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Artificial Intelligence Based Meal-kit Packaging Method and
Material Classification Model

Tae Hyong Kim, Kihyun Kwon, and Ah-Na Kim*

Smart Manufacturing Research Group, Korea Food Research Institute, Wanju 55365, Jeonbuk-do, Republic of Korea

Abstract This study proposes an artificial intelligence (Al)-based multi-output artificial neural network (ANN) clas-
sification model capable of automatically predicting optimal packaging methods and materials based on product char-
acteristics. A total of 51 commercial meal-kit products distributed under ambient, chilled, and frozen conditions were
analyzed to construct a comprehensive dataset comprising 19 packaging-related parameters such as distribution type,
cooking requirement, packaging material, and sealing type. Of these, 17 parameters were used as input features, and
two—packaging method and packaging material—served as output targets. The initial ANN model included an input
layer of 17 nodes, two hidden layers with 128 neurons each (tanh activation), and two softmax output layers (nine and
eight nodes for method and material classification, respectively). To optimize performance, Bayesian optimization was
applied to five key hyperparameters: neuron count, learning rate, activation function, neuron division ratio, and optimizer
type. The optimized model with four hidden layers and 1,024 neurons achieved classification accuracies of 85.8% for
packaging method and 93.9% for packaging material, with corresponding F1-scores of 84.4% and 90.9%, respectively.
Compared to the baseline, this represents a 22-44% improvement across metrics. The findings demonstrate the potential
of Al-driven systems for intelligent, standardized, and sustainable packaging design, contributing to the advancement of
smart manufacturing and eco-efficient food packaging automation.

Keywords Artificial intelligence, Neural network, Meal-kit, Packaging, Automation

23 ag w2l el 2
z o)
pos

Q1 7k} shdo] 7}

—_

*Corresponding Author: Ah-Na Kim

Smart Manufacturing Research Group, Korea Food Research Insti-
tute, Wanju 55365, Jeonbuk-do, Republic of Korea

Tel: +82-63-219-9494

E-mail: kimahna@kfri.re.kr

01

2 Was us WS g 5
o] EolAH.

A AR TG WIIES] EHY AE 2 RF 3
Folre] LEdelst AME §A7h Fasit. o8 s
FEAQl A2y JEE B9 F4 B wesek 9
o, A, WEe] et Z7Kge) ek B A
93t AES] BGS Bal YA BEHL FolI 9o
W, ool wet AES] Hit 7HHe] wope BAYOE 9
slol 4712 An)A) SlE 9 FHY TSk A%
8 ulg Ak 5ol e A7 Beso, wa, Zejuy

E

P PR

A AL A7) EAsoshe BAYOR
A S Ed A 5 AR B} B
& 7K52 5



U D7 E AFL A A2, 9, ¥ 5= 1 g 23 b 9 2 21 de W A AEE JRESkTh
FHH, 7 f5 el wet 2 Fu), 719, Ade] o
i, AFel AME A, At o, 718 o F, dAE Ms 2 gid
TE AF 548 a8sl] A9, dE B0, A%, &
AF, A= T3 o] B7] Tl FH FAo] =2 24 1. 48 M=
Fo A5 RFxAgs AeR, FEvE EddsiAY & U ) F20 WINE AF T W, ¥ 1 A
O AE e WHe 22 AES 2 2 WhHo] H3 e Ba 5150 BIE AFE Fuistd, sig AlFel
s}, g, A&, AL 9 FF o DVNE AFe] A gk g AF 2 U E AF 2 0y, £ A
T AAEE FA] QA A FE7F 1~5% BE & A T gk 24 FAEkiT
AlFojol stuz 7p2ax|gk E Wgo] felsitd),
Y7)E 27 Wb ele £ Al gk = I 2. 39E NE BN 2 QI8 D=0 F 9|
Holt}y, LI E 27 AL AF] B 4, T 7] ) 0 HF UYIE AR i 4 FA, 270,
W, 5 W, 27 A3t Y 5o Qlate] thdst Al 2 U, 28 A, IR, 5 718, e FH, 39,
s 283 27E HFel HRY o 5 e ¥ xR M=, 2% 7Y, F5 AF, AF JH, FE &
ol A v WA E flste] Edlo]E ARS-S1™, HIPS Al A AF AR F F 1979 FerEE B4 ¥, HE
Aol A AP A=A SR PP AE diH] S5 YIE AF W TS A= W AES dstd ¢
AR, WE AEiollas wikEo] H7] 4% 540] Qo] 4 st F2u|EE AT 2 Aol BAg Fefv|Ee
2 58 WIEY HeEw). T3 22 3y F YE=R Table 19 YR} Sloh
E At e 99 4t me} PET = NY AE9 ¢ 7} A4 gEvlEells ofe] ¥eEe] X e,
EFE 3T, & 5o x| oF IepEe] Ag, HF EIE AlF]
ol gt FAHES MAsl7] flste] HIE AF st zZ7t | AdEollA IhiEleA] B ez 2IE A
27, 8 A, g 58 yEe 2 43 B 2 A xElslof eheA] AR5 BT Bk, 27
ETIE 23 WHE Jlige] Foln), wek, AEA i Wy sEeE ] A9 F o7EA ] ERjle R EREAET,
Wele 97|Eo] gk =4 whH, FHf, A Sl tigk 3 g x4, 2uY 391, 229 ¥, Ay, THEEY,
7t B, 27} 55 WA flste] £ WS FAVHE 27, A5, o|AE, Ego] 18l &BE
FA F F de AlzE o] AlFsiHD., 2 o R Ao SUTE Tabel 2014 FElgh vk}
H AF B X2 AN E B3 AlE 5S4 o
ste X 2AS g8dow ER-wdHs] fste] A¥
As 719 &4 7PHe] Ago] g vk 53],
H A3 Held e AF A9 9F, Ad 54,
T4 Ao|E Il Al R E A E8FI 3
om, ol 7|E9] & i Be FAY B e ¢
A 2o = Y totes ByEy JYop?), w3, o
= TERE e Ty G Q95T Adelg 4
AE ez g AFIME JAFAs ZdS &85 A
2 o] spsAo] AAE Y. Hole FF HH
e opdgt AlM dHlolE et Age AT 71N R A
2glo] A=, 2 Fst @ BFSF FH] A& Ut
Aol FEL Y, ey 7]E AFES FE v
XA e H7E BRE FHE 7Y, Tkt &
5 2703z B4 SAl aHslor s 2IE AF
of gt =7 Wby 2 ¥ A I AFe oHd] Ag
A Aol
olE QF & dApolMe L7IES] ME AlFol tist ¥
&= FH, 15 W, 28 W, 28 3 Sl tig AlE
A8 5lo] H7|E L /fE FAE et lFAT 7] Fig. 1. Example of Meal-kit sample for packaging analysis.



Vol. 32, No. 1 (2026) RIEFI

or
1o
et

2Eet WINE

kel

A} HpEH B KA

=
O OoOH =N = aT

HI

Table 1. Parameters for analysis of meal-kit packaging

Lat= il 3

Parameter for analysis of meal-kit packaging

Cooked or not (Ex: Not cooked)

Meal-kit distribution method (Ex: cold chain)

Inner or Outer packaging (EX:Inner packaging)

Final or individual product (Ex: Final meal kit)

Number of individual product (Ex: 4ea)

Weight (Ex: 300g)

Packaging method (Ex: Vacuum sealing)

Types of meal-kit (Ex: sauce)

Packaging printing (Ex: 3)

Packaging technique (Ex: Standing pouch)

Number of each products (Ex: 4ea)

Quality maintenance product (Ex: Antioxidants)

Packaging components (Ex: Vinly)

Size (Ex: 90x150mm)

Price (Ex: 9800won)

Packaging materials (Ex: OPP)

Serving size (Ex: 2)

Shelf life (Ex: 6 months)

Number of outer packaging

Table 2. Types of meal-kit materials

Types of meal-kit packaging materials

Oriented/Cast Polypropylene

Oriented/Cast Nylon

Low-density/High-density Polyethylene

Polyethylene terephthalate/Aluminum film

Polyethylene terephthalate film

Aluminum tray

SC Molded Pulp/Kraft paper

Polyethylene terephthalate tray

Polypropylene tray

ol ¥4 Aol A% gH AdER

NY, LDPE/HDPE, AL, PP, PET, SC 52 & Yelst}.

e ST, OPP,

el WF} o Whro] HHSHE WHelth?, o)
sfal, 24 197)9] sretelelse] tistel o)uls, shelw

23. AFA5 T WIAE FY M X Y 27 2Y
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ojptslet A&HRl Ag ALZ Mg HolHE oY

Type of Meal-kit packaging methods
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Fig. 2. Histogram of number of samples for each type of pack-
aging materials and methods.
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2831t (Fig. 3).

(m o

Input variables Output variables
Cooked or not Serving size
Final or Inner or Outer
individual packaging
product
" f Packaging
Packaging Weight
method Method
Packaging Packaging
components printing
Meal-kit Quality
distribution maintenance
method product
Number of Price
individual .
product Packagmg
Materials
Types of meal-kit Shelf life
Number of each | Number of outer
products packaging
Size

Fig. 3. Input and output variables for multi-output artificial neu-
ral network classification model.
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Table 4. Representative classification result of meal-kit pack-

Multi-output artificial neural network hyperparameters aging method
Number of neurons [256, 1024, step : 128] Before Optimization | After Optimization
Learning rates [0.01, 0.001, 0.0001] Accuracy (%) 703 0.1 85.8+0.1
Activation functions [‘relu’, ‘tanh’, sigmoid’] Recall (%) 62.1+0.2 87.1+0.1
Neuron division [1, 2, 4] Precision (%) 55.4+0.1 81.9+0.2
Optimizer [‘adam’, ‘sgd’] Fl-score (%) 58.6+£ 0.1 84.4+0.1
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Fig. 4. Representative confusion matrix for classification result of
meal-kit packaging (A) method and (B) materials before opti-
mization
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Table 5. Representative classification result of meal-kit pack-
aging materials

kel

Before Optimization | After Optimization
Accuracy (%) 80.2+0.1 93.9+0.1
Recall (%) 65.1+0.1 90.9+0.2
Precision (%) 63.2+0.1 90.9 + 0.1
Fl-score (%) 64.1 +0.1 90.9+0.1
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Fig. 5. Representative confusion matrix for classification result of
meal-kit packaging (A) method and (B) materials after optimi-
zation
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A Study on Building a Sustainable Packaging Ecosystem in Response

to the EU PPWR Regulation

MeeKyung Kim' and Jongkyoung Kim?*

!Korea Sustainable Packaging Forum Committee
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Abstract The European Union (EU) Packaging and Packaging Waste Regulation (PPWR) significantly impacts global
enterprises supplying products to the EU market. Requirements such as modifying packaging designs, securing recycled
materials, restructuring supply chains, and establishing labeling systems directly influence corporate cost structures and
competitive strategies. From a policy perspective, the PPWR holds significant importance as it functions not merely as
a waste management regulation, but as a comprehensive circular economy policy instrument encompassing the entire life-
cycle of production, consumption, and recycling. This study defines the EU PPWR as a prerequisite for market entry
rather than a simple environmental regulation, and examines strategies for establishing a Korean-model circular economy
in response. Specifically, it presents a practical roadmap for corporate action, including Design for Recycling (DfR),
securing Post-Consumer Recycled (PCR) materials, and introducing reuse systems. Furthermore, the study emphasizes
that preemptive technological innovation, supported by government agencies and grounded in collaboration among indus-
try, academia, and research institutions, is critically important for industrial survival and sustainable growth.

Keywords EU Packaging and Packaging Waste Regulation (PPWR), Design for Recycling (DfR), Circular economy,
Environmental regulation, Sustainable growth
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Table 1. PPWR key dates and milestones

EU PPWR #Z0| 2 K&

gt 718 e =2 Pt 0F 9

Phase Date/Year

Key Events

1. Legal publication Jan. — Feb. 2025

- January: Publication in the EU Official Journal
- February: Official publication of the Regulation (Entry into Force)

- Preparation of internal company systems

2. Transition period ~ Aug. 2026 - Preparation for transition from existing Directive to new Regulation
. . - Full application of PPWR obligations
3. Full implementation |12 Aug. 2026 - December: Finalization of detailed calculation and verification methods
4. Infrastructure set-up | 2028 — 2029 - InFr.oductlo.n of harmonized EU labelling (separate collection, QR, etc.)
- Initial setting of reuse systems
- 5% Reduction of packaging waste (vs 2018)
5. First targets 2030 - Design for recycling: requirements applied to all packaging categories

- Recycled content: at least 10% obligation for plastic packaging
- Reuse: start of mandatory targets for beverage and transport packaging

- 10% Reduction of packaging waste (vs 2018)
6. Second targets 2035 - Separate collection: upgrade of collection and sorting systems
- Recycling performance: significant strengthening of performance criteria

- 15% Reduction of packaging waste (vs 2018)
7. Final targets 2040 - Recycled content: increase up to 65% maximum
- Reuse: establishment of closed-loop systems and full-scale reuse of packaging
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Table 2. Recyclability performance grade based on PPWR

UEY Bt Rt s K|

Grade Recyclability .by we.lght Market access / Time schedule
(per packaging unit)
Grade A Allowed without time limit from 1 Jan. 2030 onward.
> 95% recyclable . e
(Best Performance) Qualifies for the lowest Extended Producer Responsibility (EPR) fees
> 80% to . . ..
Grade B Allowed without time limit from 1 Jan. 2030 onward.
< 95% recyclable
Grade C > 70% to Allowed from 1 Jan. 2030, but only until 31 Dec. 2037; banned from 1 Jan. 2038.
(Minimum Standard) < 80% recyclable Manufacturers pay higher Extended Producer Responsibility (EPR) fees.
Grade D /. E < 70% recyclable Considered technically non-recyclable; banned from 1 Jan. 2030 (no market access).
(Non-Compliant)

*Note: All packaging placed on the EU market must achieve at least grade C (> 70%) from 2030, and at least grade B (> 80%)
from 2038, with detailed DfR criteria and grading methodology to be set by delegated acts by 1 January 2028.
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Table 3. Key inspection areas and audit checklists for EU PPWR compliance

11

Stage (Timeline)

Key Inspection Areas

Detailed Audit Checklists

Key Preparations & Action Plans

Phase 1: Foundation
Building (~ 2026)

Data Governance &
Status Diagnosis

1. Technical Documentation Availabil-
ity

* Are material, weight, and volume
data for all SKUs digitized?

