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Abstract  
The synthesis of polyhydroxyalkanoates (PHA) using mixed microbial cultures (MMC) has been studied in three stages: a 
sequencing batch reactor, a PHA accumulation reactor, and a pyruvate effect. Tainan pig farm, Chiayi pig farm, and Feng 
Chia University’s sludge were the three seed sludges tested. Two distinct substrates are used, such as effluent from sucrose 
acidified fermenter and molasses waste acidified fermenter. Both substrates showed significant COD and VFA, but the 
effluent from molasses waste acidified fermenter had more significant acetic acid and butyric acid levels, with 4,087 ± 128 
and 8,151 ± 152 mL/L, respectively. The propionic acid content in effluent from sucrose acidified fermenter is more sig-
nificant (4,789 ± 36 mg/L). The highest PHA production yield in the three seed sludges was 26.88%, 22.88%, and 21.90%. 
Tainan pig farm sludge had the highest PHA accumulation of 26.88%. This study validated MMC’s ability to produce PHA 
in 8 h using VFA efficiency. The present work employed the addition of pyruvate to enhance the MMC. The 1 g addition 
of pyruvate in a sequencing batch reactor (SBR) can increase the productivity of PHAs yielded 53.58 g PHAs/g VSS (%), 
respectively. Therefore, MMC boosted with pyruvate used in high organic wastewater to produce PHA could potentially 
further commercial activities.

Keywords Polyhydroxyalkanoates · Mixed microbial cultures · Sequencing batch reactor · Pyruvate · High organic 
wastewater

1 Introduction

In recent days, worldwide plastic waste generation and con-
sumption increased to about 280 million tonnes and 4%, 
respectively, in 2011, increasing annually until 2020 [1, 2]. 
Totally, 4.8 to 12.7 million ton plastics made of fossil fuel 
enter the ocean from land, which increased twice in 2025 

compared to 2015 [3]. Plastic has become a primary con-
cern towards the environment because of the lower rate of 
biodegradation. These plastics require about 100 years for 
complete degradation. Plastics make human life more acces-
sible but also encourage environmental pollution. The pollu-
tions of plastics are garbage waste and the end product of the 
industrial process. This process releases many kinds of toxic 
pollutants, which affect the ecosystem and human health [4]. 
Therefore, to overcome these plastic wastes, alternative envi-
ronmentally friendly discovery needs to be followed. The 
community role is essential to replace petrochemical plas-
tic wastes. Many kinds of bioplastic are available, mainly 
polythene (Bio-PE), polythene terephthalate (Bio-PET), and 
polyester and polylactic acid. Among them, Bio-PE and Bio-
PET are non-biodegradable bioplastics [5, 6]. Polylactic acid 
is a biodegradable plastic that takes 90 days to biodegrade 
but degrades under simulated landfills with limited oxygen 
[7]. Most potential biodegradable plastic is polyhydroxyal-
kanoates (PHAs) [8].
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Polyhydroxyalkanoates (PHAs) are ideal bioplastic to 
replace conventional oil-based plastics [9]. Polyhydroxy-
alkanoates are produced by microorganisms’ intracellular 
metabolism (PHAs). Most PHA has been composed of pol-
yhydroxybutyrate (PHB) and polyhydroxyvalerate (PHA/
PHV). Because of a lack of long-chain structures, hydroxy-
butyrate (HB) is rigid and heat intolerant. 3-Hydroxybu-
tyrate-co-3-hydroxyvalerate (PHBV) is a polymer of 3-HB 
and 3-HV with a high molecular weight. PHBV is an ideal 
bioplastic material due to its sufficient mechanical strength 
and resilience [10, 11]. PHAs belong similar to fossil fuel-
based plastics, but PHAs are more environmentally friendly 
[12]. PHAs are obtained by a simple processing method 
and can be used as UV-resistant material as PHAs take a 
long time to dissolve in water [13]. PHAs have thermoplas-
tic qualities that vary depending on the substrate and the 
methods of fermentation. Numerous chemical molecules can 
serve as the substrate for component PHAs. These organic 
chemicals are commonly found in industrial, agricultural, 
and even municipal wastewaters [14].

