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ABSTRACT

Using an enriched mixed microbial culture, the potential of fruit juice industry wastewater
as a feedstock for the production of polyhydroxyalkanoate was investigated. Wastewater
was fed directly into the feast and famine sequencing batch reactors. A PHA content of 35
times higher than that of the inoculated activated sludge was achieved with a step-wisely
increasing organic loading rate as a preliminary enrichment strategy. Then, the sludge
retention time and organic loading rate were optimized for a maximum PHA content of the
biomass. SBRs were operated with enriched sludge at various sludge retention times
including 2 d, 4 d, 6 d, and 8 d at a constant organic loading rate of 2 g COD/L.d, and the
highest polyhydroxyalkanoate content, 68% g PHA/g VSS, was produced at a sludge
retention time of 2 d. Then, organic loading rates of 0.5, 1.0, 1.5, and 2.0 g COD/L.d were
employed where sludge retention time was 6 d. Polyhydroxyalkanoate contents of 14 and
58% g PHA/g VSS at OLRs of 0.5 and 2.0 g COD/L-d were obtained. It was found that mixed
microbial culture with higher OLRs (greater than 1.5 g COD/L.d) and lower SRTs (below 6
d) possessed better PHA storage capacity in this study. Consequently, the strategy of
utilizing low-cost substrates, such as filtered fruit juice industry wastewater can serve as
an inexpensive and readily available feedstock for PHA-producing microorganisms.

Cite this article as: Bezirhan Arikan E, Bilgen HD, Yagci N. The polyhydroxyalkanoate
accumulation performance of mixed microbial culture utilizing fruit juice industry
wastewater at various organic loading rates and sludge retention times. Environmental

Research and Technology, 2026, 9 (3), 437-444.

INTRODUCTION

Over the past three decades, the remarkable increase in the
use of plastics has caused environmental concerns [1, 2].
Consequently, the utilization of polyhydroxyalkanoates
(PHAs), biodegradable biopolymers that can be produced
using renewable resources and are fully biodegradable, has
recently gained recognition as a substitute for petroleum-
based plastics. Numerous bacteria synthesize PHAs as carbon
and energy storage compounds by metabolizing renewable
organic carbon sources in excess carbon and limited nitrogen
or phosphorus [3, 4]. Although they are considered as an
alternative to traditional synthetic plastics due to their
advantages such as biodegradability, biocompatibility [5],
high hydrophobicity, and flexibility [6], they have not been
used as much as traditional plastics because of their higher
production costs [7, 8]. Several factors affect the production
cost of PHA: substrate, the extraction method, and the need
for sterilization [1, 9-11]. Recent studies on PHA production
have focused on the use of substrates based on agro-
industrial wastes and byproducts, as well as mixed microbial
cultures (MMC) [12, 13].

* Corresponding Author: nevin.yagci@adu.edu.tr (Nevin Yagci)

The fruit juice industry generates a considerable amount of
wastewater, which has a low pH and a high concentration of
suspended solids, dissolved solids, and organic matter
products [14]. For these reasons, this wastewater could
potentially be a source of value-added.

Conventional PHA production from waste/wastewater with
MMC consists mainly of three steps [15-21]. The first step is
fermentation, which converts the raw material into volatile
fatty acids. The second step is the enrichment of
microorganisms capable of producing PHA. The final step is
the storage of PHA [22, 23]. However, most sectors, like the
fruit juice production industry, producing wastewater have
insufficient financial capacity to afford the additional cost of
the anaerobic fermentation step [24]. Only a few studies
reported the possibility of directly using fruit juice industry
wastewater without employing an anaerobic fermentation
step which would reduce the cost of PHA production [25, 26].

The objective of this study was to investigate the potential of
using the fruitjuice industry wastewater (FJIW) as a nutrient-
deficient and organic-rich substrate for PHA production
without the need for a pre-fermentation stage. Through the
implementation of an aerobic feast and famine regime in a

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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laboratory-scale sequencing batch reactor (SBR), sludge
retention time (SRT) and organic loading rate (OLR) were
optimized to produce PHA. Furthermore, the accumulation of
PHA was also tested by the presence of nutrients in order to
test uncoupled carbon and nutrient strategy.

