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A B S T R A C T

The widespread environmental and health issues associated with petroleum-derived plastics have prompted the 
search for sustainable alternatives, positioning polyhydroxyalkanoates (PHAs) as a particularly promising class 
of biocompatible and fully biodegradable polyesters. Despite their favourable properties, high production costs, 
mainly stemming from the expensive conventional carbon substrates, currently impede the industrial-scale up of 
PHAs. This review highlights that waste-derived volatile fatty acids (VFAs) serve as strategically viable pre
cursors for PHA biosynthesis, not only for cost reduction but for their unique metabolic advantages. Utilising 
VFAs shortens the microbial metabolic pathway, leading to high substrate-to-PHA conversion efficiencies, with 
yields reaching up to 91% dry cell weight in optimised systems. Crucially, the key strength of this pathway is that 
control of VFA composition (e.g., the propionate-to-acetate ratio) enables tailoring of the polymer monomer 
profile and, consequently, its mechanical properties for different applications. However, this review highlights 
the central bottleneck to industrialisation as the trade-off between this metabolic efficiency and the inherent 
microbial toxicity of concentrated VFAs. A comparative analysis against conventional substrates highlights the 
significant environmental and economic advantages of the VFA pathway, including lower cumulative energy 
demand and gate-free incentives associated with traditional carbon sources.

1. Introduction

The widespread use of petroleum-derived plastics has become a 
subject of increasing controversy due to their profound impacts on 
ecosystems and human health. Global plastic production has escalated 
dramatically, reaching approximately 413.8 million metric tonnes 
annually in recent years, with projections suggesting continued expo
nential growth in the coming decades [1,2]. Conventional 
petroleum-based plastics are highly resistant to degradation, persisting 
for hundreds of years and fragmenting into microplastics that infiltrate 
food chains, water systems, and even human tissues, posing significant 
ecological and health risks [3–5]. The drastic health and environmental 
consequences of plastic pollution have driven increased research into 
innovative solutions, particularly biodegradable plastics. Poly
hydroxyalkanoates (PHAs) have emerged as a particularly promising 
alternative. They are classified as microbial polyesters and are 

accumulated by various PHA-producing microorganisms as intracellular 
energy storage compounds under nutrient-limited and carbon-excess 
conditions [6–8]. Unlike many other bioplastics, PHAs have been 
repeatedly shown to degrade in a wider array of microbial-rich natural 
environments, including marine and soil ecosystems. In addition to their 
advantageous biodegradability, they exhibit adjustable properties 
comparable to those of conventional polymers, making them suitable for 
various applications in packaging, agriculture, and medicine [9–11]. 
Depending on the specific type of PHA, they can mimic the strength, 
stiffness, and elasticity of common plastics, such as polypropylene, 
making them versatile for packaging and consumer goods. They possess 
non-toxic and biocompatible properties, making them suitable for 
medical applications such as sutures, implants, and drug delivery sys
tems as highlighted in Table 1.

However, despite their advantageous biodegradability and func
tionality, PHAs face significant barriers to commercialisation, primarily 
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due to high production costs [10]. These costs stem from the expensive 
substrates required for microbial fermentation and the relatively low 
yields compared to petrochemical-derived plastics [22]. Typical PHA 
production costs range from ~5–15 USD/kg of PHA, depending on scale, 
substrate, and recovery method, compared with conventional 
petroleum-based plastics, which cost between 2–3 USD/kg of plastic 
[23]. The primary expenses originate from carbon substrates and 
downstream processing, including extraction and purification tech
niques, which can account for over 50% of the total cost [12]. Despite 
their environmental promise, these economic disparities have limited 
PHAs' competitiveness in the global plastics market. Consequently, 
current research efforts are focused on reducing production costs by 
identifying and utilising low-cost carbon sources.

One strategy currently gaining significant attention in sustainable 
biopolymer research is the valorisation of volatile fatty acids (VFAs) as 
substrates for PHA production. Classified as a group of short-chain 

organic acids, including acetic, propionic, butyric, and valeric acids, 
VFAs are not only crucial intermediates in waste management processes 
such as anaerobic digestion and fermentation but also versatile building 
blocks for the biochemical and biofuel industries [24]. A key advantage 
of VFAs lies in their widespread availability, as they can be sustainably 
produced through treatment of a wide range of organic wastes, 
including municipal sludge, food waste, agricultural residues, and 
agro-industrial by-products [24,25]. Compared to sugar-based sub
strates that require saccharification, VFAs can offer a more direct carbon 
source for PHA production. However, waste-derived VFA liquors often 
contain impurities such as ammonia, sulphides, metals, surfactants, and 
phenolics, meaning that polishing or other pre-treatment steps may still 
be necessary to remove inhibitory compounds. Notably, the distribution 
of VFA chain lengths influences both microbial uptake efficiency and the 
type of PHAs produced (summarised in Table 2), affecting polymer 
composition and final material properties, resulting in polymers with 

Table 1 
PHA variations available in the literature and the carbon sources used for production.

PHA type Monomers Material Properties* Applications Carbon sources Ref.

Poly(3-hydroxybutyrate) PHB 3-hydroxybutyrate Tensile strength 
= ~20–40 MPa 
Young’s modulus 
= 1.2–2.2 GPa 
Elongation at break 
= ~1–8% 
Melting Temp. 
= ~160–180 ̊C

Packaging, drug delivery, 
and tissue engineering

Glucose, sucrose, VFAs (acetic 
acid)

[12, 
13]

Poly(3-hydroxyvalerate) PHV
**

3-hydroxyvalerate Tensile strength 
= ~31 MPa 
Young’s modulus 
= 1.5–6 GPa 
Elongation at break 
= > 14% 
Melting temp. = ~ 119 

̊C

Films and coatings Propionic acid, valeric acid, 
acetic acid

[14]

Poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate)***

PHBV 3-Hydroxybutanoic acid & 3- 
Hydroxyvaleranoic acid

Tensile strength 
= ~10–30 MPa 
Young’s modulus 
= 1–6 GPa 
Elongation at break 
= >50% 
Melting Temp. 
= ~160–180 ̊C

Packaging, agricultural 
films, and drug delivery

Glucose, valeric acid, acetic 
acid

[15]

Poly-3-hydroxypropionate PHP 3-hydroxypropionate Tensile strength 
= ~27 MPa 
Young’s modulus 
= 0.3 GPa 
Elongation at break 
= > 19–342% 
Melting temp. = ~ 77 

̊C

Packaging and agricultural 
films

Propionate, Glycerol, Propanol [16, 
17]

Poly(3-hydroxyhexanoate) PHHx Variable Hydroxyalkanoic acids Tensile strength 
= ~20–22 MPa 
Young’s modulus = ~ 
0.9–1.2 GPa 
Elongation at break 
= > 100% 
Melting temp. = ~ 
100–150 ̊C

Adhesives, coatings and 
medical materials

Sugars, fatty acids, alkanes, 
plant oils, food/industrial 
wastes

[18, 
19]

Poly(3-hydroxyoctanoate) PHO 3-hydroxyoctanoate Tensile strength 
= ~3–7 MPa 
Young’s modulus 
= 1.8–17 MPa 
Elongation at break 
= >250% 
Melting temp. = 54–62 

̊C

Drug delivery, tissue 
engineering, and flexible 
films

Long-chain fatty acids, alkanes [20, 
21]

* Literature on specific PHAs and their properties is very limited; hence, the material properties stated in this table are an estimate and may vary depending on future 
research and publications.

** PHV is rarely found as a homopolymer and is mostly synthesised as PHBV from currently available literature. If pure, it is expected to have properties similar to 
those of PHB.

*** Semicrystalline copolymer with properties strongly dependent on 3HV fraction; increasing 3HV generally lowers crystallinity and melting temperature, decreases 
stiffness/brittleness, and improves ductility/toughness.
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adjustable properties and applications [24,26]. For instance, acetic and 
butyric acids are often associated with PHB production, while 
longer-chain VFAs, such as valeric acid, promote copolymer formation, 
thereby improving material flexibility. This versatility highlights VFAs 
not only as economical but also as adjustable feedstocks for tailoring 
PHAs with desired properties [27].

Current trends in literature highlight the suitability of VFAs as PHA 
substrates, their economic advantages, and environmental impacts, 
demonstrating significant promise in lowering PHA production costs 
and enhancing commercial potential [6,13,29]. While several studies 
highlight a sustainable and realistic approach to commercial PHA pro
duction, there is a lack of discussion regarding scale-up and process 
integration challenges associated with waste-derived VFAs as PHA 
substrates (seen in Table 3). When using waste-derived materials, 
several challenges arise related to compositional variability, process 
stability, and downstream processing [6]. The heterogeneity of waste 
streams, stemming from fluctuations in organic content, pH, and 
inhibitory compounds such as ammonia or heavy metals, can signifi
cantly affect both the VFA yield and composition, leading to unpre
dictable PHA accumulation and polymer quality, which is often 
underlined in many review articles covering PHA synthesis from VFAs 
[6,30]. Recent reviews have extensively explored the technical feasi
bility of using VFAs for PHA synthesis and the impact of VFA chain 
length on polymer composition. However, a critical gap remains in the 
literature regarding the integrated challenges of process scale-up and the 
lack of robust comparisons between waste-derived VFAs and conven
tional glucose-based substrates in terms of life-cycle environmental 
metrics, such as carbon footprint and water usage. This review outlines a 
sustainable strategy for producing PHAs using VFAs extracted from 
various waste streams to address these gaps. This approach is crucial for 
mitigating the high production costs that currently hinder the 
industrial-scale production of PHAs. Using waste streams for PHA pro
duction offers a synergistic solution that simultaneously addresses waste 
management challenges and reduces the cost of biopolymer synthesis. 
The valorisation of organic waste into valuable bioproducts, such as 
PHAs, aligns well with the principles of a circular economy, promoting 
resource efficiency, reducing reliance on virgin raw materials, and 
mitigating environmental impacts.

2. Generation of volatile fatty acids from waste streams

The growing interest in VFAs stems from their potential to replace 
petrochemical-derived feedstocks with sustainable alternatives, aligning 
with circular economy principles and advancing waste valorisation 
strategies. Primarily comprising acetic, propionic, butyric, and valeric 
acids, VFAs are short-chain carboxylic acids (C2–C5) that are primarily 
produced via anaerobic digestion of organic matter [24,25]. The gen
eration of VFAs from waste streams represents a critical upstream step 
that directly determines their suitability as carbon substrates for PHA 
biosynthesis (illustrated in Fig. 1). Specifically, the production pathway, 
operational conditions, and resulting VFA composition influence key 
parameters, including monomer distribution, impurity profile, and mi
crobial compatibility, which in turn govern PHA yield, composition, and 
material properties. Therefore, this section focuses not on VFA produc
tion as an independent objective, but on how different generation routes 

shape the downstream performance of VFA-to-PHA conversion systems 
[24].

2.1. VFA production pathways

Conventionally synthesised from petrochemicals via chemical 
oxidation or other chemical processes, production of VFAs (for instance, 
acetic acid) is often overwhelmingly dependent on fossil resources [33]. 
The vast majority of the global acetic acid output (~85%) is produced by 
synthetic petrochemical routes (primarily methanol carbonylation) 
[34–36]. In contrast, bio-based routes currently supply only a minor 
fraction of the market, accounting for ~10–15% or less of total pro
duction [34]. The primary concern lies in the environmental strain 
associated with fossil-derived VFA production. Conventional 

Table 2 
Types of VFAs used for PHA production.

VFA Chemical 
Structure

Associated 
PHAs

Typical Polymer 
Type

Ref.

Acetic acid CH₃COOH PHB Homopolymer [28]
Valeric acid CH₃(CH₂)₃COOH PHV, PHBV Copolymer [28]
Butyric acid CH₃CH₂CH₂COOH PHB Homopolymer [28]
Propionic 

acid
CH₃CH₂COOH PHV, PHBV Copolymer [28]

Table 3 
Trends in literature demonstrating research available on VFA utilisation for PHA 
production.

Ref. Review highlights Required further work

[13] − VFAs are identified as a 
sustainable feedstock for PHA 
synthesis

− Discussion of microbial selection 
and its impacts on PHA type

− Explore the economic and 
environmental benefits of utilising 
VFAs

− Discussion of scale-up and pro
cess integration challenges

− Exploration of VFA composition 
control and microbial strain 
optimisation

[6] − VFA composition and chain length 
impacts on PHAs.

− Discussion of how diverse 
microbial strains have an impact 
on PHAs produced from VFAs.

− Fermentation optimisation 
strategies include pH adjustments, 
organic loading rates, C:N ratios.

