR system was operated for 139 days under a feast and famine

regime. The objective was to select an MMC culture enriched in PHA‐
storing organisms to produce PHA with differing HV content. The FS
produced during the UASB stage III was used in SBR acclimation,
and the FS produced during UASB stages V and VI was used for SBR
maintenance and PHA production. Because nutrients were not supple-
mented in the UASB feedstock, the content of ammonia and phospho-
rus in the FS was low, corresponding to a C:N:P ratio of 100:0.01:0.37
on a mass basis (100:0.09:0.43 on a molar basis). Therefore, the selec-
tion reactor was able to operate under uncoupled carbon and nitrogen
availability, thus producing PHA in the absence of nutrients, and
resulting in high PHA yield and productivity (Oliveira et al., 2017).

During the operation, the feast to famine ratio (F/f) was < 0.2, a
threshold demonstrated to ensure effective selective pressure for
PHA accumulating microorganisms (Duque et al., 2014; Valentino
et al., 2019). Indeed, the selected culture demonstrated favorable
PHA accumulation, achieving a maximum PHA storage yield (YPHA/

FP) of 0.72 ± 0.08 gCODPHA.gCODFP
‐1 under an OLR of 5.6 ± 0.5

gCODFP.L‐1.d‐1. This PHA storage yield was among the highest reported
at pilot scale (Matos et al., 2021; Moretto et al., 2020; Valentino et al.,
2019).

The culture selected on the SBR was used as an inoculum for the
PHA production fed‐batch reactor. FS produced in stages VI and V
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was used to produce PHA with 11 wt% HV and 20 wt% HV, respec-
tively. As described above (section 3.1.1), the FS obtained during
the system perturbation (stage IV) was used to produce PHA with
28 wt% HV. Additionally, PHAs with two higher HV grades (approxi-
mately 36 and 63 wt% HV) were produced by supplementation of the
FS from stage VI with additional HV precursors (valeric acid) to obtain
an HV precursor content of 40 and 60 wt%. The results from PHA pro-
duction indicated that the HV content in the polymer was directly pro-
portional to the HV precursors in FS (Fig. 3), thereby supporting the
prior assumptions of the HV fraction prediction in this study. More-
over, this correlation indicated the feasibility of producing tailored
PHA by modulating FS composition or precursor supplementation.
This predictability of PHA composition has also been observed in a
previous study using CW, which has obtained streams with different
composition through changing the pH (Gouveia et al., 2017). Both
studies indicated the ability to manipulate the HV content of the
PHA through the production of FSs with different compositions, thus
indicating the feasibility of controlling polymer composition. In addi-
tion, the re‐stabilization of the HV precursors in the FS after the system
perturbation (see section 3.1.1) also indicated the feasibility of modu-
lating the polymer composition.

During all PHA production assays, and independently of HV con-
tent, FP were consumed linearly, with an average global consumption
rate of 0.54 ± 0.14 gCOD.gCODX

‐1.h−1 (0.46 ± 0.13 Cmol.CmolX‐1.
h−1). This value was within the ranges reported in other studies using
FS of CW (0.42–0.45 Cmol.CmolX‐1.h−1) (Duque et al., 2014; Oliveira
et al., 2017).

Independently of the content of HV precursors in FS (9–33 wt%),
an average PHA content of 50 ± 11 wt% (VSS basis) was obtained,
which was within the ranges reported in other pilot studies
(39–52 wt%) (Chakravarty et al., 2010; Moretto et al., 2020;
Valentino et al., 2020, 2019, 2018). For the PHA with HV monomeric
fractions of 36 wt% HV and 63 wt% HV, intracellular PHA content of
60 and 51 wt%, respectively, was obtained. The PHA storage yield was
independent of the HV content (Table 3), with a global yield of
0.76 ± 0.14 gCODPHA.gCODFP

‐1 , a value similar to that obtained in
the selection stage (0.72 ± 0.08 gCODPHA.gCODFP

