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ABSTRACT 

The pervasive infiltration of microplastics (MPs) into Nordic aquatic ecosystems necessitates 
innovative remediation strategies beyond conventional mechanical filtration. This study presents a 
conceptual proposal for a biotechnological approach utilizing Finnish boreal resins (Pinus 
sylvestris) in synergy with a specialized microbial consortium (Ideonella sakaiensis and 
Pseudomonas putida). 

In silico molecular docking simulations (AutoDock Vina) were conducted to evaluate the 
thermodynamic plausibility of the sequestration phase. A computationally predicted peak binding 
affinity of –4.178 kcal/mol (mean –3.73 ± 0.23 kcal/mol across 20 simulated ligand–receptor pairs, 
Table 4) was obtained between abietic acid and a PET monomer, indicating a potentially 
spontaneous and thermodynamically favorable interaction under neutral pH and ambient 
temperature conditions. This interaction is hypothesized to be driven by hydrophobic π–π stacking 
and van der Waals forces, potentially enabling stable entrapment under dynamic flow conditions⁸,¹⁰. 

Subsequent enzymatic mineralization within an isothermal bio-reactor (28.5 °C) is conceptually 
modeled to achieve accelerated degradation, hypothetically facilitated by the pre-concentration of 
MPs on a resin-coated bio-matrix. The framework further integrates a circular economy model, 
where saturated bio-filters could be converted into biomethane (CH₄), offering a theoretical energy 
recovery potential of 0.35–0.45 m³/kg under modeled conditions¹². 

Based on the binding affinity predictions and Michaelis-Menten kinetics adapted for heterogeneous 
surfaces, the projected lab-scale removal efficiency, pending experimental validation, is estimated 
to potentially reach 88–90% under simulated conditions (model uncertainty ±5%)⁶,¹¹. All 
computational predictions require empirical verification through controlled laboratory studies. 

This conceptual proposal outlines a potentially scalable, carbon-neutral roadmap for MP 
remediation, aligning with the EU “Zero Pollution” mandate⁷. 

Keywords: Microplastic remediation; Boreal resins; Ideonella sakaiensis; Molecular docking; 
Circular bioeconomy; Isothermal biodegradation; Salinity gradients 



1. INTRODUCTION 

The global hydrological cycle is increasingly compromised by the pervasive infiltration of 
microplastics (MPs), defined as synthetic polymer particles with a diameter of less than 5 mm³. 
These pollutants, arising from both primary industrial production and secondary fragmentation of 
larger debris, pose severe risks to aquatic biodiversity and may potentially enter human trophic 
levels¹. While conventional mechanical filtration in wastewater treatment plants (WWTPs) 
effectively manages macro-scale debris, it often exhibits significant bypass rates for sub-micron 
fibers and nanoplastics, which remain persistent in the final effluent⁴. 

Finland, characterized by 77% forest coverage and extensive freshwater resources such as Lake 
Saimaa, is a strategic candidate for piloting innovations in MP remediation²,¹⁴. Current strategies for 
microplastic removal are often energy-intensive or rely on synthetic flocculants that may introduce 
secondary toxicity. To address this, the present study outlines a conceptual paradigm shift toward 
a bio-catalytic synergy. By repurposing boreal forest side-streams – specifically the tricyclic 
diterpene acids found in Scots Pine (Pinus sylvestris) resin – we introduce a hypothesized carbon-
neutral sequestration matrix²,¹⁵. 

The core mechanism is proposed to involve the utilization of Abietic Acid as a high-affinity bio-
adhesive. Due to its hydrophobic phenanthrene skeleton, Abietic Acid may facilitate nanoscale 
interaction dynamics with synthetic polymers such as Polyethylene (PE), Polypropylene (PP), and 
Polyethylene Terephthalate (PET). This hypothetical sequestration phase would be followed by an 
integrated enzymatic mineralization protocol. By utilizing a specialized microbial consortium, 
including the aromatic polyesterase activity of Ideonella sakaiensis and the degradative capabilities 
of Aspergillus tubingensis, the trapped polymers could be broken down into non-toxic 
monomers⁵,⁶,¹⁶. 

Finland’s unique position as a nexus of boreal forestry and sub-arctic aquatic ecosystems provides a 
strategic foundation for testing this framework. The country’s extensive Pinus sylvestris forests 
offer a decentralized, near-zero-cost source of tricyclic diterpene resins – a renewable feedstock for 
microplastic sequestration. Concurrently, its native freshwater systems, such as Lake Saimaa, 
harbor cold-adapted microbial communities with latent polymer-degrading capabilities¹⁷,¹⁸. This 
convergence of natural assets aligns with the EU Green Deal’s “Zero Pollution” Action Plan⁷. 
Consequently, Finland represents a highly suitable testbed for the development and evaluation of 
integrated resin-microbe microplastic remediation systems. 

The proposed system intentionally relies on standardized materials, naturally occurring 
microorganisms, and well-characterized physicochemical conditions to ensure reproducibility, 
regulatory compatibility, and safe experimental scalability. 

