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Abstract

This study systematically evaluates the application prospects of three chemical recycling
technologies for resource recovery from PET medical waste and the sustainable produc-
tion of biomedical materials: catalytic pyrolysis, thermochemical recovery, and enzymatic
hydrolysis. Orthogonal experimental designs and Box—Behnken response surface method-
ologies were used to optimise process parameters, and an extended assessment platform
covering chemical purity, molecular weight distribution, biocompatibility, and mechanical
properties was established. Under optimised conditions (200 °C, 3% w/w catalyst, 4 h,
6:1 ethylene-glycol-to-PET mass ratio), catalytic pyrolysis with zinc acetate achieved a
terephthalic acid (TPA) recovery of 92.3 £ 1.8% at a product purity of 98.2 & 0.5%, and
retained 97.6% of the tensile strength and 97.4% of the elastic modulus of virgin PET. Al-
though the enzymatic process was relatively long at 24 h, it had the best biocompatibility
(L929 fibroblast viability 94.1 £ 2.2% and haemolysis 1.82 £ 0.28%) and reduced the car-
bon footprint by 46.5% compared to catalytic processing. Thermochemical recovery was
completed in 1 h at 500 °C, achieving a TPA recovery of 71.2 & 3.8%, and is suitable for
large-scale processing of low-value medical waste streams. Biocompatibility tests showed
that PET regenerated via the three paths met the ISO 10993 series of standards, with a
cytotoxicity grade of 0-1 and an endotoxin content below 0.5 EU/mL. Gel permeation
chromatography showed that the number-average molecular weight (M) of chemically
recycled PET was between 21,200 and 24,100 g~m01_1 (compared to 24,500 g-mol_1 for
virgin PET), approximately 86.5% to 98.4% of the virgin value, and significantly higher than
mechanically recycled PET. The technical route and quality-control system established here
provide a scientific basis for the closed-loop recycling of medical-grade PET and support
the green transformation of the medical industry.

Keywords: polyethylene terephthalate (PET); chemical recycling; catalytic pyrolysis;
enzymatic recovery; biomedical materials

1. Introduction

Polyethylene terephthalate (PET) is one of the highest-production thermoplastics in
the world, with an annual production exceeding 70 million tonnes [1]. Given its excellent
biocompatibility, mechanical strength, and chemical stability, it is suitable for the construc-
tion of artificial vascular conduits, cardiac-valve reinforcement rings, surgical meshes, and
many other systems used in biomedicine [2]. By 2022, the world’s PET market had reached
25.47 million tonnes and is expected to grow to about 35.7 million tonnes by 2030 through
increasingly diverse applications [3].
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Despite these advantages, PET is now an environmental problem. About 460 million
tonnes of plastic waste are produced every year worldwide, and only about 9% have been
reused. Of the remainder, 50% are sent to landfills, 19% are burned, and the rest enter
the natural environment [4]. In 2024, global plastic waste production reached 220 million
tonnes, an increase of 7% relative to 2021.

Chemical recycling can be used to reduce pollution from waste. Mechanical recycling
is restricted to a limited number of cycles before serious property degradation, whereas
chemical recycling can fully depolymerise PET into its monomer components for closed-
loop material recycling [5]. It also operates in a relatively mild environment, has a lower
energy requirement, and does not need harmful chemicals or expensive equipment [6].
For biomedical applications, chemical recycling can produce high-purity monomers suit-
able for the production of medical-grade PET that meets strict safety and performance
requirements [7,8].

A full-fledged chemical recycling system is put forward in this paper to address the
technological deficiencies of recycling medical-grade PET waste. Three major technologies
are explored: (i) catalytic pyrolysis to achieve a monomer recovery rate above 90%; (ii) ther-
mochemical recycling via optimised pyrolysis for the production of reusable chemical
feedstocks; and (iii) enzymatic hydrolysis using room-temperature alkaline pretreatment
followed by enzymatic degradation for high-efficiency recycling at low energy and envi-
ronmental cost [9,10]. Process optimisation covers a reaction temperature of 30-700 °C
and a system pressure of 1-40 bar, as well as the selection of catalysts and purification by
crystallisation, distillation, and membrane separation.

Several problems remain to be solved. High-purity requirements for medical-grade PET
recycling include a monomer purity above 97%, strict compliance with ISO 10993-5 cytotox-
icity standards, haemolysis below 5%, and the United States Pharmacopeia’s maximum
heavy-metal limits [11]. Each recycling technology has its own drawbacks: catalytic pyrol-
ysis needs accurate reaction control, thermochemical methods are energy intensive, and
enzymatic approaches face challenges in reaction rate and cost. In light of these problem:s,
the present study builds an all-encompassing performance-evaluation system for chem-
ical purity, molecular weight distribution, biocompatibility, and mechanical properties,
thereby providing scientific support for quality control in the production of medical-grade
recycled PET.

2. Materials and Methods
2.1. Materials

Three different sources of PET waste were collected to comprehensively assess the
feasibility of chemical recycling technology for various biomedical PET materials. Medical
waste PET was taken from three tertiary hospitals and included discarded vascular grafts,
infusion-device housings, and various syringe packaging materials [12]. The material was
sterilised in an autoclave at 121 °C for 30 min to remove any living organisms. FTIR was
used to identify the chemical structure, and differential scanning calorimetry (DSC) was
employed to determine thermal-behaviour changes. Sample purity was >95%.

Industrial-grade PET was obtained from two medical-device companies in the form of
injection-moulding scraps, quality-control rejects, and production cutting residues, with an
initial purity of >98%. It was then mechanically crushed into uniform particles (2-5 mm).
The third category was mixed waste PET containing additives such as antioxidants, UV
stabilisers, and plasticisers, with mass fractions of 0.5-2.0% according to thermogravimetric
analysis (TGA) and gas chromatography—mass spectrometry (GC-MS).

Zinc oxide (99.9%), zinc acetate (analytical grade), 1-butyl-3-methylimidazolium chloride
([BMIM]CI, >99%), and p-toluenesulfonic acid (99%) were employed as catalysts. PETase

https://doi.org/10.3390/jfb17070339


https://doi.org/10.3390/jfb17070339

J. Funct. Biomater. 2026, 17, 339

3o0f14

(specific activity >100 U/mg) and MHETase (specific activity >80 U/mg) were heterologously
expressed in an Escherichia coli system from Ideonella sakaiensis [13,14]. PBS and Tris-HCl buffers
with different pH values were used as buffers for enzyme-activity experiments.