* Do detailed Bill of Materials (BOM)
exist for each packaging component?

» ERP/PLM System Upgrade: Estab-
lish real-time data aggregation and
tracking systems.

* Cross-functional Task Force (TF):
Operate a response team involving
R&D, Procurement, QA, and Legal.

2. Regulatory Gap Analysis

* Does the current portfolio contain
any PWR-prohibited items (e.g., sin-
gle-use hotel toiletries)?

» What is the gap between the current
recyclability status and the 2030 tar-
get grades?

* Supply Chain Data Request: Notify
suppliers of the obligation to provide
PPWR-related data.

» Check if it applies to your product/
service

Phase 2: Early Imple-
mentation (2027 ~)

Hazardous Substances &
Optimization

1. Verification of Substances of Con-
cern

* Are certificates (e.g., RoOHS/REACH)
secured to prove the absence of
restricted substances like PFAS in
food contact materials?

» Material Substitution: Adopt PFAS-
free coatings and alternative eco-
friendly materials.

2. Minimization & Empty Space Ratio

* Is the empty space ratio maintained
at <40%?

* Have unnecessary layers (e.g., dou-
ble packaging) been eliminated?

e Design Renewal: Implement "On-
demand packaging" (right-sizing) to
minimize void space.

3. Harmonized Labeling

* Are EU-standard sorting labels and
material identification QR codes
applied?

» Labeling Standardization: Establish
labeling guidelines tailored for spe-
cific export countries and EU stan-
dards.

Phase 3: Core Compli-
ance (2030 ~)

Design for Recycling
(DfR) & PCR Mandates

1. Recyclability Performance Grade

» Has the packaging achieved at least
‘Grade C’ (>70% recyclability) based
on DfR assessment?

* Has the structure been converted
from multi-material to mono-mate-
rial?

* Full Eco-design Adoption: Prioritize
recyclability from the initial design
phase.

» Securing PCR Supply Chain: Sign
long-term Off-take Agreements with
high-quality PCR suppliers.

2. PCR Content Compliance

» Are the PCR targets met (e.g., 30%
for beverage bottles, 35% for oth-
ers)?

* Are quality and safety certifications
(e.g., Food-grade) for the used PCR
secured?

* Third-party Certification: Obtain inter-
nationally recognized -certifications
(e.g., RecyClass) to prove perfor-
mance grades.

Phase 4: System
Advancement (2040 ~)

Reuse Systems &
Circular Ecosystem

1. Achievement of Reuse Targets

» Are the reuse targets for transport
packaging and specific consumer
goods met?

* Reuse Infrastructure: Invest in Reverse
Logistics for collection, washing,
and redistribution.

» Chemical Recycling: Expand tech-
nologies to recycle materials that are
difficult to process mechanically.

2. Closed-loop Verification

* Is there traceable data on the recov-
ery rate and the actual input ratio
into recycling processes?

* Digital Product Passport (DPP):
Ensure full transparency of lifecycle
information.
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An Analysis of Domestic Greenwashing Practices Focusing
on Packaging Labels

Seong Moon Cho*

Korea Environmental Industry and Technology Institute

Abstract As environmental, social, and governance(ESG) management has become a central corporate strategy, con-
sumers increasingly rely on environmental information when making purchasing decisions. Packaging labels, as the most
immediate point of contact between products and consumers, play a critical role in shaping perceptions of environmental
performance. This study analyzes the current state and structural characteristics of greenwashing practices in South Korea,
focusing on environmental claims presented on product packaging. Using documented domestic cases, the study examines

five major types of environmental claims frequently associated with greenwashing: environmental certification marks, “free-
of” claims, carbon emission-related statements, recycled content declarations and biodegradability claims. The analysis
reveals that many packaging labels rely on ambiguous criteria, selective disclosure, or partial improvements, which are often
generalized to imply comprehensive environmental superiority. Although the claims may be factually accurate in isolation,
insufficient explanation of their scope, conditions, and limitations increases the likelihood of consumer misinterpretation. The
findings suggest that greenwashing in packaging labels is not limited to false information but is closely linked to how envi-
ronmental attributes are framed and simplified within constrained communication spaces. To address this issue, companies
should establish internal guidelines that clearly define the applicability, verification basis, and boundaries of environmental
claims. Transparent and precise labeling practices are essential for enhancing consumer trust, preventing misleading envi-
ronmental communication, and supporting the development of sustainable consumption patterns.

Keywords Greenwashing, Packaging Labels, Environmental Claims, Consumer Trust, Sustainable Consumption
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A Study on Alternative Approaches of Packaging Space Ratio in Flexible
Transport Packaging for Environmental Load Reduction

Jae Young Oh?*, Hye Rim Kim!, Chan Jong Yu!, and Seung Don Kim'

'Korea Conformity Laboratories
2Korea Society of Packaging Science & Technology

Abstract Due to the rapid transition from traditional cardboard boxes to disposable plastic film packaging in e-com-
merce parcel transportation and the corresponding increase in their use, a method for measuring the packaging space ratio
of flexible packaging materials was prepared to prevent excessive packaging. However, due to the amorphousness of plastic
film packaging, several problems arose in the measurement process, making policy implementation difficult.. As a method
to supplement and replace the existing method of measuring the ratio of packaging space in the plastic film packaging like
plastic bag(PB), ‘the method of limiting the size of enclosed products based on the PB packaging size' was proposed, and
its potential for policy application was confirmed. The advantages of the proposed method are as follows: 1) maintaining
regulatory consistency by using the existing packaging space ratio calculation formula and method, 2) preventing inevitable
excessive packaging caused by the use of standardized packaging in the industry, and 3) ultimately contributing to logistics

efficiency as well as inducing packaging standardization.

Keywords Plastic Bag(PB), Waste Reduction, Packaging Waste, Parcel Delivery, Packaging to Product Ratio
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= {1-V/C} x 100

p={1-
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axbxh
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}XIOO

Fig. 1. Calculation method for the packaging space ratio in flexible transport packaging.

Table 1. Examples of variability in packaging space ratio results according to product dimension changes within the same packaging size

AE A5 | AE A5 O |ABAD V)| 234 A5 244 A5 FESA B O TAEH ©|x4T0 8
(mm) (m) (mm®) (mm) (L) (mm) (mm?) (mm®) P) (%)

a | b | h atbtc axbxh A B A+B AXB  |(A-hx(B-h)xh|  1-v/C
100 | 100 | 100 300 1,000,000 | 200 | 300 500 60,000 2,000,000 50.0%
110 | 110 | 80 300 968,000 | 200 | 300 500 60,000 2,112,000 54.2%
120 | 110 | 70 300 924,000 | 200 | 300 500 60,000 2,093,000 55.9%
140 | 100 | 60 300 840,000 | 200 | 300 500 60,000 2,016,000 58.3%
200 | 50 | 50 300 500,000 | 200 | 300 500 60,000 1,875,000 73.3%
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Fig. 2. Methods for expressing product size.
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Table 2. Calculation examples for the minimum packaging size satisfying a 50% packaging space ratio for a specific product size

A& @) | AFAH V) | AF AFF O | AF ASF EAEH O | TAA A5 | A A5 F )| TA 1A ()
(%) (mm’) (mm) (mm) (mm’) (mm) (mm) (mm’)
1-V/C axbxh atb+c a | b | h |(A-h)x(B-h)xh| A B A+B AxB
50% 1,000,000 300 100|100 | 100 2,000,000 200.0300.0 500.0 60,000
50% 1,000,000 300 100 {100 | 100 2,000,000 220.01266.7 486.7 58,667
50% 1,000,000 300 100|100 | 100 2,000,000 241412414 482.8 58,284
50% 1,000,000 300 100 | 100 | 100 2,000,000 260.01225.0 485.0 58,500
50% 1,000,000 300 100 {100 | 100 2,000,000 280.0|211.1 491.1 59,108
of ALl A5 FHL) R ZAA W (S) I Haud < 1 o, #Fske ARl0A vhe Fod 24 T 9
< 3T 5 Stk o2t Ha x4 A5e] HES 53 voltk. weba, ¥ oAlel A IS 99
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Table 3. Minimum Packaging dimensions satisfying packaging space ratios of P = 50%, 40%, and 30% for maximum volume (=Cube)

by product size (A:B=1:1, R=1.0)

AFE A71E A A=A 5aA) EFEA &Pl e Ha £ A7) (A+B, by A=B, R=1.0) (mm)

24 3 (a+b+h, by a=b=h) (mm) P =50% P =40% P =30%
300 482.8 458.2 439.0
330 531.1 504.0 483.0
360 579.4 549.8 526.9
390 627.7 595.7 570.8
420 676.0 641.5 614.7
450 7243 687.3 658.6
480 7725 733.1 702.5
525 845.0 801.8 768.3
570 917.4 870.6 834.2
600 965.7 916.4 878.1
645 1038.1 985.1 943.9
690 1110.5 1053.9 1009.8
735 1183.0 1122.6 1075.7
780 1255.4 1191.3 1141.5
840 1352.0 1283.0 12293
900 1448.5 1374.6 1317.1
990 1593.4 1512.1 1448.9
1080 1738.2 1649.5 1580.6
1170 1883.1 1787.0 17123
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Fig. 3. Minimum PB packaging size estimation functions sat-
isfying packaging space ratios of P = 50%, 40%, and 30% by
product dimensions (a+b+h).
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Table 4. Product size and optimal packaging size calculated based
on a packaging space ratio of P=40% (R=1.0, y=1.5273x)

AFZ7(a+b+h) H9|PB XA ZL7|(A+B, R=1.0)
(mm) (mm)
400-460 700
460-530 800
530-590 900
590-660 1000
660-720 1100
720-790 1200
790-860 1300
860-920 1400
920-990 1500
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Table 5. Packaging space ratio when applying a dimension ratio of R=1.3 to the minimum packaging size( with R=1.0) meeting P=40%

EFFTN L P=40%0l 3 o ) _
AE 27 : oﬂjgﬁﬂ ﬂ/;]] K d 2 A7 W R=1.3% %83
At A A= LHA) (A*B, by AR, Reroy my | B3 AN AFE (mm) | ZFFTEE (P) (%)

x| & (atbth, by a=b=h) (mm ’ A+]’3 = B 1A NiC
300 458.2 199.2 259.0 36.6
330 504.0 219.1 284.9 36.6
360 549.8 239.1 310.8 36.6
390 595.7 259.0 336.7 36.6
420 641.5 278.9 362.6 36.6
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Table 6. Sum of dimensions (a‘+b‘+h‘=3h‘) of the maximum product volume (=cube) satisfying P*“=40% at the same packaging size
with R=1.3(A:B=1:1.3) based on the packaging space ratio P‘=36.6% calculated by product size in Table 5

R=1.0, P=40% =9 =79 oo R=13, P*=40%Z W=dl=
AF 27 AU AR ge g a0 kets 2 A5 3 2 A A5 a0
=858A) A+ |(A+B, by A=B, R=1.0) (mm) (mm) (@+b+h’, by a’=b’=h") (mm)
(atb+h, by a=b=h) (mm)
A+B A B (=13A) AR 3xh’

300 4582 199.2 259.0 4582 2955

330 504.0 219.1 284.9 504.0 325.0

360 5498 239.1 3108 549.8 354.6

390 595.7 259.0 336.7 595.7 384.1

40 6415 2789 362.6 6415 413.6

450 6873 2988 388.5 6873 4432

480 733.1 3187 4144 733.1 4727

525 801.8 348.6 4532 801.8 517.1

570 870.6 378.5 492.1 870.6 5614

600 916.4 398.4 518.0 916.4 590.9

645 985.1 4283 556.8 985.1 6352

690 1053.9 4582 5957 | 10539 679.6

735 11226 488.1 634.5 1122.6 7239

780 11913 518.0 6734 | 11913 7682

840 1283.0 5578 725.1 1283.0 8273

900 1374.6 597.7 7769 | 13746 886.4

990 1512.1 657.4 8546 | 15121 975.0

1080 1649.5 7172 9323 1649.5 1063.7

1170 1787.0 7769 | 10100 | 1787.0 11523
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Fig. 4. Estimation function for the minimum PB packaging size
(to R=1.3) satisfying a packaging space ratio of P=40% by
product dimensions (a+b + h).
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Table 7. Product size and optimal packaging size calculated based
on a packaging space ratio of P=40% (R=1.3, y=1.5508x)

AFE A7 (a+bth) HSl |PB TZA Z7|(A+B, R=1.3)
(mm) (mm)
320 %7390 ©] &} 600 ©] 3}
390 Z3-450 o] 3} 700 ©] 3}
450 %2-520 ©] 3}t 800 ©] 3}
520 %=3-580 ©| 3t 900 ©] 3}
580 Z3}-650 ©] 3} 1000 ©] 3}
650 %7710 ©]a} 1100 °] &}
710 Z3}-780 ©] 3} 1200 ©] 3}
780 Z}-840 ©] 3} 1300 ©]3&}
840 Z3-900 ©]3} 1400 ©] 3}
900 Z3}-970 ©]3} 1500 ©] 3}

Al =71(800 mm, R=1.3) thste] AFE 2715 9%k
(520 mm), Z7Hk(485 mm), 3FIZHA50 mm) R TR},
oA 37EA] FEOM AFAAS a, b, he] X5 WS}

=
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The Role of Palladium Carbon Quantum Dots on UV-Blocking and
Antibacterial Properties of PVA Nanocomposite Films for Food Packaging

Mohammadreza Jozaghkar, Sehyun Jin, Jamilur R. Ansari, and Jongchul Seo*

Department of Packaging, Yonsei University, 1 Yonseidae-gil, Wonju, Kangwon-do, 26493, South Korea

Abstract The development of sustainable and active food packaging materials with multifunctional properties has
become increasingly important to enhance food safety and extend shelf life. In this study, palladium-based carbon quan-
tum dots (PQDs) were synthesized via a combined reduction—hydrothermal approach and incorporated into a poly(vinyl
alcohol) (PVA) matrix to fabricate multifunctional nanocomposite films. The incorporation of PQDs significantly
improved the functional performance of PVA films. UV—Vis analysis revealed excellent ultraviolet shielding, achieving
nearly complete blocking in the UV-B region and approximately 90% attenuation in the UV-A region, while maintaining
high transparency (>95%) in the visible range. X-ray diffraction results indicated a slight increase in crystallinity without
disrupting the intrinsic semi-crystalline structure of PVA. The oxygen transmission rate (OTR) decreased markedly from
5.54 to 0.86 cc/m*-day with increasing PQD content, demonstrating enhanced barrier performance due to the formation
of a tortuous diffusion pathway and improved structural ordering. Furthermore, the nanocomposite films exhibited strong
antibacterial activity against both S. aureus and E. coli, with inhibition zones increasing in a concentration-dependent
manner. Notably, an inhibition zone of 19.1 mm and 21.9 mm against S. aureus and E. coli, respectively, was achieved
at only 1.0 wt.% PQDs, indicating superior antibacterial efficiency at relatively low filler loadings. The developed PVA/
PCQD nanocomposite films demonstrate a unique combination of high transparency, effective UV shielding, improved
oxygen barrier properties, and strong antibacterial activity. These findings highlight their potential as advanced, eco-
friendly materials for active food packaging applications.