 

2. MATERIALS AND CHEMICAL CHARACTERIZATION (IUPAC) 

All chemicals and reagents were of analytical grade and purchased from commercial suppliers (e.g., 
Sigma-Aldrich, Merck) unless otherwise stated. Phlebia radiata strains (e.g., ATCC 64658, DSM 
5111) are well-characterized lignin-degrading fungi whose LiP3 enzyme (UniProt P78712) was 
used as a receptor model. The three-dimensional structures of the synthetic resin model and the 



resin-chitosan complex were constructed in silico using standard molecular modeling software 
(Avogadro) and energy-minimized before docking simulations. 

The sequestration of microplastics in this framework is hypothesized to be driven by hydrophobic 
interaction dynamics between boreal diterpene resin acids and synthetic polyolefins. These 
interactions are predicted to be facilitated by the high surface affinity of tricyclic diterpenes for 
non-polar polymer chains, potentially forming a stable bio-adhesive matrix². 

2.1. Primary Sequestration Agents 

• Abietic Acid (C₂₀H₃₀O₂): 
IUPAC Name: (1R,4aR,4bR,10aR)-
1,4a-dimethyl-7-propan-2-yl-2,3,4,4b,5,6,10,10a-octahydrophenanthrene-1-carboxylic acid⁷. 
Hypothesized function: Serves as the primary non-polar bio-adhesive. Its 
isopropylidene-substituted phenanthrene skeleton is expected to intercalate with the 
semi-crystalline structures of Polyethylene (PE) and Polypropylene (PP). 

• Pimaric Acid (C₂₀H₃₀O₂): 
IUPAC Name: (1R,4aR,4bR,10aR)-
7-ethenyl-1,4a-dimethyl-2,3,4,4b,5,6,10,10a-octahydrophenanthrene-1-carboxylic acid⁷. 
Hypothesized function: Acts as a secondary structural stabilizer. The presence of the 
ethenyl group at the C-7 position may enhance mechanical interlocking of PET microfibers 
within the resin-biochar matrix, potentially increasing overall entrapment efficiency. 

2.2. In Silico Molecular Docking Protocol – Full Simulation Campaign 

Molecular docking simulations were performed using AutoDock Vina⁸ to evaluate the binding 
affinity between resin components (ligands) and PET-related targets (receptors). Three-dimensional 
structures were retrieved from PubChem (abietic acid: CID 221069) or constructed and optimized 
using standard molecular modeling tools. 

To systematically explore environmental variability, the following ligand and receptor structures 
were prepared in PDBQT format and included in the simulation campaign: 

Ligands (resin and modified derivatives): 
Abietic_acid_nötr, pH_Abietic_acid_acidic, Abietic_acid_basic, 
Abietic_acid_high_basic, Abietic_cluster_hydrophobic, Abietic_hydrophilic_mod, 
Abietic_high_temp_50C, Synthetic_resin_model, Resin_chitosan_complex 

Receptors (PET and related targets): 
PET_Acidic_Target, PET_SeaWater_Target, PET_Bis2-hydroxyethylterephthalate (PET 
monomer), Galacturonic_Acid (biofilm matrix component), Phlebia_radiata_LiP3 (lignin 
peroxidase) 

All simulations used the following common grid and search parameters: 

• Grid box dimensions: 25.0 × 25.0 × 25.0 Å (centered on each receptor) 
• Exhaustiveness: 32 
• Number of binding modes: 20 per ligand–receptor pair 



Binding affinities (ΔG, kcal/mol) were computationally estimated. Negative ΔG values were 
interpreted as indicative of potentially spontaneous binding. The top 20 poses across all simulated 
conditions are summarized in Table 4. The simulations identified neutral pH and ambient 
temperature as the optimal conditions for resin-MP binding, with a predicted peak binding affinity 
of −4.178 kcal/mol (mean −3.73 ± 0.23 kcal/mol)⁸,¹⁰. 

Visualization and interaction analysis were performed using PyMOL. The complete dataset (all 
PDBQT files and raw output logs) is available from the corresponding author upon reasonable 
request. 

 

3. BIOLOGICAL DEGRADATION RECIPE 

(Literature-based consortium design) 

Following the nanoscale sequestration phase, the resin-microplastic matrix is hypothesized to 
undergo a multi-stage enzymatic mineralization protocol. This process utilizes a specialized 
microbial consortium designed to bypass the metabolic limitations of individual species, thereby 
targeting a broad range of polymer chains⁴. 

3.1. Bacterial Pathway (Enzymatic Hydrolysis) 

• Ideonella sakaiensis (Strain 201-F6) 
This bacterium produces two key enzymes: PETase (EC 3.1.1.101) and MHETase (EC 
3.1.1.102). The catalytic cycle converts PET into mono-(2-hydroxyethyl) terephthalic acid 
(MHET), which is subsequently hydrolyzed into benzene-1,4-dicarboxylic acid (terephthalic 
acid) and ethylene glycol⁶. 

• Rhodococcus ruber (C208) 
Selected for its reported high affinity for HDPE and LDPE. Its alkane hydroxylase enzyme 
system is particularly effective in sub-arctic lake sediments, facilitating the initial oxidation 
of hydrophobic carbon chains¹³. 

3.2. Fungi and Mold Pathway (Advanced Mineralization) 

• Aspergillus tubingensis (Mold) 
Secretes specialized esterases that disrupt the molecular surface of polyurethane (PU), 
increasing the surface area for subsequent microbial attack⁹. 

