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In recent years, white pollution has increasingly been recognized as a pressing environmental issue, referring to 

the impacts arising from mismanaged plastic waste. This is due to the excessive use of plastics, along with 

insufficiently efficient end-of-life management. Global plastic consumption is projected to reach 736 Mt by 2040; 

however, the recycling rate is expected to reach only 14% (slightly increasing from the current rate of 10%). The 

rest will be managed by landfilling (50%) and incineration (17%), while approximately 17% will be mismanaged 

and likely leak into the environment (OECD, 2024). Although reduce, reuse and recycle are the more favorable 

options in the waste management hierarchy, there are several barriers that hinder such practices. In the case of 

recycling for instance, this involves challenges in the collection and sorting of (contaminated) mixed plastic waste 

and multilayer materials. Those streams eventually end up as unrecyclable fraction and follow still a linear 

lifecycle. Nevertheless, the demand for plastics continues to drive the production of virgin fossil-based plastics, 

with negative effects on global warming. It has been reported that the entire plastic life cycle releases up to 2.8 Gt 

of CO₂-equivalent greenhouse gas (GHG) emissions, accounting for approximately 5% of total annual global GHG 

emissions. Notably, 75% of these emissions comes from the steps before polymerization, including extraction of 

fossil fuels, refining hydrocarbon, production of other non-hydrocarbon chemicals, and monomer production 

(OECD, 2024). In this sense, the current plastic industry relies mainly on fossil fuel extraction for new plastic 

production while post-consumer plastics are mainly discarded as waste. This is because a) recycled plastics are 

still more expensive than virgin ones, and b) the conventional mechanical recycling technology cannot handle 

heterogeneous plastic waste streams. Therefore, instead of relying on single technology, proper integration of 

different technologies could provide a substantial contribution to a more sustainable and circular plastic industry. 

 Converting plastic waste to value-added products, commonly referred to as ‘plastic upcycling’, has emerged 

as a promising alternative to conventional recycling. Biotechnological strategies employing microorganisms or 

enzyme systems have evidenced great advantages in metabolically funnelling diverse mixed plastic substrates into 

common central metabolic intermediates for targeted end products. The processes are defined as ‘plastic 

biorefinery’ or ‘plastic bioupcycling’. They have been demonstrated to convert depolymerized plastics into a range 

of high-value compounds, including industrially relevant commodity acids such as glycolic acids, vanillic acid, 

protocatechuic acid, and β-ketoadipic acid, as well as biodegradable plastics like polyhydroxyalkanoates (PHA) 

(Lomwongsopon and Varrone, 2022). In particular, converting fossil-based plastic waste into PHA holds 

significant value for a circular plastics industry, as the waste can be reintegrated into the plastic value chain while 

reducing the need for further fossil fuel extraction (while producing non-persistent plastics).  

 PHA are a class of biodegradable polyesters, naturally produced by numerous microorganisms as discrete 

intracellular granule, that have potential usage in a broad range of applications; for example, flexible and rigid 

packaging, consumer goods, and agricultural film, and thus could replace fossil-based plastics in some applications 

(Koller and Mukherjee, 2022; Park et al., 2024). In our previous work, we demonstrated the combined 

thermochemical-biotechnological approach for converting recalcitrant polyolefins (PO) waste into PHA 

(Lomwongsopon et al., 2024). Non-oxidized PO wax from commercial pyrolysis of mixed PO waste was directly 

used as substrate for PHAs production in batch fermentation, through mixed microbial consortia (MMC) process. 

As PO wax is a hydrophobic substrate composed of alkanes and alkenes with varying chain lengths, emulsion of 

PO wax with microbial growth medium was prepared as an initial step to enhance its bioavailability to microbial 

cells. At the same time, adaptive laboratory evolution was performed to develop an MMC capable of efficiently 

utilizing PO wax. Then, statistical optimization of fermentation condition was performed to enhance PHAs 

production up to 384.7 ± 46.5 mg/L using high C/N (94.5).  

