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A B S T R A C T   

PHA production using a combination of mixed culture and carbon wastes has been demonstrated as a cost- 
reducing solution compared to the use of expensive pure culture process. Continuous research has been con-
ducted with the aim to further reduce the production cost by simplifying the production scheme, as well as 
enhancing the performance of mixed culture in PHA production. Selection of the carbon feedstock and enrich-
ment strategies needs to be essentially considered to obtain a culture enriched with PHA accumulators for a 
stable PHA production. Most of the studies implementing mixed culture process applied the feast-famine regime 
with periodical supply of carbon for culture enrichment. Results have revealed that the enriched culture showed 
a comparable performance with pure culture, in terms of PHA content (30–80%) and yield (0.4–0.8 g PHA/g S). 
However, a low productivity is the hindering factor to produce PHA at industrial scale by using mixed culture, 
which could be overcome by improvising the enrichment strategies. This review zooms into the evaluation of two 
step and three step processes in PHA production by utilising different feedstocks. Critical parameters to be 
considered for PHA production such as the suitable feedstocks, enrichment conditions, stability of the enriched 
culture and nutrient supplementation are being highlighted. The possible enrichment strategies that include 
uncoupled C and N supply and extended cultivation in overcoming the issue of low productivity are presented. 
The impact of different enrichment strategies on microbial community, characteristics of PHA produced as well 
as PHA production performance is worth investigating in future.   

1. Introduction 

Since petrochemical plastics fail to degrade naturally, severity of the 
plastic disposal is translated into the environmental pollution and an 
increasing number of landfills [1]. At an alarming level, plastics have 
been consumed massively to facilitate in the medical sectors and de-
livery packaging during the ongoing Covid-19 pandemic since 2019. 
Reduction in the use of the conventional plastics still remain as a chal-
lenge as they have been so conveniently made up the countless products 
that we use every day. Alternative plastic materials that are both user- 
and eco-friendly are necessary to be adopted to curb plastic pollution 
problems. Among many, polyhydroxyalkanoates (PHA) is a bio-based 
plastic that could potentially replace the petroleum-based plastics with 
similar properties. Since 2008, research related to PHA bioplastics/ 
biopolymers has been increased dramatically in the areas studying PHA 

characteristics, applications of PHA and developing sustainable pro-
duction processes [2]. 

PHA is synthesised via a biological fermentation by PHA producing 
bacteria [3]. Intracellular storage of PHA bioplastic by these PHA pro-
ducing bacteria is a way of reserving carbon and energy for survival [4]. 
In the plastic market, PHA production accounted for only 1.1% of the 
global bioplastics with production of 6.73 million tonnes in 2018 [5]. 
Industrial production of PHA bioplastics applies pure cultures such as 
Cuprivavidus necator, Alcaligenes sp. or Raltonia eutropha [6]. Various 
PHA bioplastics namely poly(3-hydroxybutyrate) (P(3HB) or PHB), 
polyhydroxyvalerate (P(3HV) or PHV), and copolymer P3HB-co-4HB 
are produced by Danimer Scientific and Tepha Inc. (USA), Kaneka 
Corporation (Japan), Tianan Biologic (China) and Biomer (Germany) 
[7]. Production capacity of these PHA producers are in the range of 
5,000 up to 10,000 tons per annum. The disadvantages of using pure 
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culture process are the requirement of using pure carbon sources 
(refined sugars or volatile fatty acids) and the aseptic condition to pre-
vent bacterial contamination and to obtain a high cell growth [7–9]. Due 
to this, the commercial price of PHA is very high from US dollar 4,000 to 
15,000 per ton, making it difficult to outcompete with the petrochemical 
plastics that are much cheaper in the range US dollars 1000–1500 per 
ton [5]. Some studies in the economic analysis of the PHA production 
using pure cultures agreed that the pure carbon feedstock is identified as 
one of the main cost contributors accounting for 30–50% of the overall 
production cost, followed by the downstream processing cost for 
extraction and purification [8,10,11]. 

Research efforts in making PHA more cost-competitive are central-
ised to two approaches, i.e. engineering bacteria and development of the 
mixed culture (MC) process. The first approach mainly deals with the 
PHA producing strains, which are genetically engineered in their basic 
metabolic pathways (carbohydrate/glycolytic, in situ fatty acid syn-
thesis and β-oxidation). The resultant genetically modified PHA pro-
ducing bacteria (E. coli, Halomonas spp. and Pseudomonas spp.) are more 
resistant to contamination especially extremophiles. Hence, the pure 
culture process is improved with an increasing conversion of the carbon 
substrate to PHA, and PHA product diversity with a control of the mo-
lecular weight and PHA synthases [12,13]. In the second approach, cost 
reduction in the PHA production is viable by using mixed culture as an 
alternative to the pure culture. Activated sludge obtained from waste-
water treatment facility is a source of mixed cultures which have been 
reported for its ability to produce PHA biopolymers in a non-septic 
condition as an advantage [14–16]. In addition to that, the mixed cul-
tures are well-adapted to the use of complex carbon sources from in-
dustrial wastes and byproducts [17–20]. Therefore, a significant cost 
reduction up to 50% for the PHA upstream processing can be realised 
[6,16,20,21]. Environmental and economic sustainability can be ach-
ieved through the development of the mixed culture process that is able 
to convert the abundantly available low-cost carbon waste sources into 
value-added biocompatible and biodegradable plastic products. 

Most of the complex carbon sources such as waste oils, cheese whey, 
fruit-canned juices, oil mill effluents and lignocellulose-based hydroly-
sate need to be pretreated to obtain products such as volatile fatty acids 
(VFA) with shorter carbon chains before utilising them for PHA pro-
duction [17–20]. This additional step results in the MC process to be 
conducted in three steps (pretreatment, culture enrichment and PHA 
accumulation). 

Impurities (salt content, alcohols, minerals and other non-carbon 
components) contained in the carbon wastes affect the product char-
acteristics (PHB homopolymers or PHA copolymers) [12,22,23]. Since 
wastewater sludge contains a diversity of different microorganisms/ 
bacteria, enrichment is a high energy demand step to select a PHA 
producing culture under the anaerobic/aerobic cycle or the feast/famine 
regime with an intensive aeration [13]. Throughout the bacterial se-
lection, a dynamic change happens in the bacterial community that the 
PHA producing bacteria are retained and grown. Multiple metabolic 
pathways of PHA synthesis take place in the mixed culture process, since 
different carbon components are taken up by various PHA producing 
bacteria. This results in unstable PHA structures, inconsistent PHA 
molecular weights in the discontinuous processes conducted in batches 
[13,24,25]. All of these factors make the mixed culture process more 
complex and difficult to control the inconsistency of PHA product 
specification that hinders the scale-up stage for pilot study and large- 
scale production. The PHA production at a lower cost via the mixed 
culture process combined with renewable carbon feedstocks has yet to 
reach commercialisation with some challenges to overcome. More in- 
depth studies at laboratory and pilot scales are needed to strengthen 
the research of the MC process. 

The experimental studies have proven the feasibility of combining 
various carbon wastes and activated sludge mixed culture to produce 
PHA via the anaerobic/aerobic or feast-famine regimes. PHA storage 
response of the mixed culture is highly comparable with that of the pure 

culture for yield (0.4–0.8 g PHA/g S) and polymeric content (30–80%). 
However, the current productivity of mixed culture is ranged from 0.236 
to 0.41 g PHA/L.h which hindered the scaling up process in comparison 
with that of the pure culture at 1.38 g/L.h [9,17,26]. Manipulation of 
the process parameters leading to an effective selection of the PHA 
producing culture and PHA accumulation at high yield and content were 
well reported in most studies. Nevertheless, the key factors to include in 
devising strategies of increasing PHA productivity are scarce in the 
current literature. Besides, it is noticed that in the production by using 
pure culture process, cell growth is the aim to increase the cell density of 
the PHA producing bacteria, which is then translated into an increased 
productivity. Conversely, the mixed culture process focuses only in the 
bacterial selection without given much attention to grow the PHA pro-
ducing bacteria (PHA producers or PHA accumulators) to achieve higher 
productivity. 

Continuous efforts have been made in lowering the cost of PHA 
through several means. This review aims to summarise the development 
of PHA production by using mixed culture and waste carbon sources as 
an alternative towards low-cost PHA production. The development of 
two step processes by using suitable feedstocks instead of three steps 
processes lower the production cost for PHA further. A comprehensive 
comparison was made between the performance of PHA production 
from both three steps and two steps processes. Subsequently, the factors 
to be considered when mixed culture is applied, such as the suitable 
feedstocks, operating conditions, stability of the mixed culture and 
nutrient supplementation are further presented. This review emphasised 
on the enrichment process in mixed culture PHA production, as this is 
one of the most important steps that governs the PHA yield, content and 
productivity as well as the quality of PHA produced. In view of the lack 
of compiled literatures related to improving productivity of PHA pro-
duction, which is one of the challenges that hinder process up scaling, 

Table 1 
Comparison between PHA biopolymers and petrochemical polymers 
[25,27,31,32].  

PHA biopolymers Petrochemical Polymers 

Advantages  
• Biocompatible and biodegradable.  • Well-establish production process at 

low cost.  
• Similar thermoplastic properties to 

polypropylene and polyethylene.  
• Many applications in commercial and 

industrial usage.  
• Produced from plant-based materials 

and carbon waste sources from other 
agriculture and industry.  

• Less water consumption in the 
production.  

• Potential applications in biomedicine, 
packaging materials to replace non- 
degradable plastics.  

• In assessment of life cycle, PHA 
production is more beneficial than 
polypropylene production in term of 
depletion of ozone layer, reduction in 
toxic level.  

Disadvantages  
• High production cost, 15 times higher 

than petrochemical polymers.  
• Non-biodegradable, causing plastic 

pollution.  
• Still under development stage to 

reduce the production cost, especially 
the mixed culture process.  

• Non-biocompatible, produced from 
the fossil fuel source.  

• Requires high water consumption (65 
dm3/kg polymer).  

• Unsustainable and not environmental- 
friendly.  

• Process is carried out in mild 
conditions (ambient temperature, 
atmospheric pressure and aqueous 
medium). Hence, less energy is 
required.  

• Difficult to recycle and reuse.  

• Feedstocks originated from carbon 
wastes contain fertilisers, acids and a 
significant amount of salts that add to 
the toxicity level of wastewater and 
the eutrophication potential.  

• Depending on the fossil resources.  
• Produced under high temperature and 

pressure conditions and involvement 
of organic solvents. Hence, more 
energy required.  
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this work highlights the possible strategies on productivity enhancement 
by applying uncoupling carbon and nitrogen supply, as well as extended 
cultivation. The future prospects of PHA production by using mixed 
culture are further discussed. 

1.1. Polyhydroxyalkanoates (PHA) properties and characteristics 

To reduce the dependency on the use of fossil fuel and its related 
petrochemical industry, PHA biopolymers have been attracting an in-
crease in the research due to its potential to replace the non- 
biodegradable polymers and to attain sustainable development. A 
comparison between the conventional petrochemical polymers and the 
alternative PHA biopolymers is presented in Table 1. Although the 
production processes of the petrochemical polymers are well established 
and commercialised with market-competitive prices, they are energy- 
demanded due to the harsh operating conditions under high pressure 
and temperature with an involvement of organic solvents [27]. In 
addition, the petrochemical plastic products are recalcitrant to natural 
degradation but difficult to recycle and reuse which are found in the 
characteristics of the PHA biopolymers as big advantages. A study in the 
life cycle assessment of PHA revealed that it would be more beneficial in 
the effort of reducing the ozone layer depletion and the toxic level in 
case of applying the PHA biopolymer production process rather than the 
petrochemical polymer process [27]. Therefore, continuous research in 
PHA bioplastic focusing on improving the PHA producing bacterial 
strain and reducing the production cost for scale-up process shows a hug 
interest in the PHA production, especially from the waste streams [2]. 

PHA bioplastics are one group of biopolymers produced by both 
prokaryotic and eukaryotic microorganisms [28]. The discovery of the 
PHA bioplastics in the form of P3HB by Bacillus megaterium was first 
reported at the Pasteur Institute in Paris 1926 by Lemoigne - a French 
scientist [29]. Since then, the PHA-producing microorganisms have 
been collectively identified in more than 90 genera under both aerobic 
and anaerobic conditions [28,30]. 