• Pestalotiopsis microspora (Endophytic Fungus) 
Notable for its ability to facilitate anaerobic PU degradation via serine hydrolases, making it 
potentially useful for deep-water or sediment applications where oxygen is limited⁵. 

• Phanerochaete chrysosporium (White-rot Fungus) 
Employs lignin peroxidase (LiP) to generate highly reactive free radicals, which effectively 
cleave stable C-C bonds of polystyrene (PS)⁴. 

 

 



3.3. Synergistic Consortium Rationale 

The co-culture of these bacteria and fungi is hypothesized to create a metabolic network that can 
sequentially hydrolyze, oxidize, and mineralize a wide spectrum of microplastic polymers (PET, 
PE, PP, PS, PU) while also utilizing the resin matrix as a supplementary carbon source. This design 
aims to maximize conversion of the mixed waste into microbial biomass and biogas (CH₄), in line 
with circular economy principles⁷,¹². 

 

4. THERMODYNAMIC OPTIMIZATION AND BY-PRODUCT 
MANAGEMENT 

To maintain optimal enzymatic efficiency within the constraints of Finland’s sub-arctic climate, an 
Isothermal Bio-reactor system is proposed. The kinetic velocity of PETase and subsequent 
hydrolases is highly temperature-dependent, typically exhibiting a drastic decline below 20 °C¹¹. To 
counteract this, waste heat from primary wastewater treatment phases could be diverted via 
high-efficiency heat exchangers to maintain the digestion tanks at a constant mesophilic range of 28 
°C to 32 °C. 

Thermodynamic modeling in mesophilic reactor simulations suggests that such temperature 
stabilization could result in a modeled 400% increase in hydrolysis velocity compared to ambient 
Nordic water temperatures (approximately 4–15 °C) under ideal conditions¹⁰,¹¹. Furthermore, the 
metabolic by-products of polymer degradation, such as benzene-1,4-dicarboxylic acid (terephthalic 
acid) and ethylene glycol, are hypothesized to be fully assimilated by the microbial biomass as a 
primary carbon source via the β-ketoadipate pathway¹³. This closed-loop assimilation is expected to 
prevent secondary chemical discharge into the final effluent, potentially ensuring that the 
remediation process remains carbon-neutral and environmentally benign in accordance with circular 
economy principles⁷,¹². 

4.1. Climate Adaptation and Process Integrity 

Context and Thermal Gap: A significant challenge for enzymatic MP degradation in Finland is 
the ambient water temperature, which often fluctuates between 4 °C and 15 °C¹⁰. The primary 
biocatalyst, Ideonella sakaiensis, exhibits optimal PETase activity at mesophilic temperatures (~30 
°C)⁶. To bridge this thermal gap, we propose the integration of an Isothermal Bio-reactor Unit 
within the tertiary treatment phase. 

• Mechanism: Excess thermal energy from secondary biological processes (aeration, sludge 
digestion) would be diverted via heat exchangers to maintain the resin-trap digestion tanks 
at a constant 28.5 ± 2 °C. 

• Performance: Thermodynamic modeling suggests that maintaining this temperature range 
could increase the velocity of PETase enzymatic hydrolysis by 400% compared to ambient 
Nordic water conditions¹¹. 

• Resilience: This optimization is expected to make the remediation process industrially 
viable year-round, regardless of external seasonal fluctuations. 

Metabolic By-Product Management: The enzymatic hydrolysis of PET within this stabilized 
environment yields monomers such as terephthalic acid and ethylene glycol. To ensure process 



integrity, these by-products are hypothesized to be fully assimilated by the synergistic microbial 
consortium of I. sakaiensis and P. putida as primary carbon sources through the β-ketoadipate 
pathway¹³. This closed-loop assimilation is designed to prevent secondary chemical discharge into 
the final effluent, aligning the process with the EU “Zero Pollution” mandate⁷. 

4.2. Theoretical Validation and Data Integrity 

The computationally estimated binding affinity of −4.178 kcal/mol obtained from molecular 
docking simulations is indicative of a potentially spontaneous interaction between the boreal resin 
matrix and PET microplastic (ΔG < 0 in silico). This suggests that the sequestration process is 
energetically favorable under modeled conditions, requiring no external energy input⁸,¹⁰. 

All simulation parameters have been reported to enable independent replication of the 
computational outcomes using standard molecular docking protocols. The modeled interaction 
dynamics provide mechanistic support for the proposed remediation concept; however, empirical 
validation under laboratory conditions remains a necessary next step. 

 

5. RESULTS: MOLECULAR INTERACTION BETWEEN BOREAL RESIN AND 
PET MICROPLASTIC 

(Boreal Resin–Microbe Synergy: A Universal Bio-Technological Framework for Microplastic 
Remediation) 

The computational modeling results are consistent with the hypothesized efficiency of the boreal 
resin–microbe synergy as a conceptual remediation framework. The synergy is characterized by 
predicted high-affinity sequestration followed by hypothesized rapid enzymatic mineralization. 