MATERIAL AND METHODS
Wastewater Characterization

The fruit juice industry wastewater was collected from a
commercial fruit juice processing facility located in Mersin,
Tirkiye. The raw wastewater was filtered using Buchner
filtration through Whatman No.1 filter papers to eliminate
impurities and then stored in a refrigerator in sealed plastic
containers at 4°C in the dark. The pH was adjusted to 6.0 + 0.4
prior to feeding by adding 1 M NaOH. The filtered fruit juice
wastewater was not subjected to fermentation. In the
enrichment stage, nitrogen and phosphorus were added
using nutrient solution. The supplementary nutrient solution
was prepared with NH4Cl, KH2PO4, and K2HPO4 to obtain a
COD: N:P ratio of 100:5:1 which is conventionally accepted
for aerobic systems to ensure the presence of sufficient
nutrients requirements for biomass growth [27].

Operation of SBRs

The selection of PHA storing microorganisms using FJIW was
accomplished in sequencing batch reactors (SBRs) by
applying the feast and famine regime during the enrichment
stage and optimization of the operational conditions (sludge
retention time and organic loading rate) stage [28]. The SBRs
had a working volume of 4 L, leaving a residual volume of 2 L
after withdrawal and operated under a single 24-hour cycle.
Each cycle was comprised of a 10-minute feeding period, a
1,380-minute aeration period, a 30-minute settling period, a
5-minute discharge period, and a 15-minute idle period. All
reactors were equipped with pumps, air compressors, and
timers. A fast feeding was applied, and filtered wastewater
was fed into reactors at the beginning of the reaction phase
for all systems. The reactors were operated at indoor room
temperature, 22-24°C, without pH control. During the
experimental study, a hydraulic retention time (HRT) of 2 d
was maintained in all SBR systems.

Preliminary stage + Enrichment process
MMC (domestic WWTP activated sludge)

SRT Optimization
SRTsof 2,4, 6,and 8 d

Start-up and Culture Enrichment

A full-scale domestic wastewater treatment plant (Mersin,
Turkey) surplus-activated sludge with a PHA contentof 1.5 g
PHA/g VSS was fed into two SBRs as an inoculum to produce
a PHA-rich MMC. As a preliminary enrichment strategy, the
concentration of organic matter was step-wisely increased
through the addition of varying volumes of wastewater to
adapt unenriched activated sludge, as demonstrated by
Valentino et al. [29]. As a carbon source, FJIW was fed into
SBRs at the beginning of the cycles. In order to implement
uncoupled carbon & nutrient strategy and promote
simultaneous growth, nutrients were added prior to the
famine phase for one of the SBRs. Consequently, the reactors
were designated as SBR-FJIW (without nutrient addition) and
SBR-FJIWN (with nutrient addition).

In accordance with the methodology, the organic loading rate
(OLR), defined as the mass of organic matter (as COD)
introduced per unit SBR volume per day, was incrementally
increased (by increasing every three days) from the initial
level of 0.5 g COD/L.d to 2.5 g COD/L.d in two weeks. During
this period, there was no deliberate disposal of sludge except
sample collection. The length of the feast phase was
determined by monitoring dissolved oxygen (DO)
concentration [29, 30]. For SBR-FJIWN, the nutrient solution
was fed into the SBR after DO concentrations were raised to 2
mg/L. After this preliminary stage, the selected sludge and
OLR were applied during the subsequent enrichment process
over a period of three weeks based on the performances of
SBRs. Excess sludge wasting was initiated to attain a sludge
retention time (SRT) of 6 days for the formation of enriched
MMC. Figure 1 displays the schematic overview of the
experimental design with all stages of the study.

The Experimental Strategy: Optimization of SRT and OLR

The enriched sludge from SBR-FJIW was utilized as inoculum
to optimize SRT and OLR for higher PHA storage capacity. SRT
and OLR were optimized sequentially. The steady-state
condition was ensured by operating SBRs at least three times
of designated SRT and was achieved once there were no
significant variations in effluent characteristics and biomass
concentration in the reactors.

