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Investigation of Biological Safety and Chemical Leaching Properties in the

Recycling of PP/EVOH Multilayer

Plastic Food Containers

Sung-Chul Ha and Chang-Yong Lee*

Department of Environmental Engineering, Kongju National University, Cheonan 31080, Korea

Abstract This study investigates the increase in chemical leachates and the biological toxicity associated with repeated
recycling of multilayer plastic food packaging composed of polypropylene (PP) and ethylene vinyl alcohol (EVOH).
Based on the ISO 10993-5 cytotoxicity assay, a slight level of cytotoxicity was detected in the recycled samples, indi-
cating a potential biological risk associated with the use of recycled materials. Chemical analyses using ICP, pH meter,
balance, UV, UV/VIS spectrophotometer confirmed a cumulative increase in the total amount of leachates. Notably, the

accumulation of heavy metals was identified in the recycled plastics, which was attributed to metal components orig-
inating from the shredding and reprocessing equipment used during recycling. SEM-EDX analysis further confirmed that
the accumulated metals matched the elemental composition of the recycling equipment. These findings highlight the
potential accumulation of heavy metals derived from processing machinery during the recycling of multilayer packaging
and underscore the need for establishing safer and more controlled recycling systems.
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Fig. 1. Manufacturing process of food containers with PP/EVOH multilayer structure: raw material input, sheet extrusion, and container

thermoforming sequence.

Polypropylene/
TiO, Masterbatch

Polypropylene

Fig. 2. The material composition of aseptic rice containers
includes PP, EVOH for oxygen barrier, PP-g-MAH (polypro-
pylene grafted maleic anhydride) as a bonding layer with
EVOH and PP, TiOx(white pigment compound) for opacity.
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Table 1. Composition and Thickness of Co-extruded PP/EVOH Sheet

PP PP-g-MAH EVOH PP-g-MAH PP+TiO, MB

Composition 44.4% 2.8% 5.6% 2.8% 40.4%+4.0%
Thickness of multilayer 400 pm 25 um 50 pm 25 um 400 pm
Temperature Co-extruder 240°C 240°C 240°C 240°C 240°C
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Table 2. Summary of Cytotoxicity Test Method Based on ISO 10993-5:2009
Category Details
Test Standard ISO 10993-5:2009
Test Purpose Evaluation of in vitro cytotoxicity for regenerated PP/EVOH food containers
Cell Line Used Mouse-derived fibroblasts
Culture Medium MEM (Minimal Essential Medium) with 10% Fetal Bovine Serum (FBS)
Extraction Conditions 37°C for 24 hours
Sample Surface Area Diameter 35 mm wells (~10 cm?); each well treated in triplicate
Cell Seeding Density 1 x10° cells/mL
Seeding Volume per Well 2mL
Incubation Conditions (before treatment) 37+ 1°C, 5+ 1% CO: for 24 hours to form confluent monolayers
Exposure Duration to Extracts 48 hours
Observation Method Optical microscopy (100x magnification)
Assessment Criteria - Morphological change - Presence of confluent monolayer (+/—) - Medium color change (pH)
Interpretation of pH Change - Yellow: Acidification - Purple/Crimson: Alkalization
Enzymes for Cell Harvesting Trypsin and EDTA
Evaluation Basis Qualitative observation and inhibition of cell proliferation based on ISO 10993-5 grading
Table 3. Information on Specimens Used for Toxicity Evaluation
Medium and vehicle Serum Negative control Positive control
Category Ime.:m (Mil.lirnurn essential Horse serum High Density ZDEC (Zinc Diethyldithiocarbamate)
medium) with 10% serum Polyethylene film Polyurethane film
Maker Gibco, storage 2~8°C Gibco, storage —15~20°C - -
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Fig. 3. Image of the PP/EVOH food container recycling pro- HE‘ & SH37] flell, Table 33 7ol 10% FBS(Fetal
cess. bovine serum)’} 3 7}# MEM(minimal essential medium)

Table 4. Treatment conditions for cytotoxicity testing (triplicate for each well)

Group Description
Test Group Extracts obtained from regenerated or non-regenerated samples
Reagent Control Culture medium used during the extraction process (no sample exposure)
Negative Control Extracts obtained from a known non-toxic material
Positive Control Extracts obtained from a known toxic material
Group Description

All conditions were applied in triplicate (n=3) per well after the removal of the culture medium
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Table 5. Tests Method of ISO 10993-5:2009

Steps

Test Method

1. le P i .
Sample Preparation or apply direct contact.