Keywords Palladium Carbon Quantum Dots, Polyvinyl alcohol, Antimicrobial Packaging, Multifunctional Pack-

aging, UV Shielding

Introduction

The widespread use of petroleum-based packaging mate-
rials has undeniably improved food preservation and distri-
bution; however, their persistence in the environment has led
to severe ecological challenges, particularly long-term plastic
accumulation(S. M. Jalilian et al., 2023; Jozaghkar et al.,
2026b; M. R. Jozaghkar et al., 2019; Mirtaleb et al., 2025).
This growing environmental burden has accelerated the search
for sustainable, biodegradable, and high-performance alter-
natives capable of meeting the functional demands of modern
food packaging systems(Jozaghkar et al., 2026a; M. R.
Jozaghkar et al., 2022). Among the various candidates,
poly(vinyl alcohol) (PVA) has emerged as a promising bio-
degradable polymer owing to its excellent film-forming abil-
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ity, transparency, biocompatibility, and superior oxygen-
barrier properties. Nevertheless, the intrinsic hydrophilicity of
PVA, along with its limited resistance to ultraviolet (UV) radi-
ation and lack of inherent antimicrobial activity, significantly
restricts its practical application in active food packag-
ing(Jailani et al., 2026; Saeed and Abdulwahed, 2024).
To address these limitations, the incorporation of functional
nanomaterials into polymer matrices has gained considerable
attention as an effective strategy to enhance physicochemical
and biological properties. In this context, carbon quantum dots
(CQDs) have emerged as a versatile class of zero-dimensional
nanomaterials, characterized by their small size, large surface
area, tunable surface functionalities, and optical properties.
CQDs are particularly attractive for food packaging appli-
cations due to their excellent dispersibility within polymer
matrices, ability to improve UV-shielding performance, and
potential antimicrobial activity. Furthermore, their surface
chemistry can be readily engineered or doped with hetero-
atoms or metals to tailor their functionality for specific appli-
cations(Gholizadeh et al., 2026; Mahmood et al., 2021; Qiang
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et al., 2020).

Recent advances have highlighted that metal-doped CQDs
exhibit significantly enhanced functional properties compared
to their undoped counterparts. In particular, palladium (Pd), a
noble metal known for its catalytic activity and antimicrobial
potential, offers a unique opportunity to engineer CQDs with
improved bioactivity and UV-blocking efficiency. Palladium-
based carbon quantum dots (PQDs) can introduce additional
active sites, facilitate reactive oxygen species (ROS) gener-
ation, and disrupt microbial cell membranes, thereby enhanc-
ing antibacterial performance. Simultaneously, the incorporation
of Pd can modify the electronic structure of CQDs, leading to
improved light absorption and UV-shielding capabilities,
which are critical for protecting food products from photo-
induced degradation(Tang et al., 2025; You et al., 2021).

Despite these promising attributes, the integration of PQDs
into biodegradable polymer matrices for food packaging
applications remains largely unexplored. Most existing studies
have focused on pristine CQDs or other nanofillers such as
metal oxides, graphene derivatives, or cellulose-based nano-
materials, often achieving improvements in isolated properties
but lacking a balanced enhancement of UV protection, anti-
microbial activity, and barrier performance(Elugoke et al.,
2024; Li et al., 2019; Qurtulen et al., 2026). Moreover, the
potential synergistic effects between PQDs and PVA in cre-
ating multifunctional nanocomposite films have not been sys-
tematically investigated.

Therefore, this study aims to develop and evaluate mul-
tifunctional PVA-based nanocomposite films incorporating
palladium-doped carbon quantum dots. It is hypothesized that
the incorporation of PQDs will not only improve the UV-
blocking performance of PVA films but also impart strong
antibacterial activity against common foodborne pathogens,
while maintaining desirable mechanical and barrier properties.
To validate this hypothesis, nanocomposite films with varying
PQD loadings were fabricated and comprehensively charac-
terized in terms of their structural, optical, thermal, mechan-
ical, and antimicrobial properties. The findings of this work
are expected to provide new insights into the design of
advanced, eco-friendly, and active packaging materials for
sustainable food preservation.

Materials and Methods

1. Materials

Poly(vinyl alcohol) (PVA, degree of hydrolysis ~98-99%)
and poly(vinyl pyrrolidone) (PVP, M,, = 40,000) were pur-
chased from Sigma-Aldrich (USA). Palladium powder (Pd, =
99.9%) was obtained from Alfa Aesar (USA). Sodium boro-
hydride (NaBH,, =98%) was supplied by Daejung Chem-
icals (South Korea). All chemicals were used as received
without further purification. Deionized (DI) water was used

throughout all experiments.

2. Synthesis of PQDs

PQDs were synthesized via a combined chemical reduction
and hydrothermal approach. Initially, a poly(vinyl pyrroli-
done) (PVP) solution (0.05 M) was prepared by dissolving an
appropriate amount of PVP in 100 mL of distilled water under
magnetic stirring until a clear homogeneous solution was
obtained. Subsequently, 5 mL of the prepared PVP solution
was withdrawn and used as the solvent medium for further
reactions.

For the preparation of the palladium precursor solution, pal-
ladium powder (corresponding to a concentration of 0.05 M)
was dispersed into 95 mL of the previously prepared PVP
solution and stirred continuously to ensure uniform distri-
bution. In parallel, a reducing agent solution was prepared by
dissolving 3.78 mg of sodium borohydride (NaBH,) in the 5
mL aliquot of PVP solution. The reduction process was ini-
tiated by adding the freshly prepared NaBH, solution drop-
wise into the palladium precursor solution under constant
stirring. The reaction mixture was maintained at 80°C for 3 h
to facilitate the reduction of Pd ions and the formation of Pd-
based nanostructures.

Following the reduction step, the resulting dispersion was
transferred into a Teflon-lined stainless-steel autoclave and
subjected to hydrothermal treatment at an elevated tempera-
ture (160°C) for 3 h. After completion of the hydrothermal
process, the autoclave was allowed to cool naturally to room
temperature. The obtained dark-colored solution was centri-
fuged at high speed (15,000 rpm) for 20 min to remove larger
particles and impurities. The supernatant containing PQDs
was collected and further purified, if necessary, via dialysis or
filtration. The obtained PQDs were readily dispersible in
water, forming a stable and homogeneous colloidal solution
without visible aggregation. Finally, the purified PQDs were
stored at 4°C for subsequent characterization and incorpo-
ration into PVA nanocomposite films.

3. Preparation of PYA/PQDs Films

A 10 wt.% aqueous poly(vinyl alcohol) (PVA) solution was
prepared by dissolving PVA powder in distilled water at 90 °C
under continuous magnetic stirring for 1 h until a clear and
homogeneous solution was obtained. The solution was then
cooled to room temperature prior to further use. The PQD sus-
pension was subsequently added to the PVA solution at dif-
ferent loadings (0.1, 0.5, 0.7, and 1.0 wt.% relative to the
weight of PVA). The mixtures were stirred continuously for 2
h to achieve a homogeneous distribution of PQDs within the
polymer matrix. The prepared nanocomposite solutions were
cast onto clean, leveled glass plate and dried in a controlled
environment at 40—50 °C for 48 h to allow slow solvent evap-
oration and uniform film formation. After drying, the films
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were carefully peeled off and conditioned at 25°C and 50%
relative humidity for at least 48 h prior to characterization.

The thickness of the obtained films was measured using a
digital micrometer at five different random positions, and the
average thickness was found to be in the range of approx-
imately 90-100 pum. The selected PQD loading range was
designed to investigate the concentration-dependent effects on
the optical, antibacterial, and barrier properties of the films
while minimizing the risk of nanoparticle agglomeration at
higher concentrations.

4. Characterization

The morphology and size distribution of the synthesized
PQDs were examined using transmission electron microscopy
(TEM) (JEM-2100F, JEOL). For sample preparation, a dilute
dispersion of PQDs was drop-cast onto a carbon-coated cop-
per grid and allowed to dry naturally at room temperature
prior to imaging.

The chemical structure and intermolecular interactions of
the films were analyzed using attenuated total reflection Fou-
rier-transform infrared (ATR-FTIR) spectroscopy (Perkin-
Elmer Frontier FTIR). Spectra were collected over the
wavenumber range of 4000-400 cm™ with 64 scans at a suit-
able resolution, using air as the background reference.

Crystalline characteristics of the prepared films were inves-
tigated by X-ray diffraction (XRD) analysis using a Rigaku
diffractometer (Ultima IV) with Cu Ka radiation (A = 0.154
nm). The diffraction patterns were recorded over an appro-
priate 20 range, and the intensities were normalized to enable
comparison between samples.

Mechanical properties, including tensile strength and elon-
gation at break, were determined using a universal testing
machine (UTM, Qmesys Co., South Korea) under standard
testing conditions.

The oxygen barrier performance of the films was evaluated
by measuring the oxygen transmission rate (OTR) using an
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OX-TRAN 702 system (MOCON, USA). Film thickness was
measured at multiple points using a digital thickness gauge,
and the average value was used for calculations.

The antibacterial activity of the nanocomposite films was
assessed against Staphylococcus aureus (ATCC 6538) fol-
lowing a disk diffusion method based on JIS Z 2801:2010. A
bacterial suspension equivalent to 0.5 McFarland standard
(approximately 1 x 10® CFU/mL) was prepared and uniformly
spread onto tryptic soy agar plates. Sterilized circular film
specimens (25 mm in diameter) were then placed onto the
inoculated agar surface and incubated at 37°C for 24 h. After
incubation, the diameter of the inhibition zones formed around
the samples was measured using a digital caliper. All experiments
were conducted in triplicate, and the results were expressed as
mean values with corresponding standard deviations.

5. Statistical Analysis

All experiments were performed in triplicate, and the results
are presented as mean + standard deviation (SD). Statistical
analysis was carried out using OriginPro (OriginLab Cor-
poration, USA). Differences between samples were evaluated
using one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test to determine significant differences
between groups. A p-value of less than 0.05 (p < 0.05) was
considered statistically significant.

Results and Discussion

1. Morphological Analysis of the Synthesized PQDs

The structural features and morphology of the synthesized
PQDs were investigated using transmission electron micros-
copy (TEM) and high-resolution TEM (HR-TEM). As illus-
trated in Figure la, the PQDs exhibited a well-dispersed,
nearly spherical morphology with good uniformity, indicating
effective control over particle formation during synthesis. The
good aqueous dispersibility of PQDs facilitates their uniform

Diameter of Pd CQDs

Fig. 1. (a) TEM of PQDs with 10 nm magnification and (b) particle size distribution histogram
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distribution within the PVA matrix, contributing to improved
optical and barrier properties.

Detailed structural analysis using HR-TEM revealed dis-
tinct lattice fringes with an interplanar spacing of approxi-
mately 0.21 nm, which can be attributed to the graphitic
carbon structure, along with the possible contribution of pal-
ladium incorporation within the carbon matrix. The particle
size distribution histogram (Figure 1b) demonstrates that the
PQDs are predominantly below 10 nm in diameter, with an
average particle size in the range of 3—4 nm. This narrow size
distribution highlights the successful synthesis of nanoscale
quantum dots with controlled dimensions, which is beneficial
for enhancing their optical and antibacterial properties(Azam
et al., 2021; Liu et al., 2025; Setianto et al., 2024).

2. Structural Analysis of PYA/PQD Nanocomposite
Films

Figure 2 illustrates the FTIR spectra of pristine PVA and
PVA/PQD nanocomposite films containing different PQD
loadings (0.1, 0.5, 0.7, and 1.0 wt.%). The spectra were col-
lected over the wavenumber range of 4000-500 cm™. All
samples display the typical absorption features of PVA,
including a broad band centered around 3300 cm™, which is
attributed to O—H stretching vibrations associated with strong
intermolecular and intramolecular hydrogen bonding. The
peaks observed near 2940 cm™ and 2850 cm™ correspond to
asymmetric and symmetric stretching vibrations of C-H
groups, while the band at approximately 1430 cm™ is assigned
to CH, bending. Additionally, the peak located around 1090
cm™ is characteristic of C—O stretching vibrations within the
polymer backbone. Upon incorporation of PQDs, noticeable
yet subtle modifications in the spectral features are observed.
In particular, the O—H stretching band becomes broader and
slightly more intense with increasing PQD content, indicating
strengthened hydrogen-bonding interactions between the
hydroxyl groups of PVA and the oxygen-containing functional
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Fig. 2. FT-IR spectra of PVA/PQDs nanocomposite films.

groups present on the surface of PQDs. Furthermore, minor
changes in the intensity of bands associated with C-O and
C=0 vibrations suggest the contribution of surface function-
alities of the PQDs, such as hydroxyl, carbonyl, and carboxyl
groups.