ORL Optimization
ORLs of 0.5, 1.0, 1.5 and 2.0 g COD/L/d

OLR=2.0gCOD/L/d SRT=64d
¢MMC ¢FJIW lFJIW l FIIW l FIIW
-~ Enriched -~ . Enriched
SBR-FIIW > SBR-FIIW e 4 SBRs TS 4SBRs [—»

lMMC i FJIW + nutrients ¢ FIIW + nutrients

SBR-FITWN

SBR-FITWN

\ 4

Preliminary Stage Enrichment process:

SRT of 6 d until steady-state

Figure 1. The experimental design of the study
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Firstly, each enriched sludge was divided into four reactors to
optimize SRT. For the first stage of the optimization, SRTs of
2,4, 6,and 8 d were applied. And, then the subsequent phase
of the study was designed to examine the impact of organic
loading at the optimal SRT, as determined in the preceding
stage. The OLR values were set to 0.5, 1.0, 1.5 and 2.0 g
COD/L/d.

The optimization of SRT and OLR was conducted in four
parallel reactors where FJIW was introduced as a substrate.
The working volume of SBR was 600 mL. The operational
conditions of the SBRs (hydraulic retention time, cycle time
and temporal distribution of phases during one cycle) were
maintained throughout the optimization period in
accordance with those used during the enrichment process.
The alteration of SRT was controlled by wasting the
corresponding sludge volume at the end of the reaction phase.
OLR was changed by varying the volume exchange ratio (fill
volume/total volume) of the SBRs.

Analytical Procedures

The COD test (closed reflux titrimetric method), the total
suspended solids (TSS), volatile suspended solids (VSS), the
total nitrogen (TN) and total phosphate (TP) concentrations
were analyzed in accordance with the Standard Methods,
following filtration through a 0.45-um membrane filter
(Millipore, Merck, Germany) [31].The pH was quantified
using a pH meter (Hanna HI2002-02, US). The concentration
of dissolved oxygen (DO) was continuously monitored by a
DO probe (Ohaus, Starter 300D, USA) and recorded.

For the PHA analysis, biomass was subjected to extraction,
hydrolyzation, and esterification [32]. The extracted esters
were analyzed by gas chromatography (GC) (Agilent 6890 N)
equipped with a flame-ionization detector (FID) and capillary
column (INNOWAX 19095 N-123). The co-polymer of
polyhydroxybutyric acid and polyhydroxyvaleric acid
(PHB/PHV) (88%/12%) was used as a standard (Sigma-
Aldrich, USA) [33]. All the chemicals and reagents were in
analytical grade.

The PHA production capacities of the enriched sludge were
characterized by the PHA content of VSS. The sludge PHA
content was first calculated as a percentage of dry biomass on
a mass basis (g PHA/g dry biomass) using the weight of
freeze-dried sludge, which refers to suspended solids [34-
36]. Then, it was divided by the VSS/SS ratio determined at
the matching instance of the reactor operation and multiplied
by 100 to determine the sludge PHA content as a percentage
of the biomass VSS. For the SBRs, PHA concentrations were
monitored during a representative cycle and expressed in
COD using theoretical conversion factors of 1.67 g COD/g PHB
and 1.92 g COD/g PHV [37].

RESULTS AND DISCUSSION
Wastewater Characterization

The concentrations of chemical oxygen demand (COD), total
suspended solids (TSS), volatile suspended solids (VSS), total
nitrogen (TN), total phosphorus, and pH in the coarse filtered
raw fruit juice industry wastewater were 5000 * 980 mg/L,
915+130mg/L,41.8+ 11 mg/L, 7.2+ 1.2 mg/Land 5.0 + 0.4,
respectively. The COD/TN ratio of the wastewater was
around 120.

Culture Enrichment in the SBRs

During the enrichment period, two SBRs were operated, with
both supplied with FJIW as a feedstock. One SBR received a
nutrient supplement (SBR-FJIWN), while the other did not
(SBR-FJIW). OLRs were step-wisely increased for each. The
influence of feeding strategy (with or without nutrient
supplement) and organic loading rate were assessed by feast-
to-famine ratio (F/F). The duration of the feast phase was
determined by observing the time required for the
concentration of DO to exceed 2 mg/L. Consequently, the
levels of DO were measured during a 12-hour period, and the
collected data which include measurements from both SBRs
and at each OLR were presented in Figure 2.
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Figure 2. Variation of DO concentrations for the first 12 hours of the SBR cycle operation at different OLRs during enrichment
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Table 1. The length of the feast phase and corresponding F/F ratios at different OLRs in the SBRs during the culture enrichment

stage

OLR Length of feast phase (min)