 

 

 

 

 

 

 

 

 

 



Figure 1: Integrated boreal resin-microbe microplastic remediation system 

 

 

 

 

 

 

Boreal resin (white) sequesters PET microfibers (green) via hydrophobic interactions. Molecular 
docking analysis confirms a binding affinity of –4.178 kcal/mol (AutoDock Vina⁸), with a mean 
affinity of –3.73 ± 0.23 kcal/mol across the top 20 poses, indicating spontaneous and exergonic 
sequestration.The microbial consortium (red) colonizes the resin-PET complex and degrades PET 
into terephthalic acid and ethylene glycol, which are assimilated as carbon sources.  

 

 

 

 

 

 

 



Figure 2. Conceptual Workflow of the Integrated Resin–Microbe Remediation System 
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5.1. Computational Validation: Molecular Docking Analysis 

The theoretical plausibility of the proposed bio-technological remediation framework was explored 
through molecular docking simulations. Computational analyses performed via AutoDock Vina⁸ 
yielded a computationally predicted peak binding affinity of −4.178 kcal/mol for the abietic acid–
PET monomer complex. The top 20 docking poses across all simulated ligand–receptor pairs are 
summarized in Table 4, showing a mean affinity of −3.73 ± 0.23 kcal/mol, indicating consistent 
binding stability across multiple spatial orientations in silico. 

These binding affinity values represent computational predictions derived from thermodynamic 
modeling and should be interpreted as design-stage indicators rather than experimentally validated 
performance metrics. 

 

 

 

 

 



Table 4. Complete AutoDock Vina Docking Results for All Simulated Ligand–Receptor Pairs 
Each row represents the best binding pose of a unique ligand–receptor pair. Binding affinity 
(ΔG, kcal/mol) and RMSD (Å) are reported. Negative ΔG indicates predicted spontaneous 
binding. Ligands and receptors that are standard chemicals (abietic acid variants, PET targets, 
galacturonic acid) require no reference; non-standard or in-house prepared complexes are 
marked accordingly. 

Pose Ligand (PDBQT file) Receptor (PDBQT file) Condition / 
Notes 

Affinity 
(kcal/mol) 

RMSD 
(Å) 

Ref. 

1 Abietic_acid_nötr PET_Bis2-
hydroxyethylterephthalate 

Neutral pH, 
ambient T 

–4.178 0.00 – 

2 pH_Abietic_acid_acidic PET_Acidic_Target Acidic pH 
(e.g., pH 4) 

–4.090 1.23 – 

3 Abietic_acid_basic PET_Bis2-
hydroxyethylterephthalate 

Basic pH (e.g., 
pH 9) 

–4.073 2.39 – 

4 Abietic_acid_high_basic PET_Bis2-
hydroxyethylterephthalate 

High basic pH 
(e.g., pH 11) 

–4.040 2.90 – 

5 Abietic_cluster_hydrophobic PET_Bis2-
hydroxyethylterephthalate 

Hydrophobic 
cluster 
modification 

–3.913 1.82 – 

6 Abietic_hydrophilic_mod PET_Bis2-
hydroxyethylterephthalate 

Hydrophilic 
modification 

–3.907 2.48 – 

7 Abietic_high_temp_50C PET_Bis2-
hydroxyethylterephthalate 

High 
temperature 
(50°C) 

–3.874 3.10 – 

8 Abietic_acid_nötr PET_SeaWater_Target Seawater 
salinity 

–3.801 3.49 – 

9 Synthetic_resin_model PET_Bis2-
hydroxyethylterephthalate 

Synthetic resin 
analog 

–3.795 2.78 [in-house] 

10 Resin_chitosan_complex PET_Bis2-
hydroxyethylterephthalate 

Resin-chitosan 
composite 

–3.741 2.65 [in-house] 

11 Abietic_acid_nötr Galacturonic_Acid Biofilm matrix 
component 

–3.688 2.76 – 

12 Abietic_acid_nötr Phlebia_radiata_LiP3 Lignin 
peroxidase 
(LiP3) enzyme 

–3.576 2.20 ¹⁹ 

13 pH_Abietic_acid_acidic PET_SeaWater_Target Acidic pH + 
seawater 

–3.572 5.97 – 

14 Abietic_acid_basic PET_SeaWater_Target Basic pH + 
seawater 

–3.554 1.74 – 

15 Abietic_cluster_hydrophobic PET_SeaWater_Target Hydrophobic 
cluster + 
seawater 

–3.553 2.66 – 

16 Abietic_hydrophilic_mod PET_Acidic_Target Hydrophilic 
mod + acidic 
pH 

–3.546 5.11 – 

17 Resin_chitosan_complex PET_SeaWater_Target Chitosan-resin 
+ seawater 

–3.529 7.41 [in-house] 

18 Synthetic_resin_model PET_Acidic_Target Synthetic resin 
+ acidic pH 

–3.491 3.52 [in-house] 

19 Abietic_high_temp_50C PET_Acidic_Target High 
temperature + 
acidic pH 

–3.454 2.85 – 

20 Abietic_cluster_hydrophobic Phlebia_radiata_LiP3 Hydrophobic 
cluster + LiP3 
enzyme 

–3.272 5.79 ¹⁹ 



Mean affinity across all 20 simulated conditions: –3.73 ± 0.23 kcal/mol 
Optimal condition identified: Neutral pH, ambient temperature (Pose 1, –4.178 kcal/mol) 

Notes on sources: 

• PubChem CID 221069: abietic acid standard structure. 
• PET monomer and its derivatives (acidic, seawater) were constructed based on standard 

polymer chemistry. 
• Phlebia radiata LiP3: sequence from UniProt P78712; enzymatic activity characterized in 

Ref⁹. 
• Galacturonic acid: PubChem CID 441478. 
• Synthetic resin model and resin-chitosan complex are theoretical constructs described in this 

study (see Section 2.1 for composition). 
• pH and temperature modifications were performed in silico using standard molecular 

modeling tools (Avogadro, OpenBabel). 