No significant shift or emergence of distinct new peaks
related to palladium species is observed, likely due to their
low concentration and uniform dispersion within the polymer
matrix. However, the absence of major spectral changes and
the preservation of the characteristic PVA peaks confirm good
compatibility between PVA and PQDs. These results indicate
that the nanofillers are well incorporated into the polymer net-
work without disrupting its fundamental chemical structure,
while promoting intermolecular interactions that are beneficial
for enhancing film properties(M. Jalilian et al., 2023; M.
Jozaghkar et al., 2022, 2019; Mohammad Jozaghkar and
Ziaee, 2024; Mohammadreza Jozaghkar and Ziaee, 2024;
Kim et al., 2025).

3. Optical Properties and UV-Blocking Performance

The UV—Vis transmittance spectra of pure PVA and PVA/
PQD nanocomposite films with varying PQD loadings are
presented in Figure 3. The spectra were recorded over the
wavelength range of 200-800 nm to evaluate the optical trans-
parency and UV-shielding capability of the films. Pure PVA
exhibited high transparency across the entire visible region,
with transmittance approaching ~100% at 660 nm, indicating
its excellent optical clarity but poor resistance to ultraviolet
radiation. In contrast, the incorporation of PQDs significantly
reduced transmittance in the UV region (200-400 nm),
demonstrating enhanced UV-blocking performance. Notably,

100

80+

AN N\

g

Q 60~

= <

© 1

E= (@]

&

g 40+

= Pure PVA

——PVA/PQDs(0.1%

204 —— PVA/PQDs(0.5%

)
)
—— PVA/CQDSs(0.7%)
—— PVA/PQDs(1.0%)

T T T T L T x
200 300 400 500 600 700 800
Wavelength (nm)

Pure PVA  PVA/PQDs(0.1%) PVA/PQDs(0.5%) PVA/PQDs(0.7%) PVA/PQDs(1.0%)

Fig. 3. (a) UV-spectra and (b) appearance of PVA/PQDs nano-
composite films.
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the nanocomposite films achieved nearly complete blocking in
the UV-B region (280-315 nm) and substantial attenuation in
the UV-A region (315400 nm), with blocking efficiency
reaching approximately 90% at higher PQD loadings.

The improvement in UV-shielding behavior can be
attributed to the strong absorption characteristics of PQDs,
which arise from n—r* transitions of the carbon core and pos-
sible n—m* transitions associated with surface functional
groups. Additionally, the presence of palladium species may
contribute to enhanced photon absorption and scattering, fur-
ther improving the UV-blocking efficiency of the films. As the
PQD content increased from 0.1 to 1.0 wt.%, a gradual
decrease in transmittance within the UV region was observed,
indicating a concentration-dependent enhancement in UV pro-
tection. Despite this reduction in UV transmittance, the films
maintained high transparency in the visible region. Specif-
ically, the transparency at 660 nm remained above 95% even
at the highest PQD loading, suggesting that the incorporation
of PQDs does not significantly compromise the optical clarity
of the films. This balance between excellent UV-blocking
capability and high visible light transparency is particularly
advantageous for food packaging applications, where pro-
tection against photo-induced degradation must be achieved
without sacrificing product visibility. The results confirm that
PQDs act as effective multifunctional nanofillers, enabling the
development of advanced packaging materials with improved
light-barrier properties.

The significant achievement in this study is achieving stun-
ning UV-A blocking in very low PQDs concentration among
other reported studies. For instance, our previous study
showed that PVA nanocomposites based on tea leaf—derived
CQDs showed that UV-A blocking can be achieved at CQDs
concentrations higher that 1.0 wt. %. Moreover, maximum
UV-A blocking was observed for the sample containing 3.0
wt.% of CQDs around 70 %. While current project demon-
strates that 90% UV-A blocking can be achieved by just 0.1
wt. % of PQDs. Table 1 clearly compares current data with
our previous studies(Ansari et al., 2025a; Department of Pack-
aging & Logistics, Yonsei University et al., 2025).

4. XRD analysis of PYA/PQDs nanocomposite films
The X-ray diffraction patterns of neat PVA and PVA/PQDs
nanocomposite films with different PQD loadings are shown
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in Figure 4. The measurements were carried out over a 20
range of 3°—60° to examine the structural organization and
crystallinity of the films. Pure PVA displays a characteristic
broad diffraction peak centered at approximately 19.5°, which
is commonly associated with its semi-crystalline nature, aris-
ing from the partial ordering of polymer chains embedded
within an amorphous matrix. This broad feature reflects the
dominance of disordered regions alongside limited crystalline
domains.

Upon incorporation of PQDs, the overall diffraction profile
remains largely unchanged, with the main peak at ~19.5°
clearly retained in all nanocomposite samples. This indicates
that the fundamental crystalline structure of PVA is preserved
after the addition of PQDs. However, a gradual increase in
peak intensity is observed with increasing PQD content, sug-
gesting a slight enhancement in the degree of crystallinity.
This behavior can be attributed to the nucleating effect of
PQDs, which may promote more ordered packing of PVA
chains during film formation. No additional sharp diffraction
peaks corresponding to crystalline palladium or separate PQD
phases are detected, which can be explained by their low con-
centration and homogeneous dispersion within the polymer
matrix. This absence of distinct secondary phases confirms
that the PQDs are well integrated into the PVA network with-
out phase separation or aggregation(El-Shamy and Zayied,
2020; Gupta et al., 2009; Latif et al., 2024).

5. Oxygen barrier performance of PVA/PQDs nano-
composite films

The oxygen transmission rate (OTR) of pure PVA and PVA/
PQDs nanocomposite films is summarized in Table 2. The
films exhibited comparable thicknesses in the range of
approximately 97-99 um, ensuring reliable comparison of bar-
rier performance across all samples. Pure PVA showed an
OTR value of 5.54 £ 0.8 cc/m?-day, indicating moderate resis-
tance to oxygen permeation, which is typical for hydrophilic,
semi-crystalline polymers. Upon incorporation of PQDs, a
substantial decrease in OTR was observed, demonstrating a
clear improvement in oxygen barrier properties. Specifically,
the OTR decreased to 1.84 + 0.3, 1.23 + 0.3, 1.08 + 0.2, and
0.86 + 0.1 cc/m?-day for PQD loadings of 0.1, 0.5, 0.7, and
1.0 wt.%, respectively. This progressive reduction in oxygen
permeability with increasing PQD content suggests a strong

Table 1. Comparison of UV-blocking performance of this study with our previous studies related to PVA/CQDs nanocomposite films

System Optlmu(rg/tg/eur)centage UV-Blocking Performance Reference
PVA/PQDs 1 UV-A blocking (>90%) This study
PVA/Tea Leaf-CQDs 3 UV-A blocking (~70%) (Dep?gg:ftuﬁvgfgsgggaf ;O‘;gsl)sucs’
PVA/N-doped CQDs 1 UV-C blocking (Kim et al., 2025)
PVA/Ag-NCQDs 1 UV-B blocking (Ansari et al., 2025a)
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Fig. 5. XRD graph of PVA/PQDs nanocomposite films.

concentration-dependent barrier enhancement. The improve-
ment can be primarily attributed to the homogeneous dis-

Table 2. Film thickness, crystallinity degree, and oxygen barrier
characteristics of PVA/PQDs nanocomposite films

Film Thickness | Crystallinity OTR
(mm) (X %) (cc/m?.day)
Pure PVA 97+1 28.6+0.3 5.54+0.8
PVA/PQDs
+ + +
(0.1%) 99+2 29.7+0.5 1.84+0.3
PVA/PQDs
+ 9=+0. 23+0.
(0.5%) 99+ 1 309+0.5 1.23+0.3
PVA/PQDs
+ + +
(0.7%) 98 +2 31.8+£0.6 1.08+0.2
PVA/PQDs
+ + +
(1.0%) 97+3 329+0.7 0.86 + 0.05

*Values are expressed as mean standard deviation (n=3)

persion of PQDs within the PVA matrix, which introduces a
more tortuous diffusion pathway for oxygen molecules. As a
result, gas molecules must travel a longer and more complex
route through the film, effectively reducing their transmission
rate.

In addition, the slight increase in the degree of crystallinity
(X,) observed with higher PQD incorporation may further
contribute to the enhanced barrier performance. Increased
crystallinity typically reduces the free volume within the poly-
mer matrix, limiting the mobility of gas molecules and thereby
improving resistance to permeation. The minimal variation in
film thickness among the samples indicates that thickness
effects on OTR are negligible, and the observed improve-
ments are mainly due to structural modifications induced by
PQDs. Overall, these findings demonstrate that the incor-
poration of PQDs significantly enhances the oxygen barrier
properties of PVA films, making them promising candidates
for active food packaging applications where controlled oxy-
gen permeability is essential for extending product shelf
life(Ansari et al., 2025b; Chen et al., 2020; Oh et al., 2024).

6. Antibacterial Performance

The antibacterial performance of pure PVA and PVA/PQDs
nanocomposite films was evaluated against both Gram-pos-
itive (S. aureus) and Gram-negative (E. coli) bacteria using the
disk diffusion method. The quantitative measurements and
example qualitative inhibition zones and corresponding quan-
titative measurements are presented in Figure 4. Pure PVA
films exhibited negligible antibacterial activity against both
tested strains, as evidenced by the absence of a clear inhibition
zone, confirming that PVA itself does not possess inherent
antimicrobial properties. In contrast, the incorporation of
PQDs resulted in a significant improvement in antibacterial
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Fig. 5. Antibacterial activity of PVA/PQDs nanocomposite films: a) quantitative measurements, b and c) qualitative measurements for
pure PVA and PVA/PQDs (1.0%) in S. aureus and E. coli, respectively. Error bars represent standard deviation from three independent

measurements (n=3).
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Table 3. Comparison of antibacterial activity against S. aureus between two different CQD-based systems

System CQDs Concentration | Inhibition Zone (mm) Reference
0.1 85+0.2
0.5 11.5+0.5 )
PVA/PQDs This study
0.7 16.8+0.9
1 19.1+1.1
0.5 11.4
PVA/Tea 1.0 12.9 (Department of Packaging & Logistics, Yonsei University et al., 2025)
Leaf-CQDs 2.0 16.8
3.0 20.5

*Values are expressed as mean standard deviation (n=3)

performance, with clear inhibition zones observed around the
nanocomposite films.

As the PQD loading increased from 0.1 to 1.0 wt.%, the
diameter of the inhibition zones progressively enlarged for
both S. aureus and E. coli, indicating a concentration-depen-
dent antibacterial effect. At the highest loading (1.0 wt.%), the
inhibition zones reached approximately 19.1 + 1.1 mm for S.
aureus and 21.9 £ 1.2 mm for E. coli, demonstrating strong
antimicrobial activity. Notably, the nanocomposite films
showed slightly higher inhibition against E. coli compared to
S. aureus, which may be attributed to differences in cell wall
structure and susceptibility to reactive species. PQDs are
known to generate reactive oxygen species (ROS), which can
induce oxidative stress, damage bacterial cell membranes, and
disrupt intracellular components. Additionally, the small size
and high surface area of PQDs facilitate close interaction with
microbial cells, further contributing to membrane disruption
and leakage of cellular contents(Mou et al., 2023; Wang et al.,
2022; Wen et al., 2025).

Surprisingly, these results were achieved by a very low con-
centration of PQDs. In comparison to our recent study on tea
leaf-derived CQDs, it has been observed that reaching an inhi-
bition zone of nearly 20 mm requires 3 wt.% of CQDs (Table
3)(Department of Packaging & Logistics, Yonsei University et
al., 2025). Thus, introducing PQDs and improving the syn-
thesis protocol of preparation of quantum dots significantly
improves the antibacterial properties of PVA nanocomposite
films.

Moreover, the observed dose-dependent behavior and
broad-spectrum activity against both Gram-positive and
Gram-negative bacteria highlight the potential of these nano-
composite films for use in active food packaging applications,
where microbial inhibition is essential for extending shelf life
and ensuring food safety.

Conclusion

In this study, PVA-based nanocomposite films reinforced
with PQDs were successfully developed using a simple and

effective synthesis approach. The incorporation of PQDs sig-
nificantly enhanced the overall performance of PVA films
without compromising their intrinsic structural integrity. The
nanocomposite films exhibited outstanding UV-shielding
capability, achieving near-complete blocking in the UV-B
region and substantial attenuation in the UV-A region while
maintaining high transparency in the visible range. Structural
analysis confirmed that PQDs were well dispersed within the
PVA matrix and contributed to a slight increase in crystallinity,
which positively influenced the material properties. In addi-
tion, the oxygen barrier performance was markedly improved,
with the OTR reduced by more than 80% compared to pure
PVA, owing to the formation of a tortuous pathway and
reduced molecular mobility. Importantly, the incorporation of
PQDs imparted strong antibacterial activity against both
Gram-positive and Gram-negative bacteria. The films demon-
strated significant inhibition against S. aureus and E. coli,
achieving inhibition zones of 19.1 mm and 21.9 mm, respec-
tively, at a low filler loading of 1.0 wt.%. This highlights the
high antibacterial efficiency of PQDs compared to conven-
tional CQD systems. These synergistic properties make this
system highly promising candidates for next-generation sus-
tainable and active food packaging applications.
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Comparative Study on Carrageenan-Based Films Incorporating
Zinc-Doped Carbon Dots Derived from Ginger Peel
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Abstract In this study, zinc-doped carbon dots (Zn-GPCDs) were synthesized using a hydrothermal synthesis method
with ginger peel waste and applied to a carrageenan-based active packaging film. FT-IR spectroscopic analysis revealed
that the Zn-GPCDs exhibited characteristic surface functional groups, including specific Zn-O coordination bonds. The
effects of zinc doping on the structural and functional performance of the composite film were compared and analyzed.
Due to zinc doping, the free radical scavenging ability of Zn-GPCDs was slightly reduced compared to non-doped
GPCDs. However, it acted as an important functional trigger for antimicrobial efficacy. Zn-GPCDs exhibited significant
antimicrobial activity against Staphylococcus aureus (20.92 £ 0.99 mm) and Salmonella enterica (21.60 £ 1.04 mm),
effectively overcoming the functional limitations of non-doped GPCDs. The carrageenan/Zn-GPCDs composite film
exhibited stable mechanical properties, maintaining a tensile strength of 16.36 £ 2.00 MPa and an elongation at break
of 12.40 £ 3.79%. In addition, the composite film showed excellent UV-blocking properties at wavelengths below 400
nm and achieved an ABTS radical scavenging ability of approximately 88% through a synergistic effect that enhanced
antioxidant activity. These results suggest the potential for Zn-GPCDs-containing carrageenan films to be utilized as sus-
tainable active packaging materials with antioxidant, antibacterial, and UV-blocking functions.