− Impurities and variable VFA 
composition from waste 
streams inhibit microbial 
growth and PHA yield.

− Discussion of VFA variability 
and how it may impact the PHA 
production yields and 
efficiencies.

− Discussion of scale-up issues 
and economic and market 
outlooks.

− Comparison of utilising 
conventional carbon sources 
with waste-derived VFAs.

[29] − Latest technologies for converting 
the organic waste into multiple 
biofuels.

− Organic acids, bioplastics, and bio- 
compost production from organic 
waste.

− Techno-economic analysis for 
organic waste.

− Analysis of the challenges and 
barriers in integrating different 
waste streams for optimal 
bioprocessing.

− Discussion on the economic and 
technical feasibility of scaling 
up the organic waste 
valorisation processes to 
industrial levels.

[30] − Feasibility of PHA generation from 
dark fermentation-derived VFAs 
from organic waste streams.

− Review of the characteristics and 
application of PHAs.

− Explores the circular bioeconomy 
potential and contribution to 
circular economy goals by 
converting waste organic streams 
into high-value bioplastics.

− Control microbial consortia 
behaviour, selection, and 
adaptation to mixed VFAs for 
stable long-term operation.

− Economic assessment and 
feasibility of PHA production 
from fermentation effluents.

− Discussion of composition 
variability and its effect on the 
final PHAs produced.

[31] − Explores the potential of 
agricultural waste as a low-cost 
carbon source.

− Details different pretreatment 
methods and hydrolysis routes for 
converting complex biomass into 
usable substrates.

− Discussion of the high 
pretreatment costs and the 
potential of inhibitors.

− Discussion of carbon footprint, 
water usage, energy inputs, etc., 
to compare waste-based PHA vs 
conventional plastics robustly.

[32] − Conditions of PHA production and 
microbes required/capable of 
converting biowaste into PHAs.

− Economic assessment of PHA 
production.

− Functionalisation of PHAs and the 
potential to increase

− their application variability.

− Discussion of how variability in 
biowaste composition may 
impact microbial growth and 
polymer yields.

M. Mihajlovic et al.                                                                                                                                                                                                                             Journal of Environmental Chemical Engineering 14 (2026) 123049 

3 



fossil-based processes are known to produce high yields of VFAs, with 
relatively fast production rates. For instance, acetic acid is primarily 
produced through the carbonylation of methanol, while propionic and 
butyric acids are synthesised via hydrocarboxylation and oxo processes, 
respectively [24]. These routes offer high product selectivity and purity, 
which underpins their widespread industrial adoption in applications 
ranging from plastics and textiles to food and pharmaceuticals. How
ever, they require elevated temperatures and pressures, rely on 
non-renewable carbon sources, generate significant upstream and 
process-related greenhouse gas emissions, and remain tied to volatile 
fossil fuel markets, contributing to both economic and environmental 
challenges [24]. In contrast, various biological and thermochemical 
treatment methods of organic waste or biomass residues have been 
proven effective as research on VFA production has developed over the 
years, each offering distinct advantages depending on the feedstock 
composition and the desired VFA profile. They offer the potential to 
reduce life-cycle emissions and improve circularity.

Overall, the significance of VFA production pathways in the context 
of PHA biosynthesis lies not only in total acid yield, but also in the 
resulting acid spectrum, impurity burden, and consistency of the 
recovered liquor. Biological fermentation routes are generally more 
favourable when the objective is to produce VFA mixtures readily usable 
for microbial PHA synthesis, as they can achieve relatively high VFA 
concentrations under milder conditions. In contrast, thermochemical 
routes such as hydrothermal liquefaction (HTL) and hydrothermal 
deconstruction (HTD) may be advantageous for difficult or heteroge
neous wastes, but they often generate lower acid concentrations, 
broader impurity profiles, or oxygenated by-products that increase 
downstream purification requirements. Therefore, the choice of VFA 
production route directly affects subsequent microbial uptake, attain
able PHA composition, process stability, and overall industrial 
feasibility.

2.1.1. Biological treatment methods
Anaerobic digestion (AD) of organic matter remains the most widely 

studied biological route, leveraging microbial cultures to convert 
organic waste streams into VFAs under controlled conditions [33]. This 
process involves a series of microbial-driven biochemical steps, 
including hydrolysis, acidogenesis, acetogenesis, and methanogenesis 

[37]. During hydrolysis, complex organic matter (proteins, carbohy
drates, and lipids) in waste is broken down into soluble compounds by 
extracellular enzymes, as demonstrated in Eqs. 1, 2 and 3 [38]. 

RCH(NH2)COOH→ NH2CH(R)COOH (1) 

(C6H10O5)n → C6H12O6 (2) 

(RCOO)3C3H5 → C3H12O3 +RCOOH (3) 

Following this step, acidogenic bacteria convert the soluble mono
mers, such as sugars, amino acids, and fatty acids, into longer-chain 
VFAs such as acetate and butyrate (Eqs. 4 and 5), along with other 
byproducts such as H₂, CO₂, ethanol, and NH₃ [38]. 

C6H12O6→2 CH3COOH+2CO2 +4H2 (4) 

C6H12O6→CH3CH2CH2COO− + 2CO2 +2H2In (5) 

the acetogenesis stage, longer-chain VFAs (like propionate and 
butyrate) are further oxidised into acetic acid, CO₂, and H₂ by syntrophic 
acetogenic bacteria under low hydrogen pressure. 

CH3CH2CH2COO− + 2H2O→2CH3COOH + 2H2 (6) 

The products of acidogenic and acetogenic fermentation serve as 
substrates for methanogenic microorganisms in the later stages of AD, 
which produce biogas [37,39]. Organic residues, including food waste, 
agro-industrial residues, and municipal solid waste (MSW), can be 
converted into VFAs through anaerobic digestion and have shown high 
conversion efficiencies in currently available literature, as demonstrated 
in Table 4. During anaerobic digestion, the type of waste digested 
strongly influences the VFA yield and composition [37,40,41]. Strazzera 
et al. (2021) demonstrate this in their study, showcasing that when 
fermenting food waste rich in proteins, the VFA profile is typically 
characterised by acetic acid as the main VFA product, accounting for 
around 70% of the total VFAs produced, while butyrate and propionate 
represent around 10% and 15% of the total VFAs, respectively [42]. 
However, other VFAs, such as propionic and valeric acids, can also be 
significant, depending on the specific proteins and digestion conditions. 
Factors such as fermentation pH, temperature, and organic loading can 
influence the relative distribution of VFAs, leading to different 

Fig. 1. VFA production methods from various waste streams via biological and thermochemical processing methods.
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outcomes; some studies show high proportions of valeric acid alongside 
acetic acid from protein-rich substrates [38,39]. This variation in 
resulting VFAs is largely determined by the operational and environ
mental conditions maintained during anaerobic digestion. Among these, 
pH plays a pivotal role as it directly affects the activity and stability of 
acidogenic microorganisms [43]. Mildly acidic to neutral conditions (pH 
5.5–6.5) generally favour acidogenic bacteria that convert soluble or
ganics into volatile fatty acids (VFAs), whereas more acidic environ
ments (<5.5) can inhibit microbial enzymes and slow down hydrolysis 
[43,44]. In contrast, strongly alkaline conditions (pH 9–10) have been 
shown to enhance VFA accumulation rather than suppress it [45,46]. 
Under such conditions, methanogenic archaea are effectively inhibited, 
preventing VFA consumption, while alkaliphilic fermentative bacteria 
such as Clostridium and Bacillus spp. remain active. The high pH also 
promotes the solubilization of complex organic matter, improving sub
strate availability for acidogenesis [47]. As fermentation progresses, the 
pH typically decreases due to acid production, creating a self-regulating 
environment that sustains acidogenic activity and supports elevated 
VFA yields [45,46,48]. Additionally, temperature significantly in
fluences VFA production by affecting reaction kinetics and microbial 
community structure. Thermophilic conditions (~55◦C) are known to 
enhance enzymatic hydrolysis and acidogenesis rates, accelerating 
organic matter breakdown and VFA formation. However, this can also 
destabilise microbial communities if not carefully controlled, leading to 
increased inhibitory ammonia formation and posing stability risks for 
microbial cultures. Mesophilic conditions (~35◦C) are more common for 
continuous AD systems, especially when handling high-solids waste in
puts, as they form more stable conditions for microbes during fermen
tation. However, they are observed to typically produce VFAs at slower 
rates [49,50].

2.1.2. VFA production through hydrothermal liquefaction (HTL)
Thermochemical processes such as hydrothermal liquefaction (HTL) 

are typically conducted under supercritical to subcritical water condi
tions (250–500 ◦C and 100–300 bar) in a non-oxidative environment, 
creating a reducing or anoxic reaction environment [51,52]. Under 
these conditions, water acts simultaneously as a reactant, solvent, and 
catalyst, with an elevated ionic product (Kw) enhancing acid–base cat
alysed hydrolysis and solvolysis reactions. These conditions favour bond 
cleavage and depolymerisation, but also promote secondary recombi
nation and condensation, meaning that VFAs are generally transient 
intermediates rather than final products in HTL [51]. Commonly, 

short-chain organic acids are favoured under moderate HTL severities 
(~280–300 ◦C and residence times of ~5–30 min), where hydrolysis 
and fragmentation rates exceed recombination kinetics [52]. At higher 
temperatures (>350 ◦C) or longer residence times (>30 min), VFAs are 
increasingly consumed via decarboxylation, aldol condensation, and 
aromatisation reactions, contributing to the formation of biocrude and 
gaseous products [52,53]. The absence of molecular oxygen further 
limits the stabilisation of carboxylic acids, favouring reduced products 
and suppressing net VFA accumulation [54,55].

Protein-rich feedstocks readily hydrolyse of peptide bonds under 
subcritical water conditions, yielding free amino acids. These amino 
acids subsequently decompose via deamination and decarboxylation, 
yielding ammonia, CO₂, and short-chain organic acids. Acetic and pro
pionic acids are the dominant VFAs formed, depending on amino acid 
side-chain structure, as shown in Eq. 7 [56,57]. 

RCH(NH2)COOH+H2O→ CH3COOH+NH3 +CO2 (7) 

This pathway explains the consistent observation of VFAs as in
termediates in HTL of protein-rich feedstocks such as sewage sludge, 
food waste, and spent coffee grounds. For example, Liakos et al. (2025) 
reported peak concentrations of acetic (540.7 mg L⁻¹), propionic 
(155.6 mg L⁻¹), and formic acids (67.8 mg L⁻¹) at 300 ◦C during HTL of 
spent coffee grounds, indicating an optimal balance between hydrolysis 
and secondary degradation at this temperature [52]. While Liakos et al. 
(2025) identify 300 ◦C as the optimal balance for VFA recovery from 
coffee grounds, the reported concentrations highlight a critical limita
tion of HTL compared to biological routes. In contrast to anaerobic 
digestion, which can yield acetic acid concentrations exceeding 34, 
000 mg/L from food waste, the low steady-state concentrations in HTL 
suggest that high secondary degradation rates significantly undermine 
its viability as a primary VFA source [58]. This suggests that HTL may be 
better suited as a rapid pretreatment step to enhance feedstock solubi
lization rather than as a standalone VFA production method.

Alternatively, polysaccharides such as cellulose and starch undergo 
rapid hydrolytic depolymerisation to monomeric sugars under HTL 
conditions (Eq. 8). 

C6H10O5 +H2O→C6H12O6 (8) 

Monosaccharides then decompose through retro-aldol cleavage, 
dehydration, and fragmentation, forming lactic acid, formic acid, and 
acetic acid as dominant VFAs. Lactic acid is often a key intermediate, 
subsequently decomposing into acetic acid, CO₂, and H₂ (Eqs. 9 and 10) 

Table 4 
Studies exploring VFA production using various waste streams.