The majority of the substrates used to create PHA are 
organic acids. Several organic wastewater by-products are 
high in organic acid and carbon [15], olive oil factory waste-
water [16], molasses wastewater [17], and pulp wastewa-
ter [18]. The utilization of these wastewaters as a substrate 
effectively reduces the production cost of PHAs. There are 
numerous methods for increasing PHA production by con-
trolling phosphorus, nitrogen, and carbon concentrations. 
The sequencing batch reactor is the most common method 
to use MMC with wastewater to produce PHA [19]. SBR is 
usually operated under aerobic conditions with repeating 
feast/famine. Feast–famine (FF) was often utilized in select-
ing train MMC to have more ability to produce PHA [20].

Dissolved oxygen [12] and repeating feast/famine phases 
in sequencing batch reactor are also important factors, and 
numerous studies show that the level of dissolved oxygen is 
associated with PHA synthesis. Several studies have proved 
different DO levels during feast and famine [21]. Dissolved 
oxygen acts as a crucial indicator when using a sequenc-
ing batch reactor to produce PHAs. The oxygen intake and 
carbon evolution rates from the bioreactor off-gas control 
PHA synthesis [22]. The supernatant replacement cycle is 
determined by the change in dissolved oxygen [23–25]. To 
effectively produce PHAs from mixed microbial cultures 
(MMC), various researchers used a sequencing batch reactor 
to induce MMC to synthesize additional PHA [16, 21, 26].

As of now, most investigations have focused on how to 
collect PHAs using pure cultures of pure substrates such as 
acetate and glucose [20]. PHA manufacture on a considerable 
scale is currently prohibitively expensive, ranging from 2.2 to 
5.0 €/kg [23]. However, the prices of conventional oil-based 
plastic have always been less than 1 €/kg.  PHA, on the other 
hand, costs more than three times as much as polymer generated 

from petrochemical resources [8, 13], considering that the 
production cost of PHA is too high. When comparing MMC 
and pure bacteria to produce PHA, MMC can effectively reduce 
production costs and tolerate multiple high organic wastewaters 
as a substrate. Using MMC to make PHA opens up more 
opportunities [27]. The use of pyruvate to improve the MMC is 
a novel component of current work. This experiment investigates 
the production of PHAs adopting SBR with pyruvate to boost 
MMC to accumulate the PHA with high organic wastewater in 
SBR and a comparative analysis of the capacity of 3 different 
sludges to accumulate PHAs.

2  Materials and methods

2.1  Seed sludge collection and preparation

The two kinds of substrates were obtained from the effluent 
of two acidified fermenters. The first substrate was obtained 
from the effluent sucrose acidified fermenter, and the second 
substrate was obtained from molasses waste acidified fer-
menter both cultivated in Green Products Laboratory, Feng 
Chia University, Taiwan. Different kinds of seed sludge 
were collected from the Tainan pig farm, Chiayi pig farm, 
and Feng Chia University’s wastewater treatment plant. The 
MMC of the Tainan pig farm was obtained from raw pig 
manure. The MMC of Chiayi pig farm was obtained from 
the aerobic tank of the pig farm water treatment system. The 
MMC of Feng Chia University was the municipal waste-
water. This research study includes the comparative abil-
ity of its three different MMC to produce PHA which was 
employed in this research.

The obtained substrates were tested for quality analysis. 
The pH was measured with a pH meter (HQ2100 Portable 
Multi-Meter with Gel pH Electrode); COD was calculated 
using the  K2Cr2O7 titration method; TS, VS, and VSS were 
calculated using methods for chemical analysis of water and 
wastes [28, 29]; and VFA was calculated using GC-FID 
(Thermo Scientific GC Focus, USA). Triplicates performed 
the statistical analysis by the mean, and the standard devia-
tion was calculated.

2.2  Sequencing batch reactor (SBR)

The sequencing batch reactor (SBR) is an activated sludge 
system for the batch treatment of wastewater [30]. The sche-
matic diagram of SBR is represented in Fig. 1. A sequencing 
batch reactor operation is flexible and may be adjusted to 
biomass and changes, typical for municipal and industrial 
wastewater. The process operation can be optimized and tai-
lored to the current state by adjusting the reactivation rates 
(duration of phases) and ordering batch phases. A typical 
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cycle of SBR comprises several phases, including filling, 
reaction, settling, and withdrawal (anaerobic, aerobic, and 
anoxic). When only the elimination of organic matter and the 
reduction of nitrogen are considered, three processes have to 
be performed: removal, nitrification, and denitrification of 
the chemical oxygen demand (COD) [31, 32].