‐1 ). Moreover, a glo-
bal PHA storage rate of 0.56 ± 0.15 gCODPHA.gCODX

‐1.h−1 was
obtained. The PHA yield was consistent with the values obtained in
other studies (up to 0.57 gCODPHA.gCOD‐1 (Valentino et al., 2020,
2019, 2018); 0.69 ± 0.15 gCODPHA.gCOD‐1 (Morgan‐Sagastume
et al., 2020)) but lower than that obtained by Matos et al. (2021)
(0.98 gCODPHA.gCOD‐1). Furthermore, the PHA storage rate was com-
parable to that obtained in Valentino’s studies (2019, 2018) (up to
0.46 gCODPHA.gCODX

‐1.h−1) but lower than that observed by Matos
et al. (2021) (1.01 gCODPHA.gCODX

‐1.h−1). The lower yield and rate
might relate to the feeding strategy, given that continuous feeding
was applied in Matos’ study (2021), thus avoiding the consumption
of PHA during the assay that might occur with a pulse‐wise feeding
strategy.

The PHA volumetric productivity in the production assays varied
between 7.3 and 8.0 gPHA.L‐1.d‐1, with an average productivity of
7.8 ± 0.3 gPHA.L‐1.d‐1 (Table 3). These values were within the ranges



Fig. 2. Correlation between HV precursors and the percentage hydrogen content in the reactor outlet gas stream.

Fig. 3. HV content produced in PHA production assays as a function of the HV precursor content of the FS.
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reported in other pilot studies (8.1–11.8 gPHA.L‐1.d‐1) (Matos et al.,
2021; Valentino et al., 2019, 2018). The independence of the reactor’s
performance from the type of PHA produced reflected the robustness
of the process, thus representing an advantage in PHA production at
large scale.

Overall, the production of 1 kg of PHA (corresponding to 1.73
kgCOD) required 11.9 kg of CW, thereby resulting in a global yield
of 0.08 kgPHA.kgCW−1 (0.15 kgCODPHA.kgCW−1; 0.16 kgCOD-
PHA.kgCOD‐1), and a conversion efficiency of approximately 15%
216
was achieved. Because the carbon fed into the reactors was also used
for other processes (culture growth and gas production), the low con-
version efficiency was justified.

The accumulation assays using HV precursor supplementation indi-
cated the feasibility of producing tailored PHA with different grades of
HV by simply supplementing the feedstock during the PHA production
assays. This aspect is advantageous for the PHA production industry,
because it allows for production of PHA with the desired composition
for a given final application, without the time consuming requirement



Table 3
PHA storage yield and productivity for differing HV content.

HV (wt.%) YPHA/FP

(gCODPHA.gCODFP
-1 )

PHA productivity
(gPHA.L-1.d-1)

11 ± 2 0.74 ± 0.06 7.9 ± 2.6
20 ± 2 0.72 ± 0.22 7.8 ± 1.5
28 ± 3 0.79 ± 0.08 7.7 ± 0.6
36a 0.75 7.3
63a 0.78 8.0

a Standard deviation were not determined, because only one assay was
performed.

Fig. 4. Temperature dependence of the normalized normal force N/N100°C for
all PHBV samples with varying HV content, indicated in wt.% in the legend. Tn

is the temperature at which the sample elasticity decreased by 50%, indicated
by the horizontal line.
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to select new cultures. Generally, the results obtained in acidogenic
fermentation and PHA production suggested that the production of tai-
lored PHA is viable through tuning the composition of the FS with the
desired ratio of HB:HV precursors.

The produced PHA polymer had molecular weights between 482
and 551 kDa, and a polydispersity index between 1.77 and 3.46, val-
ues in the same range as those for the PHA produced by MMC by using
wastes as a feedstock (220–547 kDa) (Duque et al., 2014; Matos et al.,
2021; Morgan‐Sagastume et al., 2020). Moreover, the PHA composi-
tion after extraction was similar to that determined in the final of
the accumulation assays, thus indicating that the extraction method
did not affect the PHA composition/characteristics. Because the molec-
ular weight, polydispersity index and polymer composition affect the
thermal properties and consequently the applications of the polymer,
our study of the thermal behavior of the different polymers produced
allowed us to identify the best composition to limit thermal degrada-
tion and achieve good crystallization after processing (section 3.2).