2.2. Catalytic Pyrolysis Optimisation

The four main factors identified by single-factor experiments were reaction temper-
ature, catalyst dosage, reaction time, and alcoholysis-agent-to-PET mass ratio. An L9(3%)
orthogonal experimental design was then used to systematically study the impact of reac-
tion temperature (180-220 °C), catalyst dosage (1-5% of PET mass), reaction time (2-6 h),
and ethylene-glycol-to-PET mass ratio (4:1 to 8:1) on monomer recovery. Each test was
conducted in triplicate [15].

Box-Behnken response surface methodology was used to optimise the two principal
factors (reaction temperature and catalyst dosage). A second-order polynomial regression
model incorporated linear, quadratic, and interaction terms. The reliability of the model
was verified through ANOVA and residual analysis, and R? > 0.95 was required for the
prediction and experiment. A 250 mL three-necked flask was used as the reaction vessel,
nitrogen was added to provide an inert atmosphere, and mechanical stirring was carried
out at 300 rpm; TPA was then recovered by acidification, recrystallisation, and vacuum
drying.

2.3. Thermochemical Recovery of PET

Five temperature points in the range of 300-700 °C were set for the experiment, and
the impact of different heating rates (5, 10, and 20 °C/min) on product distribution was
examined. A high-precision temperature-controlled custom tubular-furnace reactor and a
three-stage condensation collection system were constructed. Nitrogen gas at 50-200 mL/min
was used to prevent oxidation. Each experiment used 10 & 0.1 g of PET. Three condensers
were set at 25 °C, 0 °C, and —20 °C to collect fractions with different boiling points.
Vacuum distillation was used to further purify the condensed products, which were then
characterised by GC-MS, FTIR, and 'H-NMR.

2.4. Enzymatic Recycling Process

Enzymatic recycling was performed in two steps. The first stage was alkaline pretreat-
ment, in which the sodium-hydroxide concentration was set to 0.1-1.0 M, and parameters
such as temperature (room temperature to 60 °C) and time (0.5-2 h) were varied system-
atically. Environmental scanning electron microscopy (ESEM) and surface profiling by
atomic force microscopy (AFM) were carried out, and BET nitrogen-adsorption analysis
was also performed. The second stage examined the cooperative effect of PETase and
MHETase by adjusting their mass ratio (1:1, 2:1, and 1:2), reaction pH (7.0-9.0), temperature
(30-40 °C), and total enzyme loading (50-200 U/g PET). A 50 mL conical flask was shaken
at 150 rpm, and TPA accumulation was measured at various times by high-performance
liquid chromatography (HPLC).

2.5. Scale-Up Experiments

Three progressively larger-scale experiments were carried out to verify the laboratory
results. A 100 mL three-necked flask with a magnetic stirrer was used for the laboratory-
scale experiment; a 1 L glass reactor with adjustable mechanical stirring (200-500 rpm)
was used for the small-scale experiment; and a 10 L stainless-steel reactor with precise
temperature control and multiple online monitors was used for the pilot-scale experiment.
A stability test was run for 72 h with samples taken at 8 h intervals. The process was stable
and met the requirements: the coefficient of variation of monomer recovery was below 5%
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and the standard deviation of product purity was below 2%. Energy consumption per unit
of recovered PET and operating-temperature stability were also recorded.

2.6. Characterisation

HPLC (Waters 2695, C18 column, methanol/water mobile phase containing 0.1%
formic acid, detection at 254 nm) and GC-MS (Agilent 7890B-5977A, DB-5MS column) were
used to determine the quantitative chemical composition. A Bruker AVANCE III (600 MHz)
instrument was employed to carry out 'H-NMR and 3C-NMR experiments for product-
structure verification. Trace impurities were identified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS), and heavy-metal contents were measured by inductively
coupled plasma-mass spectrometry (ICP-MS). LC-MS/MS (residual organic by-products)
and ICP-MS (Zn, Sb, Pb, Cd, and other heavy metals), performed on both the crude and
the single-recrystallised product to quantify purification efficiency; the corresponding
concentrations before and after purification, instrument detection limits, and compliance
with the United States Pharmacopeia heavy-metal limits are reported in the paired purity
table. Molecular-weight parameters were obtained by gel permeation chromatography
(GPC, Waters 1515 with a refractive-index detector) using tetrahydrofuran as the elution
solvent [16].

Following ISO 527, mechanical properties were measured at 5 mm/min on a universal
testing machine under controlled conditions (23 £ 2 °C and 50 £ 5% RH), with a minimum
of five parallel specimens per material. Accelerated ageing was performed at 70 °C and
75% relative humidity for 30 days (approximately 5 years at 37 °C).

2.6.1. Cytotoxicity and Biocompatibility

According to ISO 10993-5, L929 mouse fibroblasts (obtained from the Cell Bank of
the Chinese Academy of Sciences, Shanghai, China; Cat. No. TCM38) were used in MTT
cytotoxicity assays. Material extracts (100%, 75%, 50%, and 25%) were prepared at an
extraction ratio of 0.2 g/mL in DMEM at 37 °C for 24 h and incubated with cells for
48 h [17]. According to ISO 10993-4, fresh rabbit blood was diluted 1:1.25 in PBS and
contacted with material extracts at 37 °C for 1 h, and haemoglobin release was determined
at 545 nm. Bacterial-endotoxin concentration was determined by dynamic turbidimetry
(target < 0.5 EU/mL). Subcutaneous implantation in Sprague-Dawley rats was used to
examine the in vivo tissue response over 4 weeks, and histology of the fibrous capsule
around the implant was conducted.

2.6.2. Antibacterial Activity and Degradation

Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative) were se-
lected for a colony-forming-unit (CFU) counting assay. Bacterial suspensions (10° CFU/mL)
were added to the surface of the material, incubated at 37 °C for 24 h, and the colonies
were counted. Degradation experiments were carried out in PBS buffer (pH 7.4) at 37 °C
for 12 weeks; at 2-week intervals, mass loss, molecular-weight retention, and pH changes
were recorded. SEM and FTIR were used to observe surface morphology and degradation
products [18].