Feedstock / Waste 
Type

Treatment Method Operating Conditions VFA Composition (Major 
Acids)

Total VFA 
Concentration (mg/L)

Normalised VFA Yield (g 
VFA/g VS feed)

Ref

OFMSW* & food 
waste

Mesophilic acidogenic 
fermentation

T = 35 ◦C, Time = 3.5 d, 
pH = 6.0

Acetic, propionic, and 
butyric

~11,500 0.45–0.55 [71]

Food waste (Tuna) Anaerobic digestion T = 30̊C, Time = 20 d, 
pH = 5

acetic, propionic, butyric 
and valeric acids

4060 ~0.73 [41]

Slaughterhouse 
wastewater

Anaerobic digestion 
(alkaline fermentation)

T = 35̊C, Time = 10 d, 
pH = 10

Acetic, propionic, and 
butyric

3357 0.611–0.67 [45]

Food waste Anaerobic digestion/ 
Acidogenic fermentation

T = 35̊C, Time = 5 d, pH 
= 5

Acetic, propionic, and 
butyric

34,000 ~0.53 [58]

Pulp and paper mill Anaerobic digestion T = 39̊C, Time = 72 h, 
pH = 7

Acetic, propionic, and 
butyric

3580 – [72]

Spent coffee grounds Hydrothermal liquefaction 
(using nitrogen)

T = 300̊C, Time 
= 30 min, P = 85 bar

Acetic, formic, propionic ~836 – [52]

Polymers Hydrothermal deconstruction 
(using oxygen)

T = 280̊C, Time 
= 90 min, PInitial 

= 30 bar

Acetic acid 8974 – [69]

MSW Hydrothermal deconstruction 
(using oxygen)

T = 280̊C, Time 
= 45 min, PInitial 

= 35 bar

Acetic acid 2930 – [68]

Olive mill solid waste Anaerobic fermentation 
(hydrothermal pretreated)

T = 35 ◦C, Time = 15 d, 
pH = 8

Isobutyric, butyric, and 
valeric

~7000 0.25–0.30 [73]

* OFMSW refers to the organic Fraction of Municipal Solid Waste
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[52]. 

C6H12O6→2CH3COOH+CO2 +H2 (9) 

C3H6O3→CH3COOH+CO2 +H2 (10) 

Although carbohydrates readily generate VFAs, these acids are un
stable under prolonged HTL conditions and frequently undergo sec
ondary condensation reactions, contributing to phenolic and aromatic 
structures in the biocrude phase [52]. This explains the typically lower 
steady-state VFA concentrations observed in carbohydrate HTL 
compared with those in oxidative thermochemical processes. 
Conversely, when processing more complex organic waste structures 
such as plastics (Fig. 2), the degradation pathways in HTL depend 
strongly on polymer chemistry and the presence of reactive sites [51,59, 
60]. Studies suggest that, unless co-liquefaction of polymers mixed with 
oxygen-rich feedstocks is performed, no oxygenated intermediates or 
VFAs are formed [51,61]. The relatively low steady-state VFA concen
trations and high secondary degradation rates suggest that HTL-derived 
streams may require further optimisation or integration before being 
viable substrates for efficient PHA production.

2.1.3. VFA production through hydrothermal deconstruction (HTD)
In contrast to HTL, hydrothermal deconstruction (HTD), often 

referred to as wet air oxidation (WAO), introduces oxidants (air, O₂, or 
H₂O₂) under 200–350 ◦C and 20–200 bar [51,62]. Under HTD/WAO 
conditions, oxidation proceeds primarily through radical-chain path
ways, which tend to fragment complex organics into oxygenated in
termediates [63]. In partial oxidation regimes, the dominant stable 
intermediates are often short-chain carboxylic acids, with acetic acid 
repeatedly identified as a major partial oxidation product of HTD [51, 
62].

Protein-rich waste streams hydrolyse to amino acids, followed by 
oxidative deamination and decarboxylation reactions that generate NH₃, 
CO₂, and low-molecular-weight oxygenates, including organic acids (Eq. 
11) [64,65]. Similarly, carbohydrate-rich waste streams undergo hy
drolysis to sugars, then oxidative fragmentation, yielding acetic and 
other small-chain acids (Eq. 12) [64]. In wet oxidation, aromatic/phe
nolic structures (e.g., lignin-derived) are progressively opened and 
oxidised through oxygenated intermediates, with acetic acid commonly 
appearing as a key partial oxidation product. 

RCH(NH2)COOH+O2̅̅→
H2O CO2 +H2O+ CH3COOH+NH3 (11) 

C6H12O6 +2O2̅̅→
H2O 2CO2 +2H2O+ 2CH3COOH (12) 

A major difference compared to VFA production via HTL is that 
HTD/WAO can oxidatively break complex structures, including 
polymer-derived fragments, into oxygenated products even when the 
polymer lacks hydrolysable bonds (Fig. 3), though the extent and 
selectivity depend on oxygen availability and severity [51,66]. Poly
esters and polyolefins such as PET and PP undergo oxidative cleavage to 
oxygenated intermediates and acids. Studies treating 
polymer-containing wastes (including PET- and PP- containing feed
stocks) using HTD methods report strong solids reduction and high 
acetic acid concentrations when oxidation severity is tuned to stop at 
partial oxidation [67]. 

n(C2H4)+O2̅̅→
H2O CO2 +H2O+ CH3COOH (13) 

In contrast, polyamides hydrolyse more slowly than polyesters but 
can be oxidatively deconstructed under HTD conditions, with formation 
of oxygenated intermediates and nitrogen-containing by-products (e.g., 
ammonia) that can persist unless severity/catalysis is increased (Eq. 14) 
[51,67]. 

Polyamides+O2 ̅̅→
H2O CO2 +H2O+CH3COOH+NH3 (14) 

Anthraper et al. (2018) explored the use of HTD to treat non- 
recyclable solid waste materials found in municipal solid waste 
(MSW). They found that at around 280◦C, over 90% of the solids were 
reduced, and a high concentration (up to 2930 mg L− 1) of acetic acid 
was recovered [68]. Significantly higher VFA levels were observed by 
Javid et al. (2022), recovering up to 8974 mg L− 1 of acetic acid from a 
personal protective equipment (PPE) mixture, including safety goggles, 
gowns, and gloves [69]. This method is particularly valuable for het
erogeneous waste streams, such as those containing polymeric mate
rials, where biological degradation is limited.

However, a major limitation lies in the presence of additives, in
organics, and hazardous by-products such as pigments, flame retardants, 
stabilisers, and fillers as they may co-extract with VFAs during HTD, 
change solution chemistry, and interfere with separation, purification, 
and biological upgrading [70]. The disparity in VFA yields between 
MSW and PPE mixtures under similar HTD conditions reveals an 
inconsistency that depends heavily on the initial polymer's oxygen 
content. The significantly higher yields from PPE likely stem from the 
oxidative cleavage of oxygen-rich polymer chains (e.g., poly
amides/polyesters), which are more susceptible to radical-chain frag
mentation than the heterogeneous organic matter in MSW [69]. While 
HTD achieves impressive solids reduction (90%), the method's effective 
VFA production is limited by a trade-off between oxidation severity and 
acid stability as excessive severity risks over-oxidation to CO2, while 

Fig. 2. HTL mechanism for polymers with reactive sites (e.g., PET and PVC).
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insufficient severity leaves complex polymers untouched [70]. Impor
tantly, the presence of oxidation-derived impurities and additives in 
HTD liquors introduces additional challenges for downstream microbial 
fermentation, necessitating careful consideration for PHA applications. 
Table 4 summarises VFA production across different waste streams, 
highlighting parameters that are particularly relevant for downstream 
PHA synthesis, including acid composition, concentration, and 
process-dependent variability.

2.2. VFA separation and purification

Despite promising yields, VFAs recovered from organic waste 
streams are chemically challenging to separate due to their intrinsic 
properties. They are short, low-molecular-weight carboxylic acids with 
pKa values around ~3.75–4.9 [74,75]. As a result, under typical neu
tral/alkaline process conditions, they exist mainly as highly 
water-soluble, dissociated carboxylate anions rather than as volatile free 
acids [75]. This high water solubility, combined with relatively similar 
molecular weights and overlapping boiling points for C2–C5 acids, re
duces volatility and selective separability by simple distillation and 
makes selective extraction difficult without pH adjustment or speci
alised unit operations [76,77]. Table 5 summarises the VFA separation 
and purification techniques commonly used for the pretreatment of 
VFA-rich liquors in industry.

2.2.1. Pertraction (membrane-assisted solvent extraction)
Pertraction is a membrane-assisted solvent extraction method where, 

instead of mixing the fermentation broth directly with an organic sol
vent, which can form stable emulsions that are hard to separate, the two 
phases are separated by a hydrophobic microporous membrane [79]. 
During this process, the VFA molecules diffuse from the aqueous feed 
through the membrane pores and are extracted into the solvent on the 
other side [79]. Separation is typically performed under acidic condi
tions (pH ~2–4) to maintain the acids in their undissociated, hydro
phobic form, promoting transfer into the organic phase. A pH gradient is 
commonly applied, with an alkaline stripping phase to back-extract and 
concentrate the recovered acids. Under these conditions, recoveries of 
~70–95% have been reported [78,79]. While this process successfully 
avoids emulsion formation during solvent separation, the membrane 
introduces mass-transfer resistance, which can slow the process 
compared to direct extraction [79]. Furthermore, transport generally 
increases with VFA hydrophobicity, meaning medium-chain acids are 
recovered more effectively. Similar to most membrane technologies, 
long-term performance may be limited by membrane wetting and 
fouling by suspended solids or organic matter in complex broths [79].

2.2.2. Pervaporation
Pervaporation is a membrane process that utilises selective poly

meric or inorganic membranes to separate VFAs from a liquid mixture 
[81]. The volatile compound-rich broth is placed in contact with a se
lective membrane, often hydrophobic. The VFAs selectively absorb into 
the membrane, diffuse across it, and evaporate on the other side into a 
vacuum or sweep gas stream [80,81]. The driving force for this sepa
ration procedure is the difference in the partial pressures of the VFA 

Fig. 3. HTD mechanism for plastics (e.g., polyolefins).

Table 5 
Summary of VFA separation and purification techniques commonly used for the 
pretreatment of VFA-rich liquors.

Technique Efficiency / 
Performance*

Optimal 
Operating 
Conditions

Effectively 
extracted VFAs

Ref.

Pertraction High 
(~70–95%)

Acidic pH and 
moderate to 
ambient 
temperatures.

Butyrate and 
valerate are 
preferred 
(higher 
hydrophobicity 
improves flux).

[78, 
79]

Pervaporation Moderate–High Acidic pH, 
vacuum 
permeate, and 
Temperatures 
between 
30–60 C.

Mainly acetic/ 
propionic acids. 
Small acids with 
high volatility 
are preferred.

[80, 
81]

Reactive 
extraction

Very high 
(~80–99%)

Acidic pH, 
amine-based 
extract, and 
alkaline stripping 
for regeneration.

Broad range 
(C2–C6). 
Particularly 
effective for 
hydrophobic 
VFAs.

[82, 
83]

In-situ product 
removal 
(ISPR)

Indirect** Mild 
temperatures, 
continuous 
extraction and 
absorption loop.

All inhibitory 
VFAs.

[84, 
85]

Electrodialysis 
with bipolar 
membranes 
(EDBM)

High 
(~80–95%)

Neutral–alkaline 
pH, VFAs in 
carboxylate 
form, and 
sufficient 
conductivity.

All dissociated 
VFAs.

[86, 
87]

Ion-exchange 
resins/ 
adsorption

Moderate–High Neutral–alkaline 
pH, VFAs in 
carboxylate 
form.

Long-chain 
acids show 
stronger 
hydrophobic 
adsorption.

[88, 
89]

* Performance depends strongly on acid chain length, pH, ionic strength, 
membrane/resin type, and feed composition.

** Improves productivity rather than separation.
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mixture across the membrane. Operation is typically most effective 
under acidic conditions (undissociated acids) and at moderate temper
atures (~30–60 ◦C) to enhance permeability while preserving mem
brane integrity. When optimised, the process may achieve moderate to 
high removal efficiencies (~50–90%). Pervaporation is more effective 
for short-chain, more volatile acids such as acetic and propionic acids, 
and is frequently applied for concentration or polishing rather than bulk 
recovery. This process consumes less energy than distillation, as only the 
permeating fraction of VFAs is vaporised [81]. However, the flux rates of 
this process are relatively low, requiring a large membrane surface for 
larger-scale operation. Additionally, pervaporation poses long-term 
challenges, including membrane fouling, degradation over prolonged 
use, and selectivity issues when dealing with complex mixtures [81].

2.2.3. Reactive extraction
Reactive extraction using tertiary amines or ionic liquids is a liquid- 

liquid separation process that uses a chemically reactive solvent to 
selectively extract VFA from aqueous streams [82,83]. Tertiary amines 
act as bases, forming reversible acid-amine complexes that partition 
preferentially into the organic phase [82]. This method is generally 
conducted at acidic pH to maximise the extraction of undissociated 
acids, resulting in high recoveries (~80–99%) and making the process 
particularly effective for dilute broths. Extraction efficiencies generally 
increase with carbon chain length. As a result, propionate, butyrate, and 
valerate are often recovered more readily than acetate [90]. While the 
process substantially reduces solvent requirements compared to phys
ical extraction, regeneration of the solvent and recovery of pure acids 
require bac-extraction or alkaline stripping, increasing chemical con
sumption and process complexity [82].