F/F ratio (min/min)

(g COD/L/d) SBRejiw

SBRFiwn

SBRejiw SBRrjiwn

0.5 40 25
1.0 90 70
1.5 210 160
2.0 410 370
2.5 620 540

0.03 0.02
0.07 0.05
0.18 0.13
0.42 0.37
0.83 0.63

For both SBRs at varying OLRs, it was observed that the initial
decline in DO concentration in all SBRs was followed by an
increase. Once the DO concentration reached 2 mg/L, the famine
phase was commenced. Then, the DO concentrations were
increased to a range of 4-6 mg/L for most of them and remained
at that level until the completion of the reaction phase. The
duration of the feast phase and the F/F ratios were calculated for
each SBR at different OLRs and shown in Table 1.

A high F/F ratio was considered an indication that the phase
in which external carbon is taken up and accumulated inside
the cell as PHA (feast phase) is prolonged. The results of this
preliminary enrichment phase were demonstrated that a
prompt increase in OLR also causes an immediate increase in
the F/F ratio aligning with the findings of Hao et al. [38].
Therefore, it is recommended that the F/F ratios should be
maintained at a minimum of 1/3 to enrich microorganisms
with the ability to store PHA and ensure the stability of PHA
storage. In this stage of the experiments, the biomass
concentrations were observed to range between 2000 and
3000 mg MLVSS/L for both SBRs at varying OLRs, except for
the SBR at an OLR of 0.5 g COD/L.d, in which nutrients were
provided at the start of the fasting phase (Figure 3a). Also, the
PHA contents of the sludge at the point of substrate depletion
were analyzed and presented in Figure 3b for both SBRs. The
highest PHA content was achieved in SBR-FJIW as 14.2
gPHA/gVSS atan OLR of 2.5 g COD/L.d while it was relatively
lower in SBR-FJIWN (11.6 g PHA/g VSS). This could be
attributed to the improvement of polymer accumulation with
a nutrient deficiency in the system, as proposed by Basak et
al. [34]. Figure 3b demonstrates that the PHA analysis
performed for each OLR revealed a direct correlation
between increasing OLR and higher PHA content at the end of
the feast phase, consistent with the findings of Coats et al.
[34]. The results of this study also showed that all SBRs
exhibited effective COD removal efficiency for the treatment
of FJIW. As illustrated in Figure 3c, the COD removal
efficiencies were determined at varying OLRs in the SBRs, and
relatively lower ratios were obtained at an OLR of 2.5 g
COD/L.d, where PHA content was higher. The COD removal
efficiencies for SBR-FJIW and SBR-FJIWN were determined to
be 76.8% and 91.6%, respectively, when the OLR was 2 g
COD/L.d. Furthermore, a viscous sludge formation was
observed when the OLR reached 2.5 g COD/L.d likely due to
the production of extracellular polymeric substances (EPS) at
high organic loadings as depicted by Ekstrand et al. [36].
Therefore, OLR of 2.5 g COD/L.d was not used for further
optimization studies.

It is worth noting that the pH values of the effluent streams in
all SBRs and at all OLRs were found to be higher than the
initial pH of the mixed liquor (data not shown). This suggests
that the increase in pH can be attributed to the consumption
of organic acids for the formation of PHA, as illustrated by
Chakraborty et al. [35].
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Figure 3. (a) Biomass concentration, (b) PHA content, and (c)
COD removal efficiencies at different OLRs during enrichment
(blank and shaded columns illustrate FJIW and FJIWN,
respectively)
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Considering the high PHA content with SBR-FJIW at OLR of 2 3500
g COD/L.d, SBR was subsequently operated utilizing this g MLVSS/MLSS (%) (a)
wastewater and OLR for the following step of the enrichment £ 3000 | & —
until steady-state conditions were attained. During this S 2500 fo ..
period, sludge wastage was initiated to maintain SRT of 6 d. § 0 ’ =]
Figure 4 illustrates the DO and concentrations of COD and e 2000 o2 4 6 8
PHA (on a COD basis) throughout one representative cycle of é 1500
reactor operation at a steady state. The MLVSS concentration =
was approximately 1400 mg/L in the SBR. The rapid decrease g 1000
in organic matter (as COD) over the course of an hour 7] 500
suggests that FJIW contains a predominantly biodegradable g
organic matter that can be consumed by microorganisms. 0
Following the addition of substrate, the DO concentration SRT-2d SRT-44d SRT-6d SRT-8d
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by an increase, with a DO level exceeding 2 mg/L at the 4th _ 3500 T p—
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between hours 1 and 4, which may be attributed to the & 50 .
utilization of slowly biodegradable organic matter, as g 2500 (70 .
proposed by Sagastume et al. [37]. The highest concentration 8 60 * -
of PHA was observed at the fourth hour, with a value of 1934 § 20001 00 05 10 L5 20
mg PHA (as COD)/L. In three weeks, the PHA content of ﬁ 1500
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SRT of 6 d. This PHA content was 35 times higher than that of -
the inoculated activated sludge. é 500
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Figure 4. Variation profile of PHA, COD, and DO SRT — 2 4 J 8
concentrations in SBR-FJIW during one cycle at steady-state (at OLR of 2)
(OLR= 2 g COD/L.d, SRT= 6 d) OLR — 0.5 1.0 15 2.0