Keywords Upcycling, Ginger peel, Carbon dots, Zinc doped, Active packaging
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Fig. 1. Schematic illustration of (a) preparation of zinc-doped ginger peel-derived carbon dots (Zn-GPCDs) using a hydrothermal
method and (b) preparation of carrageenan-based composite films incorporated with GPCDs and Zn-GPCDs.
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Fig. 2. FT-IR spectra of Gi-peel, GPCDs, and Zn-GPCDs.
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Fig. 3. ABTS radical scavenging activity of Gi-peel, GPCDs,
and Zn-GPCDs at various concentrations (0.1-20 pg/mL).
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Fig. 4. Antimicrobial activity of (a,d) Gi-peel, (b,e) GPCDs,
and (c,f) Zn-GPCDs against (a-c) Staphylococcus aureus and
(d-f) Salmonella enterica.

S8t 712l M Eel HIm o1 49

2. Car, Car/GPCDs, ¥ Car/Zn-GPCDs 88 L§ E

21.5M R MY 24 B

7RI 719 5% HE59] 57 (Thickness)2t <1737
(TS) 2 <AAS(EB) =4 ZI= Table 19 AT
RE dE9 FAE 0.06~0.07 mme] HIE Yeh} At
Aoz A3 FAE A5tk Car 53 Car/Zn-
GPCDs ¥&°] 77 ZH7t 0.06 mm= Fo]% Q1 x}o]7}
ey, Car/GPCDs ZEL 0.07mmE &% 718k
7S Btk A EE 14.89~16.82 MPa oA =
AEA}. Car/GPCDs &9 1AW EE 14.89 MPa= T
Z7 Car ZEF t¥] thh PAESEd], ol vx=3dE
GPCDs7} 22} AlE AlolollA] 7haA|9F ARG S8
il AR o)lFAE TTMIAE 7FsAdol ATk, v,
Zn°] =¥ Car/Zn-GPCDs ZE2 16.36 MPaZ Car ¥
4 FAASE fARE S ARG Zn?t o]0]
7RG b1} ol wAaARs At 59
724 ARHS 3 Aoz ATEn®, dEo) {4
S YeERE dA8-2 1097~1551% HHS B, Car/
GPCDs ZEoA 15.51%2 WA= JeERHRATE. Car/Zn-
GPCDs ZE&2 1240%% Car Z& H] &% J7l6lL
v BAA felide gtk ol Zn-GPCDs?] W2l -OH
9 -COOH 7|7} 7kast &35 fEste] &S ot
SIAIZ Az AR,

o2

l-ﬂ

B3 "o sty pxet A 7F A8 FTIR
< 53l Hristled, A= Fig. 59l YeERSL
ZEolA 3336~3,338cm™ F-2¢ He FT5

o] #FHOM, o] O-H ¥ N-H A= e s
st} 7k de] —H v)=2] 37)(1,215 em ™ot 2E|=
A= ATH(1,064 cm™) FZ7F BE DEoA WIs| Bt
wol de] 7} Fel= st el 24 727t
AHog fAES el oP°51E‘r W O-H A= A5E 93
Car BEol4 3338cm’, Car/GPCDs %ﬂ%oﬂfﬂ 3,337 cm’™,
Car/Zn-GPCDs 2294 3336 cm' 2 W& 3= gJogo=
o]F3ltTt. o]l B ol FE ©Ag FHo XA &
8719} 7l g AlE 7 A deage] 7hsAe A4
st gago] Zhep g sjER A el #Ysh E4=HA
55 AR AAIG. &, B47)(-S=0) It

Table 1. Thickness, tensile strength (TS), and elongation at break (EB) of Car, Car/GPCDs, and Car/Zn-GPCDs films (mean + SD, n=3)

Films Thickness (mm) TS (MPa) EB (%)
Car 0.06 £ 0.01%" 16.82 + 2.06° 10.97 £2.31°
Car/GPCDs 0.07 + 0.00° 14.89 + 1.55° 1551 £2.67%
Car/Zn-GPCDs 0.06 £ 0.00? 16.36 + 2.00% 12.40 + 3.79°

*Different letters in the same column indicate a significant difference at p < 0.05 by Duncan’s multiple range test.
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Table 2. Color parameters (L*, a*, b*), total color difference (AE), and light transmittance (Tzs0, Teso) of Car, Car/GPCDs, and Car/

Zn-GPCDs films (mean = SD, n=3)

Films L* a* b* AE Toso Teso
Car 88.100.06>" 2.00+0.12° -3.65+0.21¢ 0.00£0.00¢ 67.35+3.49* 89.41+0.99*
Car/GPCDs 70.90+0.53¢ 3.63+0.06 9.79+0.14° 21.90+0.33% 2.71£0.47° 78.42+1.94°
Car/Zn-GPCDs 76.84+0.50° 1.37+0.27¢ 8.16+0.07° 16.34+0.41° 8.13+0.39° 80.81+2.45°

*Different letters in the same column indicate a significant difference at p < 0.05 by Duncan’s multiple range test.
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Research on Improving the Migration Test Method for Large-capacity
Food Equipment and Containers

Jung Hoon Lee!, Jin Gyu Lee!, Hye Jeong Ahn?, Jun Ho Kim? and Jun Tae Kim'

'Department of Food and Nutrition, Kyung Hee University, Seoul, Korea
’Korea Conformity Laboratories

Abstract According to current standards of the Ministry of Food and Drug Safety (MFDS) of Korea, migration tests
for food containers are required to be conducted by filling the container completely with food simulants. However, for
large-capacity containers, excessive solvent consumption not only causes economic, environmental, and practical prob-
lems but also results in a dilution effect in the volume to surface area ratio. To address these limitations, this study
designed and validated alternative testing methods, such as partial filling, single-sided migration, and double-sided migra-
tion, by standardizing the volume-to-surface area ratio to 2 mL/cm?. To intentionally increase the migration amounts, a
comparative analysis was performed using 20 L high-density polyethylene (HDPE) containers containing 20% calcium
carbonate (CaCO;). When tested with a 4% acetic acid simulant, the overall migration was 17.9 mg + 3.5 mg/L using the
conventional filling method. However, the proposed methods recorded significantly higher concentrations of 42.6~45.7
mg/L. Furthermore, these alternative methods reduced solvent consumption to 1-7% of the conventional volume. More-
over, a ‘Tiered approach’ is introduced as a practical strategy, allowing for the selective and stepwise application of the
most suitable test method depending on container characteristics. This framework is expected to foster a more sci-
entifically rigorous, cost-effective, and environmentally sustainable food safety manage system.

Keywords Migration Test, Large-capacity Containers, Alternative testing methods, Food safety management, Tiered approach
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Fig. 1. Schematic representation of the three alternative migration testing methods for large-capacity containers: (A) partial filling, (B)
double-sided migration, and (C) single-sided migration using a migration cell.
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Fig. 2. Tllustration (A) and actual image (B) of the migration
cell for single-sided migration testing.
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Fig. 3. 3D scanned images of a 10 L PET container, (A) 3D scan of the entire container, (B) scanned image for calculating the diameter
and height after sectioning, and (C) surface area and volume measurements via software after sectioning.
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Table 1. Regulatory standards and surface-to-volume ratio by countries

57

Region

Regulatory standards

Surface-to-volume ratio (V/S)

South Korea Standard and Specifications for Utensils, Containers and Packages

2 mL/cm?

European Union (UN)

(EC) No.1935/2004
Commission Regulation (EU) No. 10/2011

100 mL/2 dm? (0.5 mL/cm?)

EN 1186

USA FDA 21 CFR 10 mL/in? (1.55 mL/cm?)

Japan Public Notice of the Ministry of Health and Welfare No. 370, 1959 2 mL/cm?

China National Food Safety Standard (GB31604) 6 dm¥kg (L) (1.66 mL/cm?)
Bt oF 2% Uj9le] UE AAEE BTk R AN F7 80 218 2L 5 Adch 53] 20L o9l o)
ARG 201 §7)(HDPE+ ¥V4n)e) A%, 44l T8 3 $71oIxe 8 AHSRS 71E i) 08% 7 4
(S 7095 el sl =01 296em= HASAL Y F e A0 rgrh o AP vl Faw
o AA F97F 1,402 mLE S7gEo] EEX|Q1 1,420 mL ozt He 5 AskE thge] HAS Ao =A A
@ 132%9) 98 bk olel@ Ak 3D 27 ARERE wEe sl 294 W M A9
J 7lzol 8719 =719 dﬂ%"ﬂ 44741%‘1 | % &5 =4 e ARE oldSs sl AlEdit)

(2 mL/em?)y& FHE ol f&

3. M% &g St oy za AT X WM NEE

2. Nggiol e 80 AHF X FHEH, EH 284 B3
g 4 Fo] BAF §ujE ARgsl] AEY 7 TEEFS Y]
A3 715 Q5= W Aok Al 7] A AlEE 23S W, fFF T e AFS olw] FHol Fgst
o] AEgv| M-S val B3 A3}, Table 204 Ho| H01 Aol BE AFolA b 7121 30 mg/Lolske] e
+ el 2ol thAl AEHE =Y Al 7180 8l W.& S HAATKTable 3), A1EH 7he] WEst x4 HAES
7t RIS 53] 16 L &% 28719 745, 3 ERIsploll= eAI7E AU ololl, fF AFe] e ¢
W A4 Al 16,200 mLe] 7 807t A8 EHE @E&, - AE FH3AL WA AlFEe] a9dS Ao R YFst
B 83908 oF 1,800 mL(E3 tiv] 11.1%), “<Fa/chd 7] 918, BAFEH(CaCOy)S E95 o3 og 38
S5 o 200 mL(A3 Y] 1.23%)2] Srfoz A S X3 20 L HDPE A2k 8715 &8313nH, 259
g o] 7FssIsit. ol9] tet fF AFS o= AL Q8 24 Al B 108] v RS [t
A% A, B SEHe dJ oiv] oF 11.1%°01A (Fig. 4).
45% TEOR, ‘FHMAH SEEH L 6.25%4 1.23% T 20L A7 2719 AS-, HYHLS 24,420 mLe] B2 &0

Table 2. Comparison of simulant consumption between current and alternative migration testing methods for commercial containers

Samples Test Method Required simulant volume (mL) Ratio to current (%)
- , Full Filling 16,000 100
Large A“zll%htL)Comamer Partial Filling 1,800 111
Double-sided 200 1.25
- _ Full Filling 12,000 100
Large A“('tllghi)comamer Partial Filling 1,800 5
Double-sided 200 1.6
. Full Filling 6,000 100
Storag&cf)mamer Partial Filling 1,920 32
Double-sided 200 3.33
- . Full Filling 3,200 100
Freezer A(I?‘zgli)comamer Partial Filling 1,450 45
' Double-sided 200 6.25
_ Full Filling 4,400 100
L‘(‘j‘“:rLJ)ar Partial Filling 900 20
Double-sided 200 4.54
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Table 3. KmnO4 consumption and overall migration of various food containers by migration test methods
KMnO Overall Migration (m
Samples Test Method o - - & (mg/L)
Consumption (mg/L) Water 4% Acetic acid | 20% Ethanol n-Heptane
L Aitialh Full Filling 1+0.36 2+0.58 3+1.15 3+1.00 7+1.15
arge Airtight - -
Container (16 L) Partial filling 1+0.00 3+1.70 3+1.00 1+0.00 1+0.00
Double-sided 1+0.00 3+1.53 7+1.15 5+0.00 10 +£2.00
o Full Filling 1+0.00 2+£0.58 2+£0.58 4+1.53 7+0.58
Large Airtight 0 lling 1£0.00 31283 6672 1£0.00 6411
Container (12 L)
Double-sided 1+0.00 6+2.00 8+2.00 15+4.51 16 £5.13
] Full Filling 1+0.00 4+0.58 2+ 1.15 4+£2.00 8+£0.58
S“’rag&CLO)mamer Partial filling 1£047 42216 5082 2:082 6+7.07
Double-sided 1+0.00 4+1.73 5+2.31 6+3.46 19+ 3.06
. Airtigh Full Filling 2+ 0.00 2+0.58 5+£1.16 5+0.58 7+£1.15
reezer Airtight . -
+ + + + +
Container (32 L) Partial filling 3+0.47 3+0.58 8+1.53 5+1.15 6+1.53
Double-sided 2+0.00 3+2.31 9+3.61 6+2.31 9+3.01
Full Filling 1+0.00 2+0.58 2+1.15 4+346 3+1.15
Liquor Jar (44 L)| Partial filling 1+£0.00 2+0.58 4+1.53 5+1.00 6+2.00
Double-sided 1+0.00 3+231 3+1.15 5+3.06 6+2.00
(A) Full filling (B) Partial filling

(C) Single sided migration

Fig. 4. Migration testing of the fabricated containers: (A) full filling, (B) partial filling, (C) single-sided migration, and (D) double-sided

migration.
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Table 4. Comparison of consumption of simulant and volume to surface area ratio between current and alternative testing methods for

fabricated containers

Test method

Parameters - - — - - — - —
Full filling Partial Filling Single sided migration | Double sided migration
Width (cm) 222 222 - 5
Length (cm) 27.5 27.5 - 5
Height (cm) 40 2.96 - -
Surface Area (cm?) 4,586 710 100 100
Volume (mL) 24,420 1,402 - -
Calculated volume
(2 mL/cm?) (mL) 9,172 1,420 200 200
Ratio to current (%) 100 5.81 0.82 0.82
V/S Ratio 5.325 2 2 2

Table 5. Comparison of overall migration (mg/L) from 20% CaCO; HDPE containers by migration test methods (n=10)

Test Methods

Simulant Full filling Partial filling Single sided migration | Double sided migration
Water 13.1 £2.7%" 13.5+3.9% 15.0 +5.0° 10.7 £2.9°
4% Acetic acid 17.9+£3.5° 42.6+5.5° 457+ 6.9° 43.6+7.2°
20% Ethanol 54+2.1° 83+3.2° 10.6 + 3.6° 46+2.8°
n-Heptane 63£2.3° 6.9+3.4° 14.2+5.9° 9.4+2.1°

*Different letters in the same row indicate a significant difference at p < 0.05 by Duncan’s multiple range test.