2.2.4. In-situ product removal (ISPR)
ISPR strategies remove VFAs as they are produced (e.g., via 

adsorption, membrane extraction, or solvent extraction integrated into 
the bioreactor), helping to avoid product inhibition, shift reaction 
equilibria, and increase overall productivity [84,85]. By continuously 
withdrawing inhibitory acids, ISPR can reduce downstream load and 
energy needs by capturing acids early. These systems typically operate 
at mild temperatures and under biocompatible conditions, requiring 
selective materials that do not impair microbial activity. This technology 
can be applied broadly to all VFA species, depending on the coupled 
separation technology. However, it requires reactor integration, 
compatible removal technologies that don’t harm microbes (e.g., 
non-toxic adsorbents or membranes), and robust control to handle 
variable production rates [85].

2.2.5. Electrodialysis with bipolar membranes (EDBM)
The EDBM process splits ionic VFAs into their acid and base forms by 

applying an electrical potential across stacks of ion-exchange mem
branes, producing a concentrated acid stream and a corresponding base 
(e.g., NaOH) [86,87]. This process works directly on dissociated acids 
and avoids the use of organic solvents, making it effective for recovering 
VFAs from dilute, saline streams, making it most effective at neutral to 
alkaline conditions [86]. Under these conditions, recoveries of 80–95% 
are recorded. While effective, EDBM is generally not selective among 
different VFAs, and major challenges include significant electrical en
ergy demand, membrane fouling in complex waste matrices, and the 
need to pre-remove particulates and foulants to protect membranes [86, 
87].

2.2.6. Ion-exchange resins and adsorption
Ion-exchange resins (strong or weak base resins used in the acid 

form) and other adsorbents can capture VFA carboxylates from aqueous 
streams and later regenerate them to recover concentrated acids [88]. 
These systems operate most effectively at neutral or alkaline pH, where 
VFAs are present as carboxylate anions, and are particularly suited to 
dilute streams that require pre-concentration. Typical capture 

efficiencies range from 60 to 95%, and substantial concentration factors 
can be achieved upon elution. Short-chain acids such as acetate and 
propionate are commonly recovered, although adsorption strength 
generally increases with hydrophobicity. Challenges include competi
tion from other anions (such as salts, sulphate, and phosphate), resin 
fouling, regeneration requirements (including chemical and salt man
agement), and resin degradation over time, all of which affect operating 
costs and lifecycle sustainability [88,89].

Consequently, the most suitable VFA production route for PHA 
synthesis cannot be judged on acid yield alone. The downstream value of 
the liquor depends on a combination of factors, including VFA compo
sition, concentration, impurity profile, ease of recovery, and reproduc
ibility across waste batches. These characteristics ultimately determine 
whether the recovered VFAs can be used directly for fermentation, 
require polishing before use, or impose process-control and purification 
costs that challenge large-scale implementation.

3. Utilising VFAs for PHA biosynthesis

The utilisation of economically viable substrates, such as VFAs, 
especially those derived from readily available waste streams, may 
significantly reduce costs and facilitate the production of final PHA 
products [13]. Waste-derived VFAs are considered preferred carbon 
sources for PHA synthesis, as they serve as direct metabolic precursors 
during PHA production.

3.1. Metabolic pathways of VFA-to-PHA conversion

Depending on the carbon feedstock supplied during PHA synthesis, 
different intracellular metabolic pathways are activated. When VFAs 
serve as the primary carbon source, bacterial cultures such as Cupriavi
dus necator uptake VFAs (e.g., acetic, propionic, butyric, or valeric acids) 
either by passive diffusion, in undissociated form, or via specific mem
brane transport proteins that regulate movement across the lipid bilayer 
[22,25,91]. Once inside the cell, VFAs are rapidly activated into their 
corresponding coenzyme A (CoA) derivatives, such as acetyl-CoA from 
acetate and propionyl-CoA from propionate [92,93]. These activated 
intermediates act as central metabolic nodes, linking carbon assimila
tion to energy generation, lipid metabolism, and PHA biosynthesis [13]. 
During synthesis, three main metabolic pathways lead to PHA produc
tion. Pathway I (acetoacetyl-CoA route) primarily yields 
short-chain-length PHAs (scl-PHAs), where two acetyl-CoA molecules 
are first condensed by β-ketothiolase (PhaA) to form acetoacetyl-CoA 
[94]. This intermediate is then stereospecifically reduced by 
acetoacetyl-CoA reductase (PhaB) to (R)-3-hydroxybutyryl-CoA, which 
serves as the direct monomer substrate for PHA synthase (PhaC). 
Enzyme PhaC catalyses the polymerisation of these monomers into 
intracellular PHB granules [13]. This enzyme set (PhaA–PhaB–PhaC) is 
characteristic of scl-PHA biosynthesis, especially when acetate is the 
dominant substrate [94]. Alternatively, in pathway II (de novo fatty acid 
synthesis), acetyl-CoA enters the fatty acid biosynthetic cycle, where 
acyl-ACP intermediates are generated; these are subsequently trans
ferred to CoA-bound hydroxyacyl-CoA monomers via enzymes such as 
PhaG (3-hydroxyacyl-ACP:CoA transferase) before being polymerised 
by PhaC [24]. This route contributes mainly to mcl-PHAs and selected 
copolymer structures, depending on the chain length of the diverted 
intermediates and the availability of odd-carbon precursors [94].

Pathway III (fatty acid β-oxidation) is mainly utilised when longer- 
chain VFAs are supplied. Partial β-oxidation cycles generate 
hydroxyacyl-CoA intermediates that are directly incorporated into 
medium-chain-length PHAs (mcl-PHAs) such as PHHx or PHO [94]. 
Pathway III uses exogenous fatty acids, where the partial β-oxidation 
cycle generates enoyl-CoA (via enoyl-CoA hydratases such as PhaJ) and 
(R)-3-hydroxyacyl-CoA intermediates that are directly channelled by 
PhaC to mcl-PHA monomers [94]. Commonly, odd-chain VFAs (e.g. 
propionate) can also be converted to propionyl-CoA and incorporated as 
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3-hydroxyvalerate (3HV) comonomers, enabling PHBV production. 
These three routes (Fig. 4) explain how the same VFA feedstock 
composition can yield different PHA monomer distributions depending 
on which pathway(s) predominate under the chosen microbial/opera
tional conditions [13,92].

The type of VFA supplied strongly governs the resulting polymer 
composition. Even-carbon VFAs such as acetate predominantly yield 
PHB units, whereas odd-carbon VFAs such as propionate and valerate 
generate propionyl-CoA intermediates that enable the incorporation of 
3HV monomers and the formation of copolymers such as PHBV [22,25, 
91]. Furthermore, under nutrient-limiting conditions, particularly ni
trogen and phosphorus, bacterial growth is restricted, and excess carbon 
is redirected toward intracellular PHA accumulation as storage granules, 
which can subsequently be recovered and purified for bioplastic 
applications.

3.2. Microbial cultures used for PHA synthesis

A range of microbial systems has been investigated for PHA synthesis 
from waste-derived VFAs, including pure microbial cultures, hal
oarchaea, and mixed microbial cultures (MMCs). To provide a clearer 
overview,  Table 6 summarises the principal microorganisms reported in 
the literature together with the type of PHA produced, the VFA substrate 
used, the culture mode, key operating conditions, and the reported PHA 
accumulation. Pure cultures offer better process control and polymer 
specificity, whereas MMCs are generally more robust toward variable 
waste-derived substrates and may be more attractive for large-scale 
implementation.

Pure cultures enable genetic optimisation and metabolic engineer
ing, which can yield tailored polymer properties but often result in lower 

PHA yields. However, they provide better process control and predict
ability, since only one strain with known metabolism is used [95]. 
Notably, the bacterial strain Ralstonia eutropha (alternatively known as 
Cupriavidus necator) showed the most variation in PHA content, with 
reported yields ranging from ~30–80% in dry cell weight (DCW) as 
demonstrated in Table 6 [96]. Hernández-Herreros et al. (2025) 
observed an optimal accumulation of PHB biopolymers of ~75% DCW 
with a pure culture of Ralstonia eutropha at 30◦C, pH of 6.8, 20% dis
solved oxygen (DO) level, and 6 g/L VFA feed concentration [97]. This 
bacterial strain can efficiently utilise a variety of VFAs, such as acetic, 
propionic, and butyric acids, to produce a favourable amount of PHAs 
[96]. These results are comparable to those reported by Yun et al. 
(2013), who utilised Ralstonia eutropha strains and achieved ~50% DCW 
of PHB from a mixture of various VFAs under optimal fermentation 
conditions (30◦C, 6.5 pH, and 20% DO) [96]. The significant increase in 
accumulation from 50% in batch to 75% in fed-batch for Cupriavidus 
necator suggests that substrate-to-PHA conversion is not limited by the 
microbe’s metabolic capacity, but rather by the inherent toxicity of 
VFAs at high concentrations. This confirms that the shortened metabolic 
pathway of VFAs provides a competitive advantage only if toxicity is 
strictly managed through feeding strategies.

In contrast, Haloferax mediterranei, a halophilic archaeon, has been 
studied for PHBV production using VFAs as carbon substrates. Ferre- 
Guell and Winterburn (2019) investigated the production of PHBV 
biopolymers using a Haloferax mediterranei with a mixture of butyric and 
valeric acids as the main carbon sources. They found that at around 
37◦C, pH of 6.8, and 20% DO, the highest PHBV content reached was 
~60% by DCW [98]. The significant advantage of Haloferax mediterranei 
species lies in its ability to grow and produce PHAs in non-sterile, saline 
environments, thereby reducing PHA production costs and, in some 

Fig. 4. Metabolic pathways of PHA production using VFAs as carbon substrates.

M. Mihajlovic et al.                                                                                                                                                                                                                             Journal of Environmental Chemical Engineering 14 (2026) 123049 

9 



cases, achieving higher PHA contents than most alternative pure culture 
PHA producers.

Another strain known to support VFAs as carbon sources for PHA 
production is Rhodococcus sp. In their study, Haywood et al. (1991) re
ported that Rhodococcus sp. can incorporate valeric acid into the polymer 

backbone, enabling the synthesis of PHBV copolymers with higher 3HV 
fractions compared to Cupriavidus necator [99]. The higher 3HV frac
tions are known to modify the thermal and mechanical properties of the 
polymer, resulting in a less brittle material more suitable for flexible 
applications [100]. Their research indicated that at favourable 

Table 6 
Microbial cultures used for PHA production from waste-derived VFAs.

Microorganisms Type of PHA 
produced

VFA carbon source Culture Mode Culture Conditions PHA content 
(%DCW)

Key Advantage Ref.

Ralstonia eutropha / 
Cupriavidus necator

PHB and 
PHBV

Acetic acid, propionic acid, 
butyric acid

Batch 
Fermentation

T = 30◦C 
pH = 6.5 
DO = 20% 
Feed concentration 
= 5 g/L

~50 ​ [96]

PHB Acetic acid, propionic acid, 
butyric acid, and valeric 
acid

Fed Batch 
Fermentation

T = 30◦C 
pH = 7.4 
DO = 20% 
Feed concentration 
= 6 g/L

~75 High accumulation; well- 
established model strain

[97]

mcl-PHA, 
PHB, and 
PHBV

Acetic and propionic acid Batch 
Fermentation

T = 30◦C 
pH = 7.5 
DO = 20% 
Feed concentration 
= 2.5 g/L

~53 ​ [106]

Haloferax mediterranei PHBV Butyric acid, and valeric 
acid

Fed-batch 
fermentation

T = 37◦C 
pH = 6.8 
DO = 20% 
Feed concentration 
= 4.25 g/L

59 ​ [98]

PHBV Acetic acid, propionic acid, 
and butyric acid

N/A T = 37◦C 
pH = 7 
Feed concentration 
= 4 g/L 
C/N ratio = 5 
C/P ratio = 35

55 Non-sterile saline cultivation; 
reduced sterilisation demand

[107]

PHBV Butyric acid and valeric 
acid

Continuous 
Fermentation

T = 37◦C 
pH = 6.8 
DO = 20% 
Feed concentration 
= ~ 4 g/L

~60 ​ [108]

Rhodococcus sp. PHBV Acetic acid, valeric acid Batch 
Fermentation

T = 30◦C 
pH = 7 
Feed concentration 
= 5 g/L

~30 Better incorporation of 3HV; 
useful for flexible PHBV

[99]

PHB and 
PHBV

Acetic acid, propionic acid, 
and butyric acid

Batch 
Fermentation

T = 30◦C 
pH = 7 
Feed concentration 
= 2.2 g/L

~48 [109]

Bacillus sp. PHB and 
PHBV

Propionic acid and glucose Batch 
fermentation

T = 37◦C 
pH = 7 
DO = 20% 
Feed concentration 
= 1.5 g/L

~33 Robust strain; attractive for 
food/biomedical relevance

[101]

PHBV Glucose, acetic acid, and 
propionic acid

Fed-batch 
Fermentation

T = 30◦C 
pH = 7 
DO = 4.1 mg/L 
Feed concentration 
= 1 g/L

25 [102]

Pseudomonas putida / 
Pseudomonas sp.