In this study, the volume of SBR was 250 mL. The work-
ing volume was 100 mL, and the temperature was controlled 
at 30 °C. Fermentation under aerobic conditions was used 
in this experiment. The tests were terminated when the pH 
was less than 6 or the PHA concentration had stabilized. 
Each cycle time was 24 h. After 22.5 h, the reaction was 
stopped for half an hour to precipitate, and 50 mL sample 
was extracted in period of 15 min. The supernatant was ana-
lyzed including pH, DO, and VFA. A 12.5 mL of bottom 
solution was taken for another 15 min. The bottom solution 
analyzed the PHA content and VSS. The fresh substrate was 
added in the last half an hour. This cycle was continuous for 
1 week. The hydraulic retention time (HRT) was 2 days, and 
the sludge retention time (SRT) was 4 days. As shown in 
Fig. 1, sequencing batch reactor was utilized for the PHAs 
production. The reactor was assembled of following parts 
such as 1, substrate container used for storage of substrates; 
(2), sequencing batch reactor is the main reactor involved in 
chemical reactions; 3, the effluent container was engaged in 
the storage of effluent; 4, constant temperature water bath 
used for maintaining temperature; 5 and 6, sample storage 
tank access for sample collection; 7, 8, 9, and 10, pumps 
were employed in liquid pumping; 11, a gas pump provides 
air supply; 12, the thermostat was used in controlling tem-
perature; and finally, 13 and 14, sample point was employed 
in sample collection, as shown in Fig. 1.

2.3  Fermentation

A sequencing batch reactor which utilized high VFA con-
tent effluent from an acidification fermenter was utilized to 
accumulate PHA. Seed sludge was obtained from the aera-
tion tank of wastewater treatment plants in Central Taiwan 
mentioned in Section 2.1. Acidification fermentation was 
under anaerobic fermentation in the bioreactor in Feng Chia 
University (24.178870011866948, 120.64668745346927). 
HRT was controlled under 4 days, and the pH was main-
tained at 5.5. The effluents, after acidification, had a high 
content of VFA.

The working volume of the sequencing batch reactor was 
kept at 100 mL, and the temperature was maintained at 30 
°C for a time cycle of 24 h. The reaction was held out for 24 
h, and it was stopped for half an hour at 22.5 h to precipi-
tate, and a 50 mL sample was extracted every 15 min. The 
sample supernatant was analyzed for pH, DO, and VFA. 
After decanting the supernatant, the bottom solution was 
taken for consecutive 15 min. The sample solution was sub-
jected to PHA content and VSS analysis. Meanwhile, after 
sample collection, the fresh substrate was added at the end 
of the reaction, and this reaction cycle was continuously 
maintained for 1 week. The hydraulic retention time (HRT) 
was recorded every 2 days, and the sludge retention time 
(SRT) was measured every 4 days to determine the changes 
in water quality and PHA content in the biomass [33].

2.4  Addition of pyruvate to enhance PHA synthesis

The addition of exogenous pyruvate may be improved in 
PHA production. The consecutive experiment was to adopt 
the best seed from the previous experiment to enhance 
the production of PHAs. The experiment was enhanced 
by the addition of external pyruvate (Cheng Yang Instru-
ment Corp. Taiwan). In PHA production experiments, the 
pyruvate was added to the SBR in the ratio of 0.25 g, 0.5 
g, and 1 g in each reactor mixture. All the experiments 
were carried out in the reactors with a volume of 250 mL. 
The working volume was maintained as 100 mL, and the 
temperature was controlled at 30 °C.

2.5  Analytical methods

This study determined dissolved oxygen (DO) with an 
HQ1130 portable dedicated dissolved oxygen meter with 
a dissolved oxygen electrode. The pH was determined with 
a pH meter (HQ2100 Portable Multi-Meter with Gel pH 
Electrode); total solids (TS) and total volatile solids (VS), 
total suspended solids (TSS), and volatile suspended sol-
ids (VSS) were determined by the protocol based on Walter 
et al. [34]. Chemical oxygen demand (COD) was quantified 
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Fig. 1  Schematic representation of PHA production process. 1, sub-
strate container; 2, sequencing batch reactor; 3, effluent container; 4, 
constant temperature water bath; 5 and 6, sample storage tank; 7, 8, 
9, and 10, pumps; 11, gas pump; 12, thermostat; 13 and 14, sample 
point
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using the  K2Cr2O7 titration method [35]. In a mixing glass, 
blend 5 mL of sample and 5 mL of methanol. Take 1.5 mL 
of the filtered mixture, and VFA was analyzed by GC-FID 
[36]. The PHA analysis was done by withdrawing biomass 
from the reactor and being placed on the crucible for drying 
at 105 ℃ for 24 h. After drying, the solid was subjected to 
the weight measurement. The sample was dissolved in 5 mL 
chloroform followed by the addition of 10 mL methanol acid 
(10% sulfuric acid) and heated at 100 °C for 4 h for esteri-
fication. After the process, the reactant was washed with 
deionized water and then filtered to remove the oil phase. 
The oil phase was examined using GC-FID. PHB and PHV 
were used to make the PHA that was generated in this study. 
To detect 3HB and 3HV, PHA must be dissolved in chloro-
form and esterified with acidified methanol.