The degree of polymerisation is one of the indicators for the quality 
of the polymers produced. A polymeric material with a high degree of 
polymerisation has more monomer units in their macromolecules, hence 
increases the molecular weight [33]. PHA bioplastics exhibit a high 
degree of polymerisation from 105 to 107, which makes its molecular 
weight in the range of 500,000 to over 1,000,000 Da as high as the 
conventional polymer plastics [34,35]. Hence, PHA bioplastics are able 
to undergo further processing by blending with other petroleum-based 
polymers to overcome their drawbacks such as brittleness, low ther-
mal stability and high fragility [8,36]. Processability of the blends 
containing PHB and polyethylene glycol (PEG) lowers the processing 
temperature and brittleness of PHA based plastics [1]. 

Additionally, biodegradability is a useful property of PHA bio-
plastics, which the chemical-synthetic plastics do not have. PHA is 
degraded into carbon dioxide and water by microorganisms living in the 
soil under aerobic or anaerobic conditions without releasing toxic 
products [37]. In the marine environment, the mean rate of biodegra-
dation of PHA is reported at 0.04–0.09 mg per day per cm2, which means 
it can take between 1.5 and 3.5 years for a water bottle made of PHA 
plastic to completely biodegrade [38]. Another study in the decompo-
sition of PHA reported that PHB chemically degrades at a temperature 
just above its melting point at 180℃ into olefinic and carboxylic acid 
compounds [39]. Other properties of PHA such as elongation at break, 
tensile strength, and glass transition temperature are 300%, 20 Mpa, 
40℃ respectively [25]. With all these properties, PHA becomes a very 
potential alternative to the non-degradable conventional plastics in 
many applications such as packaging, additives, plasticisers and lately in 
the medical and pharmaceutical industries [1,40]. 

PHA biopolymers are characterised into two groups, namely homo-
polymers (PHB, PHV, PHMB, and PHMV) and copolymer (PHB-co-HV). 
Both types of PHA biopolymers are biocompatible and biodegradable; 
and their physicochemical properties are similar to those of the 

traditional polymers synthesised from petroleum [16]. The most com-
mon product obtained from the PHA production process is the homo-
polymer PHB [9,40–42]. Crystallinity of the PHB is high in the range of 
55–80%. The glass transition temperature and melting point of PHB are 
5℃ and 175℃ respectively [16]. Having a low molecular weight of less 
than 1,000,000 Da, PHB is suitable to apply in making softeners in 
polymer blends and food packaging [30]. 

Being less commonly produced, the copolymer (PHB-co-HV) has an 
incorporation of a monomer unit named hydroxyvalarate (HV) in the 
polymeric chain of hydroxybutyrate (HB). Due to the presence of HV, 
mechanical properties of the copolymer PHB-co-HV are improved 
significantly with increasing strength, toughness, and flexibility. 
Furthermore, an increase in the fraction of HV results in a significant 
decrease in the melting temperature without affecting the degradation 
temperature, hence the processing condition becomes easier [9,16,23]. 
In Table 2, processing properties such as glass transition temperature, 
melting temperature, melting enthalpy, and degree of crystallinity of the 
copolymer with 10% HV fraction are higher than that of the homopol-
ymer PHB (0% HV). The glass transition temperature increases 
dramatically from − 19℃ to 1.6℃. The melting temperature increases 
from 145℃ to 168℃ as both melting enthalpy and crystallinity increase 
from 40.0 to 44.8 J/g and 30 to 34% respectively. With further increase 
in the fraction of HV from 10% to 30%, the properties of the copolymer 
are improved by a drop from 3.3 to 2.1 in the polydispersity but a sig-
nificant increase in the glass transition temperature 1.6 to 42℃ [16]. 
Due to the improved physicochemical properties, the copolymer PHBV 
is more desirable in the production of PHA bioplastics. 

1.2. Mechanisms of the metabolic pathways for PHA microbial synthesis 

PHA synthesis occurs intracellularly once the carbon substrates enter 
the bacterial cells via transportation across the cytoplasmic membrane 
by diffusion. Three basic metabolic pathways take action to produce 
short-chain length PHA (scl-PHA; 3 to 5 carbon atoms) or medium-chain 
length PHA (mcl-PHA; 6 to 14 carbon atoms) [12,43]. Genetic engi-
neering mainly deals with these three basic pathways to modify on the 
PHA biosynthesis mechanisms and the gene of the PHA synthetic en-
zymes for diversifying PHAs biopolymers [12]. 

Pathway 1 (acetyl-CoA to 3-hydroxybutyryl-CoA, also known as 
glycolytic pathway) is taken by the PHA producing strain named Ral-
stonia eutropha (also known as Cupriavidus necator or Alcaligenes eutro-
phus). Carbon substrates for pathway 1 are sugars, fatty acids or amino 
acids. The sugar-based substrates are initially converted to pyruvate via 
Enter- Doudoroff (ED) for mannose, galactose, and glucose; Pento 
Phosphasphate Shunt (PPS) for xylose and arabinose [44]. The pyrurate 
component is further converted to acetyl-CoA as a starting substrate for 
the scl-PHA synthesis. Acetoacetate substrate is directly converted to 
acetyl-CoA by the acetoacetyl-CoA synthetase [45]. With the facilitation 
of PHA storage enzymes (pha A, pha B and pha C), acetyl-CoA is sub-
sequently synthesised to acetoacetyl-CoA, then (R)-3-hydroxybuanoyl- 
CoA known as 3HB monomer and finally polymerised into poly(3- 
hydroxybutyrate) or PHB (scl-PHA) as shown in Fig. 1. 

The other two pathways are β-oxidation and in situ fatty acid syn-
thesis to produce mcl-PHA as shown in Fig. 2 and Fig. 3 [7,21,48]. 
Bacterial strains found in the pathway 2 (β-oxidation) are typically 

Table 2 
Variation of copolymer properties depending on HV fractions [16].  

Percentage of HV in the PHB-co-HV 
copolymer 

0% HV 10% HV 25% 
HV 

30% 
HV 

Molecular weight (Da) 3.5x105 4.0x105 17x105 18x105 

Polydispersity 1.2 3.3 2.5 2.1 
Glass transition temperature (℃) − 19 1.6 56 42 
Melting temperature (℃) 145 168 139 141 
Melting enthalpy (J/g) 40.0 44.8 4.7 4.7 
Degree of crystallinity (%) 30 34 4 4  
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Pseudomonas putida, P. oleovorans, and P. aeruginosa which consume 
fatty acids to produce enoyl-Coa which subsequently transformed to R- 
3-hydroxyacyl-CoA (precursor) by R-3-hydroxyacyl-CoA hydratase. This 
precursor is catalysed by mcl-PHA synthase for polymerisation of mcl- 
PHA [12]. 

In the pathway 3 (in situ fatty acid synthesis also known as fatty acid 
denovo synthesis), uptake of amino acids, sugars and fatty acids by the 
Pseudomonas aeruginosa generates an intermediate acetyl-CoA. This in-
termediate is converted to R-3-hydroxyacyl-ACP. Pha G, known as 3- 
hydroxyacyl-acyl carrier protein-CoA transferase is a key catalytic 
enzyme converting R-3-hydroxyacyl-ACP to R-3-hydroxyacyl-CoA. 
Polymerisation of R-3-hydroxyacyl-CoA is eventually carried out by mlc- 
PHA synthase. Hence, depending on the type of carbon substrates being 
fed to the bacterial cultures, genes involving in different metabolic 
pathways will be adopted to metabolically synthesise scl- or mcl-PHA 
biopolymers. 

2. PHA production schemes for mixed culture and carbon waste 
sources 

Renewable carbon feedstocks which has zero-cost and generated 
abundantly are shown to be compatible with the mixed culture [43]. A 
variety of carbon sources were examined as feedstocks for the mixed 
culture process to produce PHA as can be seen in Table 3. Generally, the 
feedstocks are categorised into two types i.e. feedstocks for three-step 
process and feedstocks for two-step process in the mixed culture PHA 
production (named as MC-PHA production). 

In the three-step process as shown in Fig. 4, feedstocks are usually 
subjected to pretreatment, culture enrichment and PHA accumulation. 
Agricultural wastes, wastewater effluents discharged from crude oil, 
food, pulp and paper industries are particularly subjected to PHA pro-
duction via three-step processes [43]. In the first step, anaerobic con-
ditions are applied in pretreatment where the acidogenic fermentation is 
taking place to convert long chain carbon in wastewaters and waste oils 
into volatile fatty acids (VFAs), which are the precursors for mixed 
culture enrichment and PHA accumulation. On a side note, agricultural 
wastes such as sugar bagasse, wheat/rice straw, corn stover, oil palm 
empty fruit bunches which are rich in cellulosic component would un-
dergo hydrolysis as pretreatment to produce sugars (glucose, fructose, 
xylose, manose and arabinose). In culture enrichment followed by PHA 
accumulation, the uptake of the VFA and sugar feedstocks by the PHA 

Fig. 1. Pathway 1 – Acetyl CoA to 3-Hydroxybutyryl-CoA to produce PHB (scl-PHA) [7,46,47].  

Fig. 2. Pathway 2 – β-Oxidation to produce mcl-PHA [12].  

Fig. 3. Pathway 3 – In situ fatty acid synthesis to produce mcl-PHA [12].  
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Table 3 
Production of PHA from carbon waste sources and mixed cultures.  

Carbon sources Pretreatment Culture enrichment and PHA accumulation Results Ref. 

Carbon substrate Biomass mixed 
culture 

Nutrients Operation 
mode (cycle, 
HRT, SRT) 

Other 
operating 
conditions 

PHA storage Type of PHA Biomass growth 
and others 

Olive oil mill effluent Pretreated with bentonite, VFAs (acetic, lactic & 
propionic acids) 

Activated 
sludge MC  

SBR (F/F 
regime) 

pH 7.5 qPHA = 420 mg 
COD/g COD.h 

Copolymer PHB- 
HV  

[57] 

Anaerobic fermentation, OLR = 8.5 g COD/L.d CX = 300 mg 
VSS/L 

25℃ CPHA = 465 g 
COD/L after 
350 h 

HV content 11% 
(on molar basis) 
due to the 
presence of 
propionic acid 

Centrifuge YPHA/S = 1 mg 
PHA/mgVFA 
Final PHA 
content =
0.54 g PHA/g 
VSS or 54% 

VFAs (acetic, lactic & 
propionic acids)  

Cs = 8.5 g COD/L Activated 
sludge MC  

SBR (F/F 
regime)  

qPHA = 649 mg 
PHA/g VFA.h 

Copolymer 31%  [54] 

OLR = 8.5 g COD/L.d YPHA/S = 0.45 
mg PHA/ mg 
VFA 
PHA content 
50% 

Paper mill wastewater Acidogenic fermentation VFAs Activated 
sludge MC 

NH4Cl and 
other 
nutrients 
supplied to 
influent to 
obtain C 
limiting 
condition 

SBR (F/F 
regime) 

Aeration YPHA/S = 0.80 
gCOD PHA/ 
gCOD S 

PHA producing 
bacteria: 
Plasticicumulans 
acidivoran 

Biomass growth: [43] 

100 rpm OLR = 4.5 g COD/L.d SRT = HRT 
= 2 d 

30℃ PHA content 
76.8% 

CX = 1.79 gVSS/L 

pH 6 No settling pH 7.0 Productivity 2 
g/L.d 

CX = 1.29 gTSS/L 
room temperature Cycle 24 h  

Sugarcane wastewater Anaerobic fermentation VFAs (acetate, propionate, 
butyrate, valerate 72%, 
saccharide 20.6%, undefined 
inert substances 9.2%) 

Activated 
sludge MC  

SBR (F/F 
regime) 

pH 7 PHA content 
61.26%  

F/F ratio 0.04 [53] 

pH 4.8 Cs = 252 gCOD/L CX = 3.65 g/L SRT 5 d 20℃ YPHA/S = 0.68 
mg COD/mg 
COD 

YX/S = 0.18 
mgCOD/mgCOD 

35℃ HRT 1 d qPHA = 0.31 
mg COD/mgX. 
h 

Cycle 12 h 

Sugar molasses Acidogenic fermentation VFAs Activated 
sludge MC 

Amonia 
phosphate 

SBR (F/F 
regime) 

pH 8 PHA content 
74.6%  

F/F ratio 
0.21–1.1 good 
PHA storage 

[58] 

pH 6 Cs = 45 Cmmol VFA/L C/N/P = 100/ 
8/1 (molar 
basis) 

SRT 10 d 500 rpm qPHA = 0.43 
Cmol PHA/ 
Cmol X.h 

30℃ HRT 1 d 23-25℃ YPHA/S = 0.81 
Cmol PHA/ 
Cmol VFA 

Cycle 12 h 

Palm oil mill effluent Anaerobic fermentation VFAs Activated 
sludge MC 

Nutrients 
supplied for 
bacterial 
growth C/N/ 
P = 10/2/1 
(molar basis) 

SBR (F/F 
regime) 

pH 7 PHA content 
64% 

HB:HV = 77:23 (% 
mol) 

YX/S = 0.03 mgX/ 
mgVFA 

[52] 

30℃, pH 4.5 Cs = 750–950 mg VFA/L HRT = SRT 
2d 

28-30℃ qPHA = 0.24 
mgPHA/mgX. 
h 

OLR = 360 mg VFA/L.d No settling 

(continued on next page) 
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Table 3 (continued ) 

Carbon sources Pretreatment Culture enrichment and PHA accumulation Results Ref. 