PHBV Glucose, acetic acid, and 
propionic acid

Fed-batch 
Fermentation

T = 30◦C 
pH = 7 
DO = 4.1 mg/L 
Feed concentration 
= 1 g/L

35 Suitable for mcl-PHA 
production

[102]

mcl-PHA Acetic acid, propionic acid, 
butyric acid, and valeric 
acid

Fed-batch 
Fermentation

T = 30◦C 
pH = 6.8 
Feed concentration 
= 3.4 g/L

~45 [103]

Mixed microbial 
culture (MMC)

PHB Pure acetate Fed-batch 
fermentation

T = 30◦C 
pH = 7 
Feed concentration 
= 3.8 g/L

~89 High substrate flexibility; 
suitable for variable waste- 
derived feeds

[104]

PHBV acetate, propionate, 
butyrate and valerate

Two-stage 
fermentation

T = 23 – 25◦C 
pH = 8 
Feed concentration 
= ~1 g/L

~77 [105]
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conditions (30◦C, and pH of 7), up to ~30% DCW was obtained using a 
mixture of acetic and valeric acids as main carbon substrates [99]. 
Additionally, in recent literature, Bacillus species have been identified as 
promising PHA producers due to their robustness and ability to secrete 
extracellular enzymes [101]. Several Bacillus strains have been reported 
to accumulate PHAs such as PHB and co-polymers PHBV of up to 
~20–30% DCW at temperatures ranging between 30–37 ◦C, neutral pH 
of 7, a DO content of 20%, and feed concentrations between 1–1.5 g/L 
[101,102]. The Bacillus strains show the greatest efficiency for PHA 
production when VFAs are combined with glucose as carbon sources. A 
unique advantage of Bacillus strains lies in their recognised safe status, 
making them attractive for industrial-scale production, where down
stream processing might involve food or biomedical applications [101, 
102]. Conversely, certain bacterial species have the ability to produce 
mcl-PHAs, enabling their use in many industries where scl-PHAs may 
fall short. Pseudomonas putida and related Pseudomonas species are 
known for their ability to utilise VFAs for the production of mcl-PHAs. 
These biopolymers differ from the scl-PHAs produced by other bacte
rial strains discussed, as they result in polymers with higher elastomeric 
properties, higher flexibility, and lower crystallinity, making them 
particularly suitable for biomedical applications. Reported yields of 
accumulated mcl-PHAs within Pseudomonas strains range from 
~20–50% DCW at 30 ◦C and pH between 6.8–7 [102,103]. The incon
sistency in yields across studies using the same bacterial species further 
underscores that VFA-to-PHA conversion is more sensitive to cultivation 
mode and inhibitor load than it is with traditional sugar-based sub
strates. Furthermore, Pseudomonas strains can metabolise a broad range 
of feedstocks, including fatty acids, plant oils, and even aromatic com
pounds, highlighting their strong potential in waste valorisation 
processes.

While pure bacterial cultures may lead to more tailored PHA prop
erties, they require strict sterile conditions and refined feedstocks, which 
further increase production costs of PHAs. Instead, research on utilising 
mixed microbial cultures (MMC) has been advancing further due to 
lower associated costs, higher substrate flexibility, and better suitability 
for waste-based, large-scale PHA production. When cultured under 
optimal fermentation conditions, they often yield higher PHA accumu
lation than pure microbial cultures. For instance, Johnson et al. (2009) 
investigated the production of PHAs using MMC cultures, reporting the 
maximum PHA content of 89% DCW using pure acetate at 30◦C and a 
neutral culture medium (pH of 7) [104]. Similarly, Albuquerque et al. 
(2011) obtained maximum PHA contents between 56% and 77% DCW 
with the VFA mixtures from fermented molasses feed and synthetic 
feedstocks, respectively [105]. These PHA fermentation trials were 
performed at temperatures ranging from 23 to 25◦C and a slightly 
alkaline culture medium (pH of 8). The utilisation of MMCs represents a 
major technical bottleneck for material consistency, however. While 
MMCs are robust to the compositional variability of waste, they inher
ently lack the metabolic precision to produce the high-purity, speci
alised copolymers (e.g., mcl-PHAs) required for medical-grade 
applications.

Overall, the literature indicates that no single microbial platform is 
universally optimal for all waste-derived VFA streams. Cupriavidus 
necator remains one of the most effective and widely studied strains for 
high PHA accumulation, particularly under controlled fed-batch oper
ation, whereas Haloferax mediterranei offers practical advantages under 
non-sterile saline conditions. Pseudomonas species are especially rele
vant when mcl-PHAs are desired, while MMCs are attractive for variable 
waste streams because of their operational robustness and high accu
mulation potential. Accordingly, strain selection should be matched not 
only to VFA composition and inhibitor load, but also to the desired 
polymer type and the intended scale of production.

3.3. Parameters influencing PHA growth & properties

Mixed VFA streams derived from heterogeneous feedstocks, such as 

municipal waste streams, along with the processing parameters (sum
marised in Table 7) used to extract these VFAs, directly determine the 
composition and properties of the resulting PHA.

Different VFAs are metabolised into distinct hydroxyacyl-CoA pre
cursors, which are incorporated into the growing polymer chain, offer
ing adjustable mechanical and thermal properties through controlled 
monomer incorporation. When acetate is the dominant substrate, it is 
primarily converted into 3-hydroxybutyrate (3HB) units via acetyl-CoA, 
leading to the formation of the highly crystalline, stiff, and brittle PHB 
homopolymer [110,111]. In contrast, feeding odd-chain VFAs such as 
propionate and valerate leads to the intracellular formation of 
propionyl-CoA and valeryl-CoA, which are converted into 3HV pre
cursors and subsequently incorporated into the polymer backbone 
[116]. As the fraction of 3HV increases, the polymer shifts from PHB 
toward the copolymer PHBV. According to the literature, increasing the 
3HV content disrupts the polymer chain packing, reduces crystallinity 
and the melting temperature, decreases stiffness and brittleness, and 
increases ductility, impact resistance, and toughness [117–119]. 
Consequently, higher propionate or valerate fractions in the VFA feed 
directly translate into higher 3HV content in PHBV, yielding materials 
that are more flexible and processable compared to PHB. By adjusting 
the relative proportions of acetate, propionate, and valerate in 
waste-derived VFA streams, it is therefore possible to tailor the me
chanical and thermal performance of PHAs at the metabolic level, 
without chemical modification of the polymer [13,120].

However, the use of VFAs at high concentrations presents a further 
challenge, as inhibition primarily arises from the undissociated (pro
tonated) acid fraction rather than the total VFA concentration alone. At 
pH values close to or below the pKa of VFAs (~4.7–4.9 for acetic, pro
pionic, and butyric acid), a significant fraction of these acids remains 
undissociated and can readily diffuse across the cell membrane [111]. 
Once inside the cytoplasm, which is maintained at a near-neutral pH, the 
acid dissociates, releasing protons and their corresponding anions. This 
leads to intracellular acidification, collapse of proton motive force, 
disruption of enzyme activity, accumulation of anions, and increased 
ATP demand for active pH homeostasis, thereby inhibiting growth and 
PHA synthesis. From the literature, growth inhibition is typically 
observed when the undissociated VFA concentration reaches the low 
millimolar range (~2–6 mM), although this threshold is strongly 
strain-dependent [111,121]. Mixed microbial cultures and adapted 
strains may tolerate higher levels, while sensitive organisms may be 
inhibited at considerably lower concentrations [113,116]. Notably, 
odd-chain VFAs, such as propionate and valerate, frequently exert 
stronger inhibitory effects than acetate at equivalent molar concentra
tions, due to their higher membrane permeability and intracellular 
accumulation [111].

Mitigation strategies such as buffering, co-feeding with comple
mentary substrates, or controlled feeding regimes may need to be 
implemented to improve the suitability of VFA for PHA production [42, 
122,123]. A common mitigation strategy is neutralisation of VFAs using 
bases such as NaOH, to keep the pH levels above the pKa value of the 
acid, leading to significant increase in dissociation, reducing the amount 
of undissociated acid, which can disrupt cellular pH of the microbes, 
leading to metabolic failure [71]. However, this approach inevitably 
increases ionic strength and salinity, which can impose additional os
motic stress on microorganisms, impair mass transfer, and complicate 
downstream processing, including polymer recovery and wastewater 
management [124]. From a process-engineering perspective, a particu
larly effective operational strategy is pH-stat fed-batch fermentation, in 
which VFAs are continuously or semi-continuously supplied only as fast 
as they are assimilated, while pH is tightly controlled [123,125,126]. 
This maintains both total VFA concentration and the undissociated 
fraction below inhibitory thresholds, enabling high volumetric pro
ductivities without excessive salt accumulation. In addition to 
co-feeding with non-acidic carbon sources (e.g., sugars, glycerol) to 
dilute weak-acid stress, ISPR approaches, such as pertractive extraction 
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or EDBM, offer advanced options for continuously removing VFAs from 
the broth [127,128]. These techniques simultaneously regulate sub
strate concentration, reduce toxicity, and improve overall carbon uti
lisation efficiency.

Additionally, the accumulation and structural properties of PHAs are 
strongly determined by the nutritional and substrate conditions under 
which microorganisms are cultivated. Available literature on PHA pro
duction suggests that a high carbon-to-nitrogen (C:N) and high carbon- 
to-phosphorus (C:P) ratio is widely recognised as a key driver of PHA 
accumulation. Under balanced growth conditions, microbial cultures 
are typically supplied with a C:N:P ratio of approximately 100:5:1 as it 
supports the robust PHA formation [112]. During the PHA accumulation 
phase, nitrogen or phosphorus is deliberately limited while carbon re
mains in excess, thereby surpassing cell proliferation and redirecting 
metabolic fluxes toward intracellular carbon storage.

Chen et al. (2019) evaluated PHA production under varying C:N 
ratios and demonstrated that nitrogen limitation and high C:N ratios 
enhance PHA accumulation by redirecting carbon flux [129]. Similarly, 
Ntaikou et al. (2019) confirmed that nitrogen scarcity shifts metabolic 
pathways toward polymer storage rather than cell proliferation, altering 
microbial dynamics and increasing production of PHAs, primarily PHB 
and PHV copolymers [130]. Similarly, this principle applies to phos
phorus levels in the feed supplied to the microbes, which is also widely 
used in PHA production to trigger the storage of biopolymers and is 
identified as the limiting nutrient that often leads to higher PHA accu
mulation yields [112,131]. For instance, Kourmentza et al. (2017) 
investigated the limitation of phosphorus and nitrogen on the yield of 
PHAs accumulated, demonstrating that nitrogen limitation achieved up 
to 57% PHA accumulation, while phosphorus limitation achieved up to 
70% PHA accumulation in a fed-batch fermentation system [131].

Similarly, oxygen availability is another decisive factor, although its 
influence is highly strain and process dependent. While aerobic condi
tions are generally necessary for efficient PHA biosynthesis, the optimal 
DO level varies markedly between organisms. For instance, for many scl- 
PHA producers such as Cupriavidus necator, insufficient DO leads to 
reduced cell growth and ultimately lower PHA productivity; thus, 
adequate aeration is essential to sustain both biomass formation and 
polymer accumulation. In contrast, several mcl-PHA producers, such as 
the Pseudomonas species, can tolerate or even benefit from moderate 
oxygen limitation, as reduced DO can shift metabolism toward fatty-acid 
β-oxidation, influencing monomer composition and favouring mcl-PHA 
formation. Wijeyekoon et al. (2018) investigated the effect of DO levels 
on PHA production from HTD or wet air oxidation-derived liquors rich 
in VFAs [113]. They found that at low DO concentrations, scl-PHA 
accumulation is induced by reduced adenosine triphosphate (ATP) 
levels, which limit the anabolic activities required for bacterial growth.