2.7. Statistical Analysis

SPSS 26.0 was used for the statistical analysis. Data are presented as mean =+ standard
deviation (n > 3). Specifically, n = 6 independent replicates were used for the MTT
cytotoxicity and haemolysis assays, n = 3 for endotoxin tests, n = 5 specimens for
mechanical tests, and n = 6 animals per group for subcutaneous implantation; each
catalytic-pyrolysis condition was performed in triplicate. A post hoc power analysis
(G*Power 3.1, « = 0.05) determined that these sample sizes had statistical power >0.80 for
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the main inter-route comparisons of TPA recovery, cell viability, and tensile strength. One-
way ANOVA and Duncan’s multiple-comparison test were used to determine inter-group
differences, and a p-value below 0.05 was considered statistically significant. R? values,
adjusted R? values, predicted R? values, and lack-of-fit tests of the response-surface fits
were assessed. Life-cycle assessment (LCA) followed ISO 14040 standards using SimaPro
9.0 software with the Ecoinvent 3.6 database [19]. Net present value (NPV) and internal
rate of return (IRR) were employed to assess economic feasibility, and a sensitivity analysis
was carried out on major risk factors. The LCA used a cradle-to-gate system boundary
and a functional unit of 1 kg of medical-grade recycled PET resin; the inventory included
feedstock collection and sterilisation, reagent and catalyst inputs, heterologous enzyme
production (with a carbon footprint allocated on a mass basis to the recovered monomers),
reaction energy, purification, and on-site emissions, with virgin fossil-based PET as the
comparison baseline. One-at-a-time sensitivity analysis was carried out for enzyme dosage,
enzyme-production effect, electricity mix, and monomer yield, and the reported 46.5%
carbon-footprint reduction of the enzymatic route corresponds to the optimised-yield
scenario compared with catalytic processing at this boundary [20,21].

3. Results
3.1. Catalytic Pyrolysis Performance

A single-factor screen determined that the two main reasons for TPA-recovery fluctua-
tions were changes in reaction temperature and catalyst addition. As shown in Figure 1, the
three catalysts produced three different temperature curves. Zinc acetate achieved a TPA
recovery of 92.3 & 1.8% at 200 °C, the highest among the systems tested; zinc oxide reached
87.6 £ 2.3% under the same conditions, likely due to its poor solubility and dispersion
in the reaction system [22]. The ionic liquid [BMIM]CI was active at a lower temperature
(peaking at 190 °C), but TPA recovery was still limited to 78.4 & 3.1%, so further activation
or modification is required for it to be competitive.

Box-Behnken response-surface analysis revealed a clear optimum. The fitted second-
order polynomial had an R? of 0.978 and an adjusted R? of 0.961, with no significant lack of
fit (p = 0.18). The optimum was at 200 °C and 3% (w/w) catalyst addition, exactly match-
ing the predictions of single-factor analysis, and a TPA recovery of 92.6% was obtained
experimentally (92.3 & 1.8%). Under these optimised conditions (3% w/w zinc acetate, a
reaction time of 4 h, and a 6:1 ethylene-glycol-to-PET mass ratio), the purity of the product
after one recrystallisation was 98.2 + 0.5%. Co-recovered ethylene glycol (EG) was obtained
in a yield of 89.7 & 2.1% and a purity of 97.6 & 0.7%, and both monomers were used for
subsequent polycondensation.

PET source affected recovery efficiency. Autoclaved PET medical waste showed a
decrease in crystallinity from 32.4% to 28.7% and an increase in the amorphous fraction,
which promoted depolymerisation; under the same conditions, the monomer recovery was
5-8% higher than that for industrial scrap. PET with additives showed lower recovery due
to interactions between the additives and the catalyst, which reduced catalytic activity;
increasing the catalyst dosage to 5% or extending the reaction time to 6 h compensated for
this to some extent [23].
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Figure 1. Effect of reaction temperature on TPA recovery rate for three catalysts (zinc acetate, zinc
oxide, and [BMIM]CI) at 3% w/w catalyst dosage and 4 h reaction time. The optimum is 200 °C with
zinc acetate (92.3 4+ 1.8%).

3.2. Thermochemical Recovery Yields

Pyrolysis temperature affected the distribution of products (Figure 2). At 300 °C,
conversion was incomplete, so the product mixture contained a considerable amount of
oligomeric BHET and unreacted PET. From 400 °C, depolymerisation increased rapidly,
and the yield of TPA was 52.1% and that of EG was 41.8%. The optimum was 500 °C, with
the highest balance of monomer yields (TPA 71.2 £ 3.8% and EG 68.5 & 4.2%) and only a
small amount of secondary products. Above 550 °C, secondary cracking accelerated, so
TPA was rapidly lost as gaseous products and char. At 700 °C, the yield of TPA dropped to
41.8% and the ratio of gas/char to feed mass exceeded 41%.

Heating rate also affected product yield. At 5 °C/min, the yield of TPA reached
74.5 + 2.6%, slightly higher than that obtained at 10 °C/min, because the longer residence
time in the optimal range promoted monomer generation. Increasing the rate to 20 °C/min
reduced both the TPA and EG yields (to 63.8 & 3.5% and 60.2 & 4.0%, respectively) due to
an accelerated onset of secondary cracking. GC-MS analysis of the 500 °C product showed
by-products such as benzoic acid (3.2%) and acetaldehyde (2.1%), which were removed by
vacuum distillation to obtain a final TPA purity of 92.4 &= 1.1%. Although the product range
for catalytic pyrolysis is wider, the short reaction time (1 h) and the absence of a catalyst still
make thermochemical recovery economically feasible for high-volume, low-value-added
medical waste streams.

3.3. Enzymatic Recycling Efficiency

Alkaline pretreatment significantly increased enzyme accessibility. Treatment with
0.5 M NaOH for 2 h at room temperature increased the surface roughness Ra from
0.32 £ 0.05 um to 1.87 £ 0.12 um (a 5.8-fold increase) and increased the BET specific
surface area from 0.24 m?/g to 2.16 m?/g (a 9.0-fold increase). SEM micrographs show
uniform nano-pits on the surface, and AFM data indicate no significant fractures in the
topography; thus, the material maintained its initial mechanical properties after treatment.

The synergistic action of PETase and MHETase significantly increased the conversion
rate (Figure 3). Ata 2:1 PETase:MHETase mass ratio, a total enzyme dosage of 150 U/g PET,
pH 8.0, and 35 °C, TPA conversion reached 85.7 £ 2.7% in 24 h. Reducing the MHETase
loading (1:2 ratio) resulted in the accumulation of the intermediate MHET and a ~35% de-
crease in the apparent reaction rate. PETase alone only reached a plateau of 54.2% after
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24 h, so MHETase is required to increase the reaction rate over the rate-limiting MHET
intermediate (consistent with the two-enzyme mechanism established in Refs. [13,14]).
The product purity was 97.8 & 0.6%, with no organic impurities larger than 500 Da de-
tectable by LC-MS/MS. Critically, the enzymatic reaction occurs at a low temperature of
35 °C and reduces the energy consumption of catalytic pyrolysis by 65%, making it highly
energy-efficient for the production of biomedical-grade materials that require minimal pol-
lution. The optimised conditions and monomer-recovery efficiencies of the three chemical
recycling routes are summarised in Table 1.
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c |
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Figure 2. Yields of TPA and EG monomers as a function of pyrolysis temperature (300-700 °C,

10 °C/min, Nj atmosphere). The highest yields occur at 500 °C, with TPA and EG yields of
71.2 £ 3.8% and 68.5 & 4.2%, respectively.
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Figure 3. Time course of TPA conversion at different PETase:MHETase mass ratios (total enzyme

dosage 150 U/g PET, pH 8.0, 35 °C, after alkaline pretreatment). A 2:1 PETase:MHETase ratio
achieved the highest 24 h conversion rate of 85.7 £ 2.7%.

https:/ /doi.org/10.3390/jfb17070339


https://doi.org/10.3390/jfb17070339

J. Funct. Biomater. 2026, 17, 339

8 of 14

Table 1. Optimised conditions and recovery efficiency of three chemical recycling routes for medical-
grade PET.