PHA thermal behavior

Fig. 4 shows the temperature dependence of the normalized normal
force (with respect to the initial normal force N100°C set to 12 N at 100 °
C) for the five PHAs produced with differing HV content. The normal-
ized normal forces N/N100°C decreased after a range of temperatures
was reached. This decrease indicated the softening of the materials
associated with the glass transition regime, followed by the subsequent
melting of the crystalline phases. The rate of the decrease in N/N100°C,
as well as the temperature range over which this decrease occurred,
was dependent on the HV content.

The temperature at which half the sample elasticity (quantified by
the normal force) is reached is defined as Tn, which was determined
graphically (Fig. 4). The values of Tn (reported in Table 4 for all sam-
ples) indicated that softening occurred at lower temperatures when the
HV content increased, with the exception of the PHBV containing
60 wt%. This finding was expected, because the melting temperature
of PHBV is known to decrease from 179 °C to 75 °C when the HV con-
tent increases from 0 to 40% HV. For higher HV content, the melting
temperature rises to 108 °C (Doi, 1990).

Overall, the Tn data indicated that the softening and partial crystal
melting necessary for a hot tack application or thermoforming can be
achieved at temperatures as low as 120–140 °C if PHBV containing at
least 30 wt% HV is used.

Fig. 5 shows the DSC curves recorded during the first heating of
powder materials. Qualitatively similar curves were observed for
PHBV produced from CW at laboratory scale with 18 mol% HV content
and tested under similar calorimetric conditions (Hilliou et al., 2016b).
Among the various peaks resolved in the DSC curves plotted in Fig. 5,
the peaks at the highest temperatures were of interest. These peaks
corresponded to the melting of crystals rich in HB units, which are
more heat resistant. The melting temperature of these crystals is
reported as Tm in Table 4, and the temperature Tc indicates the end
of the melting process for these crystals. Therefore, Tc can be consid-
ered the temperature at which the PHBV is fully in the molten state.
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The data in Table 4 suggested that the PHBV with 30 wt% HV ex-

hibited the smallest Tm and Tc. As described earlier, a minimum Tm has
been reported in the literature for 40 wt% HV (Doi, 1990). The overall
DSC data confirmed the conclusions drawn from the thermorheologi-
cal analysis in Fig. 4, indicating that 30 wt% HV composition was
the best candidate for applications requiring the lowest processing
temperature to limit the thermal degradation of the biopolyester. How-
ever, this conclusion is in opposition with by other features of the DSC
curves of PHBV samples containing more HV monomers. For those
samples, the melting process at Tm was much less than the melting pro-
cesses occurring at lower temperatures. Consequently, the correspond-
ing enthalpies were smaller, and most of the material actually melted
at temperatures below Tc. Indeed, peaks with larger amplitudes were
found below 100 °C for samples with 40 and 60 wt% HV. These peaks
indicated the melting of HV crystals, which melted separately from
HB‐rich crystals. This finding was a characteristic of either the block
copolymer nature of the produced PHBV or the blending of random
copolymers with different HV content (Laycock et al., 2014b,
2014a). These peaks explained the broader softening processes
observed in the rheological tests at Tn (Fig. 4) and therefore confirmed
that PHBV with 40 wt% HV may serve as an alternative candidate for
thermal processing.

Fig. 6 presents the DSC curves measured during the cooling of sam-
ples immediately after the heating of the powders. Curves for PHBV
containing more than 20 wt% HV were featureless, as expected
because of the low crystallization kinetics of HV crystals
(Bloembergen et al., 1986).