Table 6. Inter-laboratory comparison results of overall migra-

tion in 4% acetic acid by test methods (n=3)

Test Methods
Laboratory Full filling | Partial filling Doup le §ided
mlgratlon
A 13.3+£2.5%" | 40.7+5.0° | 393+64°
B 77+2.0% | 653+2.5° | 443+6.5°
C 134415 | 441+3.6° | 452+3.8°

*Different letters in the same row indicate a significant dif-
ference at p < 0.05 by Duncan’s multiple range test.
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Recent Advances in High-Barrier Food Packaging Based
on Mono-material and Natural Materials

Youngjin Cho*

Food Safety and Distribution Research Group, Korea Food Research Institute, Wanju 55365, Republic of Korea

Abstract The transition toward sustainable food packaging has intensified over the past decade, driven by regulatory
pressure and environmental concerns associated with plastic waste. The increasing demand for sustainable food pack-
aging has driven significant research into eco-friendly high-barrier materials capable of replacing conventional multilayer
plastics. This paper provides a comprehensive analysis of recent advances in mono-material and natural-material-based
food packaging systems, focusing on their barrier performance, material design strategies, and industrial applicability.
Fundamental barrier mechanisms, including diffusion, solubility, and tortuous path effects, are discussed in relation to
polymer structure and morphology. The barrier properties of major material groups, such as polyethylene (PE), poly-
propylene (PP), polylactic acid (PLA), cellulose-based materials, and nanocomposites, were compared and analyzed.
Advanced technologies, including inorganic coatings (SiOx, AlOx) and bio-based coatings, are critically discussed as
strategies to overcome intrinsic limitations of bio-based polymers. Furthermore, the paper examines recyclability and life
cycle assessment (LCA) in the context of emerging circular economy policies. Finally, key challenges and future research
directions are outlined, emphasizing scalable manufacturing, multifunctional materials, and integration into existing

industrial systems.

Keywords High-barrier Food Packaging, Mono-material, Natural material, Nanocomposites, Sustainability

Introduction

Food packaging plays a critical role in preserving food qual-
ity, extending shelf life, and ensuring food safety. Conven-
tional high-barrier packaging systems, typically based on
multilayer combinations of polyethylene (PE), polypropylene
(PP), polyethylene terephthalate (PET), and ethylene vinyl
alcohol (EVOH), have been widely used due to their superior
oxygen and moisture barrier properties. However, their het-
erogeneous structure renders them incompatible with current
mechanical recycling systems, leading to significant material
losses and environmental burden”.

In recent years, increasing environmental concerns, plastic
waste accumulation, and implementation of regulations—such
as the European Union’s Packaging and Packaging Waste
Regulation (PPWR)—have accelerated the transition toward
sustainable packaging solutions. In particular, recent policy
within the European Union have emphasized the transition
toward recyclable and mono-material packaging systems. This

*Corresponding Author: Dr. Youngjin Cho

Food Safety and Distribution Research Group, Korea Food
Research Institute, Wanju 55365, Jeollabuk-do, Republic of Korea
Tel: +82-63-219-9428

E-mail: yjcho74@kfri.re.kr

concept of a circular economy has emphasized the need for
materials that are recyclable, reusable, or biodegradable while
maintaining functional performance.

Currently, two major approaches have emerged as prom-
ising alternatives: (i) mono-material packaging systems, which
utilize a single polymer family to enable recyclability, and (ii)
natural material-based systems, which employ renewable and
biodegradable polymers such as cellulose, starch, chitosan,
and polylactic acid (PLA). As a result, significant research
efforts over the past decade have focused on developing
mono-material and bio-based alternatives. However, these
systems often suffer from inferior barrier properties compared
to conventional multilayer structures.

To overcome these limitations, significant research efforts
have focused on enhancing barrier performance through nano-
composite design, surface coatings, and structural engineering.
Despite these advances, a fundamental challenge persists:
achieving high barrier performance comparable to conven-
tional multilayer systems while maintaining recyclability.
Mono-material systems, particularly those based on polyole-
fins, offer improved recyclability but suffer from inherently
poor oxygen barrier properties®. In contrast, natural materials
such as cellulose exhibit excellent oxygen barrier performance
but are highly sensitive to moisture®®. This fundamental
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trade-off has driven the development of hybrid strategies com-
bining structural modification, nanocomposite engineering,
and coating technologies”.

This review aims to provide a comprehensive and critical
overview of recent developments in mono-material and nat-
ural-material-based high-barrier food packaging systems, with
particular emphasis on barrier mechanisms, quantitative per-
formance evaluation, and industrial applicability.

Barrier Mechanisms and
Structure-Property Relationships

Barrier properties in polymeric systems are governed by the
solution—diffusion mechanism, where permeability (P) is
defined as:

P=DxS

where D is the diffusion coefficient and S is the solubility
coefficient of the permeating molecule in the polymer matrix.

Gas transport through polymer films typically follows a
solution-diffusion mechanism, involving:

1) Sorption of gas molecules at the polymer surface

2) Diffusion through the polymer matrix

3) Desorption at the opposite surface

The permeability is influenced by several factors, including
polymer chain mobility, free volume, crystallinity, and inter-
molecular interactions. The molecular architecture of the
material plays a critical role in defining these parameters, par-
ticularly in terms of crystallinity, chain mobility, and inter-

......

3

Polymer Matrix
1]

1
H
v v
Gas Out Gas Out
Fig. 1. Tortuous path mechanism in mono polymer matrix and
nanocomposite system.

Table 1. Barrier properties of representative major film systems
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molecular interactions®.

Fig. 1 shows the tortuous path mechanism in mono polymer
matrix and nanocomposite system. Hydrophobic polymers
such as polyethylene exhibit relatively high oxygen perme-
ability due to their non-polar structure and weak intermo-
lecular forces. Siracusa reported that the high free volume in
polyolefins facilitates oxygen diffusion, resulting in poor bar-
rier performance?. In contrast, hydrophilic polymers such as
cellulose form dense hydrogen-bonded networks, significantly
restricting molecular transport.

The nanostructured materials can reduce oxygen perme-
ability by up to two orders of magnitude compared to con-
ventional polymers, approaching the performance of EVOH
under controlled conditions®”. However, persistent challenges
including humidity sensitivity®, coating brittleness®, and scal-
ability limitations remain unresolved.

Aulin et al. demonstrated that cellulose nanofibril (CNF)
films exhibit extremely low oxygen permeability under dry
conditions, comparable to high-performance synthetic barri-
ers”. This behavior is attributed to the highly ordered fibrillar
structure and strong intermolecular hydrogen bonding. Sim-
ilarly, Lavoine et al. reported that nanocellulose coatings sig-
nificantly reduce oxygen transmission when applied to porous
substrates such as paper”.

Nanocomposite systems further enhance barrier properties
through the tortuous path mechanism”. Bharadwaj showed
that high aspect ratio fillers, such as nanoclays and graphene
oxide, increase the effective diffusion path length, thereby
reducing permeability'®. However, experimental studies indi-
cate that this mechanism is highly sensitive to filler dispersion.
Sorrentino et al. reported that agglomeration of nanofillers
leads to defect formation, which can negate barrier improve-
ments”. These findings highlight that barrier performance is
not solely determined by material composition, but also by
structural organization and processing conditions.

Quantitative Barrier Performance and
Trade-offs

The barrier properties of representative major film systems
are shown in Table 1. Quantitative comparison of barrier per-
formance across different material systems reveals a funda-
mental trade-off that defines the field. Polyolefins such as PE

Material OTR (cc/m?-day) WVTR Strengths Limitations
PE/PP > 2000 Low Moisture barrier Poor O: barrier
EVOH <1 (dry) High Excellent O, barrier Moisture sensitivity
Nanocellulose <10 (dry) High Renewable, high O, barrier Humidity sensitivity
Nanocomposites 10-100 Moderate Tunable performance Dispersion issues
SiOx/AlOx <1 Low Ultra-high barrier Cracking, adhesion
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and PP exhibit oxygen transmission rates (OTR) typically
exceeding 2000 cc/m?-day, making them unsuitable for oxy-
gen-sensitive applications®. However, they provide excellent
moisture barrier properties due to their hydrophobic nature. In
contrast, EVOH exhibits OTR values below 1 cc/m?-day
under dry conditions, positioning it as a benchmark material
for high-barrier applications'”. However, multiple studies
have demonstrated that EVOH loses its barrier performance
under high humidity conditions. Blanchard et al. reported that
oxygen permeability increases significantly at relative humid-
ity above 70%, due to plasticization effects'?.

Nanocellulose-based materials exhibit similar behavior.
Lavoine et al. reported OTR values below 10 cc/m?-day under
controlled humidity conditions”, while Hubbe et al. demon-
strated that permeability increases by more than an order of
magnitude at high humidity®. This phenomenon is attributed
to water-induced swelling and disruption of hydrogen bonding
networks. Nanocomposite systems offer a potential solution to
this trade-off. Sorrentino et al. reported that polymer—clay
nanocomposites can reduce oxygen permeability by up to
90% without significantly compromising moisture resis-
tance®. However, achieving consistent performance requires
precise control of filler dispersion and orientation.

Opverall, these results indicate that no single material system
currently provides optimal performance under all conditions.
Instead, hybrid systems combining multiple strategies are
required to balance oxygen and moisture barrier properties.

Mono-material Systems: Recyclability vs
Barrier Performance

The structures of multi-layer and mono-layer based barrier

Multi-Layer
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Fig. 2. Structure of barrier films: Multi- vs Mono-layer film.
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films are shown in Fig. 2. High-barrier multi-layer films pos-
sess barrier properties but present environmental issues due to
the difficulty of recycling. Therefore, mono-material pack-
aging has recently emerged as a primary strategy for improv-
ing recyclability in flexible food packaging. Polyethylene (PE)
and polypropylene (PP)-based systems are particularly attrac-
tive due to their compatibility with existing recycling infra-
structures. However, their inherently poor oxygen barrier
properties remain a critical limitation.

Recent studies have attempted to improve barrier perfor-
mance through structural modification. Blanchard et al.
reported that biaxially oriented polyethylene (BOPE) exhibits
reduced oxygen permeability compared to conventional PE
due to increased crystallinity and molecular orientation'?.
Similarly, Niaounakis highlighted that density and crystallinity
directly influence gas diffusion by reducing free volume'®.
However, these improvements are incremental and insufficient
for applications requiring long shelf life.

To overcome this limitation, coating and deposition tech-
nologies have been widely integrated into mono-material sys-
tems. Currently, the EU, the US, and Korea define and
manage films as mono-materials that do not pose recycling
issues if the heterogeneous material constitutes 5 wt% or less
of the total film. For example, if the typical film thickness of
retort food packaging is 120 to 200 um or more, and the het-
erogeneous high-barrier coating layer is 5 wt% (equivalent to
6 to 10 pum in thickness) or less, it can be recycled as a mono-
material. Li et al. demonstrated that thin SiOx coatings depos-
ited on PE substrates can reduce oxygen transmission rates
(OTR) to below 1 cc/m?-day, approaching EVOH-level per-
formance'?. AlOx coatings have also shown comparable
results, with additional advantages in optical transparency.
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@ ©
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Despite these promising results, mechanical reliability
remains a major concern. Langowski reported that inorganic
coatings are highly brittle and prone to micro-crack formation
under flexural stress®. These cracks act as preferential dif-
fusion pathways, leading to rapid degradation of barrier per-
formance. Furthermore, adhesion between inorganic coatings
and polymer substrates is often weak, requiring surface treat-
ments such as plasma activation.

More importantly, the long-term recyclability of coated
mono-material systems remains unresolved. While ultra-thin
coatings may not significantly affect recycling processes, their
accumulation and potential contamination effects have not
been fully evaluated. Therefore, mono-material systems with
coatings represent a partial solution, but not a definitive
replacement for multi-layer structures.

Natural Materials: Nanocellulose as
a High-Barrier Benchmark

Nanocellulose has become the most extensively studied bio-
based material for high-barrier applications due to its excep-
tional oxygen barrier properties'”. Its performance is pri-
marily attributed to its nanoscale fibrillar network and strong
hydrogen bonding interactions, which create a dense and
highly ordered structure. Aulin et al. demonstrated that cel-
lulose nanofibril (CNF) films exhibit oxygen permeability
comparable to EVOH under dry conditions”. Lavoine et al.
further showed that nanocellulose coatings can significantly
improve the barrier properties of paper substrates, making
them promising candidates for fiber-based packaging”.

However, a critical limitation consistently reported across
studies is moisture sensitivity. Hubbe et al. demonstrated that
water uptake leads to swelling of the nanocellulose network,
increasing free volume and disrupting hydrogen bonding®. As
a result, oxygen permeability increases dramatically at relative
humidity above 70%. Similar observations were reported by
Fotie et al., confirming that humidity is the dominant factor
limiting the practical application of nanocellulose'®. Several
strategies have been proposed to address this issue. Chemical
modification, such as acetylation or surface grafting, has been
shown to reduce hydrophilicity”. However, these modifica-
tions often reduce the density of hydrogen bonding, leading to
a trade-off between moisture resistance and barrier perfor-
mance.