Prepare the medical device or material to be tested. Depending on the test method, prepare an extract

2. Cell Culture Preparation

Culture appropriate cells (e.g., L929 fibroblasts). Ensure that cells are in optimal condition for testing.

3. Selection of Test Method | Direct Contact Method, Agar Diffusion Method, Extract Method.

4. Exposure and Incubation |Expose cells to the test sample or extract, Incubate for a specified period (typically 24—72 hours).

5. Cytotoxicity Assessment

Examine cell morphology and viability, Perform cytotoxicity assays (e.g., MTT assay, neutral red
uptake, or fluorescence staining).

6. Data Analysis (Grade 0-4).

Determine cell viability percentage (e.g., >70% indicates non-cytotoxic), Assign a cytotoxicity grade

7. Reporting and Conclusion | Document test results and interpret cytotoxicity based on ISO 10993-5 guidelines.

Table 6. Grade of Cytotoxicity According to ISO 10993-5

Grade | Reactivity Conditions of all cultures
0 None No cell lysis, no reduction of cell growth
. Not more than 20% of the cells are round, loosely attached and without intracytoplasmatic granules, or
1 Slight . . . A
show changes in morphology; occasional lysed cells are present; only slight growth inhibition observable.
. Not more than 50% of the cells are round, devoid of intracytoplasmic granules; no extensive cell lysis; not
2 Mild -
more than 50% growth inhibition observable.
3 Moderate Not more than 70% of the cell layers contain rounded cells or are lysed; cell layers not completely
destroyed, but more than 50% growth inhibition observed.
4 Severe Nearly complete or complete destruction of the cell layers
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Table 7. Cytotoxicity Evaluation of PP/EVOH Food Packaging Materials Prior to Recyclin
5 -
Confluent | % Growth g .Cells without % % ..
Well R intracellular . . Reactivity Grade
monolayer | inhibition . Rounding Lysis
granulation
Test(1) ) 0 0 0 0 None 0
Test(2) +) 0 0 0 0 None 0
Test(3) +) 0 0 0 0 None 0
Negative control(1) +) 0 0 0 0 None 0
Negative control(2) @) 0 0 0 0 None 0
Negative control(3) (+) 0 0 0 0 None 0
Reagent control(1) (+) 0 0 0 0 None 0
Reagent control(2) +) 0 0 0 0 None 0
Reagent control(3) @) 0 0 0 0 None 0
Positive control(1) (-) 100 N/A N/A 100 Severe 4
Positive control(2) =) 100 N/A N/A 100 Severe 4
Positive control(3) ) 100 N/A N/A 100 Severe 4
Table 8. Cytotoxicity Assessment of PP/EVOH Food Containers After 5 Recycling times
o :
Confluent | % Growth & .Cells without % % .
Well R intracellular . . Reactivity Grade
monolayer | inhibition . Rounding Lysis
granulation
Test(1) +) 25 0 10 0 Mild 2
Test(2) (+) 25 0 10 0 Mild 2
Test(3) (+) 25 0 10 0 Mild 2
Negative control(1) +) 0 0 0 0 None 0
Negative control(2) ) 0 0 0 0 None 0
Negative control(3) ) 0 0 0 0 None 0
Reagent control(1) +) 0 0 0 0 None 0
Reagent control(2) ) 0 0 0 0 None 0
Reagent control(3) (+) 0 0 0 0 None 0
Positive control(1) =) 100 N/A N/A 100 Severe 4
Positive control(2) =) 100 N/A N/A 100 Severe 4
Positive control(3) &) 100 N/A N/A 100 Severe 4
Table 9. Extraction test conditions and methods based on Korean Pharmacopoeia
. Surface Area Volume of Extraction . ..
Sample Type and Thickness (both sides) or Mass Solvent Extraction Condition
<0.5mm (film type) 120 cm? 20 mL (37 £ 1)°C for (72 £ 2) h
2 (50 + 2)°C for (72 £ 2) h
>0.5mm (film type) 60 cm 20 mL (70 £ 2)°C for (24 £ 2) h
Irregularly shaped solid 4.0 cm? 20 mL (121 + 2)°C for (1 £ 0.1) h
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Table 10. Extraction test methods based on Korean Pharmacopoeia

Test Item Test Method
Foamin Add 5 mL of the test solution to a cylinder (diameter: approx. 15 mm, length: approx. 200 mm),
& shake for 3 minutes, and measure the time until the foam disappears.
Using standard and test solutions, measure the turbidity at 430 nm and 650 nm using a 10 mm
Transparency
path length cell.
pH Add 1.0 g of potassium chloride to water and dilute to 1,000 mL. Mix 20 mL of the sample into

this solution and measure the pH difference.