 In this work, bioprocess optimization was employed to improve PHA production without co-feeding other 

substrates (e.g., with fatty acids), which is a strategy commonly used to boost PHA yields (Kenny et al., 2012; Li 

et al., 2021; Balusamy et al., 2025). To overcome the limitations of batch cultivation (limited biomass production 

due to the need of using nitrogen limitation to enhance PHA accumulation), a fed-batch process was implemented 

using a two-stage fermentation strategy. The 1st stage was conducted for 24 h under nitrogen-non-limiting 

condition to promote cell biomass formation, followed by the 2nd stage operated under nitrogen-limiting condition 

to enhance PHA accumulation for the remaining cultivation time (from 24 to 96 h). To maximize biomass yield 

during the 1st stage, three different substrate-feeding strategies were investigated, including 1) pulse feeding of 20 

g/L PO wax at the start of fermentation, 2) pulse feeding of 10 g/L PO wax at the start of fermentation, followed 
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by linear feeding at the rate of 0.44 g/L/h from 9-24 h (PO wax feed concentration 20 g/L), and 3) pulse feeding 

of 1 g/L PO wax at the start of fermentation, followed by exponential feeding with an increasing rate (from 0.06 

to 1.70 g/L/h) from 3-24 h (PO wax feed concentration 10 g/L). Total amount of PO wax fed during the 1st stage 

using the mentioned feeding strategies were 10, 8.5, and 2.7 g, leading to a biomass titer of 1.9, 2.7, and 3.2 

gCDW/L, respectively. Interestingly, although the pulse-feeding followed by exponential-feeding strategy 

supplied the lowest amount of PO wax to the bioreactor, it resulted in the highest biomass production and the 

highest yield (1.2 gCDW/gPOwax). This could be attributed to the instability of emulsion prepared using high PO 

wax concentration, which led to lower bioavailability, after the emulsion breakdown (observed in emulsion with 

10-20 g/L PO wax). Moreover, reduced oxygen transfer efficiency caused by high hydrophobicity and viscosity 

of concentrated PO wax emulsion in the bioreactor could also limit cell growth. 

 

         
Figure 1. Different feeding strategies (a) investigated in the 1st stage of fed-batch fermentation (0-24 h) to promote 

cell biomass production (b). 

 

 From 24 to 96 h, the fermentation was operated under nitrogen-limiting condition to enhance PHA 

accumulation. Pulse feeding strategy was optimized to enhance %PHA per CDW. Different pulse feeding 

intervals, including pulse feeding of 1 g/L PO wax every 2 h (24 pulses), every 6 h (10 pulses), as well as every 2 

h (10 pulses) then switching to every 6 h (7 pulses), were investigated. Pulse feeding at 2 h-interval increased PHA 

accumulation to 17.1% within 20 h; however, a slight decrease (to ~12%) was subsequently observed. Notably, 

PHA content increased again to 27.8% only after pulse feeding was stopped. The apparent decrease was due to the 

rapid increase in working volume during pulse feeding, which resulted in cell dilution. Using 6 h-interval prevented 

any decrease in PHA content during the pulse-feeding phase; however, the rate of PHA accumulation was 

comparatively low. A better strategy was to start with 2 h-interval and switch to 6 h-interval, showing faster PHA 

accumulation rate and maintaining PHA content until the end of fermentation (23.4%). 

 

 
Figure 2. Different feeding strategies investigated in the 2nd stage of fed-batch fermentation (24-96 h) to promote 

PHA accumulation: pulse feeding every 2 h-interval (a), 6 h-interval (b), and 2 h-interval followed by switching 

to 6 h-interval (c). 

 

 Combining the best feeding strategy for the 1st stage to promote cell biomass production and the 2nd stage 

to enhance PHA accumulation, a PHA titer of 772.1 ± 93.3 mg/L (3.5 ± 0.4 gCDW/L and 22.1 ± 0.9 %PHA per 

CDW). This was 2 times higher than that obtained under batch fermentation. Overall, process engineering was 

applied in this work to develop a robust and high-yield process for bioupcycling the challenging plastic-derived 

PO wax substrate into PHAs, avoiding emulsion instability and without the need of co-substrate feeding, thus 

promoting the scalability of such technology. 
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