Route Conditions TPA (%) Purity (%) t (h)
Cat. (Zn(OAc);) 200 °C, 3%, 6:1 923 +1.8 98.2 £ 0.5 4
Cat. (ZnO) 200 °C, 3%, 6:1 87.6+2.3 971+ 0.6 4
Cat. ((BMIM]CI) 190 °C, 3%, 6:1 784 +3.1 954+ 0.9 4
Thermochemical 5? 0 C’. 712+ 3.8 924+ 1.1 1
10 °C/min
. 35°C, pH 8.0,
Enzymatic 150 U/g 85.7 2.7 97.8 0.6 24

3.4. Scale-Up Validation

Scale-up processing confirmed the stability of the catalytic-pyrolysis route at the 10 L
pilot-scale reactor level (Table 2). The TPA recovery rate dropped slightly with scale, from
92.3 & 1.8% at the laboratory level to 88.7 £ 2.4% at the pilot stage, but the product purity
remained above 96.8%. Process consistency, as shown by the coefficient of variation (CV) of
monomer recovery in nine replicate runs, rose from 1.95% to 2.71% but stayed well below
the 5% target, confirming reproducibility at the engineering scale. The energy consumption
per kilogram of recovered PET decreased from 1.85 kWh at the laboratory scale to 1.48 kWh
at the pilot scale, a reduction of 20% due to a smaller surface-to-volume ratio and less
heat loss in the larger system. The continuous 72 h stability test showed no significant
drift in operating temperature (+2.5 °C) or recovery rate, qualifying the process for an
industrial-scale closed-loop recycling line.

Table 2. Scale-up performance of the catalytic-pyrolysis recycling process at three reactor sizes.

Parameter Lab. (100 mL) Small (1L) Pilot (10 L) Target
TPA recovery (%) 923 +1.38 90.5+21 88.7+24 >85
Product purity (%) 98.2£0.5 97.6 £0.7 96.8 £0.9 >95
CV (%) 1.95 2.32 2.71 <5
Reaction time (h) 4.0 42 45 <6
Throughput (g h—1) 5 50 500 -
Energy (kWh kg™1) 1.85 1.62 1.48 <2.0

3.5. Characterisation of Recycled PET

Collectively, the characterisation studies covered molecular weight and mechanical
properties, as well as the biological response and degradation behaviour of recycled PET
samples. As shown in Table 3, all three chemical routes produced PET regenerated with
molecular weights close to those of virgin PET (by GPC). Catalytic-pyrolysis-recycled PET
achieved an My, of 23,800 & 610 g-mol !, an M, of 47,500 & 920 g-mol~?, a polydispersity
index (PDI) of 2.00 & 0.05, and an intrinsic viscosity [#] of 0.80 £ 0.03 dL/g, meeting
the injection-moulding-grade requirement of [#] > 0.75 dL/g. Enzymatic-recycled PET
achieved the narrowest distribution (PDI 1.98 + 0.03) and an My, of 24,100 + 480 g-mol’l,
only 1.6% lower than virgin PET; thermochemical-recycled PET had a slightly broader
distribution (My, 21,200 + 980 g-mol*1 ; PDI2.09 +£ 0.08), reflecting the secondary cracking
observed in Section 3.2. By contrast, reference data for mechanically recycled PET had a
much lower M, (18,600 &+ 1420 g~m01_1) and a wider PDI (2.12 & 0.11), indicating that
chemical recycling is structurally superior (consistent with GPC data for mechanically
reprocessed grades reported in Refs. [16,23]).
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Table 3. Molecular weight (GPC) and mechanical properties of virgin and recycled PET.
M, My, Tensile
Sample (g-mol—1) (g-mol~1) PDI [#] (dL/g) (MPa) E (GPa)
Virgin PET 24,500 £ 520 48,200 £ 830 1.97 £ 0.04 0.82 £ 0.02 702 £19 2.48 £ 0.06
Catalytic-pyrolysis recycled PET 23,800 £ 610 47,500 £ 920 2.00 £ 0.05 0.80 £ 0.03 68.5 £ 2.3 2.42 £+ 0.08
Thermochemical recycled PET 21,200 £980 44,300 £ 1250 2.09 + 0.08 0.74 + 0.04 623 +3.1 225+0.11
Enzymatic-recycled PET 24,100 + 480 47,800 £ 760 1.98 & 0.03 0.81 4+ 0.02 67.8 +2.1 2.45 +0.07
Mechanically recycled PET (ref.) ! 18,600 & 1420 39,400 £ 2180 212+£0.11 0.65 & 0.06 54.6 +3.8 2.08 £0.14

! Reference values for mechanically recycled PET are taken from the literature for comparison [16].

Mechanical properties followed the molecular-weight trends. Catalytic-pyrolysis-
recycled PET retained 97.6% of the tensile strength and 97.4% of the elastic modulus of
virgin PET (Table 3). Enzymatic-recycled PET had a tensile strength of 67.8 +- 2.1 MPa and an
elongation at break of 122 + 7%, exhibiting good strength—toughness properties for medical
fibres and films. Thermochemical-recycled PET had a tensile strength of 62.3 + 3.1 MPa
and a modulus of 2.25 + 0.11 GPa, still exceeding the mechanical performance targets
adopted here for vascular-graft fibres (tensile strength > 50 MPa, modulus > 2.0 GPa),
consistent with the evaluation framework for tubular vascular prostheses defined in ISO
7198. Fatigue tests at 50% of the ultimate tensile strength showed that catalytic and
enzymatic samples reached a life exceeding 1 x 10° cycles without failure, making them
suitable for cardiovascular implants. Accelerated ageing (70 °C, 75% RH, 30 d, equivalent
to 5 years at 37 °C) reduced the tensile strength of catalytic-pyrolysis-recycled PET by only
5.8% and the molecular weight by 7.2%, indicating long-term stability in service.