The retention time of 3HB was 9.8067 min on the GC-
FID analysis chart, while the retention time of 3HV was 
13.733 min, as confirmed by GC-FID standard (Sigma 
Aldrich, USA). This study confirmed that PHA consisted 
of PHB and PHV, which GC-FID discovered. The PHA 
content in the biomass was calculated by Eq. (1):

2.6  Statistical analysis

Statgraphics Centurion 19 was used to conduct the statisti-
cal analysis. The experiments in this study were carried 
out three times. The average standard deviation of three 
replicates was used to calculate the results. At the 0.05 
level, a significant difference was assessed.

3  Results and discussion

3.1  Wastewater analysis

The results obtained from substrate quality analysis for pH, 
COD, TS, VS, VSS, and VFA are displayed in Table 1. Both 
substrates had a high COD and VFA, but the effluent from 
molasses waste acidified fermenter had higher acetic acid 
and butyric acids such as 4,087 ± 128 and 8,151 ± 152 mg/L, 
respectively. Effluent from sucrose acidified fermenter has a 
higher concentration of propionic acid 4,789 ± 36 mg/L. The 
increasing acetic acid and butyric acid concentration lead 
to an enhanced level of PHB, while a higher concentration 
of propionic acid enhance PHV production but inhibit the 
growth of MMC [36–38].

(1)
PHA in the biomass (%) = PHA concentration in oil phase∕VSS concentration

3.2  Seed sludge

For this investigation, three distinct seed sludges were cho-
sen from Tainan pig farms, Chiayi pig farms, and Feng 
Chia University’s wastewater treatment facility. These three 
sludges were fed into various SBRs to compare and analyze 
PHA generation. The substrate was composed of sucrose 
acidified fermenter effluent and molasses waste acidified 
fermenter effluent in a 1:1 ratio. This ratio was selected 
because VSS in both effluents slightly varies as presented in 
Table 1. The reaction was maintained at a controlled tem-
perature of 30 °C. The hydraulic retention time (HRT) was 
recorded every 2 days, and the sludge retention time (SRT) 
was measured every 4 days during the 1-week reaction. 
When the experiment was initiated, the pH of the Tainan 
pig farm reactor was 8.07 ± 0.12, the Chiayi pig farm reac-
tor was 7.87 ± 0.11, and Feng Chia University’s wastewater 
treatment system reactor was 6.96 ± 0.08. Consecutively, on 
the fifth day, the Tainan pig farm reactor’s pH decreased to 
6.38 ± 0.11, the Chiayi pig farm reactor was decreased to 
6.33 ± 0.06, and the wastewater treatment system of Feng 
Chia University reactor was near to 6.33 ± 0.08. In the first 
5 days, the PHA concentration in three reactors increased 
linearly. On the sixth and seventh days, the PHA concen-
tration in three reactors improved and remained steady. 
Because the pH of three SBR on the fifth day was less than 
6.5, MMC:PHA accumulation was inhibited. As observed 
in Fig. 2, each of the three seed sludge of the highest PHA 
concentration from Tainan pig farm, Chiayi pig farm, and 
the wastewater treatment system of Feng Chia University 
was 26.88%, 22.88%, and 21.90%.

Among all three sludges, Tainan pig farm sludge was 
shown the best accumulation of the PHA. Compared to 
the Chiayi pig farm SBR and wastewater treatment system 
of Feng Chia University SBR, Tainan pig farm pH was 
8.07 ± 0.12 at the beginning, confirming that Tainan pig 
farm sludge’s initial pH ranged from 8.0 to 9.0, which helped 
in PHA production. The pH plays a vital role in the process 

Table 1  Water quality analysis for the substrate from sucrose acidi-
fied fermenter and molasses waste acidified fermenter

