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Introduction 

Water-based washing is central to the mechanical recycling of post-consumer flexible polyolefin packaging, yet it is 
both water-intensive and insufficiently predictive for volatile organic compounds (VOCs) and organic contaminants 
(chemical oxygen demand, COD; total nitrogen, TN; total phosphorus, TP). Industry frequently achieves high removal 
of bulk organics but struggles with malodour and trace VOCs, particularly under water reuse regimes. We address this 
gap by integrating new laboratory data with a calibrated kinetic model implemented in Aspen Plus®, to optimize water 
management and line configuration. Our objectives were to: (i) characterize contamination profiles across representative 
PE film streams; (ii) quantify washing performance as a function of solid-to-liquid (SL) ratio and water reuse; (iii) 
evaluate wastewater treatment configurations; and (iv) test a novel three-step process with a dedicated polishing wash 
and separate water cycle. 
 
Materials and Methods 

Feedstocks. Two post-consumer PE film wastes were studied: a Belgian bale fractionated by application category (i.e. 
food and non-food, each with their own sub categories) and a Dutch LDPE stream. Samples were shredded (4 mm), 
stored at 4 °C, and processed according to standard sampling protocols. 
 
Washing protocol. Batch lab washing (tap water, 25 °C) used 3 g plastics with 100 mL water, 200 rpm, 10–15 min 
contact. Sequential washes (up to five) quantified stepwise removal. SL-ratio effects were assessed at 0.01–0.07 wt%. 
Water reuse experiments compared clean vs. pre-contaminated water. Maximum wastewater concentrations were 
determined via 15 sequential loads into one water aliquot. 
 
Analytics. COD, TN, TP were measured with Hach kits; turbidity (NTU), EC, pH via multimeters; TSS/VSS 
gravimetrically (0.7 µm GF filters). VOCs were sampled by HS-SPME and solvent desorption on charcoal tubes (CS₂ 
desorption with acenaphthene-d10 internal standard), identified/quantified by GC-MS following validated protocols. 
 
Wastewater treatment. Jar tests with FeCl₃ determined optimal coagulation dose; granular activated carbon (GAC) 
adsorption and microfiltration were evaluated downstream. Removal efficiencies were quantified for each unit and 
different treatment combinations. 
 
Kinetic modelling and simulation. A reversed first-order (RFO) desorption/adsorption model (parameters: 𝑘ௗ௘௦, 𝑘௔ௗ௦) 
was calibrated against experimental time–concentration profiles (clean vs. reused water; SL variation; maximum 
wastewater concentration). Pseudocomponents (VOC classes, COD, TN, TP) were implemented in Aspen Plus® (CSTR 
units, 10 min residence, 25 °C; NRTL properties). We simulated three washing-line configurations: (1) two-step 
co-current; (2) two-step counter-current; (3) counter-current + third polishing wash with its own treatment (FeCl₃ 
coagulation + GAC), and separate recirculation control. 
 
Results and Discussion 

Contaminant profiles and correlations. Organic dirt indicators (COD, TN, TP, TSS, VSS, turbidity) were positively 
correlated across fractions; no correlation appeared between COD and VOC load (VOCs ∼ 10ଷtimes lower 
concentration), suggesting different contamination pathways and strong influence of cross-contamination for organics 
(e.g., collection bags). 
 
Stepwise washing performance. Two to three fresh-water washes removed 90–94% of COD, TN, and TP, after which 
removal stagnated. VOC-removal was front-loaded (first wash dominant) and highly sensitive to water quality; reuse 
of contaminated water reduced removal and promoted re-adsorption, evidencing a dynamic equilibrium between 
plastic and water phases. 



 
 

SL ratio and kinetics. Increasing SL ratio (0.01→0.07) decreased removal across COD, TN, TP (e.g., COD: 
95%→61%), driven by faster saturation and lower desorption driving force. Kinetics showed most organics removed 
within 1 to 2 minutes; equilibrium reached within 7 to 10 minutes. In reused water, initial rates were lower but similar 
endpoints were reached until saturation thresholds. 
 
Wastewater treatment. Optimal FeCl₃ coagulation achieved 93.6% COD, 64.3% TN, 100% TP removal; adding GAC 
adsorption raised overall removal (COD up to 98.8%; TN up to 87.1%; TP remained ~100%). Microfiltration offered 
limited TN removal. Detergent/NaOH media increased COD/TN and required neutralization, raising treatment demand. 
 
Model calibration and validation. Reversed first-order (RFO) kinetics fitted all datasets (TIC < 0.30) except one 
high-COD saturation case, which aligned when soluble COD (sCOD) was modelled separately, highlighting the need 
to treat particulate and soluble fractions distinctly in predictive control. 
 
Scenario analysis. Compared to conventional two-step counter-current washing, the three-step line with a separate 
polishing water cycle improved overall removal by 25% VOC, 12% COD, 19% TN, and 9% TP (table 1), achieving 
totals of 70% VOC, 93% COD, 89% TN, and 95% TP at SL = 0.03 and water recirculation. Using NaOH+CTAB only 
in the polishing wash increased VOC removal to 78%, while mitigating broader wastewater burdens. Sensitivity 
analyses confirmed VOCs (especially terpenes and hydrocarbons) as the most water-quality-sensitive classes; cleaner 
polishing water raises the desorption driving force and reduces re-adsorption. The approach scales to diverse inputs 
(e.g., collection bags vs. secondary packaging) with predictable wastewater concentrations and stable organics removal, 
provided coagulation control adapts to feed variability. 
 
Table 1: Removal (%) of different process flow designs with water and 2 wt% NaOH and 9.2 mmol CTAB.L-1 as washing medium. 

  
Removal (%) 

     VOCs 

Process flow 
design 

Washing medium 
COD TN TP Overall Carboxylic 

acids 
Oxygenated 
compounds 

Terpenes Aromatic 
compounds 

Alkanes 

Co-current Water 69 62 75 44 58 46 28 58 28 

 2 wt% NaOH + CTAB 69 62 75 60 58 63 53 68 60 

Counter-current Water 81 70 86 53 70 56 33 70 33 

 2 wt% NaOH + CTAB 81 70 86 72 70 76 64 80 72 

Counter-current 
+ polishing step 

Water 93 89 95 70 86 75 51 86 51 

*2 wt% NaOH + CTAB 93 89 95 78 86 81 66 89 70 

*only in polishing wash, water was used in first two washes 

 
Implications. Real-time monitoring (e.g., turbidity, UV254) and adaptive coagulant dosing are essential to maintain 
treatment efficiency for different (heterogeneous) inputs. Economically, a third wash (with lower water load but cleaner 
conditions) can be competitive against solely thermal VOC controls; hybrid strategies (washing + extrusion degassing; 
optional air/steam stripping) merit techno-economic comparison. 
 
Conclusions 

This work provides original experimental data and a calibrated kinetic–simulation framework to optimize water 
management in plastic film recycling. A dedicated polishing wash with its own clean water cycle and advanced 
treatment resolves VOC sensitivity and strengthens organics removal, delivering significantly higher recyclate quality 
at manageable water use. The model generalizes across feeds and operating windows and supports data-driven set-points 
(SL-ratio, recirculation) for industrial lines. Future research will integrate soluble/particulate organics in control models, 
and assess cost–benefit trade-offs versus thermal VOC-abatement to guide plant design. 
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