Figure 4 shows the four major performance indices of recycled PET versus virgin
PET. Catalytic-pyrolysis and enzymatic recycling of PET are within 3-8% of virgin PET
for tensile strength, molecular weight, cell viability, and TPA recovery, whereas thermo-
chemical recycling of PET is about 10-13% away on structural and biological indicators.
The monomer-recovery rates of catalytic pyrolysis (92.3%), enzymatic recovery (85.7%),
and thermochemical pyrolysis (71.2%) are the highest among the three routes, and all are
relatively mild processes yielding high-purity products.

I Virgin PET HE Catalytic pyrolysis HEE Thermochemical HEE Enzymatic

100 4
80
60

40

Performance index (%)

20 A

Tensile strength Mn 1929 cell TPA recovery
(norm. to virgin) (norm. to virgin) viability

Figure 4. Comparison of virgin and recycled PET based on four key performance indicators. Tensile
strength and My, are normalised to virgin PET; cell viability and TPA recovery are in absolute
percentages. Error bars are standard deviations.

3.5.1. Cytotoxicity and Biocompatibility Results

Biocompatibility was assessed by MTT cytotoxicity, haemolysis, endotoxin tests, and
subcutaneous implantation (Table 4). All recycled PET samples met the ISO 10993-5
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threshold of 1.929 cell viability >70% for all extract concentrations. Enzymatic-recycled PET
had the highest cell viability (94.1 &= 2.2%), which was not statistically different from virgin
PET (95.3 £ 2.4%, p > 0.05), consistent with the biocompatibility standards established
for PET copolymer cardiac-assist devices (see Ref. [17]). Catalytic-pyrolysis-recycled PET
had a viability of 92.8 + 2.8% and was Grade-0 responsive. Thermochemical-recycled PET
had a viability of 87.4 & 3.5% and was classified as Grade-1 (mild cytotoxicity) due to trace
by-products from high-temperature pyrolysis.

All recycled samples produced haemolysis rates well below the 5% ISO 10993-4 thresh-
old: enzymatic 1.82 % 0.28%, catalytic 2.14 = 0.35%, and thermochemical 3.26 £ 0.42%.
Endotoxin levels remained below the medical-device limit of 0.5 EU/mL for all samples
(0.10-0.18 EU/mL), and SEM images showed that erythrocytes on the surface retained their
biconcave-disc shape without aggregation. Subcutaneous implantation in Sprague-Dawley
rats for more than 4 weeks produced fibrous-capsule thicknesses of 85 & 12 um (enzymatic)
and 98 + 15 um (catalytic-pyrolysis); neither was significantly different from virgin PET
(78 & 10 um; p > 0.05), indicating good in vivo tolerance for Class-II and selected Class-III
device applications.

Table 4. Biocompatibility test of recycled PET material.

Sample L929 Haemolysis Endotoxin Cytotoxicity Tﬁ?flf::s
Viability (%) Rate (%) (EU/mL) Grade (um)

Virgin PET 953 +24 1.65 +0.24 0.08 £ 0.02 0 78 £ 10

Catalytic-pyrolysis 92.8+2.8 2.144+0.35 0.12 +0.03 0 98 + 15

recycled PET

Thermochemical 874+35 3.26 4 0.42 0.18 £ 0.04 1 125 + 18

recycled PET

Enzymatic-recycled PET 941+£22 1.82 +0.28 0.10 4 0.02 0 85 £ 12

ISO 10993 limit >70 <5 <0.5 0-1 -

3.5.2. Antibacterial Performance and Degradation

PET is not inherently antibacterial, but a rougher surface can prevent bacterial attach-
ment. Enzymatic-recycled PET produced the smoothest surface (Ra 0.28 £ 0.04 pm) and
showed the lowest bacterial-adhesion densities of (2.3 4 0.4) x 10* CFU/cm? for Staphy-
lococcus aureus and (1.8 £ 0.3) x 10* CFU/cm? for Escherichia coli, comparable to the an-
tibacterial performance reported for chitosan-coated rPET electrospun scaffolds (Ref. [18]).
Thermochemical-recycled PET had a relatively rougher surface (Ra 0.56 &+ 0.08 um) and
thus permitted an approximately 40% increase in bacterial adhesion. Plasma surface
modification or antibacterial coatings can be applied to further reduce colonisation of
high-risk implants.

In vitro degradation in PBS (pH 7.4, 37 °C, 12 weeks) showed that all chemically
recycled PET had good stability. Mass loss was below 1.4% per sample, and molecular-
weight retention exceeded 96%. The buffer pH dropped by no more than 0.2 units, so no
acidic degradation products were produced at concentrations high enough to cause peri-
implant inflammation. SEM analysis after 12 weeks found only minor surface erosion and
no damage to the overall structure. FTIR analysis showed that most degradation occurred
in the amorphous region, while the crystalline part was unchanged, so the material still
met the requirement for extended use under body-fluid stress. Together, these antibacterial-
adhesion and degradation profiles show that chemically recycled PET is suitable for short-
and medium-term medical implants, and the surface engineering established here can be
extended to higher-acuity device classes.
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4. Discussion
4.1. Comparison of Chemical Recovery Methods

The three chemical recovery technologies have different mechanisms, performance,
and suitability for biomedicine. Alcoholysis with zinc acetate as the catalyst for catalytic
pyrolysis obtained TPA with a recovery of 92.3% and a purity of 98.2% [24]. Zinc ions
coordinate to the carbonyl carbon and reduce the activation energy from 125 kJ/mol to
68 kJ /mol through nucleophilic substitution. XPS analysis showed an unaltered chemical
structure and an atomic ratio of C/O = 2.48 (theoretical 2.50). Zinc acetate outperforms
zinc oxide because it is more soluble; in addition, due to its stronger Lewis-acid character
and homogeneous speciation of Zn?*, it can coordinate with the ester carbonyl oxygen
more effectively and lower the barrier for transesterification. As shown by the XPS Zn 2p
binding-energy shift and the metal-salt glycolysis literature [22], this coordination-induced
activation is also a factor. Biocompatible Mg-Fe layered double hydroxide catalysts similarly
exploit Lewis-acid activation and achieved near-quantitative PET conversion at 200 °C [25],
further corroborating the mechanistic importance of metal-ion coordination in glycolytic
depolymerisation. End-group analysis showed a carboxyl content of 28.5 £+ 2.1 ymol/g,
the same as virgin PET, and only one recrystallisation step was required to achieve medical-
grade purity at 94% efficiency. The robustness of the single-step recrystallisation arises from
a large solubility difference between TPA and its main impurities in the hot-water /ethanol
system: TPA crystallises selectively upon cooling, while more soluble mono-acid intermedi-
ates, oligomers, and residual Zn?* (which remain as soluble acetate/glycolate complexes)
are excluded from the crystal, and coloured degradation products are removed by an
activated-carbon polish before crystallisation. Monomer purity consistently exceeded the
97% medical-grade level and reduced Zn?** below the USP limit, as shown by the paired
ICP-MS measurements in Section 2.6.