Substrate Effluent from sucrose 
acidified fermenter

Effluent from 
molasses waste 
acidified fermenter

pH 5.63 ± 0.12 6.02 ± 0.16
COD (mg/L) 26,600 ± 980 25,600 ± 817
TS (mg/L) 211,960 ± 1900 227,260 ± 2500
VS (mg/L) 208,100 ± 2450 217,480 ± 1900
VSS (mg/L) 10,000 ± 846 11,200 ± 542
Acetic acid (mg/L) 1,112 ± 145 4,087 ± 128
Proionic acid (mg/L) 4,789 ± 36 2,430 ± 58
Butyric acid (mg/L) 3,465 ± 42 8,151 ± 152
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of PHA production [37–39]. These studies pointed out that 
when the pH is 8.0–9.0, the accumulation of PHAs in the 
organism can be the highest, and when the pH is 6.0–7.0, the 
bioaccumulation of PHA activity drops [40, 41].

3.3  Metabolites

As per previous study results, the Tainan pig farm showed 
the highest PHA production. So, this study was focused 
on seed sludge from the Tainan pig farm. Sludges from 
the Tainan pig farm were fed in the SBR, and the sub-
strate was proportioned to 1:1 (effluent of sucrose acidified 
fermenter:effluent from molasses waste acidified fermenter) 
at the 30 °C. The experiment set up in the seed sludge, as 
shown in Fig. 2, was stopped for the Chiayi pig farm and 
Feng Chia University sludge after 7 days. The Tainan pig 
farm SBR continued for the next consecutive day.

On the eighth day, an experiment was analyzed for VFA 
metabolism. Butyric acid was metabolized at the fourth hour 
of the reaction, as shown in Fig. 3. Propionic acid and ace-
tic acid were metabolized by the eighth hour. According to 
Wang et al. [42], acetic acid and butyric acid mainly pro-
duce PHB, while propionic acid and valeric acid can pro-
duce PHV. However, propionic acid reduces the efficiency 
of PHA synthesis. In this experiment, a high concentration 
of acetic acid and butyric acid was utilized as the substrate. 
As a result, PHA can be rapidly boosted. When MMC accu-
mulates PHA, butyric acid has been used first, followed by 
propionic acid. While butyric acid’s metabolic route requires 
less ATP than propionic acid’s, acetic acid was used after 
propionic acid consumption [27]. This investigation con-
firmed the same tendency, and MMC may manufacture 
PHA in 8 h using VFA efficiency. To make the MMC a 
viable process for full-scale implementation, various optimal 

operational strategies must be combined to maximize each 
step’s performance [43].

3.4  Pyruvate effect

In this study, pyruvate metabolism utilized to generate PHA 
has been observed using the substrate from sucrose acidi-
fied fermenter effluent. PHA production was enhanced by 
introducing exogenous pyruvate which was introduced to 
the process. After adding substrate, pyruvate was added in 
different concentrations such as 0.25 g, 0.5 g, and 1 g in 
different SBR, and the control was maintained without the 
addition of pyruvate. The pyruvate effect was monitored and 
displayed in Fig. 4.

Figure 4a shows that when 0.25 g, 0.5 g, and 1 g of pyru-
vate were added, the PHV concentrations on the eighth day 
were 0 mg/L, 75 mg/L, 221 mg/L, and 215 mg/L, respec-
tively. In the control sample with no addition of a pyruvate, 
there was no PHV production. One of the pyruvate meta-
bolic pathways suggests PHA production is directly propor-
tional to the pyruvate addition [44]. The structure of PHV 
differs from that of PHB; thus, a higher PHV concentration 
allows PHA to have reduced crystallinity and more flex-
ibility [4]. Additional 0.5 g and 1 g pyruvate could increase 
PHV synthesis. On the other hand, it almost produced the 
same amount of PHV. This result demonstrates that 0.5 g 
pyruvate was the most beneficial amount in a 100  mL 
working volume. Figure 4b shows that when 0.25 g, 0.5 g, 
and 1 g of pyruvate were introduced, the PHB concentra-
tion on the eighth day was 0 mg/L, 926 mg/L, 1274 mg/L, 
and 1580 mg/L. The more pyruvate was added, the higher 
PHB was produced. The pathway that carries out PHB gen-
eration appears to be directly proportional to the amount of 
pyruvate added [44].