Carbon substrate Biomass mixed 
culture 

Nutrients Operation 
mode (cycle, 
HRT, SRT) 

Other 
operating 
conditions 

PHA storage Type of PHA Biomass growth 
and others 

Aeration 
1vvm 

YPHA/S = 0.59 
mg PHA/mg S 

Cycle 24 h 

Crude glycerol (glycerol 89%, 
6.98% moisture, 1.7% salts) 

Without pretreatment OLR = 360–1000 mgC/L.d Activated 
sludge MC 

Basic nutrient 
for bacterial 
growth 

SBR (F/F 
regime) 

pH 7 PHA content 
80% 

Copolymer PHB- 
HV (60:40) 

F/F ratio 
0.26–0.4 

[17] 

HRT = SRT 
2d 

Aeration 
1/3 vvm 

YPHA/S = 0.7 
mgC PHA/ 
mgC S 

CX = 1.7–2 g/L 

No settling 28-30℃ qPHA = 0.16 
mgC PHA/ 
mgC X.h 

YX/S = 0.01 mgC 
X/mgC S 

Cycle 24 h Productivity 
236 mg PHA/ 
L.h 

Crude glycerol (70% glycerol, 
30% methanol & other free 
fatty acids) 

Without pretreatment OLR = 50 CmM/d = 4.6 g/L.d Activated 
sludge MC 

Ammonia 
chloride and 
phosphorus 

SBR (F/F 
regime) 

Aeration 1 
L/min 

PHA content 
59% 

PHB and glucose 
biopolymer (GB) 

F/F ratio less 
than 0.2 
favouring PHA 
storage and 
selection 

[42] 

C/N/P = 100/ 
6/1 (molar 
basis) 

SRT 5d pH 8.0–8.4 YPHA/S = 0.44 
g/g 

CX = 9.983 Cmol 
X/L 

N sufficient 
for biomass 
growth 

HRT 2d 400 rpm qPHA = 0.046 
Cmmol HB/ 
Cmmol X.h 

YX/S = 0.310 
Cmmol X/Cmmol 
S 

Settling 20-22℃ qGB = 0.018 
Cmmol GB/ 
Cmmol X.h 

Cycle 24 h 

Crude glycerol (72% glycerol, 
25.7% methanol, 2.58% 
FFA and FAME) 

Without pretreatment Cs = 30 CmM MC culture 
acclimatised to 
bio-oil 

C/N/P = 100/ 
8/1 (molar 
basis) 

SRT 5d Aeration 1 
L/min 

PHA content 
47% 

HB and GB F/F ratio 
0.04–0.12 for 
PHA storage 
response 

[59] 

OLR = 2.8 g/L.d N sufficient 
for biomass 
growth 

HRT 2d 400 rpm YPHA/S = 0.44 
g COD/g COD 

YX/S = 0.11 Cmol 

Settling pH 7.2–8.2 Productivity 
0.27 g PHA/L. 
d 

X/Cmol S 
Cycle 24 h 20-23℃ 

Crude glycerol Without pretreatment  MC enriched in 
yeast and 
bacteria    

PHA content 
7.4% 

Multiple 
biopolymer 
products 

Methanol for cell 
growth 

[22] 

TGA 4.6% in yeast 
cell 
PG 28% 
PHB, PHV and 
PHBV 

Crude glycerol Anaerobic fermentation VFAs, 1,3-PDO Activated 
sludge MC  

SRT = HRT 
1d 

Aeration 1 
L/min 

qPHA = 1.13 
Cmol PHA/ 
Cmol X.h 

Copolymer PHB- 
co-HV  

[26] 

Cs = 90 CmM Cycle 12 h 500 rpm YPHA/S = 0.84 
gCOD PHA/ 
gCOD S 

OLR = 3.7 g COD/L.d pH 8 PHA content 
76% 

(continued on next page) 
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Table 3 (continued ) 

Carbon sources Pretreatment Culture enrichment and PHA accumulation Results Ref. 

Carbon substrate Biomass mixed 
culture 

Nutrients Operation 
mode (cycle, 
HRT, SRT) 

Other 
operating 
conditions 

PHA storage Type of PHA Biomass growth 
and others 

30℃ CPHA = 1.48 g/ 
L  
Productivity 
0.41 g PHA/L. 
h 

Cheese whey (lactose 79.3%, 
protein 9.1%, fat 0.7%, 
ashes less than 8.5%) 

Acidogenic fermentation VFAs (acetate butyrate, 
propionate, lactate, valerate, 
ethanol) 

Activated 
sludge MC 

C/N/P = 100/ 
4/0.6 

HRT 1d Aeration 
1vvm 

YPHA/S = 0.96 
Cmol PHA/ 
Cmol S 

Copolymer with 
13.2% HV (%mol) 

Uncouple C&N 
feeding strategy 
has higher PHA 
production than 
the conventional 
ADF strategy. 

[18] 

300 rpm OLR = 100 Cmmol/L.d = 8.5 
g/L.d 

Uncouple C 
and N feeding 
strategy 

SRT 4d 300 rpm qPHA = 0.4 
Cmol PHA/ 
Cmol X.h 

30℃ Settling pH 8.1–8.9 Productivity 
6.02 gPHA/ 
gX.d 

pH 6 Cycle 12 h 23-25℃ 

Sodium acetate  Sodium acetate Activated 
sludge MC 

N and P 
supply 

HRT 8 h Aeration 
1.2–1.8 L/ 
min 

PHA content 
70% (wt.%) 

PHB C/N ratio 6–13.2 
for C limited 
(acetate uptake 
rate) 

[60] 

Cs = 30 and 165 mM SRT 1d pH 7 YPHA/S = 0.06 
Cmol PHA/ 
Cmol S 

C/N ratio 15–24 
for N limited 
(ammonia uptake 
rate) 

Settling 20℃ YX/S = 0.29 Cmol 
X/Cmol S Cycle 4 h 

VFAs  VFAs Activated 
sludge 

N and P 
supply for 
Nitrogen 
limited 
condition 

Cycle 23 h 250 rpm PHA content 
29.98%  

YX/S = 0.591 
gVSS/gVFA 

[34] 

Settling 28℃ YPHA/S =

0.334 g PHA/g 
VFA 

qX = 20.59 mg/L. 
h 

qPHA = 11.64 
mg/L.h 

Acetate sodium  Acetate sodium MC N and P 
supply 

HRT 1d Aeration YPHA/S = 0.6 g 
PHA/g S  

YX/S = 0.24 g X/g 
S 

[61] 

Cs = 1400 mg/L SRT 5d 30℃ qPHA = 0.292 
mg PHA/mg 
VSS.h 

Settling PHA content 
64.7% Cycle 12 h 

VFAs  VFAs Enriched MC 
for extended 
cultivation for 
10 days, on 
basis of feast 
famine 

C/N/P = 100/ 
6/1.5 (mass 
ratio) 

SRT 10 days pH 7 PHA content 
71.4%  

Final cell density 
17.22 g/L 

[56] 

Cs = 4.8 g COD/L Cycle 12 h 21℃ YPHA/S = 0.49 
gCOD PHA/ 
gCOD VFA 

Biomass 
magnification 43 
and 52 with and 
without sludge 
discharge 

OLR = 1.2 g/L.d Productivity 
1.21 g PHA/L. 
d 

Synthetic wastewater  Sodium acetate Activated 
sludge 

C/N/P = 100/ 
12/2 nitrogen 
sufficient 

HRT 12 h No pH 
control 

Under 
nitrogen 
deficient: 

PHB  [62] 

Cs = 300 mg COD/L 100/2/2 
nitrogen 
deficient 

SRT 8d 20℃ YPHA/S = 0.61 
Cmmol PHA/ 
Cmmol S 

PHV 

(continued on next page) 
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Table 3 (continued ) 

Carbon sources Pretreatment Culture enrichment and PHA accumulation Results Ref. 

Carbon substrate Biomass mixed 
culture 

Nutrients Operation 
mode (cycle, 
HRT, SRT) 

Other 
operating 
conditions 

PHA storage Type of PHA Biomass growth 
and others 

Settling PHA content 
20.71% 

P3H2MV 

Cycle 6 h qPHA = 0.276 
Cmmol PHA/ 
Cmmol X.h 
qS = 0.490 
Cmmol S/ 
Cmmol X.h 
Under 
nitrogen 
sufficient: 
YPHA/S = 0.43 
Cmmol PHA/ 
Cmmol S 
PHA content 
14.24% 
qPHA = 0.180 
Cmmol PHa/ 
Cmmol X.h) 
qS = 0.433 
Cmmol S/ 
Cmmol X.h 

Synthetic wastewater  Sodium acetate Activated 
sludge 

C/N/P = 100/ 
12/2 nitrogen 
sufficient 

HRT 12 h No pH 
control 

PHA content 
43.3%  

Biomass stable 
after 40d 

[63] 

Cs = 300 mg COD/L C/N/P = 100/ 
2/2 nitrogen 
deficient 

SRT 8d 20℃ YPHA/S = 0.69 
gCOD PHA/ 
gCOD S 

CX = 2310 mg/L 
Settling 

VFAs (acetate and propionic 
acid mixture)  

VASs (acetic and propionic 
acids) 

Activated 
sludge 

C/N = 14.3 
Cmol/Nmol 
for uncouple 
feeding 
strategy 

SRT = HRT 
1d 

Aeration 
greater 
than 2 mg 

YPHA/S = 0.4 g 
Cod PHA/g 
COD S 

Copolymer  [55] 

Cs = 8.5 g/L No settling O2/L CPHA = 1300 
mg COD/L 

HV content 20% 
OLR = 8.5 gCOD/L.d Cycle 6 h pH 7.6 

25℃ 
Acetate and methanol  Cacetate = 13.5 mM Activated 

sludge 
C/N = 8 
Cmol/Nmol 

SRT 1d Aeration PHA content 
60% 

PHB YX/S = 0.38 Cmol 
X/Cmol S 

[64] 

Cmethanol = 27 mM Settling at 
the end of 
feast to 
remove 
supernatant 

750 rpm YPHA/S = 0.62 
Cmol PHA/ 
Cmol S 

Cycle 12 h pH 7 
30℃ 

Acetate  Acetate Activated 
sludge 

C/N/P = 100/ 
10.3/6.1 

HRT 1d Aeration Under no pH 
control 
8.8–9.2, and 
N limited 
conditions:   

[65] 

CS = 1.2 g COD/L SRT 2d 22-24℃ PHA content 
51% g PHA/g 
VSS 

OLR = 1.2 g COD/L.d Settling 

(continued on next page) 
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producing bacteria in the mixed culture will take place via the three 
metabolic pathways (glycolytic, β-oxidation and in situ fatty acid syn-
thesis) as mentioned in the previous section. 

In the two-step process (Fig. 5), the pretreatment step is omitted 
when using glycerol-based feedstock or synthetic VFA mixtures, which 
can be directly be fed to the enrichment and PHA accumulation steps. A 
study in examining crude glycerol (a byproduct from biodiesel pro-
cessing) as feedstock for the mixed culture process has found that 
glycerol entering the bacterial cells via the Embden-Meyerhof-Parnas 
(EMP) pathway to produce pyruvate [30]. The intermediate pyruvate 
formed in the cells is further converted and polymerised into scl-PHA 
(PHB) via the glycolytic pathway (acety-CoA to 3-hydroxybutyryl- 
CoA) and/or to produce mcl-PHA via the in situ fatty acid synthesis 
pathway as illustrated in Fig. 6 [30,49]. Therefore, the glycerol-based 
feedstock can be as effective as other common carbon feedstocks like 
fatty acids and sugars entering the pathways 1 and 2 to produce both scl- 
and mcl-PHA biopolymers. This is because in term of oxidation level, the 
three carbon atoms in the glycerol molecules are chemically in a higher 
reduced state than that of glucose or lactose. When uptaking glycerol, a 
more reduced physiological state in the bacterial cells is achieved, thus 
favours the synthesis of intracellular PHA [30]. 