Alternatively, multi-layer systems combining nanocellulose
with hydrophobic polymers have demonstrated improved sta-
bility under humid conditions. However, such approaches
introduce complexity and may compromise recyclability,
which contradicts the primary goal of sustainable packaging.
Compared to other natural materials such as starch and chi-
tosan, nanocellulose consistently exhibits superior oxygen bar-
rier performance'”. However, its sensitivity to environmental
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conditions still remains a major obstacle to industrial appli-
cation. Recent studies on improving barrier properties and sus-
tainability of other biodegradable materials besides nano-
cellulose are summarized in Table 2.

Nanocomposite Systems: Bridging
Performance Gaps

Nanocomposite systems have been extensively studied as a
means of enhancing barrier properties while maintaining pro-
cessability and mechanical performance. The incorporation of
nanoscale fillers introduces a tortuous diffusion pathway, sig-
nificantly increasing the effective path length for gas mol-
ecules (Fig. 1). Bharadwaj provided a theoretical model
describing this effect, showing that permeability decreases as
a function of filler aspect ratio and volume fraction. Exper-
imental validation has been reported in numerous studies'?.
For example, Sorrentino et al. demonstrated that polymer—clay
nanocomposites can reduce oxygen permeability by up to
90% when fillers are well dispersed®. Graphene oxide has
also attracted significant attention due to its impermeable
structure and high aspect ratio. Cui et al. reported that
graphene-based nanocomposites exhibit superior barrier per-
formance compared to conventional nanoclays, even at low
loading levels®.

However, the effectiveness of nanocomposites is highly
dependent on filler dispersion. Hubbe et al. emphasized that
agglomeration of nanofillers leads to defect formation, which
can significantly reduce barrier performance?. This issue
becomes particularly critical during scale-up, where achieving
uniform dispersion is more challenging. Furthermore, the
addition of nanofillers can affect mechanical properties and
processability. High filler loading may lead to increased brit-
tleness, while processing techniques such as extrusion may
not be compatible with certain nanomaterials.

Nanocomposites also raise concerns regarding energy con-
sumption. While bio-based fillers such as cellulose nano-
crystals (CNCs) and cellulose nanofibrils (CNFs) are often
considered environmentally favorable due to their renewable
origin, their pilot-scale manufacturing processes can be highly
energy-intensive. For instance, the mechanical fibrillation pro-
cess used to produce nanocellulose typically requires energy
inputs in the range of 10,000-30,000 kWh per ton, depending
on the degree of fibrillation and pretreatment conditions®®.
Chemical pretreatments such as TEMPO-mediated oxida-
tion®” or enzymatic hydrolysis can reduce energy demand.
However, they introduce additional environmental burdens
associated with chemical consumption, wastewater treatment,
and process complexity. Furthermore, the overall environ-
mental impact of nanocomposites is highly dependent on filler
loading and dispersion efficiency. In cases where high filler
loadings are required to achieve significant barrier improve-
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Table 2. Recent applications of other biodegradable films for sustainable food packaging®
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Case

Biodegradable film
matrix

Metal oxide
nanoparticle

Findings

Impact on gas
permeability

Novelty

Fe20s;-PLA Nano-
composite for Bak-
ery Packaging

Polylactic Acid
(PLA)

Iron Oxide (Fe20s)

Improved preserva-
tion of bread by
reducing mold
growth

Reduced oxygen
permeability by
27%

First-time integration
of Fe:0s in PLA for
bakery applica-
tions'®

CeO:-Alginate
Films for Seafood
Storage

Alginatebased film

Cerium Oxide
(C602)

Enhanced antioxi-

dant activity, delaying

lipid oxidation in
fish

Oxygen permeability
lowered by 22%

Novel use of CeO:
to prevent oxidation

in fatty seafood'?

CuO-Chitosan Film
for Fresh Produce

Chitosan

Copper Oxide
(CuO)

Improved antimi-

crobial protection

against foodborne
pathogens

Gas permeability
decreased by 38%

Innovative active
packaging solution
for fresh-cut fruits

and vegetables?”

ZnO-Gelatin-Based
Film for Poultry
Packaging

Gelatin-based film

Zinc Oxide (ZnO)

Increased shelf life
by reducing bacte-
rial contamination

33% decrease in
oxygen permeability

Application of ZnO
in gelatin for protein-
rich food preserva-

tion?V

TiO,-Soy Protein
Film for Snack
Packaging

Soy protein-based
film

Titanium Dioxide
(TiO2)

Enhanced UV
resistance and
mechanical stability

Oxygen barrier
improved by 24%

Pioneering use of
TiO, in plant-based

protein films®?

MgO-Polysaccha-
ride Film for Dairy
Preservation

Polysaccharide-
based film

Magnesium Oxide
(MgO)

Maintained sensory
quality of cheese
and yogurt packaging

Water vapor perme-
ability reduced by
35%

New biodegradable
application targeting
dairy storage®>

ZnO-Protein-Iso-
late Film for Frozen
Foods

Protein isolate-
based film

Zinc Oxide (ZnO)

Strengthened
mechanical properties
and frost resistance

30% reduction in
gas permeability

Novel protein-iso-
late integration for
frozen food packaging

CeQO»-Starch-Based
Film for Dry Snack

Starch-based biode-
gradable film

Cerium Oxide
(Ce02)

Improved resis-
tance to oxidation
and extended shelf

Oxygen permeability
decreased by 28%

First reported use of
CeO, in starch films

Packaging life for dry goods®
: Increased durability Unique application
?akigtz)-l?é%a‘?rio%g-r PLA-based coating | Aluminum Oxide | and moisture resis- | Gas permeability of Al,O; for sustain-
g Bevera esg & (AL205) tance for liquid lowered by 31% |able beverage pack-
€ packaging aging®)
Improved transpar- New approach using

TiOz-Pectin Nano-
composite for Fresh-
Cut Vegetables

Pectin-based matrix

Titanium Dioxide
(TiO,)

ency, UV protec-
tion, and
antimicrobial efficacy

Reduced oxygen
permeability by
26%

TiO, for minimally
processed vegetable
packaging®®

NiO-CuO-PVA/

Polyvinyl Alcohol

Nickel Oxide (NiO)

Improved antibacte-

Significant reduc-

Novel incorpora-

Fi]?éa?g}rl/}rcgl;?%%k_ (PVA)/Starch/ and Copper Oxide |rial activity against |tion in gas permea- gé)tr;v(éflg(l)l(())d- %l;?kg?gr.
aging Chitosan (CuO) foodborne pathogens bility ing applications?)
Eggshell-Derived Sustainable use of
Hydroxyapatite. chit Hydroxyapatite Irrllproved hmecc?%m- Enhanced barnerd Iffr%ghzﬂiggswfci
Chitosan Bionano- 1tosan (HAp) from egeshell cal strength and bar- | against oxygen an ] P
. rier properties moisture biodegradable pack-
composite o8
aging
Enhanced mechani- Green synthesis
Ni-Zn Ferrite-Chi- Chitosan Nickel-Zinc Ferrite | cal properties and Reduced water approach using nat-
tosan Green Films (Ni-ZnFe:0a4) gas barrier due to | vapor permeability ural juice as a
natural juice synthesis reducing agent®”
. . Environmentally
Zn Ferrite-Chitosan . . Improved water e :
Film with Natural Chitosan Zinc Ferrite resistance and Decreased solubl.h‘ty sustamabl_e
: (ZnFe204) : and gas permeability | approach to chitosan
Acids mechanical strength - 30)
film synthesis
NiO-Gelatin/ Antimicrobial and Combination of NiO
Chitosan Active Gelatin/ Nickel Oxide (NiO) improved barrier | Enhanced oxygen | with gelatin/chi-
Chitosan properties for food |and water vapor barrier| tosan for active

Packaging

applications
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ment, the cumulative energy demand and processing com-
plexity can offset the environmental benefits associated with
bio-based materials. For example, poorly dispersed nanocel-
lulose or graphene oxide can lead to agglomeration, neces-
sitating additional processing steps such as ultrasonication or
high-shear mixing, which further increase energy consump-
tion.

Therefore, it is necessary to evaluate the overall environ-
mental benefits of nanocomposites through a full life cycle
assessment.

Coating Technologies: Toward Industrial
High-Barrier Solutions

Coating technologies represent one of the most advanced
approaches for achieving high barrier performance in food
packaging. Currently, inorganic coatings such as silicon oxide
(SiOx) and aluminum oxide (AlOx) have been widely adopted
in commercial applications (Fig. 3). These coatings are typ-
ically deposited using vacuum-based processes such as phys-
ical vapor deposition (PVD) or plasma-enhanced chemical
vapor deposition (PECVD), which are already established at
the industrial scale with high throughput and roll-to-roll com-
patibility. Li et al. reported that SiOx coatings can achieve
oxygen transmission rates below 1 cc/m*-day, making them
comparable to EVOH'". Similarly, AIOx coatings provide
excellent barrier performance with improved optical clarity
and process compatibility.

From an industrial perspective, one of the key advantages of
inorganic coatings is their ability to be integrated into existing
converting lines without fundamentally altering the base poly-
mer structure. This makes them particularly attractive for
mono-material packaging systems, where thin coatings can
provide barrier enhancement without significantly compro-
mising recyclability. However, these coatings are not without
limitations. Langowski highlighted that inorganic coatings are
inherently brittle and susceptible to cracking under mechanical
stress®. This issue is particularly problematic for flexible

SiOx or AlOx Layer

(Silicon Oxide or Aluminum Oxide)

l

Fig. 3. Schematic illustration of inorganic SiOx/AlOx coating
or deposited film for high-barrier packaging.
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packaging, where repeated bending and handling are unavoid-
able. In addition, coating defects such as pinholes and non-
uniform thickness can significantly affect barrier performance.
Advanced deposition techniques, such as atomic layer depo-
sition (ALD), have been proposed to address these issues by
enabling precise control over film thickness. However, their
high cost limits industrial applicability.

Bio-based coatings, including polysaccharides and proteins,
have also been explored as sustainable alternatives. While
these materials provide excellent oxygen barrier properties
under dry conditions, their performance deteriorates under
humid conditions, similar to nanocellulose'”. As a result, their
use is currently limited to dry food applications or requires
additional protective layers. To address these limitations,
recent research has focused on hybrid coating systems com-
bining inorganic and organic layers. These systems aim to
achieve both high barrier performance and mechanical flex-
ibility. Nevertheless, challenges related to scalability, interlayer
adhesion, process complexity, and cost remain significant barriers
to commercialization. Therefore, future industrial implemen-
tation will depend not only on achieving high barrier per-
formance, but also on ensuring cost-effective, scalable manu-
facturing processes and compatibility with existing recycling
infrastructures.

Paper-Based and Fiber-Based Hybrid
Systems

The transition toward fiber-based packaging has accelerated
in recent years, driven by both regulatory pressure and con-
sumer demand for plastic-free alternatives. Paper and paper-
board offer inherent advantages in terms of recyclability and
biodegradability, making them attractive substrates for sus-
tainable packaging systems. However, paper-based materials
exhibit poor intrinsic barrier properties against oxygen, mois-
ture, and grease. To address these limitations, recent research
has focused on hybrid systems combining paper substrates
with functional coatings. Herrera et al. demonstrated that
nanocellulose coatings significantly improve the oxygen bar-
rier properties of paper, achieving oxygen transmission rates
comparable to synthetic high-barrier materials under con-
trolled conditions®. Similarly, Ferrer et al. reported that com-
bining nanocellulose with biopolymer coatings can further
enhance barrier performance®?.

Despite these advances, moisture barrier performance
remains a critical limitation. The hydrophilic nature of cel-
lulose-based materials leads to rapid degradation of barrier
properties under humid conditions. To mitigate this issue, mul-
tilayer coatings incorporating hydrophobic polymers such as
polyethylene or wax-based coatings have been explored.
However, such hybrid systems introduce trade-offs in recy-
clability. While paper-based systems are inherently recyclable,
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the addition of polymer coatings may complicate recycling
processes. Therefore, optimizing the balance between barrier
performance and recyclability still remains a key research
challenge.

Industrial Challenges and Scale-Up
Limitations

Although significant progress has been achieved at the lab-
oratory scale, the translation of high-barrier sustainable mate-
rials into industrial applications remains limited due to a
combination of interrelated technical and economic chal-
lenges. These limitations can be broadly categorized into three
key barriers: cost competitiveness, processing compatibility,
and performance reliability under real-world conditions.

First, cost remains one of the most critical barriers to indus-
trial adoption. Nanomaterials such as nanocellulose and
graphene oxide are inherently more expensive than conven-
tional petroleum-based polymers due to their energy-intensive
production processes. Lavoine et al. emphasized that large-
scale production of nanocellulose requires substantial energy
input during fibrillation and drying stages, significantly
increasing production costs”. In addition, upstream processing
steps, including chemical pretreatment and purification, fur-
ther contribute to the overall cost structure. As a result, despite
their superior barrier properties, these materials often fail to
meet the strict cost-performance requirements of the pack-
aging industry, where margins are typically low and material
cost is a dominant factor.

Second, processing compatibility presents a major tech-
nological bottleneck. Many high-performance barrier mate-
rials rely on laboratory-scale fabrication techniques such as
solvent casting, layer-by-layer assembly, or vacuum-based
deposition methods, which are not easily scalable or com-
patible with existing industrial processing technologies. In
contrast, conventional packaging materials are produced using
highly optimized and continuous processes such as extrusion,
co-extrusion, and lamination, which offer high throughput and
cost efficiency. The integration of advanced materials into
these established production systems often requires significant
modification of equipment or processing conditions, creating
additional barriers to industrial implementation.

Third, performance stability under real-world conditions
represents a critical gap between laboratory results and prac-
tical applications. Barrier performance is typically evaluated
under controlled temperature and humidity conditions, which
do not accurately reflect the complex environments encoun-
tered during storage, transportation, and consumer use. Hubbe
et al. reported that nanocellulose-based materials exhibit sig-
nificant degradation in barrier performance under high humid-
ity due to swelling and disruption of hydrogen bonding
networks?. Similarly, inorganic coatings are prone to mechan-
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ical damage such as cracking and delamination under flexural
stress, leading to rapid loss of barrier functionality. These find-
ings highlight that long-term durability and environmental sta-
bility are as important as initial barrier performance for
industrial adoption.