Additionally, incubation time, temperature, and pH are significant 
factors that may influence PHA accumulation and microbial activity 
[132]. However, their effect depends on stain selection and microbial 
physiology. For instance, Mohammed et al. (2020) report that 

near-neutral conditions (pH ~7) maximised PHA accumulation in 
Cupriavidus and Bacillus strains, reflecting the preference of these or
ganisms for neutral environments that support balanced growth and 
efficient carbon flux towards acetyl-CoA–derived PHA biosynthesis 
[133]. In contrast, Villano et al. (2010) reported a markedly different 
response in mixed microbial cultures enriched for Haloferax.sp pop
ulations, where operation at alkaline conditions (pH 9.5) led to a 48% 
increase in PHV content [134]. This shift was attributed to pH-driven 
changes in intracellular redox balance and propionyl-CoA availability, 
underscoring that pH not only affects microbial growth but also selec
tively modulates monomer composition depending on the dominant 
metabolic pathways of the producing strain.

Similarly, Mohanrasu et al. (2020) investigated the effect of 
fermentation temperature on PHA accumulation, stating that optimal 
temperatures of ~37 ◦C show maximum PHA productivity in Bacillus.sp, 
consistent with their mesophilic growth profile and enzyme kinetics 
[114]. However, lower optimal temperatures (25–30 ◦C) have been re
ported for Pseudomonas putida and other Pseudomonas.sp, where exces
sive thermal stress can reduce membrane stability and impair mcl-PHA 
synthesis [135].

Additionally, Odeniyi et al. (2017) demonstrated the significance of 
incubation time on PHA yield, highlighting that prolonged time may 
lead to the PHAs accumulated being used as endogenous sources inside 
the cells [115]. They reported optimal PHA accumulation at 48 h in 
Bacillus.sp culture, with complete depletion observed after 96 h. Com
parable trends have been observed in Cupriavidus necator, where 
extended cultivation beyond the stationary phase results in PHA depo
lymerisation driven by maintenance metabolism [136,137].

3.4. Characterisation of PHAs

PHA yield, accumulation as percentage dry cell weight (%DCW), and 
monomer composition are widely reported as key process performance 
indicators, but these metrics are not sufficient on their own to confirm 
polymer identity or predict material performance. This is particularly 
important for PHAs produced from waste-derived VFAs, where varia
tions in acid composition, impurities and microbial metabolism can in
fluence monomer incorporation, molecular weight, crystallinity, 
morphology, and thermal behaviour. Established analytical techniques 
are routinely applied across the literature to confirm PHA identity, 
assess structural features, and link polymer composition to thermal and 
mechanical properties, as illustrated in Fig. 5 [138–140]. Spectroscopic 
techniques, particularly Fourier-transform infrared spectroscopy (FTIR) 
and nuclear magnetic resonance (NMR) (¹H and ¹³C), are the primary 
methods used to confirm PHA chemical identity and monomer compo
sition [138]. FTIR typically shows the characteristic ester carbonyl 
(C––O) stretching band of PHAs at approximately 1720–1740 cm⁻¹ , 
which is characteristic of aliphatic polyesters, alongside C–O–C 
stretching vibrations around 1050–1300 cm⁻¹ and aliphatic C–H 
stretching bands around 2850–3000 cm⁻¹ [139–141]. However, FTIR 

Table 7 
Influence of process parameters on growth and properties of accumulated PHAs.

Influencing Process Parameter Adjustment / Condition Effect on PHA properties Research Status Ref.

VFA composition Increase in odd-chain VFAs (e.g. 
propionic acid)

Increases 3HV production, reduces crystallinity and increases 
toughness.

Requires further 
research

[110, 
111]

Total substrate (VFA) 
concentration

High loading Growth inhibition and reduced productivity. Requires further 
research

[111]

pH of carbon substrate pH > 5–6 Lowers undissociated acid toxicity and increases PHA yield. Well researched [111]
pH of culture Neutral to alkaline (strain dependent) Increases the metabolism of microbes, improving PHA 

production.
Well researched [71]

C:N ratio Nitrogen limitation Increases intracellular PHA storage. Well researched [112]
C:P ratio Phosphorus limitation Increases PHA accumulation further. Well researched [112]
Dissolved oxygen Stain specific optimisation Controls yield and monomer type. Requires further 

research
[113]

Temperature Strain optimum (mesophilic range) Maximises enzyme activity and growth. Well researched [114]
Incubation time Extended cultivation Decreases polymer content Well researched [115]
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alone is not sufficient to fully determine PHA monomer composition or 
to reliably distinguish between PHB, PHBV, and other PHA copolymers, 
because many PHAs share similar ester and hydrocarbon functional 
groups. As a result, FTIR is best used as a rapid screening or confirmatory 
technique rather than a complete structural identification method. 
Complementary to FTIR NMR provides more detailed structural confir
mation and is particularly valuable for identifying the specific type of 
PHA produced, because different PHA monomers have distinct 
side-chain structures that generate distinguishable proton and carbon 
environments. For PHB, which contains 3HB units with a methyl side 
group (CH3), ¹H NMR typically shows characteristic signals at approxi
mately 1.2 ppm for methyl protons (CH3), 2.4–2.6 ppm for methylene 
protons (CH2) adjacent to the carbonyl group, and approximately 
5.2 ppm for the methine proton (CHO) attached to the ester-bearing 
carbon [139,140]. In ¹ ³C NMR, PHB commonly shows carbonyl car
bon signals at approximately 169–172 ppm, together with backbone 
methine, methylene, and methyl carbon signals [139,140]. In PHBV, 
additional resonances appear because 3HV units contain an ethyl side 
chain rather than the methyl side chain present in PHB. These additional 
terminal CH₃ and CH₂ signals from 3HV units allow the 3HB:3HV ratio to 
be quantified, making NMR particularly useful for distinguishing PHB 
homopolymer from PHBV copolymer. Medium-chain-length PHAs show 
further spectral differences because their longer alkyl side chains 
generate more complex resonances in the alkyl region, particularly 
around 0.8–1.6 ppm in ¹H NMR [142]. These differences arise from the 
different local chemical environments created by methyl, ethyl, or 
longer pendant side chains along the polyester backbone linking the 
carbon source/VFA profile to final polymer structure, where acetate-rich 
substrates generally favour 3HB formation, propionate and valerate can 
promote 3HV incorporation, and longer-chain VFAs may contribute to 
medium-chain-length PHA monomers.

X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
provide complementary information on crystallinity and morphology 
[140]. However, XRD does not directly measure mechanical properties 
such as brittleness or ductility; rather, it provides evidence of crystalline 
ordering, which strongly influences these properties. Highly crystalline 
PHB typically exhibits sharp, intense diffraction peaks, reflecting or
dered chain packing and restricted polymer chain mobility. This high 
crystallinity contributes to the stiffness and brittleness commonly asso
ciated with PHB. In contrast, incorporation of 3HV units into PHBV 
disrupts the regular 3HB chain packing, leading to broader, less intense 
XRD peaks and a lower degree of crystallinity. This reduction in crys
tallinity increases chain mobility and is commonly associated with 
greater flexibility and ductility than in PHB. This effect is routinely 
confirmed by broader, less intense diffraction peaks in XRD patterns, as 
observed by Maity et al., 2020 [140]. Analysis such as SEM can reveal 
polymer morphology, surface roughness, porosity, and phase separation 
in blends or composites. However, SEM does not confirm chemical 
identity and should not be used alone to prove PHA formation. Instead, 
it is most useful as a supporting technique for assessing the physical 
appearance and morphology of the extracted polymer, particularly 
when waste-derived substrates may introduce impurities, heterogeneous 
polymer fractions, or extraction residues.

Thermal characterisation by differential scanning calorimetry (DSC) 
and thermogravimetric analysis (TGA) inks polymer structure to pro
cessing behaviour and end-use suitability. Data from DSC analysis pro
vides glass transition temperature (Tg), melting temperature (Tm), and 
crystallisation behaviour, all of which are strongly influenced by 
monomer composition and crystallinity [140,143]. For instance, PHB 
typically exhibits a Tm of ~170–180 ◦C and a Tg near − 5 to + 5 ◦C 
[144]. Increasing incorporation of 3HV units progressively reduces both 
thermal transitions, with Tm decreasing to ~120–160 ◦C and Tg shifting 

Fig. 5. Representative characterisation techniques used for PHAs, including FTIR, XRD, DSC, TGA, and NMR. Reprinted from [140], International Journal of Biological 
Macromolecules, Volume 153 (Copyright 2020) with permission from Elsevier.
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to ~− 10 to − 20 ◦C at higher 3HV fractions (~30–50 mol%) [143,145], 
reflecting reduced crystallinity and increased chain mobility. Similarly, 
TGA provides insight into thermal stability and degradation behaviour, 
which are critical for processing and end-use applications. The literature 
suggests that commonly reported TGA values for PHB-based polymers 
typically range from ~150 to ~350 ◦C, with maximum degradation 
occurring at ~467 ◦C [143,146]. These shifts are significant because 
they indicate reduced crystallinity, increased chain mobility, and 
potentially improved flexibility compared with brittle PHB. Biopolymers 
such as Mcl-PHAs generally exhibit lower melting temperatures and 
greater elastomeric behaviour than scl-PHAs, further demonstrating 
how monomer structure determines final material properties [142,147]. 
This is particularly important for waste-derived VFA systems, where 
residual organics, salts, pigments, inhibitory compounds, or 
chain-terminating impurities may reduce polymer purity, alter degra
dation behaviour, or broaden molecular weight distributions.

In addition to spectroscopic, morphological, crystalline, and thermal 
analyses, molecular weight characterisation is important for assessing 
the quality and processability of recovered PHAs. Gel permeation 
chromatography (GPC), a type of size-exclusion chromatography (SEC), 
is commonly used for polymer characterisation, including molecular 
weight determination and polydispersity (number-average/weight- 
average) of PHAs, which influence melt strength, toughness, degrada
tion behaviour, and processing stability [148,149]. Reported PHA mo
lecular weights (~50–3000 kDa), polydispersity index (1.5–3.0), and 
number-average molecular weights (50–1000 kg/mol) vary signifi
cantly, depending on the microbial strain, substrate, cultivation condi
tions, extraction method, and polymer composition [148]. Biopolymers 
such as PHB and PHBV typically have higher molecular weights, 
contributing to their high crystallinity and brittleness, compared to 
mcl-PHAs (~50–100 kDa) [142]. For waste-derived VFA systems, 
GPC/SEC is particularly relevant because impurities, nutrient limita
tions, inhibitory compounds, or chain-transfer reactions may reduce 
polymer chain length or broaden the molecular weight distribution. As a 
result, GPC/SEC can help determine whether PHAs produced from 
waste-derived VFAs are comparable in quality to polymers produced 
from pure substrates.

Collectively, these characterisation techniques establish a direct link 
between feedstock composition, microbial conversion pathways, and 
final material properties. In the context of waste-derived VFAs, this link 
is particularly important, as variations in acid composition, such as ac
etate versus propionate or valerate, influence monomer incorporation 
and therefore determine whether the product is mainly PHB, PHBV, or 
another PHA type. At the same time, impurities in waste-derived streams 
may affect microbial metabolism, polymer accumulation, molecular 
weight, crystallinity, and thermal stability. At minimum, FTIR and NMR 
are recommended in conjunction for chemical confirmation and 
monomer identification; DSC and XRD are recommended for assessing 
crystallinity and thermal behaviour; TGA is recommended for effective 
evaluation of thermal stability; and, where possible, GPC/SEC is rec
ommended for determining the molecular weight and molecular weight 
distribution.

3.5. Potential applications across sectors

Representing a promising class of biodegradable and biocompatible 
polyesters, PHAs have diverse applications across several industrial 
sectors. A distinct advantage of PHAs produced from VFA-derived 
feedstocks is the ability to tailor their monomer composition by 
adjusting fermentation conditions and substrate ratios. This tunability 
allows the optimisation of mechanical and thermal properties for spe
cific end uses, where higher 3HV monomer content leads to reduced 
crystallinity, improving flexibility and making the polymer more suited 
to soft film applications [150]. Alternatively, research on the monomer 
composition of PHAs links the relationship between higher content of 
3HB polymers and the resulting crystalline, more rigid structures, 

making it unsuitable for certain applications requiring flexibility [150]. 
However, the use of waste-derived VFAs as carbon substrates for PHA 
production can introduce residual impurities, such as odorous com
pounds or pigments, which may influence the colour, smell, or consis
tency of the resulting polymers [151]. Consistency and purity of PHAs 
are especially crucial within the biomedical field, as stringent re
quirements for biomedical-grade PHAs highlight that waste-derived 
feedstocks require additional purification and monomer control to 
meet medical standards [10,152]. Currently, most established applica
tions of PHAs are in the packaging sector, where they are used for films, 
coatings, disposable cutlery, straws, and food containers. This sector has 
seen significant commercial investment, with companies such as Dan
imer Scientific (USA) [153,154], producer of Nodax PHA, and CJ Bio
materials (South Korea) [155], producer of PHACT, who are actively 
supplying materials for consumer packaging and food-contact products. 
Other notable players include RWDC Industries (US) [156], producing 
PHAs for straws and films, and Kaneka Corporation (Japan) [157], 
which manufactures PHAs for packaging and agricultural films. These 
companies have formed strategic partnerships with global consumer 
brands, underlining the growing role of PHAs in replacing single-use 
plastics.