3. Enrichment of mixed culture by imposing feast/famine 
regime 

Back in 1996, studies done by Majone et al. and Satoh et al. have 
reported that activated sludge was able to accumulate PHA due to the 
presence of some bacteria with PHA storing ability under the aerobic 
conditions, besides the presence of non-PHA storing bacteria [50,51]. 
Enrichment is an essential step in the PHA production as proven by the 
experimental result of Majone et al., which has shown that the perfor-
mance of the enriched MC obtained under the unbalanced growth 
conditions was 405 mg for PHA storage rate and PHA content of 44%. 
These results were significantly higher than the MC without enrichment 
(21 mg and 10% respectively). Due to such big differences, the enriched 
MC was evaluated to contain more bacteria capable of accumulating 
PHA in comparison with the initial activated sludge which contained 
less PHA accumulating bacteria [51]. Therefore, the enrichment stra-
tegies for the culture selection play an important role in obtaining a MC 
with a high PHA storing capacity. 

In a mixed culture, when the external carbon source is available, the 
PHA producing bacteria consume carbon for both cell growth and 
intracellular accumulation of the PHA as carbon or energy storage. 
When there is an environmental stress such as carbon depletion, the 
PHA-producing bacteria can survive by changing its metabolism to 
consume the accumulated PHA in their cells. In contrast, bacteria 
without the ability to store PHA (non-PHA accumulating bacteria) will 
be hard to survive during the starvation period [51]. Based on this 
finding, a mechanism of the enrichment strategy is developed with 
alternative periods between carbon availability (Feast) and carbon 
starvation (Famine) applied to the MC. This strategy creates a selective 
pressure on the mixed culture, which gradually enriches with PHA 
producing bacteria. which are Alphaproteobacteria and Betaproteobac-
teria as the most dominant species [17,52]. 

In many studies, this carbon feeding strategy is recognised as an 
effective way for the culture selection and become the fundamental 
carbon feeding strategy known as aerobic dynamic feeding (ADF) or 
feast/famine (F/F) regime [17,20,53]. The imposition of the F/F regime 
creates an internal growth limitation on the MC. To explain for this 
point, the absence of external carbon supply in the famine phase causes a 
decrease in the intracellular components (RNA and enzymes) required 
for cell growth of PHA storing bacteria. When an excessive carbon 
supply is resumed in the feast phase, the amount of growth enzyme 
becomes insufficient, and instead the storage enzyme is triggered the 
storage of PHA [7,47]. Operation of the F/F regime in the enrichment is 
commonly conducted in a sequencing batch reactor (SBR) which can be Ta

bl
e 

3 
(c

on
tin

ue
d)

 

Ca
rb

on
 s

ou
rc

es
 

Pr
et

re
at

m
en

t 
Cu

ltu
re

 e
nr

ic
hm

en
t a

nd
 P

H
A

 a
cc

um
ul

at
io

n 
Re

su
lts

 
Re

f. 

Ca
rb

on
 s

ub
st

ra
te

 
Bi

om
as

s 
m

ix
ed

 
cu

ltu
re

 
N

ut
ri

en
ts

 
O

pe
ra

tio
n 

m
od

e 
(c

yc
le

, 
H

RT
, S

RT
) 

O
th

er
 

op
er

at
in

g 
co

nd
iti

on
s 

PH
A

 s
to

ra
ge

 
Ty

pe
 o

f P
H

A
 

Bi
om

as
s 

gr
ow

th
 

an
d 

ot
he

rs
 

no
 p

H
 

co
nt

ro
l 

8.
8–

9.
2 

q P
H

A
 =

0.
16

 
Cm

ol
 P

H
A

/ 
Cm

ol
 X

.h
 

Cy
cl

e 
12

 h
 

Y P
H

A
/S

 =
0.

33
 

Cm
ol

 P
H

A
/ 

Cm
ol

 S
 

N
ot

e:
 V

FA
: v

ol
at

ile
 fa

tt
y 

ac
id

s;
 S

RT
: s

ol
id

 r
et

en
tio

n 
tim

e;
 H

RT
: h

yd
ra

ul
ic

 r
et

en
tio

n 
tim

e;
 S

: s
ub

st
ra

te
; X

: b
io

m
as

s.
 

q P
H

A
: P

H
A

 p
ro

du
ct

io
n 

ra
te

. 
q x

: b
io

m
as

s 
or

 c
el

l g
ro

w
th

 r
at

e.
 

Y P
H

A
/S

: y
ie

ld
 o

f P
H

A
 o

n 
ca

rb
on

 s
ub

st
ra

te
. 

Y X
/S

: y
ie

ld
 o

f b
io

m
as

s 
on

 c
ar

bo
n 

su
bs

tr
at

e.
 

C P
H

A
: P

H
A

 c
on

ce
nt

ra
tio

n.
 

C X
: b

io
m

as
s 

co
nc

en
tr

at
io

n.
 

C S
: s

ub
st

ra
te

 c
on

ce
nt

ra
tio

n.
 

O
LR

: o
rg

an
ic

 lo
ad

in
g 

ra
te

. 

T. Nguyenhuynh et al.                                                                                                                                                                                                                         



Chemical Engineering Journal 420 (2021) 130488

10

set up for the intermittent carbon supply to the MC. SBRs operate in 
cycles consisting of feeding, reaction (feast and famine), settling, and 
discharge. After several cycles (when F/F ratio being stabilised at 
approximately 1:4) in the enrichment stage, a stable MC enriched with 
PHA storing bacteria is obtained and proceeded to the PHA 

accumulation stage under the nitrogen-limiting condition [17,21,54]. 
In the enrichment, an effective selection of PHA storing bacteria 

depends on the response of activated sludge MC to the feast-famine 
regime [47]. The enriched MC will be able to show a stable perfor-
mance in producing PHA in the accumulation stage in terms of stable 

Fig. 5. MC-PHA production process in two-steps.  

Fig. 4. MC-PHA production process in three steps.  
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PHA content, yield of PHA to carbon substrate, volumetric productivity, 
polymer composition, and culture stability. These aspects should be 
included in evaluating the performance of PHA production by the MC. 

A majority of studies focused on the F/F regime for the enrichment 
with varying operating conditions of the SBRs and different carbon 
waste as feedstocks as shown in Table 3. Results of these studies often 
showed a high PHA storage in terms of PHA yield (0.4–0.8 g PHA/g S) 
and accumulated content (30–80%). However, cell growth (biomass 
growth) of the enriched culture is another aspect to consider in the MC- 
PHA production besides the PHA storage, as this could be one of the 
factor that causes the lower productivity compared to PHA production 
by using pure culture. Some recent research has been conducted to gain 
more understanding in the cell growth and its effect on improving the 
PHA productivity of the enriched culture by devising new strategies 
based on the F/F regime [18,55,56]. Hence, both aspects (PHA storage 
and cell growth) can be ensured for an efficient MC-PHA production. 

4. Aspects to be considered in MC-PHA production 

4.1. Type of feedstocks 

4.1.1. Feedstocks for the three-step process 
Wastewater effluents in the waste streams of other industry are 

complex carbons that need to be converted to a simpler carbon (VFAs) 
prior to enrichment and PHA accumulation steps as shown in Fig. 4. In 
Table 3, the acidogenic fermentation conducted under the anaerobic 
conditions is a common pretreatment method applied to the feedstocks 
which are from wastewater effluent streams, lignocellulosic hydrolysate 
and molasses [43,57,58]. 

In the studies applying the anaerobic fermentation, the use of VFA 
mixtures usually resulted in the production of copolymer P(HB-co-HV) 
at high yield and PHA content with HV in the range 11%-31% 
[54,57]. An example is shown in the olive oil mill extraction where the 
bentonite pretreated wastewater effluent was fermented anaerobically 
at pH 6.5 and fluxed with CO2 and N2 at 25℃. The obtained supernatant 
was a VFA mixture containing acetic acid (40%), lactic acid (40%) and 
propionic acid (20%) which was subsequently fed to an activated sludge 
mixed culture. In the last PHA accumulation step, copolymer P(HB-HV) 
was obtained with 11% HV content on a molar basis, yield of 1 mg PHA/ 
mg VFAs and PHA content of 54% [57]. In another study by using 
anaerobic fermented palm oil mill effluent as feedstock, the mixed cul-
ture has accumulated copolymer P(HB-co-HV) with 23% HV content, 
59% PHA yield and 64% PHA content [52]. Furthermore, wastewater 
collected from the paper mill and sugarcane processes was also exam-
ined in the three-step process and shown to result in a good PHA storage 
with high yield from 0.68 to 0.80 g COD PHA/g COD VFA and high PHA 
content in the range 61–77% [43,53]. 

In the cheese-making process, cheese whey - a byproduct rich in 
carbon compounds such as lactose, protein and fat was fermented to 
obtain a mixture of VFAs at various concentrations of acetate, butyrate, 
propionate, lactate, valerate and ethanol [18]. The activated sludge 
mixed culture being fed with the fermented cheese whey showed a good 
performance in producing PHA copolymer with HV content of 13.2%, 
high yield of PHA at 0.96 Cmol PHA/Cmol S, and the production rate at 
6.02 g PHA/g X.d. Instead of applying anaerobic fermentation, less 
extensive pretreatment methods were applied to cheese whey via the 
enzymatic hydrolysis followed by permeation. The pretreated cheese 
whey hydrolysate (glucose) was used to grow a culture consortium of 

Fig. 6. Metabolic pathways from glycerol to PHA.  
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Haloferax medierranei and Cupriavidus necator mRePT in a fed-back 
bioreactor to produce copolymer PHB-co-HV and mlc-PHA at contents 
of 53% and 35.6% respectively [66,67]. 

Sugar components in the molasses was also applied to produce VFA 
feedstock for MC-PHA production via anaerobic fermentation [58]. As a 
result, PHA storage response of the enriched culture fed with VFAs was 
able to accumulate PHA at a content of 74.6%, at a high yield of 0.81 
Cmol PHA/Cmol VFA. 

On the other hand, pretreatment of lignocellulosic material was 
carried out via hydrolysis followed by detoxification to obtain glucose 
[68]. In two studies, wheat straw and sugarcane crop residues were first 
pretreated via ammonia fibre expansion (AFEX) and alkaline pretreat-
ment respectively to make lignocellulosic material less recalcitrant. 
Subsequently, enzymatic hydrolysis was performed to convert the 
cellulosic and hemicellulosic components into glucose and xylose, which 
were then used for growing biomass in the pure culture of Halomonas 
boliviensis LC1 and Bacillus firmus N II respectively in the fermenters. The 
enriched cultures were then used for accumulation of PHB at content of 
89% (1.9 g/L CDW) and 72% (146 g/L CDW) in batch [69,70]. Till date, 
mixed culture originated from activated sludge was not being tested for 
PHA production by using lignocellulosic substrate. 

For carbon waste feedstocks used in the three-step process, nutrient 
supplement such as nitrogen and phosphorus is necessary for the cell 
growth in the MC-PHA production since the feedstocks are poor in nu-
trients as suggested in some studies [18,43,58]. Therefore, dosage of the 
nutrient supplement and its ratio to the amount of carbon supply were 
examined further to determine the status of enrichment reactor under 
nitrogen sufficiency or deficiency that is further discussed section 4.4. 

4.1.2. Feedstocks for the two-step process 
In recent years, crude glycerol, a byproduct of biodiesel production 

has been examined in the research as a potential feedstock for the mixed 
culture [17,30,71,72]. Originally, vegetable oils extracted from palm 
fruit, grape seed, soybean, used cooking oil, and animal fats are sub-
stances containing triglycerides. The triglycerides in these fatty sub-
stances undergo a trans-esterification process which reacts with an 
alcohol (methanol or ethanol) in the presence of catalysts to form fatty 
acid methyl esters (FAME) known as biodiesel, and another alcohol 
called glycerol or glycerine together with other inorganic impurities 
[73]. While biodiesel is the main and desired product as an alternative to 
petroleum-based diesel fuel, crude glycerol is the byproduct with a low 
commercial value in the biodiesel production industry. Since crude 
glycerol is in the simplest three carbon form, it was used in the two-step 
process for PHA production as illustrated in Fig. 5 [17,22]. 