Thermochemical recovery is a free-radical chain reaction that generates a complex
mixture of products, the proportions of which change significantly with temperature; bis(2-
hydroxyethyl) terephthalate forms at 450 °C, while terephthalic acid is relatively abundant
at 550 °C. This route alters the material’s properties more substantially than alcoholysis:
crystallinity is reduced to 26.8% and oxygen permeability increases by 28%. Distillation,
extraction, and other complex purification methods account for about 40% of the total
processing costs, so unit production economics are low and the material is only suitable for
non-biomedical uses.

Enzymatic recovery exploits the substrate specificity of PETase at low temperatures.
Alkaline pretreatment increased enzyme adsorption by 3.8-fold through the expansion
of the accessible surface area, and supplementary MHETase reduced product inhibition
and increased the reaction rate by about 35% (see Refs. [9,10] for the fundamental enzyme
characterisation underpinning these results). LC-MS/MS showed no organic impurities
above 500 Da. Based on protein-adsorption studies, enzymatic-recycled PET adsorbed
0.42 + 0.06 pg/cm? of bovine serum albumin, approximately the same as virgin material.
Circular-dichroism analysis showed that proteins maintained a near-native structure at the
enzyme surface (58% a-helix) and the catalytic surface (55% a-helix), but were partially
denatured at the thermochemical surface (42% a-helix). Based on these observations,
enzymatic recovery is the most biocompatible route, whereas catalytic pyrolysis offers a
trade-off between purity, throughput, and biological performance and is therefore chosen
for mainstream applications.

4.2. Application in the Production of Biomedical Materials

Enzymatic- and catalytic-pyrolysis-recycled PET meet the requirements for Class-II
and some Class-III devices, such as vascular prostheses, heart-valve suture rings, and
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hernia-repair patches [26,27]. Dynamic mechanical analysis of vascular prostheses showed
that catalytic-pyrolysis-recycled PET has a storage modulus of 1.82 £ 0.08 GPa at physio-
logical conditions (37 °C, 1 Hz), close to that of human arteries (1.5-2.0 GPa). Fatigue tests
for a 10-year cardiac cycle showed less than an 8% reduction in performance. The density of
platelet adhesion after 4 h of in vitro blood circulation was only (4.8 4+ 0.9) x 10* cells/cm?,
indicating a low thrombogenic risk.

Electrospun nanofibre membranes (200-800 nm fibre diameter) loaded with hy-
drophilic amoxicillin at 12.3 £ 0.8 wt% and hydrophobic ibuprofen at 18.7 + 1.2 wt%
were prepared for drug-delivery systems [28]. Catalytic-pyrolysis-recycled PET retained
more terminal functional groups and was thus chemically modified to extend drug re-
lease by PEG grafting to 60 days. For tissue engineering, 3D-printed porous scaffolds
(200-500 pm pores, 65-75% porosity) supported human mesenchymal stem-cell densities
of (8.54 0.7) x 10° cells/cm® and maintained >95% viability after 7 days. RT-PCR showed
no difference in osteogenic-marker gene expression from the control.

Several problems remain. Raw-material standardisation presents a first-hand chal-
lenge; medical waste is complex and has a 15-20% batch-to-batch variation. A protein
concentration above 0.5% reduces the activity of the zinc-acetate catalyst by 35% and re-
quires pretreatment. Regulatory approval entails an all-encompassing biological-evaluation
cost of USD 500,000-USD 1 million over 2-3 years. To meet the additional requirement
of implant-grade quality, a polishing train is needed after the single recrystallisation—
activated-carbon decolourisation, sub-micron (0.22 pum) filtration, ion-exchange removal of
residual Zn?*, and a depyrogenation step to keep endotoxins below 0.5 EU/mL—which
together add about 12-18% to the unit production cost. A simplified process flow (waste
collection — sterilisation — depolymerisation — activated-carbon/ion-exchange polishing
— recrystallisation — depyrogenation — drying) and the corresponding cost breakdown
support the techno-economic estimates. Based on economic analysis, at the current stage of
technology, recycled PET costs 20-30% more than virgin PET and is not economically feasi-
ble unless crude-oil prices exceed USD 80/barrel or carbon taxes are introduced [29-31].
Market-acceptance surveys indicate that 42% of healthcare professionals and patients are
fully willing to use recycled-material implants; therefore, enhancing the transparency of
quality-control reports is needed to encourage widespread application.

5. Conclusions

This paper has built a complete technical route and a quality-control system for the
chemical recycling of medical-grade PET, and shown that catalytic pyrolysis, thermochemi-
cal recovery, and enzymatic hydrolysis can all be applied to specific biomedical applications.
Catalytic pyrolysis with zinc acetate showed the best overall technical performance (TPA
recovery of 92.3 £ 1.8%, product purity of 98.2 = 0.5%, >97% retention of virgin-PET tensile
strength and elastic modulus) and is thus highly suitable for mainstream medical-grade
applications. Enzymatic recovery took 24 h but demonstrated excellent biocompatibil-
ity (L929 viability 94.1 £ 2.2%, haemolysis 1.82 £ 0.28%, narrowest molecular-weight
distribution) and a 46.5% reduction in carbon footprint; it was therefore chosen for the
Class-III implantable-device route. Thermochemical recovery has a reaction time of 1 h
and is catalyst-free, making it economically feasible for large-scale processing of low-value
medical waste streams.

All three chemical paths produced recycled PET that met the ISO 10993 biocompatibil-
ity standards (cytotoxicity grade 0-1; endotoxin < 0.5 EU/mL) and had My, values between
21,200 and 24,100 g-mol !, significantly higher than those of mechanically recycled PET
(18,600 + 1420 g-mol~!). Techno-economic analysis showed a 2.6- to 3.8-year payback
period and an IRR of 22-28%, demonstrating industrial feasibility (Refs. [19,20]). Future
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work will aim to reduce the production cost of enzymes from about USD 150/kg to less
than USD 50/kg, develop bifunctional MOF-based catalysts that operate at lower tempera-
tures, and build a comprehensive regulatory system for recycled medical-grade PET. With
continued development of technology and supportive policies, by 2035 the realistic goal of
more than 70% medical-grade PET recycling could be reached, simultaneously achieving
environmental protection, economic benefits, and safeguarding of public health.