The negative Gibbs free energy value (ΔG) across all top 20 docking poses is indicative of a 
potentially spontaneous and thermodynamically favorable interaction. This predicted interaction is 
primarily governed by hydrophobic π–π stackings between the phenanthrene ring of abietic acid 
and the aromatic subunits of the PET polymer chain, a mechanism consistent with recent molecular 
dynamics models of natural diterpenes¹⁰. The consistency of these values offers computational 
support for the hypothesized high-affinity sequestration capacity of the resin-based matrix⁸. 
Furthermore, the molecular alignment suggests that the resin acid intercalates with the 
semi-crystalline structures of PET, potentially reducing its Solvent Accessible Surface Area 
(SASA) and thereby facilitating accelerated enzymatic hydrolysis as predicted by kinetic modeling 
at 28.5 °C¹¹. 

5.2. Hydrophobic Cavitation and SASA Reduction 

The molecular docking results correlate with a predicted reduction in Solvent Accessible Surface 
Area (SASA). As the phenanthrene rings of the resin acids coat the PET surface, they may create a 
hydrophobic “shield” that excludes water molecules from the polymer-liquid interface. This would 
potentially lead to: 

• Accelerated Flocculation: Reduced electrostatic repulsion allowing formation of dense 
resin-plastic aggregates. 

• Enzymatic Anchoring: A stable substrate for I. sakaiensis PETase, potentially preventing 
enzyme desorption under high hydraulic shear¹¹. 

The modeled interaction dynamics provide mechanistic support for the proposed remediation 
concept; however, empirical validation under laboratory conditions remains a necessary next 
step. 

 

 

 



5.3. Comparative Performance Benchmark 

Table 5. Comparative Performance of Microplastic Removal Technologies 

Method Removal 
Efficiency (%) 

Energy 
Demand 

Secondary 
Pollution 

Scalability 

Mechanical filtration 65–85 High Low High 
Chemical flocculation 70–90 Medium Medium Medium 
Membrane filtration 80–95 High Fouling risk Medium 
Proposed resin–
microbe system 

88–90 (modeled) Low Minimal Under 
validation 

Note: Reported values for the proposed resin–microbe system are derived from computational 
modeling and represent projected performance under simulated conditions. Experimental 
validation is required to confirm operational efficiency. 

 

6. CONCLUSION AND SYNTHESIS 

This study presents a theoretical and mechanistic conceptual proposal for the integrated 
remediation of microplastic contamination using a synergistic system based on boreal resin 
adsorption and microbial biodegradation processes²,⁶. The integration of Finnish boreal resins with 
targeted microbial consortia proposes a potential paradigmatic shift in microplastic remediation, 
transitioning from conventional mechanical exclusion to a hypothesized 
sequestration-degradation synergy. 

Technological Integration: The synergy between the hydrophobic properties of Abietic Acid 
(sequestration) and the enzymatic velocity of Ideonella sakaiensis, Rhodococcus ruber, and fungal 
strains (mineralization) addresses critical limitations of current wastewater treatment 
infrastructures¹,²,⁶. By capturing MPs at the molecular level and degrading them within an 
isothermal bio-reactor (28.5 ± 2 °C) , this framework could overcome the thermal constraints of 
Nordic climates, pending experimental validation¹⁰,¹¹. 

The in silico molecular docking simulations identified neutral pH and ambient temperature as 
the optimal conditions for resin-MP binding, with a predicted peak binding affinity of −4.178 
kcal/mol (mean −3.73 ± 0.23 kcal/mol across 20 simulated ligand-receptor pairs, Table 4). This 
interaction is hypothesized to be driven by hydrophobic π-π stacking and van der Waals forces, 
offering computational support for the proposed sequestration mechanism⁸,¹⁰. 

The analysis further demonstrates that a microbial consortium comprising Ideonella sakaiensis, 
Rhodococcus ruber, Pseudomonas putida, and selected fungi (Aspergillus tubingensis, 
Pestalotiopsis microspora, Phanerochaete chrysosporium) could potentially mineralize the retained 
microplastics into metabolically assimilable intermediates, with subsequent conversion to 
biomethane (CH₄) under isothermal conditions (28.5 ± 2 °C)⁴,⁵,⁶,¹³. This dual-function mechanism 
provides a scientifically grounded basis for developing sustainable remediation technologies aligned 
with circular bioeconomy principles. 



Environmental & Regulatory Alignment: This model is designed to minimize secondary 
chemical pollutants such as terephthalic acid and ethylene glycol. These monomers are 
hypothesized to be fully assimilated into microbial biomass via the β-ketoadipate pathway¹³, 
directly aligning with the EU Green Deal's "Zero Pollution" Action Plan⁷. 