Conversion of crude glycerol into PHA bioplastic was successfully 
carried out by using pure cultures as well as bacterial consortium. 
Cupriavidus necator or Rostoria entropha is the most common bacterial 
strain being used in pure cultures, besides Thermophilic Caldimonas 
manganoxidans, B. megaterium k and C. hydrocarbooxydans 
[9,11,40,41,48,74–76]. Results from these recent studies showed that 
the PHA content in dry cell weight ranges from 40 to 80%, at PHA yield 
in the range 0.4–0.8 g PHA/g carbon substrate. In a study using ther-
mophilic Caldimonas Mangaoxidans bacteria, the content of PHA was 
71% at a concentration of 8.4 g/L [40]. With bacteria extracted from 
marine environment namely Bacillus cereus MCCB 281 using sea water as 
a culture medium, PHA content of 68.27% at concentration of 2.54 g/L 
was obtained [11]. The waste stream of the biodiesel production con-
taining residual glycerol and carboxylic acids was also being utilised as 
feedstock in a separate study [41]. The waste stream was first neutral-
ised before feeding it to the pure culture for PHA production. The pure 
culture used in this study was a consortium of two different bacteria 
B. megaterium k and C. hydrocarbooxydans. The obtained PHA concen-
tration was 8.01 g/L with 44.9% PHA content [41]. 

Crude glycerol was also used as a carbon feedstock for the mixed 
culture to produce PHA in some studies focusing on the two-step process 
as shown Table 3. In a stable enriched MC, the accumulation of PHA 

could reach up to 80% with a high yield of 0.8 mgC PHA/mgC substrate 
[17]. In a similar study, the PHA content and yield were 76% and 0.99 
Cmol PHA/Cmol substrate respectively, resulted from the enriched 
culture under the feast/famine regime fed with crude glycerol [26]. 
These results have suggested that the combination of mixed culture and 
crude glycerol has resulted in comparable or even higher yield as 
compared to its pure culture counterpart. The PHA yield and content 
obtained from the MC-PHA production from crude glycerol were eval-
uated to be as high as those studies using wastewater and cheese whey. 
However, PHA productivities of the mixed culture fed by crude glycerol 
were very low, ranging from 263 mg PHA/L.h to 0.41 PHA/L.d as 
compared with the productivity of the pure culture [17,26,59]. 

Interestingly, crude glycerol has shown to be not only feasible to be 
used as feedstock for MC-PHA production in the two-step process, but 
also able to produce copolymer PHB-co-HV as a new finding reported in 
few studies recently [17,22,26]. This is because crude glycerol contains 
a mixture of mainly free glycerol and glycerides which is accounted for 
70% wt. alongside with methanol used in the biodiesel process, and a 
small fraction of free fatty acids (FFAs), fatty acid methyl esters (FAMEs) 
and ash [17,42,59]. Characterisation of crude glycerol collected from 
different biodiesel factories reported that compositions were varied 
significantly from 22.9% to 63.0% for glycerol and from 6.2% to 12.6% 
for methanol [77]. Therefore, crude glycerol is considered as a mixed 
carbon substrate, which can be possibly applied to produce PHA 
copolymer. Ratios of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate 
(3 HV) monomers in the copolymer were 60:40 and 80.9:19.1 
[17,26]. In the work of Mohandas et al., the percentage of HV in the 
copolymer was reported at 13 mol % in production of PHA by using MC 
enriched by crude glycerol [11]. In one study conducted by Fra-Vaz-
quez’s group, crude glycerol as carbon substrate used for PHA produc-
tion process resulted in not only the formation of PHV with 7.4% 
accumulated in the cell, but also 27.6% of polyglucose (glucogen) and 
46.3% of triacylglycerides (TAGs) [22]. As compared with homopoly-
mer PHB, copolymer PHBV is more desired due to its better mechanical 
properties such as higher strength, toughness and flexibility [9,16,23]. 
Therefore, crude glycerol is a very promising feedstock for MC-PHA 
process producing the copolymer at a lower cost. 

Among the carbon sources originated from wastes and industrial 
byproducts, crude glycerol is found to be the only carbon byproduct 
which has been investigated so far for the two-step process using MC for 
PHA production. Besides crude glycerol, other glycerol-based material 
such as glycerine pitch (unrefined glycerine – a byproduct form crude 
glycerol refinery in the biodiesel production) can be a very potential 
carbon feedstock to examine further. This is because glycerine pitch 
comprises glycerol (55–65%), diglycerol (15–25%), less than 10% of 
other fatty acids, methanol and inorganic salts which are varied 
depending on the efficiency of the refining system [78]. A study in 
examining unrefined glycerine pitch as feedstock for the pure culture 
process carried out in two steps reported the biosynthesis of poly(3- 
hydroxybutyrate-co-4-hydroxybutyrate) P(3HB-co-4HB) copolymer 
using Cupriavidus sp. USMAHM13 [79]. Therefore, future research in 
utilising glycerine pitch feedstock for the two-step MC process would 
become a new study area of the PHA production. 

For triacylglycerides (TAGs) present in fats, vegetable oils and waste 
cooking oils, a majority of studies using lipid wastes as a carbon source 
conducted in two steps focused on using pure culture such as Cupriavidus 

Table 4 
Variation of the operating parameters in the SBRs.  

Operating parameters for SBRs Three-step process Two-step process 

OLR 0.36–8.5 g/L.d 0.36–4.6 g/L.d 
SRT 2 to 4 days up to 5 day 
HRT 1 day 1–2 days 
Cycle length 12 h between 12 h to 24 h 
Ref. [18,52,54,56,57] [17,26,42,59]  
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necator, Pseudomonas oleovorans to produce medium to long chain length 
PHA and copolymer P (3HB-co-3HV) [36,37,74]. A big challenge for the 
oil-based feedstock is its hydrophobic nature resulting in a difficulty in 
microbial PHA production. Instead of direct feeding to the bacterial 
cultures, a pretreatment step “saponification” is required to convert 
TAGs into fatty acids to be used as feedstocks for PHA production [37]. 
For glucose and starch/cellulose/lignocellulose hydrolysate, the uptake 
of sugars by the mixed culture results in biosynthesis of glycogen or 
polyglucose rather than PHA [47]. Therefore, to utilise sugars for PHA 
production, an acidogenic fermentation of sugars to obtain VFAs by 
applying the three-step process is more advisable. 

4.2. Operating conditions of enrichment reactors 

Operating conditions of a sequential batch reactor (SBR) for 
enrichment such as organic loading rate (OLR), hydraulic retention time 
(HRT), solid retention time (SRT), cycle length, temperature, pH, dis-
solved oxygen level by aeration affect the performance of PHA pro-
duction. At lab scale, bacterial fermentation taking place in the 
enrichment SBR (working volume from 1 to 5 L) is normally conducted 
at room temperature 20-30℃, pH 7–9, stirring 20–750 rpm and aeration 
at air flow rate of 1–2 L/min or 1/3–1 vvm in majority of the studies as 
mentioned in Table 3. However, other operating parameters of the SBRs 
such as OLR or carbon concentration, HRT, SRT and cycle length can be 
varied with the choice to the carbon feedstocks for two-step or three-step 
process as summarised in Table 4. 

The operating conditions presented Table 3, that are a 12 h cycle and 
high OLRs ranges from 0.36 to 8.5 g/L.d are commonly applied in the 
culture selection of the three-step process using the SBR systems with 
SRT of 2–4 days and HRT of 1 day [18,52,54,56,57]. These operating 
conditions resulted in an effective selection of the PHA accumulating 
bacteria in enrichment process. In these studies, PHA storage response of 
the enriched MC showed a high PHA content from 50 to 75%, corre-
sponding to high yield from 0.5 to 0.8 g PHA/g S in the batch test. For 
example, in the PHA production from fermented cheese whey, the MC 
enrichment carried out in an SBR operating at 12 h cycle, SRT of 4 day, 
HRT 1 day and OLR at 8.5 g/L.d resulted in an enriched culture with 
PHA polymer storage capacity at a yield of 0.96 Cmol PHA/Cmol S [18]. 
The 12 h cycle was also applied in the three step process fed with VFAs 
obtained from pretreatment of sugarcane wastewater and sugar 
molasses in two other studies have also reported high PHA yields of 0.68 
mg COD PHA/mg COD VFA and 0.81 Cmol PHA/Cmol VFA respectively 
[53,58]. As for the two-step process using crude glycerol without pre-
treatment, it seems a longer cycle of 24 h but lower OLRs from 0.36 to 
4.6 g/L.d favoured the culture enrichment conducted in the SBR oper-
ating with SRT up to 5 days and HRT of 1–2 days [17,26,42,59]. The 
PHA production by using the enriched culture obtained from the two- 
step process has a PHA content up to 80% and PHA yield at 0.84 g 
PHA/g S which are as high as the results obtained from those SBR sys-
tems by using three-step processes[17,26]. 

The differences in the cycle lengths and OLR ranges applied for the 
two-step and three-step processes could be attributed to the inclusion of 
the pretreatment step. Because the complex carbon sources like waste-
water effluent and cheese whey are converted to a simpler carbon 
feedstock such as VFAs via the anaerobic fermentation, the three-step 
process can thus be operated at a shorter cycle of 12 h combining with 
a higher OLR. Whereas, using glycerol-based feedstock without pre-
treatment requires a longer time for the substrate uptake compared to 
when VFAs was fed, and thus a longer cycle of 24 h combined with a 
lower OLR are more suitable for the two-step process. Furthermore, for 
the three-step process a change in the cycle length from 12 h to 24 h 
could help to improve the productivity of the enriched MC which was 
found in the investigation of paper mill wastewater pretreated in 
anaerobic conditions [60]. The enriched MC showed not only a high 
polymer storage capacity (yield at 0.80 gCOD PHA/gCOD S, PHA con-
tent of 76.8%) but also a high productivity of 2 g/L.d, being reported as 

one of the highest among the studies using carbon waste source [43]. In 
the case of using crude glycerol in two-step process, the usual cycle 
length of 24 h could be reduced to 12 h, unless the anaerobic fermen-
tation applied in pretreatment step was added to convert crude glycerol 
to VFAs and 1,3-propanediol (1,3-PDO) [26]. This study has reported a 
high production of PHB-co-HV copolymer with yield of 0.84 gCOD PHA/ 
gCOD S, 76% PHA content and productivity of 0.41 g PHA/L.h. There-
fore, the cycle lengths between 12 and 24 h combined with the OLRs for 
the two-step or three-step process is essential to govern the PHA content, 
yield and productivity. 

In addition, it was found that as the cycle length decreased from 24 h 
to 12 h, the bacterial culture shifted its biosynthetic behaviour in which 
glucose biopolymer (GB) accumulation favoured over hydroxybutyrate 
(HB) accumulation [59]. The HB production rate at the SBR operating at 
24 h cycle was at 0.046 Cmmol HB/Cmmol X.h, which reduced almost 
half compared to SBR operating at 12 h cycle. On the other hand, as the 
cycle length reduced from 24 h to 12 h, the GB production rate increased 
two times from 0.018 to 0.037 Cmmol GB/Cmmol X.h. Thus, when using 
crude glycerol as a carbon feedstock for the MC enrichment, SBR oper-
ation at the 24 h cycle would result in an enriched MC favouring the PHA 
accumulation rather than the 12 h cycle. The cycle length should be 
carefully selected by taking into consideration the suitable OLR range or 
carbon concentration, the associated pretreatment, and the favour for 
PHA biosynthetic behaviour of the enriched culture. 

OLR was shown to have an effect not only on the PHA production, 
but for biomass growth of MC as well [17,54]. In the study by using 
crude glycerol, increasing OLR from 360 to 1000 mg C/L.d resulted in a 
significant increase in the biomass concentration from 0.7 to 1.7 g/L, 
which promoted the PHA storage response to accumulate PHA at a high 
content of 78%, PHA yield 0.7 mgC PHA/ mgC S. Besides, PHA pro-
ductivity has also increased from 193 to 210 mgC/L.h with an increase 
in OLR. However, a further increase in OLR to 1250 mg C/L.d resulted in 
a sudden decrease in the PHA production with PHA content, yield and 
productivity dropped significantly to 27%, 0.3 mgC PHA/ mg C S and 65 
mgC/L.h respectively. This increase in the OLR has resulted in a failure 
of the MC in responding to the PHA culture selection as F/F ratio 
increased from 0.26 to 2 [17]. A similar observation was also reported in 
the study using the VFA mixture [54]. In this study, as the OLR increased 
from 8.5 to 31.25 g COD/L.d., the biomass concentration increased from 
3.9 to 8.7 g COD/L but the PHA production rate decreased sharply from 
about 500 to 20 mg COD/ g COD.h. The highest performance in PHA 
production was achieved at the intermediate OLR of 20 g COD/L. 
d where the PHA productivity and polymer storage rate were at 0.25 g 
PHA/L.d and 649 mg COD/ g COD.h. In addition, both studies also re-
ported a change in the F/F ratios exceeding 2, which was unfavoured for 
the selection of PHA accumulating bacteria in the mixed culture at the 
highest OLR applied. 