Oxidizable Substances

Add 0.002 mol/L potassium permanganate and 1 mL of a 20.0 mL sample into a conical flask.
Heat for 3 min and cool. Add 0.01 mol/L sodium thiosulfate to titrate. Calculate the difference
in consumption between the sample and the standard.

UV Absorbance

Measure the maximum absorbance in the range of 220240 nm and 241-350 nm using UV-vis-
ible spectrophotometry, compared to the standard solution.

Water Absorption Spectrum

According to the UV-visible spectrophotometric method using standard solutions, measure the
absorbance in the range of 220-350 nm.

Residue on Evaporation (20 mL)

Take 20 mL of the test solution, evaporate in a water bath, and dry the residue at 105 °C for 1
hour. Weigh the residue.

Heavy Metals

1. Prepare a standard solution by diluting 10 mL of standard solution to 100 mL with water
(1 mL contains 0.01 mg of Pb). 2. Take 10 mL of the test solution, add 40 mL of water and 2 mL
of acetic acid, and dilute to 50 mL. 3. Similarly, prepare a comparison solution using 2 mL of
the standard solution. 4. Add 1 mL of hydrogen sulfide solution to both samples, mix, let stand
for 5 minutes, and compare the color using white background paper.
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Table 11. Extraction Test Results After Multiple Uses of Recycled PP/EVOH Containers

Evalute liems G S =
Appearance - Passed Passed Milky
Foam min 3 3 3
pH - 0.17 0.22 0.84
Potassium permanganate reducible substances (dioxides) mL 0.05 0.19 0.55
Ultraviolet-visible absorption spectrum - 0.00 0.00 0.01
Non-Volatile Residue mL 0.50 0.55 0.55
Residue on Ignition mL Passed Passed Passed
Extraction Buffering Capacity mg/L 0.00 0.00 0.00
Test IC (Ammonium ion) mg/L 0.08 0.11 0.50
ICP (Copper) mg/L 0.01 0.18 0.26
ICP (Cadmium) mg/L 0.00 0.01 0.37
ICP (Chromium) mg/L 0.01 0.26 0.89
ICP (Lead) mg/L 0.00 0.02 0.11
ICP (Zinc) mg/L 0.00 0.00 0.00
ICP (Tin) mg/L 0.00 0.00 0.01
ICP (Barium) mg/L 0.00 0.00 0.00
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Fig. 4. Changes in (a) pH values, (b) potassium permanganate-reducible substances (unit: mL), (c) ammonium ion concentrations (unit:
mg/L), (d) copper concentrations (unit: mg/L), (e) cadmium concentrations (unit: mg/L), (f) chromium concentrations (unit: mg/L), and
(g) lead concentrations (unit: mg/L) before and after recycling. Y-axes represent the respective measured values.
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Table 12. SEM-EDX Analysis of Metal Contamination during
PP/EVOH Recycling: (a) Metals Transferred to Containers and
(b) Metal Species Detected in Recycling Equipment.

Element Weight% Atomic% Element Weight% Atomic%
CK 22.06 3884 CK 24.32 43.80
oK 3240 42.82 oK 27.39 37.03
AlK 0.78 0.61 Al K 0.86 0.69
Si K 1.78 1.34 Si K 0.50 0.39
ClK 048 0.29 S K 043 0.29
CaK 041 0.22 ClK 0.53 0.33
Mn K 0.25 0.10 CaK 0.13 0.07
Fe K 40.92 15.49 Mn K 0.50 0.20
Zn K 0.92 0.30 Fe K 39.11 15.15
ZnK 6.21 2.05

Totals 100.00 Totals 100.00

(@) (b)
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Fig. 5. SEM-EDX Analysis of Metals Transferred to Containers during PP/EVOH Recycling.
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Fig. 6. SEM-EDX Analysis of Metal Species Used in PP/EVOH Recycling.
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