PHA Production Experiments: Effect of SRT and OLR

To optimize SRT and OLR, the enriched MMC was first
subjected to different SRTs, namely 2, 4, 6, and 8 days, in the
SBRs operated in parallel. The biomass was distributed
equally into four SBRs that utilized FJIW. The OLR was kept
constant at 2 g COD/L.d. The HRT was maintained at 2 d. In
all SBRs, the variation of the concentrations of MLSS and
MLVSS, and the ratio of MLVSS/MLSS are presented in Figure
5a. High MLVSS concentrations were achieved at high SRTs
applied in this study at steady state as it is consistent with the
explanation of a high endogenous decay rate at high SRTs. The
ratio of MLVSS/MLSS exhibited a decline from 81 to 74% with
an increase in SRT, which may be attributed to the
accumulation of non-biodegradable residues in the SBRs with
prolonged SRT. Conversely, it was observed that the
MLVSS/MLSS ratio exhibited a consistent increase in
conjunction with the OLR, ranging from 0.5 to 2.5 (Figure 5b).
The COD removal efficiencies were 75, 76, 80, and 87% for
SRTs of 2, 4, 6, and 8 d, respectively.

(at SRT of 6)

Figure 5. (a) MLSS and MLVSS concentrations (including
MLVSS/MLSS ratios) at different SRTs, (b) MLSS and MLVSS
concentrations (including MLVSS/MLSS ratios) at different
OLRs, and (c) PHA content of the biomass at different SRTs
and OLRs.

The PHA content of the sludge decreased slightly with
increasing SRT from 2 to 6 days and a drastic decrease was
observed at SRT of 8 d as shown in Figure 5c. Similar
phenomenon had been reported by several other studies [43,
44]. The shortest SRT (2 d) applied in this study resulted in
the highest PHA content, reaching 68%. This content is
comparable to the value obtained with substrate sources such
as potato starch processing, fermented paperboard mill and
fermented whey permeates [45-47]. It was approximately
29% at an SRT of 8 d. Therefore, it is concluded that enriched
activated sludge with a shorter SRT possessed better PHA
production compared to sludge with a longer SRT which is
consistent with the studies of Chua et al. [38, 39] and Chen et
al. [44].
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The polymer content of the sludge exhibited moderate
differences for the SRTs between 2 and 6. The reduction in
PHA content at SRTs exceeding 6 d can be attributed to the
reduced substrate availability resulting from the elevated
biomass concentration observed at higher SRTs within the
reactor. The PHB content of PHA was found to be extremely
high (99% of PHA) and independent of the SRT.

Consequently, the obtained PHA content data at different
SRTs when optimized together with OLR (Figure 4)
demonstrated that the impact of SRT on sludge properties
was obvious, and it was necessary to apply an SRT of less than
6 days for a higher PHA production.

As a subsequent phase of this experimental study, the optimal
OLR was validated through additional experiments to confirm
the maximum PHA yield and productivity using enriched
sludge taken from the previous operation of the SBR. For this
purpose, the mixed liquor of the SBR operated with an SRT of
6 d was used and distributed into four SBRs to optimize OLR.
Those SBRs were operated with a sludge age of 6 d, and HRT
of 2 d. Due to the lower initial biomass concentrations, the
MLSS and MLVSS concentrations were observed to be lower
than the values obtained during the SRT optimization phase.
Figure 5b illustrates the variation of MLSS and MLVSS and

demonstrates that the MLVSS/MLSS ratio would be higher at
high OLRs.