Another significant area of PHA application is in the biomedical and 
pharmaceutical industries, where their inherent biocompatibility and 
adjustable degradation profiles make them attractive for resorbable 
sutures, scaffolds, and drug delivery systems [158]. Tepha, Inc. (US) has 
pioneered the commercialisation of medical-grade PHAs for surgical 
meshes, sutures, and scaffolds, with several products already approved 
for medical use and clinically deployed [159]. Similarly, biotechnology 
firms such as Bluepha (China) are developing marine-degradable PHA 
polymers that may have future applications in biomedical and consumer 
health products, given that they are exceptionally pure and composi
tionally consistent with relative medical regulations [160]. The inte
gration of PHAs into medical devices underscores their added value in 
high-performance applications, surpassing that of commodity plastics.

Additionally, PHAs are finding applications in agriculture and 
environmental sectors, where their soil-biodegradability is harnessed for 
mulch films, controlled-release fertilisers, and biodegradable plant pots 
[160]. European initiatives, such as the COM4PHA project, coordinated 
by organisations including Venvirotech and Aimplas, are developing 
PHBV-based films and coatings for use in agricultural contexts [161, 
162]. These waste-to-PHA pathways align with circular economy prin
ciples and are particularly attractive in the context of climate and waste 
management policies. While research continues into PHA composites for 
high-value applications, including functional coatings, sensors, and 
additive manufacturing filaments, large-scale commercialisation within 
these sectors is still emerging [158,160].

4. Waste-derived VFAs vs. alternative carbon sources

Despite the strong potential of waste-derived VFAs as sustainable 
carbon substrates, the industrialisation of VFA-based PHA production 
remains constrained by several interconnected bottlenecks. These 
challenges arise primarily from feedstock variability and impurity load, 
process instability and microbial inhibition, and downstream processing 
and environmental trade-offs. Unlike conventional substrates, these 
limitations are intrinsic to the waste-to-VFA pathway and must be 
addressed to enable scalable and economically viable PHA production. 
This section critically evaluates these barriers from both technical, 
environmental, and economic perspectives (summarised in Fig. 6).

4.1. Process efficiency and technical performance

Under controlled conditions, VFAs can match or exceed other carbon 
sources, such as sugar and oil, for PHA production in terms of %DCW 
and characteristic tunability. However, results are highly dependent on 
system parameters, including culture, pH, DO, feeding, and inhibitor 

M. Mihajlovic et al.                                                                                                                                                                                                                             Journal of Environmental Chemical Engineering 14 (2026) 123049 

14 



load [163,164]. For instance, studies suggest that VFAs, such as acetic, 
butyric, and propionic acids, are more closely related metabolically to 
PHA building blocks than sugars like glucose, shortening the metabolic 
pathway and leading to higher substrate-to-PHA conversion efficiencies 
[165,166]. Studies report up to 89% PHA accumulation using tailored 
VFA mixtures and carefully selected bacterial strains [104,105]. Alter
natively, PHAs from glucose or oils often reach 70–80% accumulation in 
pure cultures, with more consistent growth kinetics and shorter lag 
phases, allowing for easier control of culture conditions and optimisa
tion of yields [167,168].

However, while these alternative carbon sources confer many ad
vantageous PHA production traits, they also have limitations in terms of 
PHA accumulation and production. For instance, lignocellulosic hy
drolysates commonly contain inhibitory compounds such as hydrox
ymethylfurfural (HMF), furans, and phenolics that require 
detoxification prior to microbial exposure, as they may inhibit growth 
and PHA accumulation [169–171]. Additionally, substrates such as 
crude glycerol can be contaminated with methanol, soaps, and salts, 
which can affect microbial performance and downstream processing 
[172]. In contrast, unmodified plant oils tend to prefer production of 
mcl-PHA unless the microbial strain is specifically engineered or 
selected [173]. These feedstock-specific impurities and metabolic biases 
can reduce effective yields, necessitate additional pre-treatment steps, 
and influence process economics despite the generally steadier growth 
kinetics of sugar- and oil-based systems. Similarly, under less optimised 
conditions, the complexity, toxicity, and inconsistency of waste-derived 
VFAs may lead to lower microbial growth rates and, consequently, lower 
PHA accumulation yields [163]. Waste streams often contain ammonia, 
heavy metals, sulphides, phenolic compounds, and long-chain fatty 
acids, which can inhibit the microbial fermentation processes used to 
produce PHAs from VFAs. These compounds can damage cell mem
branes, interfere with enzymatic activity, and disrupt metabolic path
ways [163]. This sensitivity to impurities and undissociated acids 
represents a major scale-up barrier, as maintaining stable microbial 
performance requires continuous control of feed composition, pH, and 
inhibitor levels, conditions that are difficult to guarantee with hetero
geneous waste streams. For instance, Agustín Martinez et al. (2015) 
reported that polyphenols present in olive mill wastewater inhibited 
PHA accumulation in cells by up to 30% of DCW [174]. To ensure VFAs 
are suitable for microbial PHA synthesis, a pretreatment and a carefully 
selected VFA recovery technique, discussed in this review, such as EDBM 
or pertraction, is often required to recover acids, remove solids, 

suspended particles, and inhibitory compounds. Pretreatment tech
niques include pH-stat fed batch and neutralisation to limit undissoci
ated acid toxicity, selective adsorption of inhibitory compounds, 
fractionation, and nutrient conditioning, which can sustainably enhance 
PHA yields. Additionally, mitigation strategies could include selecting 
robust microbial systems, especially engineered strains with enhanced 
improved tolerance to inhibitors. For instance, Chen et al. (2018) 
explored the use of engineered E. coli for the production of PHB and 
PHBV using acetate as a main carbon source [175]. The research iden
tified that the engineered strain could co-metabolise substrates such as 
acetate, propionate, and butyrate in untreated mixtures, producing co
polymers such as PHB-co-PHV with adjustable composition. The pri
mary technical bottleneck, therefore, lies in the trade-off between 
metabolic efficiency and process robustness. While VFAs enable high 
theoretical conversion efficiencies, their variability, impurity content, 
and inhibitory effects significantly reduce process stability under in
dustrial conditions.

4.2. Environmental and sustainability considerations

The environmental impacts of PHAs are closely linked to their end- 
of-life behaviour, which distinguishes them from conventional petro
chemical plastics. As bio-based and biodegradable polyesters, PHAs can 
be metabolised by a wide range of microorganisms, enabling their 
conversion into carbon dioxide, water, and biomass under aerobic 
conditions, or into methane under anaerobic conditions [176]. This 
biodegradability provides a clear sustainability advantage by reducing 
long-term plastic persistence and microplastic accumulation in the 
environment. However, it is critical to note that PHA biodegradation is 
highly dependent on the environmental conditions [176,177]. Effective 
degradation typically occurs under high microbial activity, elevated 
temperatures (in the thermophilic range), high humidity, and aerobic 
conditions [176]. However, certain PHA grades have also demonstrated 
biodegradability in soil, freshwater, and marine environments [177]. 
Consequently, PHAs can support circular end-of-life pathways, partic
ularly when integrated into managed organic waste streams such as 
industrial composting or anaerobic digestion, where both material re
covery and energy recovery are possible [178].

Beyond end-of-life considerations, the environmental impacts and 
overall sustainability of PHAs are also strongly influenced by the choice 
of carbon feedstock used during their production, as different feed
stocks, such as waste-derived VFAs versus conventional substrates (such 

Fig. 6. Comparison of conventional carbon sources for PHA production to waste-derived VFAs.
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as sugars or plant oils) for PHA production, entail distinct resource de
mands, energy inputs, and waste valorisation potential. Waste-derived 
VFAs represent a secondary resource, meaning their use does not 
compete with food systems and does not require dedicated cultivation. 
Conversely, alternative carbon sources, like glucose, sucrose, glycerol, 
and plant oils, are typically derived from primary agricultural produc
tion. The cultivation of these crops requires significant resource inputs, 
consuming approximately 1000–3000 L of water per kilogram of sugar 
and emitting 1.2–1.8 kg CO₂-eq per kilogram of glucose produced [179]. 
Life cycle assessment studies consistently demonstrate that replacing 
crop-derived substrates with waste-derived VFAs can reduce total GHG 
emissions by 30–60% and lower cumulative energy demand by up to 
50% in PHA production [25,180].

Additionally, transforming organic waste into PHA feedstock, such 
as VFAs, closes the material loop and contributes significantly to the 
implementation of a circular economy, in which materials are valorised 
as a functional resource rather than discarded. By recovering carbon and 
nutrients from organic residues, VFA-based systems close material loops, 
transforming low-value waste streams into high-value, biodegradable 
polymers that can be reintroduced into waste streams or treatment fa
cilities at the end of their life [181]. This integration promotes waste 
minimisation, resource efficiency, and reduced dependency on virgin 
feedstocks, aligning with regulations and policies set by environmental 
organisations that promote responsible consumption and production of 
materials. For instance, the EU Circular Economy Action Plan 2020 
promotes keeping resources in use and minimising waste by extending 
product life cycles and recycling materials rather than landfilling or 
incinerating them [182]. Converting organic waste into VFAs, which are 
used as feedstock for PHA production, valorises waste as a resource 
rather than discarding it, directly supporting closed-loop resource use 
[183]. Additionally, Sustainable Development Goal 12 (SDG 12) en
courages efficient use of natural resources, turning waste into valuable 
feedstock and reducing raw resource extraction, which is directly sup
ported by the waste-derived VFA-to-PHA chain [184].

Conversely, conventional carbon sources such as glucose or plant 
oils, though renewable, remain embedded in linear production systems 
characterised by intensive monoculture cultivation, centralised pro
cessing, and fossil fuel–dependent logistics. Their limited capacity for 
material recovery restricts their contribution to circular economy ob
jectives, unless derived from industrial by-products such as crude glyc
erol or lignocellulosic residues [181]. Additionally, extracting VFAs 
from waste streams helps avoid deforestation, habitat loss, and soil 
degradation, whereas alternative carbon sources often lead to land 
expansion. Sugarcane and palm oil cultivation are linked to deforesta
tion in tropical regions, threatening biodiversity and carbon sinks. Even 
when grown on marginal lands, these crops can displace native vege
tation or compete with food production [181,185]. However, a key 
environmental bottleneck emerges when considering the full process 
chain. The need for VFA recovery, purification, and conditioning can 
introduce significant energy demand, chemical usage, and secondary 
waste streams, partially offsetting the environmental benefits of waste 
valorisation. At an industrial scale, these additional processing re
quirements complicate system integration and may reduce the overall 
sustainability advantage compared to more conventional, composi
tionally consistent substrates.

4.3. Economic viability and industrialisation barriers

The economic feasibility of PHA production from waste-derived 
VFAs presents a compelling alternative to conventional feedstocks, 
particularly when implemented into circular economy models. Waste- 
derived VFAs are often associated with low-cost substrates, as they are 
generated from readily available waste streams that may be subject to 
gate-fee incentives, under which waste generators pay for disposal. This 
significantly reduces raw material costs, which account for > 50% of the 
total PHA production expenses [186,187]. In contrast, conventional 

carbon feedstocks offer more predictable composition and fermentation 
performance, resulting in higher, more consistent PHA yields and 
simpler downstream processing [181]. However, their reliance on 
agricultural or refined carbon sources introduces volatility linked to 
food commodity prices and land use impacts, introducing high initial 
costs. Ozturk et al. (2025) indicate that while sugar fermentation is the 
most established commercial route, currently dominating ~50% of the 
current market, production costs rarely fall below $4.00 USD/kg 
without significant government subsidies [188]. Alternatively, although 
plant oils are more expensive per unit mass than sugars, they are 
significantly more energy-dense. Microbes can convert oils to PHA with 
much higher yields (sometimes exceeding 0.6 – 0.8 g PHA / g oil) as 
demonstrated in Table 8. This higher productivity enables higher cell 
densities in the bioreactor, which can lower per-unit production costs 
compared to sugars. Research suggests that vegetable oil fermentation is 
a preferred route for mcl-PHAs, which command premium pricing in 
biomedical and specialty packaging markets, as shown in Table 8 [189, 
190]. In a circular economy model, the cost of VFAs as a feedstock is 
negligible or even negative, as producers are often paid to process this 
waste. However, waste-derived VFAs, while cheaper, are economically 
sensitive to compositional variability caused by differences in waste 
source and treatment parameters. However, these cost savings are offset 
by challenges associated with VFA composition and variability, which 
require greater process control, pretreatment, recovery from 
waste-streams using expensive technologies, and monitoring, depending 
on the feedstock type and treatment conditions [181]. Under optimised 
PHA production conditions, costs range from $1.20 to $2.30 USD/kg. 
However, for high-purity applications, the cost rises toward $4.50 
USD/kg due to complex purification and downstream processing needs. 
Studies report that pilot-scale systems using waste-derived VFAs have 
successfully demonstrated costs under $2.50 USD/kg, making them the 
most competitive alternative to conventional plastics like PP [163].