Author Contributions: Conceptualization, H.Y. and Y.Y.; methodology, H.Y.; investigation, H.Y.;
data curation, H.Y.; writing—original draft preparation, H.Y.; writing—review and editing, Y.Y,;
supervision, Y.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding
Institutional Review Board Statement: Not applicable

Informed Consent Statement: Not applicable. The discarded medical-device PET in this study was
anonymised waste material without any patient-identifiable information.

Data Availability Statement: The data in this paper are available upon request from the correspond-
ing author. The data are not publicly available at present due to ongoing research.

Acknowledgments: During the preparation of this paper, the authors used ChatGPT (OpenAl, GPT-
4o0) for the purposes of editing and improving the language and readability of the text. The authors
have reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Suhaimi, N.A.S.; Muhamad, F.; Abd Razak, N.A.; Zeimaran, E. Recycling of Polyethylene Terephthalate Wastes: A Review of
Technologies, Routes, and Applications. Polym. Eng. Sci. 2022, 62, 2355-2375. https:/ /doi.org/10.1002/pen.26017.

Joseph, B.; James, J.; Kalarikkal, N.; Thomas, S. Recycling of Medical Plastics. Adv. Ind. Eng. Polym. Res. 2021, 4, 199-208.

Chen, Y.-H.; Hsu, C.-Y;; Lin, W.-T. Life Cycle Assessment of Recycling Polyethylene Terephthalate (PET): A Comparative Case
Study in Taiwan. Recycling 2025, 10, 98. https://doi.org/10.3390/recycling10030098.

OECD. Global Plastics Outlook: Economic Drivers, Environmental Impacts and Policy Options; OECD Publishing: Paris, France, 2022.
https:/ /doi.org/10.1787 /de747aef-en.

Bartolome, L.; Imran, M.; Cho, B.G.; Al-Masry, W.A.; Kim, D.H. Recent Developments in the Chemical Recycling of PET. In Material
Recycling—Trends and Perspectives; InTech: Rijeka, Croatia, 2012; Volume 406, pp. 576-596.

Volmajer Valh, J.; Stopar, D.; Selaya Berodia, I.; Erjavec, A.; Sauperl, O.; Fras Zemlji¢, L. Economical Chemical Recycling of Complex
PET Waste in the Form of Active Packaging Material. Polymers 2022, 14, 3244.

Enache, A.-C.; Grecu, I.; Samoila, P. Polyethylene Terephthalate (PET) Recycled by Catalytic Glycolysis: A Bridge toward Circular
Economy Principles. Materials 2024, 17, 2991. https:/ /doi.org/10.3390/mal7122991.

Amundarain, I.; Lépez-Montenegro, S.; Fulgencio-Medrano, L.; Leivar, J.; Iruskieta, A.; Asueta, A.; Miguel-Fernandez, R.; Arnaiz,
S.; Pereda-Ayo, B. Improving the Sustainability of Catalytic Glycolysis of Complex PET Waste through Bio-Solvolysis. Polymers
2024, 16, 142. https:/ /doi.org/10.3390/polym16010142.

Yoshida, S.; Hiraga, K.; Takehana, T.; Taniguchi, I.; Yamaji, H.; Maeda, Y.; Toyohara, K.; Miyamoto, K.; Kimura, Y.; Oda, K. A
Bacterium That Degrades and Assimilates Poly(ethylene terephthalate). Science 2016, 351, 1196-1199. https://doi.org/10.1126/
science.aad6359.

Tournier, V.; Topham, C.M.; Gilles, A.; David, B.; Folgoas, C.; Moya-Leclair, E.; Kamionka, E.; Desrousseaux, M.-L.; Texier, H.;
Gavalda, S.; et al. An Engineered PET Depolymerase to Break Down and Recycle Plastic Bottles. Nature 2020, 580, 216-219.
https:/ /doi.org/10.1038 /s41586-020-2149-4.

Sahoo, S.; Rathod, W.; Vardikar, H.; Biswal, M.; Mohanty, S.; Nayak, S.K. Biomedical Waste Plastic: Bacteria, Disinfection and
Recycling Technologies—A Comprehensive Review. Int. |. Environ. Sci. Technol. 2024, 21, 1141-1158.

Chu, Y.T;; Zhou, J.; Wang, Y.; Liu, Y.; Ren, J. Current Status, Development and Future Directions of Medical Waste Valorization.
Energies 2023, 16, 1074.

Knott, B.C.; Erickson, E.; Allen, M.D.; Gado, J.E.; Graham, R.; Kearns, F.L.; Pardo, I.; Topuzluy, E.; Anderson, ].J.; Austin, H.P; et al.
Characterization and Engineering of a Two-Enzyme System for Plastics Depolymerization. Proc. Natl. Acad. Sci. USA 2020, 117,
25476-25485. https:/ /doi.org/10.1073 /pnas.2006753117.

https:/ /doi.org/10.3390/jfb17070339


https://doi.org/10.1002/pen.26017
https://doi.org/10.3390/recycling10030098
https://doi.org/10.1787/de747aef-en
https://doi.org/10.3390/ma17122991
https://doi.org/10.3390/polym16010142
https://doi.org/10.1126/science.aad6359
https://doi.org/10.1126/science.aad6359
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1073/pnas.2006753117
https://doi.org/10.3390/jfb17070339

J. Funct. Biomater. 2026, 17, 339 14 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Aratjo, M.O.; Pérez-Castillo, Y.; Oliveira, L.H.; Nunes, EC.; de Sousa, D.P; da Silva, A.B.F. Degradation of PET Bottles by an
Engineered Ideonella sakaiensis PETase. Polymers 2023, 15, 1779. https:/ /doi.org/10.3390/polym15071779.

Kim, Y,; Kim, M.; Hwang, J.; Im, E.; Moon, G.D. Optimizing PET Glycolysis with an Oyster Shell-Derived Catalyst Using Response
Surface Methodology. Polymers 2022, 14, 656. https://doi.org/10.3390/ polym14040656.

Perret, L.; Jacquin, C.; Vidal, L.; Boudenne, A.; Sokolowski, A. Thermal and Chemical Characterisation of Reprocessed PET: A
Study on Commercial, Recycled, Bottle-Grade and Textile Blend. Materials 2025, 18, 4394. https://doi.org/10.3390/mal8184394.
Popa, A.-C.; Ionita, M.; Obreja, L.; Vaduva, A.; Pascu, E.-I.; Florina Dina, N.; Cristian Ionescu, I. In-Vitro Biocompatibility
and Hemocompatibility Study of New PET Copolyesters Intended for Heart Assist Devices. Polymers 2020, 12, 2857. https:
//doi.org/10.3390/polym12122857.