For samples with 11 and 20 wt% HV, the crystallization of HB crys-
tals was measured during cooling. The corresponding curves indicated
earlier crystallization with lower HV content, thus suggesting that this
PHBV might be easiest to post process after melting, because all other
samples would require much longer times and colder temperatures to
reach shape stability and full crystallization after stretching or laminat-
ing. This aspect is illustrated in Fig. 7, which displays the DSC curves
measured during the second heating following the cooling shown in
Fig. 6.

All samples except those with an HV content of 60 wt% exhibited a
cold crystallization process, which resulted in the melting of the HB
crystals, which resolved as a peak at the highest temperatures. The cor-
responding peak melting temperature Tm2 and complete melting tem-
perature Tc2 (Table 4) confirmed that full melting occurred at lower
temperatures when the HV content was increased from 11 to 30 wt
%. Interestingly, a single glass transition process was observed just



Table 4
Softening temperature Tn, melting temperature Tm of HB crystals, complete molten temperature Tc and crystallization temperature Tcc for PHBV polymers with varying
HV content, studied with a heating rate of 10 °C/min followed by a cooling rate of −10 °C/min. Tm2 and Tc2 are the HB crystals and complete melting temperatures,
respectively, measured after the cooling of samples.

HV content (wt.%) Tn (°C) Tm (°C) Tc (°C) Tcc (°C) Tm2 (°C) Tc2 (°C)

11 141.7 ± 0.5 159 ± 1 170.6 ± 1 54 ± 1 147.5 ± 1 160 ± 1
20 124.6 ± 0.6 159 ± 1 169.6 ± 1 44 ± 3 142.0 ± 1.5 153 ± 1
30 120.8 ± 0.5 157 ± 1 167.7 ± 1 – 139 ± 2.5 148 ± 1
40 114.2 ± 0.5 163.8 ± 1 175 ± 2 – 153.5 ± 0.5 166 ± 2
60 136.4 ± 0.8 158 ± 1 167.5 ± 1 – – –

Fig. 5. DSC curves of PHBV samples, with HV content as specified in the
legend. The arrows indicate the graphical determination of the melting
temperature Tm of HB crystals and complete molten temperature Tc.

Fig. 6. DSC curves recorded during the cooling of PHBV samples, with HV
content as specified in the legend.

Fig. 7. DSC curves recorded during the second heating of PHBV samples, with
HV content as specified in the legend.
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below 0 °C in the traces in Fig. 7. This finding indicated that either mis-
cible blends of PHBV or random PHBV copolymers were fermented,
rather than copolymers with distinct HV and HB blocks. PHBV frac-
tionation and additional polymer characterization would be required
to confirm this possibility (Laycock et al., 2014b, 2014a). However,
the data regarding thermal properties presented in Figs. 4–7 confirmed
that PHBV with tailored HV content was produced, which exhibited
differing thermal properties. Additional rheological testing and extru-
sion trials should be performed to confirm that a content of 30 wt% HV
is optimal to process materials at lower temperatures while retaining
acceptable crystallization kinetics, because no clear correlation
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between the HV content and the melt rheology or processability has
been inferred from earlier studies on PHBV with comparable molecu-
lar masses (Hilliou et al., 2016a; Ramkumar and Bhattacharya, 1998).
Conclusions

This study demonstrated the feasibility of producing tailored PHA
by controlling the operating conditions of acidogenic fermentation to
produce a stream with a specific HV precursor content. The changes
in OLR allowed us to obtain different FP compositions and conse-
quently produce PHA with differing HB/HV content. Moreover, the
supplementation of FS with HV precursors only during the accumula-
tion step allowed us to produce PHA with high HV content without a
need to reinoculate/restart the reactor for each desired polymer, thus
demonstrating the robustness of the process. Consequently, the ther-
mal properties of produced PHA can be tuned. Our findings confirmed
the production of copolymers with differing HV content and probably
a random structure. An optimum was found for an HV content of
approximately 20–30 wt%, which provides a balance between melting
or softening at lower temperatures, thus limiting thermal degradation
and enabling sufficient crystallization after post processing.

Overall, the results obtained in this study indicated the feasibility
of designing, producing and characterizing tailored PHA polymers
for use in melt processing.
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