As shown in Figure 5c, the PHA content was considerably
higher at the maximum OLR employed in this study. The
highest PHA content of the biomass was observed at an OLR
of 2 g COD/L.d, achieving a value of 58%. This result could be
attributed to substrate availability in the system for both
growth and storage at higher OLRs. The PHB content of PHA
at varying OLRs exhibited a range of 96 to 99%. The
promising result from this set of experiments is worthy of
inclusion among other studies on polymer production with
industrial wastewaters, as summarized in Table 2. As a result,
higher OLRs led to increased substrate (FJIW) consumption
by the PHA-accumulating microbial community which
resulted in higher PHA accumulation. The above result (PHA
content of 58%) of the OLR optimization study also
demonstrates comparable PHA contents at OLR of 2 and SRT
of 6 days obtained at the enrichment stage which was 52%.
The PHA content obtained after the enrichment stage and the
PHA content of the sludge that reached a steady state during
the OLR optimization phase (utilizing the identical OLR, SRT,
and wastewater characteristics) conducted subsequent to the
SRT optimization phase of the enriched MMC exhibited a
notable degree of similarity.

Table 2. Maximum PHA contents of the MMC utilizing industrial wastewater

Wastewater type

Max. PHA content

Reference

Acidified paper mill 77% of VSS
Fermented olive oil mill
Fermented wood mill
Fermented wood mill
Fermented paper mill
Tomato cannery

Cooked mussel processing
Acidified brewery

Potato starch processing
Fermented paperboard mill
Fermented whey permeates
Rice winery

Filtered fruit juice

HV 11% (on a molar basis)
HA 25% (on a molar basis)
36% (g PHA/g VSS)

48% (on a CDW basis)
20% (on CDW basis)

60% (g PHA/g VSS)

44.8% (on a CDW basis)
65% (g PHA/g VSS)

67.44 % (g PHA/g VSS)
60% (g PHA/ g VSS)
29.6% (on a CDW basis)
68% (g PHA/g VSS)

Jiang et al. [20]
Dionisi et al. [15]
Mato et al. [17]
Benetal. [19]
Bengtsson et al. [16]
Liu et al. [48]

Argiz et al. [49]
Tamang et al. [50]
De Grazia et al. [45]
Farghaly et al. [46]
Valentino et al. [47]
Fangetal. [51]
This study

CONCLUSION

This study demonstrated the feasibility of utilizing FJIW for
PHA production using MMC in a lab-scale SBR by applying the
feast and famine regime without the pre-fermentation step
requirement. A high PHA production performance was
achieved by embedding the step-wisely increasing OLR at the
beginning of the enrichment process. Optimal SRT and OLR
for maximum PHA yield were identified through systematic
experimentation using enriched sludge. The results
demonstrated the significance of these parameters and
indicated that an enhanced PHA storage capacity can be
achieved through the implementation of higher OLRs and
lower SRTs. In this study, the highest PHA content was
achieved as 68 % g PHA/g VSS at SRT of 2d and OLRof 2.0 g
COD/L.d which is a promising content obtained from an
industrial wastewater containing food processing residues. It
is concluded that the increased OLR (higher than 1.5 g
COD/L.d) and lower SRT (lower than 6 d) are essential for

enhanced accumulation of PHA from FJIW. The results of this
study revealed that the operational conditions within the
biological unit were conducive to the selective growth of the
PHA-accumulating MMC. It is hypothesized that the factors
which render FJIW a prospective carbon source for PHA
storage are its high organic matter and low nutrient content.
The utilization of FJIW as a feedstock is both suitable and
economically feasible, owing to its low cost, capacity to yield
elevated PHA content at reduced SRTs, which leads to
reduced volume in the biological tank and lower energy
demands, generation of less biomass within the system
resulting in reduced sludge for treatment and disposal, and
the negation of fermentation requirements that would incur
additional expenses. Furthermore, the use of MMC for PHA
production would result in cost reduction as it eliminates the
need for aseptic conditions. Consequently, utilizing filtered
fruit juice industry wastewater for PHA production and MMC
can contribute to a more sustainable and circular economy.
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