Griamada, A.M.; Niculescu, A.-G.; Bircd, A.C.; Holban, A.M.; Ciceu, A.; Balta, C.; Herman, H.; Hermenean, A.; Ardelean, S.; Stoica,
A.-E.; et al. Electrospun Chitosan-Coated Recycled PET Scaffolds for Biomedical Applications: Short-Term Antimicrobial Efficacy
and In Vivo Evaluation. Polymers 2025, 17, 1077. https:/ /doi.org/10.3390/ polym17081077.

Uekert, T.; DesVeaux, ].S.; Singh, A.; Nicholson, S.R.; Lamers, P.; Ghosh, T.; McGeehan, J.E.; Carpenter, A.C.; Beckham, G.T. Life
Cycle Assessment of Enzymatic Poly(ethylene terephthalate) Recycling. Green Chem. 2022, 24, 6531-6543. https://doi.org/10.103
9/D2GC02162E.

Singh, A.; Rorrer, N.A ; Nicholson, S.R.; Erickson, E.; DesVeaux, J.S.; Avelino, A.E.T.; Lamers, P.; Bhatt, A.; Zhang, Y.; Avery, G,;
et al. Techno-Economic, Life-Cycle, and Socioeconomic Impact Analysis of Enzymatic Recycling of Poly(ethylene terephthalate).
Joule 2021, 5, 2479-2503. https:/ /doi.org/10.1016/jjoule.2021.06.015.

Huang, P; Ahamed, A.; Sun, R;; De Hoe, G.X.; Pitcher, J.; Mushing, A.; Lourengo, F; Shaver, M.P. Circularizing PET-G
Multimaterials: Life Cycle Assessment and Techno-Economic Analysis. ACS Sustain. Chem. Eng. 2023, 11, 15649-15659.
https:/ /doi.org/10.1021/acssuschemeng.3c04047.

Lopez-Fonseca, R.; Duque-Ingunza, I.; de Rivas, B.; Arnaiz, S.; Gutiérrez-Ortiz, J.I. Chemical Recycling of Post-Consumer
PET Waste by Glycolysis in the Presence of Metal Salts. Polym. Degrad. Stab. 2010, 95, 1022-1028. https://doi.org/10.1016/j.
polymdegradstab.2010.03.007.

Mendiburu-Valor, E.; Mondragon, G.; Gonzalez, N.; Kortaberria, G.; Martin, L.; Eceiza, A.; Pena-Rodriguez, C. Valorization of
Urban and Marine PET Waste through Optimized Chemical Recycling. Resour. Conserv. Recycl. 2022, 184, 106413.

Deng, L.; Yang, S.; He, H.; Chen, J.; Zhang, C.; Liu, Z.; Wang, L. A “Polymer-to-Polymer” Recycling of PET via Dissolution—
Precipitation. J. Environ. Chem. Eng. 2025, 13, 115684.

Ferreira, L.P,; Souza, T.P.C.; de Oliveira, V.L.; Matraga, L.A.; Pacheco, ].G.A.; da Silva, ].M.F. Chemical Recycling of PET Using
Catalysts from Layered Double Hydroxides: Effect of Synthesis Method and Mg-Fe Biocompatible Metals. Polymers 2023, 15, 3274.
https:/ /doi.org/10.3390/polym15153274.

Gramada, A.M.; Stoica, A.E.; Niculescu, A.G.; Bircd, A.C.; Vasile, B.S.; Holban, A.M.; Mihaiescu, T.; Serban, A.L; Ciceu, A.; Balta,
C.; et al. Zinc Oxide-Loaded Recycled PET Nanofibers for Applications in Healthcare and Biomedical Devices. Polymers 2025, 17,
45. https://doi.org/10.3390/ polym17010045.

Azimi, B.; Danti, S.; Donati, M.C.; Lodovici, V.; Macchi, T.; Seggiani, M.; Parchi, P.D. Waste Generation and Recycling Opportunities
in Orthopaedic Surgery. Mater. Today Commun. 2025, 50, 114533. https://doi.org/10.1016 /j.mtcomm.2025.114533.

Topuz, E; Oldal, D.G.; Szekely, G. Valorization of Polyethylene Terephthalate (PET) Plastic Waste as Nanofibrous Membranes for
Oil Removal. Ind. Eng. Chem. Res. 2022, 61, 9077-9086.

Kaur, G.; Uisan, K.; Ong, K.L,; Lin, C.S.K. Recent Trends in Green and Sustainable Chemistry & Waste Valorisation: Rethinking
Plastics in a Circular Economy. Curr. Opin. Green Sustain. Chem. 2018, 9, 30-39.

Zhou, J.; Ayub, Y.; Shi, T,; Ren, J.; He, C. Sustainable Co-Valorisation of Medical Waste and Biomass Waste: Innovative Process
Design, Optimisation and Assessment. Energy 2024, 288, 129803.

Okolie, J.A.; Jimoh, T.; Akande, O.; Okoye, P.U.; Ogbaga, C.C.; Adeleke, A.A.; Amenaghawon, A.N. Pathways for the Valorisation
of Animal and Human Waste into Biofuels, Sustainable Materials, and High-Value-Added Chemicals. Environments 2023, 10, 46.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jfb17070339


https://doi.org/10.3390/polym15071779
https://doi.org/10.3390/polym14040656
https://doi.org/10.3390/ma18184394
https://doi.org/10.3390/polym12122857
https://doi.org/10.3390/polym12122857
https://doi.org/10.3390/polym17081077
https://doi.org/10.1039/D2GC02162E
https://doi.org/10.1039/D2GC02162E
https://doi.org/10.1016/j.joule.2021.06.015
https://doi.org/10.1021/acssuschemeng.3c04047
https://doi.org/10.1016/j.polymdegradstab.2010.03.007
https://doi.org/10.1016/j.polymdegradstab.2010.03.007
https://doi.org/10.3390/polym15153274
https://doi.org/10.3390/polym17010045
https://doi.org/10.1016/j.mtcomm.2025.114533
https://doi.org/10.3390/jfb17070339

	Introduction
	Materials and Methods
	Materials
	Catalytic Pyrolysis Optimisation
	Thermochemical Recovery of PET
	Enzymatic Recycling Process
	Scale-Up Experiments
	Characterisation
	Cytotoxicity and Biocompatibility
	Antibacterial Activity and Degradation

	Statistical Analysis

	Results
	Catalytic Pyrolysis Performance
	Thermochemical Recovery Yields
	Enzymatic Recycling Efficiency
	Scale-Up Validation
	Characterisation of Recycled PET
	Cytotoxicity and Biocompatibility Results
	Antibacterial Performance and Degradation


	Discussion
	Comparison of Chemical Recovery Methods
	Application in the Production of Biomedical Materials

	Conclusions
	References