The effect of carbon concentration on the PHA production in the 
enrichment was similar to that of the OLR as being investigated in other 
work [53,58]. For the fermented sugar molass fed to the MC enrichment 
with the carbon concentration in the range 30–60 Cmmol VFA/L, the 
selected culture had a PHA storing capacity with the highest accumu-
lated PHA content of 74.6% at the intermediate carbon concentration of 
45 Cmmol/L [58]. In a separate study by using fermented sugarcane 
wastewater, two levels of the carbon concentration at 1400 and 2500 mg 
COD/L were fed to two different SBRs operating under same conditions 
(SRT 5 days, HRT 1 day in a 12 h cycle). The results showed the enriched 
culture at the lower carbon centration level (1400 mg COD/L) produced 
a higher PHA content at 51.2%, with yield of PHA to carbon substrate at 
0.5 mg COD/mg COD and the polymer production rate at 0.33 mg COD/ 
mg X.h. On the other hand, operation of the SBR at the high carbon 
concentration (2500 mg COD/L) showed a deterioration in the stability 
which made it unfeasible to be used for the PHA accumulation step [53]. 
Therefore, from the studies focusing on the OLR and carbon concen-
tration, feeding of the carbon substrate should be applied at the inter-
mediate level to obtain an enriched culture with high PHA storage 
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capacity and consistent performance in PHA production. 
SRT of enrichment reactor is another important parameter affecting 

PHA production. SRT is the duration which the bacteria are maintained 
in the mixed culture SBR system, and it controls the biomass concen-
tration throughout the process [80]. An investigation in the effect of the 
SRT on the PHA production using MC showed that at 5 day SRT, the 
enrichment of the PHA accumulating culture was more effective (F/F 
ratio at 0.06) and achieved a higher performance (PHA content 29.03%, 
PHA yield to carbon substrate 0.76 mg COD/mg COD, PHA production 
rate 0.51 mg COD/mg X.h). Whereas for the SBR operating with a longer 
SRT for 10 days, the enriched MC has shown to accumulate a lesser 
amount of PHA in the cells (PHA content, yield and production rate at 
24.52%, 0.68 mg COD/mg COD, and 0.45 mg COD/mg X.h respectively) 
[53]. Besides that, the effect of varying the SRT from 3 to 10 days was 
examined in the mixed culture enrichment in the SBRs fed with synthetic 
wastewater containing acetate as the sole carbon source [81]. In this 
study, the PHA production capacities of MC obtained at the short SRT of 
3 days had a higher PHA content of 31% compared to the longer SRT of 
10 days, which has recorded a lower PHA content at 21%. This was 
because at shorter SRT, the selective pressure on the MC was stronger to 
favour the PHA producing bacteria as demonstrated in the study 
applying 2 day SRT [82]. Another reason was the weeding out effect, 
which gradually eliminated the non-PHA producing bacteria during the 
enrichment process. At a shorter SRT, the PHA producing bacteria were 
enriched and outgrew in the enriched culture. Whereas a longer SRT 
would allow more non-PHA producing bacteria to grow and dominate 
the culture [53]. Therefore, the PHA production of the MC was shown to 
be affected by the SRT, which should be applied at a lower range from 3 
to 5 days. 

From these reported studies examining the impact of operating 
conditions on PHA production, it reveals an interdependent relationship 
between the OLR, carbon concentration, cycle length and the F/F ratio. 
In the feast/famine regime, the F/F ratio should be lower than the range 
of 0.3–0.4 as this is generally indicating successful enrichment of the MC 
with high PHA storage capacity [18,47,83]. It is because the carbon 
depletion period (famine phase) imposes an internal growth limitation, 
thus induces the PHA storage within PHA producing bacteria. When 
feast phase is in place, the PHA producing bacteria tend to consume the 
available carbon substrate for PHA storage instead of for cell growth. 
The mechanism of inducing PHA storage in the MC can only come into 
effect when the famine phase is long enough to suppress the cell growth. 
In case of increasing the OLR or carbon concentration but without 
prolonging the cycle length, bacteria would take a longer time to 
consume the carbon substrate in the feast phase, resulting in a shorter 
famine phase and a higher F/F ratio. Consequently, the PHA-producing 
bacteria will probably incline towards cell growth and therefore accu-
mulate less PHA. 

4.3. Stability of the mixed culture for PHA production 

Beside the establishment of the F/F regime and the associated SBR 
operating conditions favouring the PHA storage, stability of the mixed 
culture throughout the enrichment needs to be considered in a long-term 
operation. The parameters to measure the stability include F/F ratio, 
biomass concentrations (TSS/MLSS – total suspended solid/mixed liquor 
suspended solid and/or VSS/MLVSS – volatile suspended solid/mixed 
liquor volatile suspended solid), and sludge volume index (SVI). A long- 
term enrichment normally lasted from 3 up to 12 months, which con-
sisted of a period of acclimatisation, followed by a steady state. The F/F 
ratio and biomass concentrations are stabilised subsequently [17,53]. In 
the study using unpretreated crude glycerol fed to the SBR operating at 
24 h cycle with SRT and HRT of 2 days, a stable MC was obtained after 8 
months when the biomass concentration and F/F ratio were remained on 
average at 700 mg MLSS/L and 0.2 respectively [17]. Before reaching 
the steady state, it took two months for the MC to get acclimatised, in 
which the biomass concentration dropped suddenly from 1200 to 170 
mg MLSS/L [84]. It was observed that in the OLR range 360–1000 mgC/ 
L.d corresponding to the F/F ratio range 0.2–0.26, the total accumulated 
PHA obtained in the batch test was well maintained at approximately 
1200 mg/L with the PHA content from 77% to 78%. Hence, it could be 
said the enriched MC was stable in producing PHA. However, increasing 
the OLR to 1250 mgC/L.d immediately affected the F/F ratio and caused 
a significant reduction in the PHA production. Therefore, the stability of 
the MC should be maintained at the range of OLRs corresponding to the 
F/F ratio below 0.28 for a good PHA storage during the enrichment 
[17,85,86]. 

The physical states of MC, which was reflected by MLSS and MLVSS 
concentrations and the sludge volume index (SVI) were also used to 
evaluate the stability of the MC in the enrichment process [53]. Oper-
ation of two SBR systems were carried out under similar conditions 
(initial biomass concentration at 3.6 g MLSS/L, carbon concentration at 
2.5 g COD/L, and 12 h cycle length). For the SBR-1 operating at the SRT 
of 5 days, there were a remarkable decrease in the biomass concentra-
tion from 3500 to 2000 mg MLSS/L and a steady increase in the SVI from 
1250 to 1750, which were noticed in the first 20 days during acclima-
tisation period. For the rest of 70 days, the biomass concentration 
increased again and maintained at around 3500 mg MLSS/L with the SVI 
stabilised at 1500. Such a good recovery in the physical states of the MC 
resulted in a stable PHA accumulation in the batch test (PHA content 
60%, PHA yield 0.65 mg COD/mg COD). On the other hand, a doubling 
of SRT to 10 days in SBR-2 with the same operating conditions had a 
severe effect on the stability of the MC enrichment. After 40 days, the 
biomass concentration decreased steeply from 4500 to 1500 g MLSS/L, 
while the SVI suddenly decreased and maintained relatively at approx-
imately 600 without recovery. Therefore, the MC obtained from the 
SBR-2 in such unstable physical state could not be used in the batch test. 
A short SRT of 5 days was therefore more favoured to achieve a good 

Table 5 
Comparison between N deficient and N sufficient conditions in the MC enrichment.   

SBR operating conditions 

SRT (days) 8 8 1 
HRT (h) 12 12  
Cycle (h) 6 6 8 
Volume (L) 3 3 2 
Feedstock Synthetic wastewater Synthetic wastewater Sodium acetate 
N supplement 

C/N ratio 
N sufficient 
100/12 

N deficient 
100/2 

N sufficient100/12 N deficient100/2 N deficient17 N sufficient 
7.4 

NH4Cl 
concentration 

36 mg/L 6 mg/L 24 mg/L 6 mg/L 8.5 mM 8.5 mM 

PHA content 12.14% 18.63% 38.3% 43.3% Fraction of growth in 
feast 70% 

Fraction of growth in 
feast 20% 

PHA yield 0.43 Cmmol PHA/ 
Cmmol S 

0.61 Cmmol PHA/ 
Cmmol S 

0.51 gCOD PHA/g 
COD S 

0.69 g COD PHA/g 
COD S 

0.06 Cmol PHB/Cmol S 0.02 Cmol PHA/Cmol S 

References [62] [63] [60]  
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stability for the culture selection in the enrichment and the resultant 
PHA content and storage yield were at 61.26% and 0.68 mg COD PHA/ 
mg COD VFA in the PHA accumulation conducted in batch [53]. 

4.4. Nutrient supplementation 

Cell cultivation whether on the pure or mixed microbial cultures 
generally requires an adequate supply of energy for cell maintenance, 
growth, reproduction and product biosynthesis via the supply of carbon 
substrates, supplement of other nutrients (nitrogen, phosphate and 
sulphur) and traces of elements such Mg, Mn, Fe and K which are all 
present in the culture media [87,88]. Besides carbon source, nitrogen in 
the form of organic (yeast extract, peptone and whey) or inorganic 
(ammonia NH3 and ammonia salts NH4

+, NO3
− , NO2

− ) compounds need to 
be supplied. Microorganisms that grow under aerobic condition prefer 
nitrogen to be supplied in the form of ammonia salts such as NH4

+, 
whereas those living in the anaerobic condition prefer the nitrates and 
nitrites [87]. 

The transition between carbon availability (feast) and starvation 
(famine) imposed on the mixed microbial culture activated sludge 
triggers the selective pressure to enrich the culture with PHA storing 
bacteria. Besides the dynamic carbon feeding, the dosage or level of 
nutrient supplement to the MC is essentially being controlled to sustain 
the survival of these PHA storing bacteria not only during the culture 
selection but also for the subsequent PHA accumulation. Since the entire 
process is carried out in the aerobic condition provided by continuous 
aeration, ammonia salts (NH4

+) such as ammonia chloride (NH4Cl) or 
ammonia sulphate ((NH4)2SO4) are the inorganic source of nitrogen 
nutrient which is usually supplemented in the culture media as reported 
in many studies [52,54,59,64]. Although the addition of these ammonia 
salts can cause the system condition to be acidic which is unfavourable 
for the PHA storage, this issue can be settled as the pH of enrichment 
reactor is always controlled at 7.0 in most cases [43,52,53,56,60,64]. 

In the mixed culture with the availability of both carbon and nutri-
ents, the PHA producing bacteria function favours both cell growth 
(growth of cell biomass) and PHA storage, whereas the non-PHA pro-
ducing bacteria will only be focusing on cell growth, which is well- 
known in the MC studies [42,55,89]. When the environmental stress 
under available carbon with limited nitrogen condition, the response of 
PHA producing bacteria to this stress is to suppress the cell growth, but 
promote the PHA storage instead. Due to this fact, a nitrogen-limited 
condition is established by the absence of the nitrogen in the media. 
This is usually applied to the enriched culture in the accumulation step 
in order to maximise the PHA storage in the cells [17,42,47,65]. 

However, the role of nitrogen supplement in the enrichment (culture 
selection and biomass growth) is contradicted among the studies that 
examined the effects of nitrogen-deficient and nitrogen-sufficient con-
ditions with varying carbon to nitrogen ratios (C/N ratios on molar 
basis). The implementation of the F/F regime on the activated sludge 
mixed culture is usually associated with the nitrogen supplement to 
allow biomass/cell growth during the culture selection process. In those 
studies establishing a nitrogen-sufficient condition for biomass growth 
in enrichment, the C/N ratios were varied from 100/2 to 100/8 (molar 
basis) as shown in Table 3. In the research of examining the feasibility of 
using crude glycerol for MC-PHA production in the two-step process, 
enrichment of PHA accumulating culture was carried out in the 
nitrogen-sufficient condition (C/N: 100/6) [42]. The SBR was fed with 
glycerol at OLR 4.6 g/L.d and NH4Cl in a 1.5 L working volume with SRT 
5 days and HRT 2 days for 24 h cycle. An enriched MC was obtained (F/F 
ratio less than 0.2) for a good PHA with 59% content of PHA and yield of 
0.44 g PHA/g S [42]. At a higher C/N ratio of 100/8 to support a suf-
ficient biomass growth during the enrichment, the enrichment resulted 
in MCs with good PHA storage at F/F ratios in the range 0.04–0.21, high 
PHA content (47% and 74.6%) and high yield of PHA (0.44 g PHA/g 
COD S and 0.81 Cmol PHA/Cmol S) using crude glycerol and fermented 
sugar molass (carbon concentration 30 CmM and 45 Cmmol/L 

respectively) [58,59]. As carbon waste or industrial byproduct sources 
such as cheese whey, crude glycerol, and wastewater are usually poor in 
nutrients, supplement of nitrogen nutrient in the enrichment stage is 
essential for the growth of the enriched culture [18,55,56,60]. 