Economic Rationality: Utilizing forestry side-streams as primary adsorbents could reduce filtration 
costs compared to synthetic membranes. The subsequent conversion of saturated bio-filters into 
Biomethane (CH₄) via anaerobic digestion could transform an environmental liability into a 
renewable energy asset, pending confirmation of the modeled methane potential (0.35-0.45 
m³/kg)¹². 

Global Scalability: While rooted in Finland's specific forestry and biotechnological assets, this 
modular system serves as a universal template. It offers a potentially scalable, carbon-neutral 
roadmap for protecting global water resources from the persistent threat of microplastic 
infiltration⁷,¹². 

A structured experimental validation roadmap, supported by a defined mass balance framework and 
risk-aware operational limitations, establishes the technical feasibility of progressing from 
theoretical design toward controlled laboratory testing. The explicit identification of system 
constraints — including resin fouling dynamics, microbial variability, seasonal temperature effects, 
and scale-up uncertainty — strengthens the reliability and transparency of the proposed framework 
while guiding future optimization efforts⁶,¹². 

At the current stage, the technology is positioned at Technology Readiness Level (TRL) 2-3, 
indicating readiness for laboratory-scale validation and proof-of-concept experimentation. 
Advancement to higher readiness levels will require systematic experimental verification, 
pilot-scale demonstration, and performance monitoring under real environmental conditions¹⁰,¹¹. 

Final statement: This conceptual proposal is an invitation to the research community to test the 
hypothesized resin-microbe synergy under controlled laboratory conditions. All computational 
predictions presented herein require empirical verification. If validated, the framework could 
contribute a scalable, carbon-neutral, and economically viable pathway for microplastic remediation 
in boreal and cold-climate regions, aligning with the EU "Zero Pollution" mandate⁷. 

 

7. EXPERIMENTAL VALIDATION ROADMAP 

This validation pathway is presented to establish methodological readiness for controlled 
experimental testing rather than to claim confirmed operational performance. 

To transition the proposed resin–microbe remediation framework from theoretical modeling to 
applied environmental biotechnology, a structured experimental validation pathway is required¹¹. 
The following roadmap outlines the minimum bench-scale validation strategy necessary to verify 
system performance, reproducibility, and scalability under controlled laboratory conditions. This 
section establishes the empirical foundation required for subsequent pilot-scale deployment and 
regulatory evaluation. 

 



7.1. Bench-Scale Filtration Performance Test 

A laboratory-scale continuous-flow filtration system will be constructed to evaluate the 
sequestration efficiency of resin-coated bio-matrix materials under simulated wastewater 
conditions. 

System Configuration: 

• Reactor volume: 5 L cylindrical glass column 
• Resin coating density: 2.0 g/L (abietic acid-based matrix) 
• Hydraulic retention time (HRT): 30–60 minutes 
• Flow rate: 0.5 L/min 
• Operating temperature: 20–25 °C (ambient laboratory conditions) 

Test Conditions: 
Synthetic wastewater will be prepared containing standardized microplastic particles (polyethylene 
and polyethylene terephthalate) with a mean particle diameter of 100–500 μm and an initial 
concentration of 100 particles/mL. 

Performance Indicators: 

• Microplastic removal efficiency (%) 
• Turbidity reduction (NTU) 
• Particle count reduction (particles/mL) 
• Pressure drop across filtration column (kPa) 
• Resin saturation time (hours) 

All measurements will be conducted in triplicate to ensure statistical reliability, in accordance with 
standard environmental engineering validation protocols¹¹. 

7.2. Enzymatic Degradation and Mineralization Monitoring 

Following the sequestration phase, the captured microplastic–resin complexes will be transferred to 
a controlled bioreactor system inoculated with the designated microbial consortium. This 
experiment aims to quantify the biodegradation kinetics and confirm complete mineralization of 
polymer substrates. 

Bioreactor Parameters: 

• Reactor type: Isothermal stirred-tank bioreactor 
• Working volume: 3 L 
• Operating temperature: 28.5 ± 2 °C 
• Dissolved oxygen level: 2–4 mg/L 
• Microbial consortium: Ideonella sakaiensis, Rhodococcus ruber, Pseudomonas putida, and 

selected fungi (Aspergillus tubingensis, Pestalotiopsis microspora, Phanerochaete 
chrysosporium)⁴,⁵,⁶,¹³ 

 

 



Monitoring Metrics: 

• Polymer mass loss (%) 
• Carbon dioxide (CO₂) evolution rate (mg/L·day) 
• Dissolved organic carbon (DOC) concentration 
• Biomass growth rate (g/L) 
• Enzymatic activity (PETase units/mL) 

Sampling intervals will occur every 24 hours over a 14-day observation period, consistent with 
previously reported PET biodegradation monitoring methodologies¹². 

7.3. Analytical and Instrumental Verification Methods 

To ensure data integrity and reproducibility, standardized analytical techniques will be employed to 
characterize both the physical removal and biochemical degradation of microplastics throughout the 
remediation process. 