Fig. 2  PHA concentration evolution in different sludges in SBR

Fig. 3  The concentration of acetic acid, propionic acid, and butyric 
acid with respect time at the 1:1 effluent ratio between sucrose acidi-
fied fermenter and molasses waste acidified fermenter
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The additional amount of pyruvate supplied was 0.25 g, 
0.5 g, and 1 g; PHA concentration on the seventh day was 
550 mg/L, 1001 mg/L, 1485 mg/L and 1795 mg/L as observed 
in Fig. 4c. PHB is the most prevalent by-product of PHA [45]. 
Figure 4d shows that when 0.25 g, 0.5 g, and 1 g of pyruvate 
were introduced, the PHAs/VSS (%) on the eighth day were 
18.33%, 35.63%, 42.42%, and 53.58%, respectively. As addi-
tional pyruvate was introduced to the cycle, the percentage 
of PHAs in the biomass increased considerably. Sucrose acid 
manufacturing effluent was used as the substrates. The sucrose 
effluent may act as the supporting substrate to PHA enhance-
ment. At the same time, sludge from the Tainan pig farm’s 
aeration tank was mixed with an additional 1 g of pyruvate. It 
can attain the highest level of PHA production.

Most commonly, the MMC process consists of the follow-
ing stages: (1) the acidogenic fermentation, which converts 
organic matter into soluble fermentation products (SFPs), 
which serve as the precursors for PHA biosynthesis; (2) the 
selection of the best PHA-producing enriched culture; (3) 
PHA accumulation, in which a previously selected culture is 
fed the SFP and accumulated PHA to its maximum capacity 

[43]; (4) and MMC process modified with boosting the cul-
ture with pyruvate provides ease of access of nutrients to 
MMC for enhanced production.

The use and integration of industrial by-products into 
current industrial processes to use the infrastructures avail-
able in PHA manufacturing enables a sustainable and cost-
effective production method [46, 47]. This research used 
MMC in high organic wastewater with pyruvate to produce 
PHA acceptable for commercial activities.

As reviewed in Table 2, these studies are focused on 
wastewater utilization for the production of PHA. Among 
them [39–42], PHA production volume was 30.8%, 39.8%, 
41.5%, and 53.0%. In this study, the highest PHA produc-
tion was 53.6 PHA/VSS%. Compared with other methods of 
producing PHA, the amount of PHA in the biomass in this 
study was the highest. The substrate used to produce PHA 
needs high content carbon souses [17]. This study uses kinds 
of wastewater sources in these two sources to produce PHA 
very off efficiently. Acidification fermentation is a funda-
mental way to break the significant carbon source to VFA 
[26, 38].

Fig. 4  The change of a PHV, b PHB, c PHAs, and d PHAs/VSS in a continuous sequencing batch reactor by adding different amounts of pyru-
vate concerning the time
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According to this analysis, this study’s overall yield was higher 
than that of other pilot-scale MMC processes. The high overall 
yield was due to several factors; including acidogenic reactor 
operating conditions allowed us to achieve a fermentation yield 
and additionally by pyruvate effect. Since the total COD was 
used to calculate this parameter and this residue contain insoluble 
COD, it can be assumed that the fermentation yield cannot be 
improved further. In both selection and accumulation reactors, 
SFP stream was critical to maximize yields. Uncoupling carbon 
from SBR feeding ensured that no SFP was used for growth, 
resulting in a high selection of PHA-accumulating organisms, 
thus enhancing the storage yield obtained.

4  Conclusions

A sequencing batch reactor SBR was utilized to research aer-
obic fermentation to produce PHA effectively in this work. 
Comparing three different seed sludges with high organic 
wastewater to generate PHA compares the extra pyruvate 
to enhance PHA production capacity. Pyruvate showed the 
tendency in the enhancement of PHA production also by 
producing PHV and PHB.

1. Tainan pig farm has the highest PHA production capac-
ity when compared to other sludge.

2. This investigation confirmed that MMC might manufac-
ture PHA in 8 h using VFA efficiency.

3. PHA production was directly proportional to the pyru-
vate addition. Also, pyruvate addition enhances the PHV 
concentration in PHA.

The utilization of high organic wastewater with MMC is 
the future trend, and the addition of pyruvate can boost PHA 
output production and change the ratio of PHV in PHA.

According to the best of our knowledge, the global PHA 
productivity and overall yield achieved are the highest val-
ues reported for MMC with wastewaters. These parameters 
directly influence investment and operational costs. As a 
result, it can be expected that the conditions applied will 

contribute to a reduction in the final PHA production costs, 
demonstrating the potential for full-scale implementation of 
PHA production from organic wastewaters. In the future, 
researchers may focus on ways to commercialize this system.
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