In contrast to those studies examining the MC enrichment under 
nitrogen sufficient condition, the nitrogen-deficient condition was re-
ported to favour the culture selection in the MC which resulted in a 
higher PHA storage capacity [62,63]. In these two studies, synthetic 
wastewater containing sodium acetate as a sole carbon source was fed to 
two SBRs operating under the same conditions with SRT 8 days, HRT 12 
h, cycle 6 h in 3 L working volume. The only difference was in the ni-
trogen supply conditions, i.e. one under nitrogen sufficiency (C/N: 100/ 
12) and another under nitrogen deficiency (C/N: 100/2) in the enrich-
ment. In batch test for PHA accumulation, PHA storage capacity of the 
enriched MC obtained from nitrogen deficient enrichment was higher in 
term of PHA content and yield than that under nitrogen sufficient 
enrichment as can be seen in Table 5. 

Furthermore, the effect of nitrogen deficiency on the selection and 
storage of the PHA in enriched culture was also investigated in a study 
using sodium acetate as carbon substrate [60]. Operating conditions in 
the SBR under nitrogen deficiency (C/N: 17 Cmol C per Cmol N) were set 
with HRT of 8 h, SRT of 1 day, and 4 h cycle length. The performance of 
the enriched MC showed a high accumulation of PHA at 70% with a 
yield of 0.06 Cmol PHB/Cmol S and percentage of growth fraction (in-
crease in biomass growth by percentage) at 85% under nitrogen- 
deficient condition (C/N: 17 Cmol C per Cmol N) which was 3 times 
higher than that obtained under only carbon limited condition (C/N: 7.4 
Cmol C per Cmol N). Due to the contradiction in the necessity of the 
nitrogen supplement to the MC in the enrichment, future studies on the 
relationship between nitrogen deficient and sufficient conditions with 
the biomass growth and PHA production need to be established. 

4.5. PHA productivity - a challenge in the MC-PHA production 

Productivity or volumetric productivity is defined as the rate of 
producing PHA per unit reactor volume per unit time by the enriched 
culture [17,85]. It is one of the key parameters used to evaluate the 
performance of PHA production process, besides PHA storage response 
(PHA content and yield) [31,56]. In most studies examining the mixed 
culture process so far, the reported PHA content (up to 89%) and yield 
(up to 0.8 g PHA/g carbon substrate) have achieved the desired target to 
be as high as that of the commercialised pure culture process, but not the 
volumetric productivities [43]. 

The current productivities reported in those mixed culture PHA 
production (Table 3) are less than 0.5 PHA/L.h which is approximately 
10 times lower compared to the pure culture PHA production from sugar 

Fig. 7. Mechanisms of the coupled and uncoupled carbon (C) and nitrogen (N) 
supply strategies. 
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feedstock having a higher productivity of 5 g PHA/L.h with PHA content 
ranging from 80 to 90% [47]. The PHA production rates are usually 
lower than 1 mg COD/mg COD X.h in a mixed culture systems in most 
studies [57,58,64,65]. In two-step processes, the highest productivity of 
0.41 g PHA/L.h was reported in a study using crude glycerol, high-
lighted its strength as a potential feedstock for PHA production [26]. 
Productivity could also be impacted by influent carbon concentration as 
evident in a study using fermented wastewater in the three-step process 
with low productivity of 0.08 g/L.h due to the very low influent carbon 
concentration at just 200 mL/L [43]. Such low productivities in the MC- 
PHA production would render a considerable increase in the capital 
investment in building large bioreactors with higher capacities. An in-
crease in the productivity of the MC-PHA production process can 
contribute to the reduction in the production cost of PHA, especially 
equipment related cost [31,90]. Thus, for an efficient MC-PHA pro-
duction suitable for scaling up, its productivity needs to be comparable 
to that of the PC-PHA production [6]. 

Based on the previous research in the effect of nitrogen and carbon 

feeding, biomass growth is promoted by nutrient supplementation such 
as nitrogen and/or phosphorus [30,47]. However, if the MC is supple-
mented by the nitrogen nutrient for bacterial growth to increase its 
productivity, this becomes contradicted with the imposition of the F/F 
regime. This is because the internal growth limitation and nitrogen 
deficiency should be imposed for having an effective selection of PHA 
accumulating bacteria in the enrichment and maximising PHA storage in 
the accumulation step [18,56]. The F/F regime generally provides an 
intermittent supply of carbon substrate to the MC for the bacterial se-
lection, but insufficient nitrogen supplementation for the bacterial 
growth [56]. To sum up, ADF strategy which only promotes the selection 
of PHA producers, but limits its cell growth, which might contribute to 
the low productivity [47]. Thus, the current productivities of the MC 
were inherently low in those studies based on the conventional F/F 
regime. An enhancement in the growth of PHA accumulators in these 
systems could increase the productivity of PHA production. Therefore, it 
is necessary to combine nitrogen supplementation with F/F regime in 
the MC-PHA production process in a more effective way to obtain a MC 
with both high PHA accumulator growth rate and PHA storing capacity. 

5. Strategies to increase productivity in the MC-PHA production 

5.1. Uncoupling carbon and nitrogen supply 

In implementing the F/F regime for enrichment, it is common to feed 
carbon (C) together with nutrients containing nitrogen (N) to the MC in 
the beginning of the feast phase. Uptake of both C and N components is 
generally for the bacterial growth in the MC. Beside the bacterial 
growth, the PHA producing bacteria consume the external carbon source 
for PHA storage. When the external carbon sources are depleted, the MC 
enters the famine phase in which the nitrogen nutrient is either 
continued or stopped to be supplied [17,48,58]. As mentioned, the long 
famine suppresses the bacterial growth due to the internal growth lim-
itation caused by the carbon depletion. In the absence of the external 

Table 6 
Bacterial activities in the MC enrichment by the uncoupled C and N supply 
strategy.   

Feast Famine 

Condition C available, N limited C unavailable, N available 
PHA producing 

bacteria 
Consume carbon from the 
external supply to store PHA 
in the bacterial cells. 

Utilise the stored PHA in the 
bacterial cells and available N to 
grow. 
Eventually become dominated in 
the MC. 

Non-PHA 
producing 
bacteria 

Hard to consume the 
external C source for cell 
growth under N limited 
condition. 

Struggle to survive, even harder 
to grow without the external C 
supply and no stored PHA. 
Eventually outcompeted. 

Favouring 
modes 

PHA storage Cell growth  

Fig. 8. An illustration of the concentration profiles for the coupled (A) and uncoupled (B) carbon and nitrogen supply strategies.  
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carbon, it is very hard for the non-PHA producing bacteria to survive, 
and eventually being outcompeted, whereas the PHA producing bacteria 
are able to survive by utilizing the stored PHA for cell maintenance. The 
supply of carbon together with nitrogen is named as “coupled C and N 
supply” which bacterial growth and PHA storage occur simultaneously 
in the feast phase of the F/F regime (Fig. 7). In the coupled strategy, the 
advantage is evident in effective selection of a culture enriched with 
PHA producers, but the low cell growth resulting in low productivity is 
the drawback of this strategy. 

With the aim of promoting cell growth while ensuring an effective 
selection of PHA producing bacteria in MC, the “uncoupled C and N 

supply” strategy was first proposed in the enrichment step by Silva et al. 
further investigated by Oliveira et al. using VFAs and fermented cheese 
whey respectively [18,55]. In these two studies, the uncoupled strategy 
was implemented in the MC enrichment by feeding just carbon sub-
strates in the start of the feast while supplementing only the nitrogen 
nutrient at the start of famine when carbon source was completely 
depleted (Fig. 7). Under N limited condition, the carbon uptake from the 
external supply by the PHA producing bacteria is for PHA storage. Once 
the external carbon was completely depleted, the stored PHA was used 
as the carbon source for the PHA producing bacteria to grow when ni-
trogen was supplemented in the famine phase. Since the external supply 
of carbon and nitrogen is not being supplied at the same time throughout 
the process, it creates an even harsher environment for the non-PHA 
bacteria to sustain the feast and famine. Bacterial response to the 
uncoupling strategy is described more in Table 6. Fig. 8 illustrates the 
differences in the concentration profiles of C and N supply in the 
enrichment applied the coupled and uncoupled strategies. 

The performances of the enriched cultures obtained from the coupled 
and uncoupled strategies are compared in Table 7. The uncoupling 
strategy resulted in an enriched MC with a higher performance in PHA 
production compared to the coupling strategy (conventional F/F 
regime) not only in term of PHA storage capacity (PHA yield, PHA 
content), but also in term of biomass concentration, carbon uptake rate, 
PHA production rate and productivity. It was evident that the uncoupled 
C and N supply strategy was effective to enrich MC with selective growth 
of PHA storing bacteria, hence leading to its higher biomass concen-
tration at 2.2 g VSS/L and consequently double in PHA yield at 0.4 g 
COD PHA/ g COD S and PHA concentration at 1200 mg COD/L [55]. The 
enriched MC was further examined for its PHA storage capacity in the 
accumulation stage and shown an increase in the productivity at 6.02 g 
PHA/g X.d [18]. Compared to the conventional F/F strategy (coupled C 
and N supply), the OLR applied in the enrichment was usually set in the 
low range 0.36–4.6 g/L.d to ensure the stability of MC and a fast PHA 
storage response [17,65,91]. The uncoupling strategy applied in the 
enrichment was able to operate at a higher OLR of 8.5 g COD/L.d in the 
culture enrichment [18]. 

Based on the experimental results, the uncoupled C and N supply 
strategy seems more superior than the coupled C and N supply which is 
usually applied in many other studies. In term of the operating condi-
tions, applying the uncoupling strategy allowed the enrichment reactor 
to operate at higher OLR (8.5 g COD/L.d) without affecting the stability 
and efficiency of the culture selection as well as maintaining stable F/F 
ratio [18]. For most of the enrichment reactors applying the coupling 

Table 7 
Performance of the enriched MC by uncoupling C and N supply [18,55] and 
extended cultivation [56].  

Using VFAs 
tested for enrichment only 

Uncoupled C and 
N supply 

Coupled C and N supply 
(Conventional F/F regime) 

PHA yield (g COD PHA/g COD 
S) 

0.4 0.2 

HV content in PHA polymer 20% 10% 
PHA concentration (mg COD/L) 1200 600 
PHA content in biomass 28% 15% 
Biomass concentration (g VSS/ 

L) 
2.2 1.8  

Using fermented cheese whey 
tested for enrichment and 
accumulation   

PHA yield (Cmol PHA/Cmol S) 0.96 0.86 
PHA production rate (Cmol 

PHA/Cmol X.h) 
0.40 0.25 

Carbon uptake rate (Cmol S/ 
Cmol X.h) 

0.42 0.29 

HV content in PHA polymer 
(Cmol %) 

13.0% 13.2% 

Specific PHA productivity (g 
PHA/g X.d) 

6.02 4.43  

Using a mixture of VFAs 
tested for enrichment and 
accumulation 

Extended cultivation with sludge discharge 

Productivity (g PHA/L.h) 1.22 
Cell density (including PHA) (g/ 

L) 
17.22 

Biomass magnification/increase 
in biomass after extension 

43 after 10 days of the extended cultivation 

PHA yield (g COD PHA/g COD 
S) 

0.84 

PHA content 71.4%  

Fig. 9. Mechanism of the extended cultivation strategy for the MC-PHA production.  
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strategy, operation at relatively low OLR (2 g COD/L.d or even lower) 
was recognised as the limitation in order to maintain a stable culture at 
low F/F ratio. In terms of culture performance, the higher PHA yield and 
productivity resulted from the uncoupling strategy showed not only its 
higher efficiency in selection of a PHA producing culture but also a 
higher cell growth as compared to that of the coupling strategy. 