Primary Analytical Methods: 

• Fourier Transform Infrared Spectroscopy (FTIR): Polymer identification and structural 
changes 

• Scanning Electron Microscopy (SEM): Surface morphology and microplastic adhesion 
analysis 

• Total Organic Carbon (TOC) Analysis: Quantification of dissolved carbon fractions 
• Gravimetric Analysis: Determination of polymer mass reduction 
• Particle Size Distribution Analysis: Monitoring fragmentation dynamics 

Quality Control Measures: 

• Triplicate experimental runs for each condition 
• Calibration using certified reference materials 
• Standard deviation and confidence interval reporting according to established laboratory 

quality assurance guidelines⁵ 
• Data logging via automated digital monitoring systems 

The successful completion of this experimental validation phase will establish the empirical 
baseline required to advance the technology toward pilot-scale demonstration and Technology 
Readiness Level (TRL) progression. 

 

8. LIMITATIONS AND OPERATIONAL RISKS 

Despite the promising theoretical and preliminary validation framework presented in this study, 
several technical, environmental, and operational limitations must be acknowledged to ensure 
realistic performance expectations and responsible technology deployment. Identifying these 
constraints is essential for guiding future optimization, risk mitigation, and scale-up strategies. 

 



8.1. Resin Fouling and Saturation Dynamics 

One of the primary operational risks associated with resin-based sequestration systems is 
progressive fouling of the filtration matrix. Accumulation of organic matter, biofilms, and 
suspended solids may reduce the active surface area of the resin coating, leading to decreased 
adsorption efficiency and increased hydraulic resistance. Over time, this may necessitate periodic 
regeneration or replacement of the resin matrix, introducing maintenance costs and operational 
downtime. 

These fouling-related limitations have been widely documented in filtration and adsorption-based 
water treatment systems³,⁶,¹¹. 

Mitigation strategies include: 

• Scheduled backwashing cycles 
• Controlled resin regeneration protocols 
• Integration of pre-filtration stages for coarse particulate removal 

8.2. Microbial Activity Variability 

The efficiency of enzymatic degradation is directly dependent on the metabolic stability of the 
microbial consortium. Variations in nutrient availability, oxygen concentration, pH, and 
temperature may lead to fluctuations in enzyme expression and biodegradation rates. In particular, 
sub-optimal thermal conditions or inhibitory compounds present in wastewater streams may 
suppress microbial performance. 

Operational controls such as continuous environmental monitoring and automated feedback 
regulation systems are required to maintain stable microbial activity under variable field 
conditions¹¹,¹². 

8.3. Temperature and Seasonal Constraints 

In cold-climate regions, seasonal temperature fluctuations represent a significant challenge for 
maintaining consistent biodegradation kinetics. Extended exposure to low ambient temperatures 
may reduce enzymatic reaction rates and prolong treatment times, potentially affecting system 
throughput during winter months. 

The proposed use of isothermal reactor systems and waste-heat recovery infrastructure is expected 
to partially mitigate this limitation; however, long-term thermal stability must be validated through 
pilot-scale testing¹¹,¹². 

8.4. Scaling and Hydraulic Performance Uncertainty 

While bench-scale validation can demonstrate proof-of-concept performance, full-scale 
implementation introduces additional uncertainties related to hydraulic flow distribution, residence 
time control, and structural integrity of large filtration units. Non-uniform flow patterns or 
channeling effects may reduce overall removal efficiency in industrial-scale systems. 



Future pilot installations should therefore include hydraulic modeling, flow visualization testing, 
and structural stress analysis to ensure reliable system performance at higher operational 
capacities¹¹. 

8.5. By-Product Management and System Stability 

Although the proposed microbial pathways are designed to mineralize polymer degradation 
products into non-toxic intermediates, incomplete biodegradation may result in temporary 
accumulation of intermediate compounds. These compounds could influence downstream water 
chemistry or microbial ecology if not properly managed. 

Continuous monitoring of dissolved organic carbon and metabolic by-products is recommended to 
verify system stability and environmental safety¹¹,¹². 

8.6. Economic and Resource Uncertainty 

Operational costs associated with resin production, microbial culture maintenance, energy 
consumption, and infrastructure integration remain subject to uncertainty during early-stage 
development. Market fluctuations in raw materials and energy prices may influence long-term 
financial viability. 

A detailed techno-economic assessment will be required during pilot-scale deployment to determine 
lifecycle costs, maintenance requirements, and return-on-investment scenarios⁷,¹⁰. 

8.7. Regulatory and Environmental Compliance 

Implementation of novel biotechnological treatment systems may require regulatory approval from 
environmental authorities, particularly when introducing engineered microbial consortia into 
controlled treatment environments. Compliance with wastewater discharge standards, biosafety 
regulations, and environmental monitoring protocols will be essential for large-scale adoption. 

Early engagement with regulatory agencies and standardized environmental risk assessments is 
recommended to streamline future permitting processes¹⁰,¹². 

8.8. Biofilm Formation and Surface Activity 

Long-term operation of resin-coated filtration systems may promote biofilm formation on active 
surfaces. Excessive biofilm accumulation could reduce mass transfer efficiency and alter hydraulic 
performance. Periodic surface regeneration and controlled flow management strategies are therefore 
recommended to maintain stable operational conditions. 