This variability represents a primary technical and economic 
bottleneck in PHA industrialisation, since the transition from batch to 
continuous or large-scale feeding regimes is often hindered by the un
predictable kinetics of waste-derived substrates. Specifically, fluctua
tions in VFA composition demand enhanced regulation of parameters 
such as pH and DO during fermentation to maintain microbial perfor
mance. These additional control measures increase both capital expen
diture, due to investment in advanced monitoring and control systems, 
and operating expenditure, as they consume more energy and reagents. 
Furthermore, ensuring consistent polymer quality and optimising sep
aration, filtration, and cleanup are often necessary to remove impurities. 
The downstream processing stage constitutes a major economic bottle
neck, as the presence of complex organic and inorganic contaminants in 
waste streams necessitates aggressive purification protocols to either 
remove harmful additives or isolate VFAs. This additional purification 
also raises capital costs through upgraded equipment and operational 
expenditures through higher maintenance and consumable costs [181]. 
The high energy intensity of these recovery steps negates the 

Table 8 
Economic comparison of PHA production from various carbon sources.

Carbon Source Estimated 
Feedstock 
Cost (USD/ 
kg)

Estimated PHA 
Production 
Cost (USD/kg)

Economic 
Bottleneck

Ref.

Refined sugars 
(glucose/ 
sucrose)

0.4–0.6 10–15 High raw material 
cost and 
competition with 
food supply.

[188]

Conventional 
plant oils

0.6–0.9 12–18 Feedstock price 
volatility.

[189, 
190]

Waste-derived 
VFAs

< 0.10 
(or negative
*)

5–10 High downstream 
processing and 
purification costs.

[163]

* Negative cost refers to gate fees received for waste treatment.
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carbon-footprint advantages of utilising waste-derived feedstocks for 
PHA production.

Substrates such as sugars and oils enable predictable fermentation 
with high PHA content in cells, which can lower bioprocessing and 
purification costs, but at the expense of higher feedstock prices and 
potentially increased environmental impacts. Moreover, PHAs derived 
from waste-based VFAs may encounter stricter regulatory scrutiny for 
applications involving food contact or biomedical use, as potential 
contaminants from waste streams raise safety and quality concerns [95]. 
This scepticism is heightened by the lack of established certification 
standards or quality assurance protocols specific to waste-derived 
feedstocks. Implementing clear benchmarks for product quality and 
safety may encourage manufacturers and end-users to integrate such 
materials into their production lines, thereby limiting potential perfor
mance variability, contamination risks, and reputational concerns sur
rounding PHA products synthesised via waste-derived VFAs.

5. Future perspectives and research directions

To transition utilisation of waste-derived VFAs for PHA production 
from a promising laboratory concept to a staple of the global bio
economy, research should shift toward integrated, innovative strategies 
that address the systemic complexities of the process. Due to the primary 
barrier identified, the compositional variability of waste feedstocks, 
future research should focus on developing predictive models that can 
adjust fermentation parameters (e.g., pH-stat feeding or dissolved oxy
gen levels) in real-time. By utilising sensor data to predict the resulting 
polymer’s monomeric profile, researchers can ensure material consis
tency, a prerequisite for high-value applications in the medical and food- 
packaging sectors where purity and mechanical standards are necessary 
[191,192]. Furthermore, future advancements in PHA production may 
move toward engineered microbial consortia and synthetic biology. 
While current studies often utilise pure cultures or natural mixed cul
tures, there is significant potential in engineering robust strains specif
ically designed to tolerate the inhibitory compounds (e.g., ammonia and 
heavy metals) typically found in waste-derived liquors [193]. From an 
industrial standpoint, the future of this technology depends on inte
grating PHA synthesis into multi-product biorefineries. Rather than 
viewing PHA as a standalone product, integrating its production with 
other waste-valorisation streams, such as bio-hydrogen recovery or the 
conversion of residual fermentation solids into biogas, could signifi
cantly improve the facility's techno-economic outlook [194,195]. Such a 
holistic approach would help bridge the current price gap between 
bioplastics and petroleum-based alternatives, which remains a critical 
commercial hurdle towards industrialisation.

6. Conclusion

This review summarises evidence for the potential of utilising waste- 
derived volatile fatty acids (VFAs) as a sustainable and economically 
viable feedstock for the biosynthesis of polyhydroxyalkanoate (PHA) 
bioplastics. The strategy aligns robustly with circular economy princi
ples by offering a pathway to support lower-impact PHA production 
from wastes, reducing reliance on virgin, conventional, and food- 
competing carbon sources. Primarily generated through biological and 
thermochemical treatment of diverse waste streams, VFAs are direct 
metabolic precursors for PHA production, enabling high substrate-to- 
PHA conversion efficiencies that can rival or exceed those of tradi
tional sugar-based substrates under optimised conditions. While anaer
obic digestion is the most conventional method for VFA production from 
biological waste streams, thermochemical treatment methods such as 
HTD show significant promise for converting more complex waste 
streams into VFAs. Crucially, the VFA profile can be manipulated to 
produce tailored PHA copolymers (e.g., PHBV and PHB). The use of 
propionate and valerate substrates increases the 3HV content in PHBV 
biopolymers, thereby reducing crystallinity and increasing toughness. 

The utilisation of acetate substrates results in higher PHB polymer 
production, increased stiffness, and a higher tensile strength. Utilisation 
of VFAs offers adjustable mechanical properties (flexibility, ductility) 
suitable for varied applications, including packaging, agriculture, and 
biomedical devices. The adoption of waste-derived VFAs offers 
compelling environmental benefits, including waste valorisation, a 
reduced carbon footprint, and an attractive cost advantage over con
ventional carbon sources available for PHA production. Despite the clear 
promise, the transition to commercial-scale PHA production using 
waste-derived VFAs is hindered by persistent technical and economic 
challenges. Separation techniques focused on selective VFAs, such as 
EDBM and pertraction, can retain undissociated acids in the culture 
medium at low concentrations suitable for microbial synthesis. Addi
tionally, microbial culture modification strategies, such as pH-stat fed- 
batch for toxicity control, can be implemented to increase intracellular 
metabolism, as well as monomer control via selective VFA dosing (e.g., 
propionate and valerate) to achieve targeted PHA structures. Additional 
evaluation strategies, such as LCA and techno-economic assessment 
(TEA), are recommended for further successful development and 
implementation of waste-derived VFA-to-PHA production.
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Supervision. Céline Vaneeckhaute: Writing – review & editing, Su
pervision. Saeid Baroutian: Writing – review & editing, Supervision, 
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

I have nothing to declare.

Acknowledgements

The authors would like to acknowledge the financial support of Dick 
and Mary Earle and express sincere gratitude towards the Dick and Mary 
Earle Scholarship committee.

Data availability

No data was used for the research described in the article.

References

[1] UN Environement Programme, Taking on plastic pollution | UNEP Annual 
Report, (2024). 〈https://www.unep.org/annualreport/2024/stories/taking-plasti 
c-pollution〉 (accessed October 20, 2025).

[2] Kitech, In 2024, The Global Plastic Production Will Exceed 400 Million Tons, 
(2025). 〈https://www.kitechrecycle.com/news/in-2024-the-global-plastic- 
production-will-ex-84661069.html〉 (accessed October 20, 2025).

[3] European Environment Agency, Plastics, (2025). 〈https://www.eea.europa.eu/ 
en/circularity/sectoral-modules/plastics〉 (accessed October 20, 2025).

[4] UN Environment, Plastic Pollution, Plast. Pollut. (2022). 〈https://www.unep.org/ 
plastic-pollution〉 (accessed October 20, 2025).

[5] Ministry for the Environment, Towards an international treaty on plastic 
pollution, Minist. Environ. (2025). 〈https://environment.govt.nz/what-governm 
ent-is-doing/international-action/towards-an-international-treaty-on-plastic-poll 
ution/〉 (accessed October 20, 2025).

[6] C. Du, Z. Wang, X. Zhuo, R. Geng, C. Liu, H. Wang, D. Chu, S. Li, R. Li, G. Zheng, 
D. Ding, Biosynthesis of polyhydroxyalkanoates (PHAs) from organic waste- 
derived volatile fatty acids (VFAs), Green. Chem. 27 (2025) 1939–1968, https:// 
doi.org/10.1039/D4GC05125D.

[7] A. Anjum, M. Zuber, K.M. Zia, A. Noreen, M.N. Anjum, S. Tabasum, Microbial 
production of polyhydroxyalkanoates (PHAs) and its copolymers: A review of 
recent advancements, Int. J. Biol. Macromol. 89 (2016) 161–174, https://doi. 
org/10.1016/j.ijbiomac.2016.04.069.

M. Mihajlovic et al.                                                                                                                                                                                                                             Journal of Environmental Chemical Engineering 14 (2026) 123049 

17 

https://www.unep.org/annualreport/2024/stories/taking-plastic-pollution
https://www.unep.org/annualreport/2024/stories/taking-plastic-pollution
https://www.kitechrecycle.com/news/in-2024-the-global-plastic-production-will-ex-84661069.html
https://www.kitechrecycle.com/news/in-2024-the-global-plastic-production-will-ex-84661069.html
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics
https://www.eea.europa.eu/en/circularity/sectoral-modules/plastics
https://www.unep.org/plastic-pollution
https://www.unep.org/plastic-pollution
https://environment.govt.nz/what-government-is-doing/international-action/towards-an-international-treaty-on-plastic-pollution/
https://environment.govt.nz/what-government-is-doing/international-action/towards-an-international-treaty-on-plastic-pollution/
https://environment.govt.nz/what-government-is-doing/international-action/towards-an-international-treaty-on-plastic-pollution/
https://doi.org/10.1039/D4GC05125D
https://doi.org/10.1039/D4GC05125D
https://doi.org/10.1016/j.ijbiomac.2016.04.069
https://doi.org/10.1016/j.ijbiomac.2016.04.069


[8] 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.

[9] L. Vogli, S. Macrelli, D. Marazza, P. Galletti, C. Torri, C. Samorì, S. Righi, Life 
cycle assessment and energy balance of a novel polyhydroxyalkanoates 
production process with mixed microbial cultures fed on pyrolytic products of 
wastewater treatment sludge, Energies 13 (2020) 2706, https://doi.org/10.3390/ 
en13112706.

[10] S. Gautam, A. Gautam, J. Pawaday, R.K. Kanzariya, Z. Yao, Current status and 
challenges in the commercial production of polyhydroxyalkanoate-based 
bioplastic: a review, Processes 12 (2024) 1720, https://doi.org/10.3390/ 
pr12081720.

[11] A.A. Moronkola, K.F.K. Oyedeko, R.J. Patinvoh, J.G. Akinbomi, S. Wainaina, M. 
J. Taherzadeh, Optimization of volatile fatty acids from food wastes for 
polyhydroxyalkanoates synthesis, Biomass-.-. Convers. Biorefinery 15 (2025) 
20247–20264, https://doi.org/10.1007/s13399-025-06548-y.

[12] B. Chavez, V. Raghavan, B. Tartakovsky, A comparative analysis of biopolymer 
production by microbial and bioelectrochemical technologies, RSC Adv. 12 
(2022) 16105–16118, https://doi.org/10.1039/d1ra08796g.

[13] K. Szacherska, P. Oleskowicz-Popiel, S. Ciesielski, J. Mozejko-Ciesielska, Volatile 
Fatty Acids as Carbon Sources for Polyhydroxyalkanoates Production, Polymers 
13 (2021) 321, https://doi.org/10.3390/polym13030321.

[14] Sandra Lepak-Kuc, Katarzyna Wójkowska, Dorota Biernacka, 
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