5.2. Extended cultivation 

With the aim for selective growth of PHA storing bacteria in the 
enriched MC, subsequently increasing the PHA productivity, the 
“extended cultivation” was another strategy proposed by Huang et al. 
(2017). This strategy was conducted in a way that a period of bacterial 
growth was embedded between the enrichment step and the PHA 
accumulation step as shown in Fig. 9. The MC was first submitted to the 
F/F regime for enriching the culture with PHA accumulators. In the 
work of Huang et al., a mixture of VFAs was fed to an SBR operating at 
OLR 1.2 g/L.d, SRT for 10 days in 12 h cycle, under nitrogen-limited 
condition. After the enrichment, the cultivation was extended under 
the same SBR operating condition to further grow the PHA accumulators 
contained in the MC. This extended cultivation was lasted for 10 days by 
separately supplying carbon feedstock in the feast and nitrogen nutrient 
in the famine phase. With such an embedded period for bacterial 
growth, performance in producing PHA by the enriched MC was shown 
to improve significantly as shown in Table 7 [56]. 

The attempts in both strategies (the extended cultivation and the 
uncoupled carbon and nitrogen availability) were to separate the bac-
terial growth (nitrogen supplement) from PHA storage (carbon supply). 
The difference between them is that for the extended cultivation strat-
egy, the MC enriched with PHA storing bacteria was extended in the 
cultivation for another 10 day period after the F/F enrichment, while for 
the uncoupling strategy, the bacterial growth took place in the famine 
phase after the feast phase. In the batch test conducted under the 
nitrogen-limited condition for the PHA accumulation, the performance 
of the MC obtained from the extended cultivation was recorded at PHA 
content of 71.4% and yield of 0.84 g COD PHA/g COD VFA. These re-
sults are comparable to that of the uncoupling strategy as can be seen in 
Table 7. Notably besides the high PHA storing capacity, productivity of 
the enriched MC was also improved to 1.22 g PHA/L.h with the final cell 
density of 17.22 g/L through the application of extended cultivation 
strategy. 

6. Future prospects 

As an effort to replace the petroleum-based plastics, ongoing 
research has been aiming to improve the cost competitiveness of the 
PHA production schemes. With the findings in the critical parameters 
affecting the culture selection by manipulation of the operating condi-
tions, they are interdependent and eventually affect F/F ratio, stability, 
PHA storage capacity and PHA productivity. Therefore, synergistic in-
teractions of all the critical parameters affecting culture enrichment and 
PHA accumulation are worth exploring in the process optimisation study 
to maximise the PHA storage in the cells and for further development of 
kinetic models. 

With a limited number of studies, the new strategies such as 
uncoupled carbon and nitrogen supply and extended cultivation were 
shown to be very promising in increasing the PHA productivity, since 
the aspect of the bacterial growth was addressed effectively. Relation-
ship between microbial community and characteristics of PHA produced 
by implementing these new strategies could be further established. Be-
sides, dosages of nutrient supplement and carbon supply that lead to the 
highest PHA storage capacity could be included in the process 
optimisation. 

Another prospect of PHA production at low cost can be seen in val-
orisation of the complex wastes/byproducts. Although crude glycerol 
has shown to be suitable for the two-step process to produce PHA using 

mixed culture, other feedstocks such as glycerine pitch should be 
considered in future investigations. The metabolic pathways of intra-
cellular PHA synthesis based on the carbon substrates (fatty acids, sugars 
and amino acids) can be used to predict the polymeric products (scl- or 
mcl-PHAs) and the presence of the PHA producing bacterial strains. 
However, the mechanism of synthesising PHA copolymers in the mixed 
culture is not well understood. Therefore, an in-depth study in finding 
the groups of PHA bacterial strains and their multiple pathways adopted 
in the mixed culture would provide a better understanding in synthesis 
of PHA copolymers. Scope of future study is advised to include charac-
terisation of PHA produced from mixed culture and carbon wastes to 
comprehend the impact of PHA production schemes on the resultant 
PHA properties. 

7. Conclusions 

One of the major factors hindering the commercial production of 
biodegradable PHA polymers is identified to be the high production cost. 
In the continuous effort to make PHA production commercially feasible, 
the application of mixed culture and carbon waste feedstocks has taken a 
step further in improving the cost effectiveness. Two aspects are crucial 
to consider in the MC-PHA production i.e. selection of feedstock suitable 
with the production scheme adopted and its operating conditions 
applied in enrichment. Recent research has shown that it is feasible to 
simplify the production scheme from three to two steps when using 
crude glycerol. Beside feedstock, critical parameters such as OLR, cycle 
length and SRT act synergistically under the imposed feast-famine 
regime, affecting the stability of enrichment reactor as well as PHA 
production in term of yield, content and productivity. To address the 
issue of low productivity inherent from the conventional ADF strategy, 
separation of PHA storage in the feast phase from bacterial growth in the 
famine phase that were being applied in the uncoupled carbon and ni-
trogen supply and the extended cultivation strategies have showed sig-
nificant results in improving the PHA productivity. Future studies in MC- 
PHA production have prospects in investigating the microbial commu-
nity and characteristics of PHA produced in relation to the imple-
mentation of these new enrichment strategies. 
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[25] J. Możejko-Ciesielska, R. Kiewisz, Bacterial polyhydroxyalkanoates: still fabulous? 
Microbiol. Res. 192 (2016) 271–282, https://doi.org/10.1016/j. 
micres.2016.07.010. 

[26] A. Burniol-Figols, C. Varrone, S.B. Le, A.E. Daugaard, I.V. Skiadas, H.N. Gavala, 
Combined polyhydroxyalkanoates (PHA) and 1,3-propanediol production from 
crude glycerol: Selective conversion of volatile fatty acids into PHA by mixed 
microbial consortia, Water Res. 136 (2018) 180–191, https://doi.org/10.1016/j. 
watres.2018.02.029. 

[27] K.G. Harding, J.S. Dennis, H. von Blottnitz, S.T.L. Harrison, Environmental analysis 
of plastic production processes: comparing petroleum-based polypropylene and 
polyethylene with biologically-based poly-β-hydroxybutyric acid using life cycle 
analysis, J. Biotechnol. 130 (2007) 57–66, https://doi.org/10.1016/j. 
jbiotec.2007.02.012. 

[28] Z.A. Raza, S. Abid, I.M. Banat, Polyhydroxyalkanoates: characteristics, production, 
recent developments and applications, Int. Biodeterior. Biodegrad. 126 (2018) 
45–56, https://doi.org/10.1016/j.ibiod.2017.10.001. 

[29] M. Lemoigne, Products of dehydration and of polymerization of B- hydroxybutyric 
acid, Bull. Soc. Chim. Biol. (Paris) 8 (1926) 770–782. 

[30] M. Koller, L. Marsalek, Principles of glycerol-based polyhydroxyalkanoate 
production, Rev. Artic. Appl. FOOD Biotechnol. 2 (2015) 3–10. https://doi.org/10. 
22037/afb.v2i4.8270. 

[31] S. Obruca, P. Benesova, L. Marselak, I. Marova, Use of lignocellulosic materials for 
PHA production, Chem. Biochem. Eng. Quaterly 29 (2015) 135–144. 

[32] Y. Wang, J. Yin, G.Q. Chen, Polyhydroxyalkanoates, challenges and opportunities, 
Curr. Opin. Biotechnol. 30 (2014) 59–65, https://doi.org/10.1016/j. 
copbio.2014.06.001. 

[33] S. Li, Chapter 12 - Fundamentals of Polymerization Reaction Engineering, in: S.B. 
T.-R.E. Li (Ed.), Butterworth-Heinemann, Boston, 2017, pp. 541–598. doi: 
10.1016/B978-0-12-410416-7.00012-4. 

[34] C. Kourmentza, I. Ntaikou, M. Kornaros, G. Lyberatos, Production of PHAs from 
mixed and pure cultures of Pseudomonas sp. using short-chain fatty acids as carbon 
source under nitrogen limitation, Desalination 248 (2009) 723–732, https://doi. 
org/10.1016/j.desal.2009.01.010. 

[35] D. Tan, J. Yin, G.-Q. Chen, Part 3 biopolymers and other products, in: A. Pandey, 
S. Negi, C.R. Soccol (Eds.), Curr. Dev. Biotechnol. Bioeng., Elsevier, Amsterdam, 
Netherlands, 2017, p. 655. 

[36] R. Sirohi, J. Prakash Pandey, V. Kumar Gaur, E. Gnansounou, R. Sindhu, Critical 
overview of biomass feedstocks as sustainable substrates for the production of 
polyhydroxybutyrate (PHB), Bioresour. Technol. 311 (2020), 123536, https://doi. 
org/10.1016/j.biortech.2020.123536. 

[37] C. Du, J. Sabirova, W. Soetaert, S. Ki Carol Lin, Polyhydroxyalkanoates production 
from low-cost sustainable raw materials, Curr. Chem. Biol. 6 (2012) 14–25, 
https://doi.org/10.2174/187231312799984394. 

[38] L.S. Dilkes-Hoffman, P.A. Lant, B. Laycock, S. Pratt, The rate of biodegradation of 
PHA bioplastics in the marine environment: A meta-study, Mar. Pollut. Bull. 142 
(2019) 15–24, https://doi.org/10.1016/j.marpolbul.2019.03.020. 

[39] N. Grassie, E.J. Murray, A.P. Holmes, The thermal degradation of poly(-(D)- 
%-hydroxybutyric acid): part 1 – identification and quantitative analysis of 
products, Polym. Degrad. Stab. 6 (1984) 47–61. 

[40] L.J. Hsiao, M.C. Lee, P.J. Chuang, Y.Y. Kuo, J.H. Lin, T.M. Wu, S.Y. Li, The 
production of poly(3-hydroxybutyrate) by thermophilic Caldimonas 
manganoxidans from glycerol, J. Polym. Res. 25 (2018), https://doi.org/10.1007/ 
s10965-018-1486-6. 

[41] C. Pan, G.Y.A. Tan, L. Ge, C.L. Chen, J.Y. Wang, Two-stage microbial conversion of 
crude glycerol to 1,3-propanediol and polyhydroxyalkanoates after pretreatment, 
J. Environ. Manage. 232 (2019) 615–624, https://doi.org/10.1016/j. 
jenvman.2018.11.118. 

[42] A. Freches, P.C. Lemos, Microbial selection strategies for polyhydroxyalkanoates 
production from crude glycerol: effect of OLR and cycle length, N. Biotechnol. 39 
(2017) 22–28, https://doi.org/10.1016/j.nbt.2017.05.011. 

[43] Y. Jiang, L. Marang, J. Tamis, M.C.M. van Loosdrecht, H. Dijkman, R. Kleerebezem, 
Waste to resource: converting paper mill wastewater to bioplastic, Water Res. 46 
(2012) 5517–5530, https://doi.org/10.1016/J.WATRES.2012.07.028. 

[44] Z. Chen, Z. Guo, Q. Wen, L. Huang, R. Bakke, M. Du, A new method for 
polyhydroxyalkanoate (PHA) accumulating bacteria selection under physical 
selective pressure, Int. J. Biol. Macromol. 72 (2015) 1329–1334, https://doi.org/ 
10.1016/j.ijbiomac.2014.10.027. 

[45] K. Dietrich, M.J. Dumont, L.F. Del Rio, V. Orsat, Sustainable PHA production in 
integrated lignocellulose biorefineries, N. Biotechnol. 49 (2019) 161–168, https:// 
doi.org/10.1016/j.nbt.2018.11.004. 

[46] S. Khanna, A.K. Srivastava, Recent advances in microbial polyhydroxyalkanoates, 
Process Biochem. 40 (2005) 607–619, https://doi.org/10.1016/j. 
procbio.2004.01.053. 

[47] M. Reis, M. Albuquerque, M. Villano, M. Majone, Mixed culture processes for 
polyhydroxyalkanoate production from agro-industrial surplus/wastes as 
feedstocks, Compr. Biotechnol. (2011) 669–683, https://doi.org/10.1016/B978-0- 
08-088504-9.00464-5. 

[48] I. Vrana Špoljarić, M. Lopar, M. Koller, A. Muhr, A. Salerno, A. Reiterer, K. Malli, 
H. Angerer, K. Strohmeier, S. Schober, M. Mittelbach, P. Horvat, Mathematical 
modeling of poly[(R)-3-hydroxyalkanoate] synthesis by Cupriavidus necator DSM 
545 on substrates stemming from biodiesel production, Bioresour. Technol. 133 
(2013) 482–494, https://doi.org/10.1016/j.biortech.2013.01.126. 
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