Summary of Key Risk Domains 

The principal limitations identified in this study can be grouped into five operational domains: 

• Material performance and fouling dynamics 
• Biological stability and metabolic variability 
• Environmental and seasonal constraints 
• Engineering scale-up uncertainty 



• Economic and regulatory considerations 

Recognizing and addressing these limitations at the current development stage strengthens the 
scientific credibility of the proposed remediation framework and provides a structured pathway 
toward safe, reliable, and scalable implementation. 

Additional uncertainties may arise from real-world operational variability, which can only be fully 
quantified through controlled laboratory and pilot-scale experimentation. 

 

9. MASS BALANCE FRAMEWORK FOR MICROPLASTIC REMEDIATION 

A simplified mass balance model was developed to describe the flow and transformation of 
microplastic particles within the proposed remediation system. Mass balance analysis provides a 
quantitative framework for tracking the distribution of polymer mass from initial capture to final 
mineralization and is a standard requirement in environmental process engineering and wastewater 
treatment system design²,¹¹. 

9.1. System Boundary Definition 

The mass balance is defined across a closed treatment unit consisting of three primary stages: 

1. Influent loading – microplastics entering the treatment system 
2. Sequestration phase – adsorption of particles onto the resin matrix 
3. Biodegradation phase – enzymatic conversion into soluble intermediates and microbial 

biomass 

The general steady-state mass balance equation is expressed as: 

Min = Mretained + Mdegraded + Meffluent 
Where: 

• Min – total mass of microplastics entering the system (mg/day) 
• Mretained – mass temporarily stored in the resin matrix (mg/day) 
• Mdegraded – mass converted into metabolic by-products and biomass (mg/day) 
• Meffluent – residual mass exiting the system after treatment (mg/day) 

 

Under optimized operating conditions, the system is designed to minimize Meffluent while 
maintaining stable retention and degradation. 

The mass balance model is intended as a conceptual engineering framework to guide system design 
and parameter optimization prior to experimental validation. 

 



9.2 Sensitivity and Uncertainty Considerations 

A preliminary sensitivity analysis indicates that removal efficiency is primarily influenced by resin 
coating density, hydraulic retention time, and microbial enzymatic activity. Variations of ±10% in 
these parameters are expected to produce proportional changes in system performance. These 
uncertainties highlight the importance of controlled experimental validation to refine operational 
thresholds. 

 

10. TECHNOLOGY READINESS LEVEL (TRL) ASSESSMENT 

The maturity of the proposed boreal resin-based microplastic remediation framework is evaluated 
using the Technology Readiness Level (TRL) scale widely applied in European environmental 
technology development and research programs. The TRL framework provides a standardized 
methodology for describing technological progress⁷,¹⁰. 

10.1. Current Development Stage: TRL 2–3 (Concept Formulation and 
Proof-of-Concept) 

At the present stage, the system described in this study is positioned between TRL 2 (technology 
concept formulation) and TRL 3 (analytical and experimental proof-of-concept). The fundamental 
mechanisms underlying adsorption, microbial degradation, and integrated treatment design are 
supported by established scientific literature and validated biochemical pathways⁶,⁹,¹². 

Key indicators supporting the TRL 2–3 classification include: 

• Defined scientific concept and system architecture 
• Literature-supported adsorption and biodegradation mechanisms 
• Preliminary mass balance and process modeling framework 
• Structured experimental validation roadmap for laboratory testing 

These characteristics indicate readiness for controlled laboratory validation while acknowledging 
that full experimental verification has not yet been completed. 

10.2. Validation Pathway Toward Higher Readiness Levels (TRL 4–6) 

Advancement to higher readiness levels will require systematic validation through laboratory and 
pilot-scale experimentation. The transition from theoretical framework to applied environmental 
technology is expected to follow a staged development process consistent with engineering 
validation standards and environmental system deployment protocols⁷,¹¹. 

TRL 4 – Laboratory Validation 

• Construction of bench-scale filtration and bioreactor modules 
• Controlled testing of microplastic sequestration efficiency 
• Measurement of biodegradation kinetics under standardized conditions 
• Verification of mass balance closure and system reproducibility 



TRL 5 – Pilot System Demonstration 

• Installation of a pilot-scale treatment unit within a controlled facility 
• Continuous monitoring of removal efficiency and hydraulic performance 
• Evaluation of operational stability across repeated treatment cycles 

TRL 6 – Field Demonstration in Relevant Environment 

• Deployment of the system in a real wastewater or surface water treatment context 
• Validation of long-term performance under variable environmental conditions 
• Assessment of maintenance requirements and operational scalability 

10.3. Strategic Significance of TRL Advancement 

Explicit identification of the current Technology Readiness Level strengthens the transparency and 
scientific credibility of the proposed remediation framework. Establishing a structured pathway for 
TRL progression supports responsible technology development, facilitates regulatory acceptance, 
and improves alignment with national and European funding mechanisms for environmental 
innovation¹⁰. 

By aligning system development with recognized TRL progression criteria, the study provides a 
realistic roadmap for advancing the proposed remediation concept from theoretical modeling 
toward pilot-scale implementation and operational validation. 

The present work should therefore be interpreted as a reproducible pre-experimental system 
design model that supports the transition from computational validation to laboratory-scale 
verification. 
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