Importantly, these challenges are not independent but
strongly interconnected. For example, improving barrier per-
formance often requires increased material complexity or
additional processing steps, which can further increase cost
and reduce recyclability. Likewise, strategies aimed at improv-
ing moisture resistance, such as multilayer structures or hybrid
coatings, may compromise processing simplicity and circu-
larity. Therefore, the key challenge in advancing sustainable
high-barrier packaging lies in achieving an optimal balance
among performance, cost, processability, and sustainability.
Bridging this gap requires not only material innovation but
also system-level integration, including scalable manufactur-
ing technologies, cost reduction strategies, and compatibility
with existing recycling infrastructures.

Sustainability and Life Cycle Assessment
(LCA)

Sustainability considerations have become a central aspect
of packaging material development. Life cycle assessment
(LCA) is widely used to evaluate the environmental impact of
different packaging systems. Geueke et al. reported that
mono-material packaging systems generally exhibit lower
environmental impact compared to multilayer structures due
to improved recyclability". Similarly, fiber-based systems
offer advantages in terms of biodegradability and renewable
sourcing. However, trade-offs between performance and sus-
tainability must be carefully considered. For example, while
nanocomposites improve barrier performance, their produc-
tion processes may be energy-intensive. Likewise, coating
technologies may introduce materials that complicate recy-
cling processes. Recent studies emphasize the importance of a
holistic approach, considering the entire life cycle of pack-
aging materials, including raw material sourcing, processing,
use phase, and end-of-life management.

Conclusions

Over the past decade, significant progress has been made in
the development of sustainable high-barrier food packaging
materials. Mono-material systems and natural materials offer
promising alternatives to conventional multilayer plastics.
However, no single material system currently satisfies all per-
formance requirements. Polyolefins provide excellent mois-
ture resistance but poor oxygen barrier, while natural materials
such as nanocellulose exhibit the opposite behavior. Nano-
composites and coating technologies offer potential solutions,
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but challenges related to scalability, cost, and durability remain.
Future research should focus on addressing the key limitations
identified in current systems. One promising direction is the
development of moisture-resistant bio-based materials. One
promising direction is the development of moisture-resistant
bio-based materials. Advances in chemical modification and
hybrid structures may enable improved stability under humid
conditions. Additionally, scalable processing techniques for
nanocomposites must be developed to facilitate industrial
application. Ultimately, hybrid strategies integrating multiple
material approaches are required to achieve high barrier per-
formance while maintaining sustainability. Furthermore, bridg-
ing the gap between laboratory research and industrial
implementation remains the most critical challenge for the
field.

Acknowledgment

This work was supported by the High Value-added Food
Technology Development Program funded by the Ministry of
Agriculture, Food and Rural Affairs (RS-2026-25511270/
GA268500-01).

References

1. Geueke, B., Groh, K. and Muncke, J. 2018. Food packag-
ing in the circular economy: Overview of chemical safety
aspects for commonly used materials. J. Clean Prod. 193:
491-505.

2. Siracusa, V. 2012. Food Packaging Permeability Behaviour:
A Report. Int. J. Polym. Sci. 2012(1): 302029.

3. Aulin, C., Gillstedt, M. and Lindstrom, T. 2010. Oxygen
and oil barrier properties of microfibrillated cellulose films
and coatings. Cellulose. 17(3): 559-574.

4. Hubbe, M. A., Ferrer, A., Tyagi, P, Yin, Y., Salas, C., Pal,
L. and Rojas, O. J. 2017. Nanocellulose in thin films, coat-
ings, and plies for packaging applications: A review. BioRes.
12(1): 2143-2233.

5. Sorrentino, A., Gorrasi, G. and Vittoria, V. 2007. Potential
perspectives of bio-nanocomposites for food packaging
applications. Trends Food Sci. Technol. 18(2): 84-95.

6. Prasad, K., Nikzad, M. and Sbarski, 1. 2018. Permeability
control in polymeric systems: a review. J. Polym. Res. 25:
232.

7. Lavoine, N., Guillard, V., Desloges, 1., Gontard, N. and Brsa,
J. 2016. Active bio-based food-packaging: Diffusion and
release of active substances through and from cellulose
nanofiber coating toward food-packaging design. Carbohydr.
Polym. 149: 40-50.

8. Singh, P., Wani, A. A. and Langowski, H. -C. 2017. Food
Packaging Materials. Taylor & Francis, London, UK, pp. 1-
356.

9. Edo, G 1., Maft, A. N., Ali, A. B. M., Akpoghelie, P. O.,

20.

21.

22.

23.

Korean Journal of Packaging Science & Technology

Yousif, E., Isoje, E. F., Igbuku, U. A., Zainulabdeen, K.,
Owheruo, J. O., Essaghah, A. E. A., Umar, H., Ahmed, D.
S. and Alamiery, A. A. 2025. Advancing Sustainable Food
Packaging: the Role of Green Nanomaterials in Enhancing
Barrier Properties. Food Eng. Rev. 17: 573-607.

. Bharadwaj, R. K. 2001. Modeling the Barrier Properties of

Polymer-Layered Silicate Nanocomposites. Macromolecules.
34(26): 9189-9192.

. Maes, C., Luyten, W., Herremans, G,, Peeters, R., Carleer, R.

and Buntinx, M. 2017. Recent Updates on the Barrier Prop-
erties of Ethylene Vinyl Alcohol Copolymer (EVOH): A
Review. Polym. Rev. 58(2): 209-246.

. Blanchard, A., Gouanvé, F. and Espuche, E. 2017. Effect of

humidity on mechanical, thermal and barrier properties of
EVOH films. J. Membr. Sci. 540: 1-9.

. Niaounakis, M. 2015. Biopolymers: Applicationa and Trends.

Elsevier, Amsterdam, Netherlands, pp. 91-183.

. Li, H., Yang, L., Wang, Z., Liu, Z. and Chen, Q. 2019. Pre-

grafted Group on PE Surface by DBD Plasma and Its Influ-
ence on the Oxygen Permeation with Coated SiOx. Mole-
cules. 24(4): 780.

. Riaz, T., Zeng, X., Ye, X., Yu, T., Xia, Z., Khan, M. M,,

Ahmad, T., Kalsoom, A., Rauf, M. A., Ashraf, M. A., Riaz,
R., Jin, Y. and Fu, X. 2005. The Biophysics of Nanocellu-
lose Packaging: Linking Nanoscale Structure to Food Preser-
vation and Safety. Food Biophys. 20: 196.

. Fotie, G, Rampazzo, R., Ortenzi, M. A., Checchia, S., Fes-

sas. D. and Piergiovanni, L. 2017. The Effect of Moisture on
Cellulose Nanocrystals Intended as a High Gas Barrier Coat-
ing on Flexible Packaging Materials. Polymers. 9(9): 415.

. Rhim, J. -W., Park, H. -M. and Ha, C. -S. 2013. Bio-nano-

composites for food packaging applications. Prog. Polym.
Sci. 38(10-11): 1629-1652.

. Mulla, M. Z., Rahman, M. R. T., Marcos, B., Tiwari, B. and

Pathania, S. 2021. Poly Lactic Acid (PLA) nanocomposites:
effect of inorganic nanoparticles reinforcement on its perfor-
mance and food packaging applications. Molecules. 26(7):
1967.

. Hashemi, M., Adibi, S., Hojjati, M., Razavi, R. and Noori,

S. M. A. 2023. Impact of alginate coating combined with
free and nanoencapsulated Carum copticum essential oil on
rainbow trout burgers. Food Sci. Nutr. 11(3): 1521-1530.
Duda-Chodak, A., Tarko, T. and Petka-Poniatowska, K. 2023.
Antimicrobial compounds in food packaging. Int. J. Mol.
Sci. 24(3): 2457.

Sultan, M., Ibrahim, H., EI-Masry, H. M. and Hassan, Y. R.
2024. Antimicrobial gelatin-based films with cinnamalde-
hyde and ZnO nanoparticles for sustainable food packaging.
Sci. Rep. 14: 22499.

Tian, X., Chen, Z., Lu, X,, Mu, J., Ma, Q. and Li, X. 2023.
Soy Protein/Polyvinyl-Alcohol (PVA)-based packaging films
reinforced by nano-TiO2. Polymers. 15(7): 1764.

Liu, Y., Xu, H., Chen, Z., Xie, Z., Wen, H., Chang, X. and
Li, G 2025. Development of lily starch films reinforced with
chitosan-honeysuckle essential oil hybrid particles and cellu-



Vol. 32, No. 1 (2026)

24.

25.

26.

27.

28.

29.

30.

lose nanofibers for enhanced properties. Foods. 14(4): 589.
Cahyana, Y., Verrell, C., Kriswanda, D., Aulia, G A., Yusra,
N. A., Marta, H., Sukri, N., Esigapovich, S. J. and Abdu-
vakhitovna, S. S. 2023. Properties comparison of oxidized
and Heat Moisture Treated (HMT) starch-based biodegrad-
able films. Polymers. 15(9): 2046.

Al, M. M. Z., Mobarak, M. H. and Hossain, N. 2024.
Emerging trends in biomaterials for sustainable food packag-
ing: A comprehensive review. Heliyon. 10(1): e24122.
Singha, S. K., Hoque, S. M., Das, H. and Alim, M. A.
2023. Evaluation of chitosan-Ag/TiO, nanocomposite for the
enhancement of shelf life of chili and banana fruits. Heli-
yon. 9(11): e21752.

Upadhyay, P. and Ullah, A. 2024. Enhancement of mechani-
cal and barrier properties of chitosan-based bionanocompos-
ites films reinforced with eggshell-derived hydroxyapatite
nanoparticles. Int. J. Biol. Macromol. 261(2): 129764.
Hassan, D., Sani, A., Antonio Pérez, A., Ehsan, M., Hernan-
dez-Varela, J. D., Chanona-Pérez, J. J. and Huerta, A. L. T.
2024. The impact of nickel-zinc ferrite nanoparticles on the
mechanical and barrier properties of green-synthesized chi-
tosan films produced using natural juices. Polymers. 16(24):
3455.

Momtaz, F., Momtaz, E., Mehrgardi, M. A., Momtaz, M.,
Narimani, T. and Poursina, F. 2024. Enhanced antibacterial
properties of polyvinyl alcohol/starch/chitosan films with
NiO—CuO nanoparticles for food packaging. Sci. Rep. 14:
7356.

Hassan, D., Sani, A., Chanihoon, G. Q., Antonio Pérez, A.,
Ehsan, M. and Huerta, A. L. T. 2024. Environmentally sus-
tainable and green polymeric method for chitosan (CH) film

31.

32.

33.

34.

35.

36.

High-Barrier Food Packaging Based on Mono-material and Natural Materials 69

synthesis using natural acids and impact of zinc ferrite
nanoparticles (NPs) on Water Solubility (WS) and physical
properties. Polymers. 16(24): 3466.

Momtaz, M., Momtaz, E., Mehrgardi, M. A., Momtaz, F.,
Narimani, T. and Poursina, F. 2024. Preparation and charac-
terization of gelatin/chitosan nanocomposite reinforced by
NiO nanoparticles as an active food packaging. Sci. Rep. 14:
519.

Cui, Y., Kundalwal, S. 1. and Kumar, S. 2016. Gas barrier
performance of graphene/polymer nanocomposites. Carbon.
98: 313-333.

Signori-lamin, G, Aguado, R. J., Putaux, J., Santos, A. F.,
Thielemans, W. and Delgado-Aguilar, M. 2025. Energy and
property trade-offs in nanocellulose production: High-pres-
sure homogenization at different processing consistencies.
Chem. Eng. J. 509: 161257.

Hwang, J. and Kim, D. Recent Advances in TEMPO-oxi-
dized Cellulose Nanofibers and Regenerated Cellulose Films
from Food by-product Biomass: Mechanisms, Properties, and
Applications. J. Korea Soc. Packag. Sci. & Tech. 31(2): 115-
125.

Herrera, M. A., Mathew, A. P. and Oksman, K. 2017. Bar-
rier and mechanical properties of plasticized and cross-linked
nanocellulose coatings for paper packaging applications. Cel-
lulose. 24: 3969-3980.

Ferrer, A., Pal, L. and Hubbe, M. 2017. Nanocellulose in
packaging: Advances in barrier layer technologies. Ind. Crop.
Prod. 95: 574-582.

F31: 2026.04.13 / AAEE: 2026.04.20 / AAEA : 2026.04.24



71

ME[) PREIEK SI7E 2 2T 98 [Nm

L AFEIA 5 BA Pl s FFEY 8
o it visigle] By 23 s9lzte) TE AT
9 gt S 8aT) W, 34| AEAlt Mmlo
N U =R Fe AR 5 2397E dol2 o
pAole] EuE TE Al ARomN WE
517 oh]g Zololok Stk ¥, 249 ool ach
wEe] £ dAE o] Bald] wAd 3g A4

= MS wordyg QIEM § Ex oMds FaiA A
FAZ F dtker Al 143 3x).

= [e} - 37 o]
U ITA S ol S =

iy
S

o AANS HES = Aok

L EES AE, A% B8 YRoE A gy
39 Aeele BE Hgo] Fieom 2 ofof 3
TR AMge F3ht dvE 3= AvAi(double space)
Yz 2A2E@EE EE MS word)E 23 wdg
Fargtt

e R e

(D) A=, AR, A7l 3 T4
- 93 HEA AE, AR, AF7HE S5 B

T wo® HAISHY T shtel] Al Es} Ak

o
S #7135} FAALe}E Adro] thE A7te] 739
= AR vl 3R A2 FEEES gt
- WAIA 2K (corresponding author)2] ©]E 930l $13A}
2 *5 Ak Ho|A] it A&7, T4, Hs)
S faxHE 2 Email F4AF IO 2 #7|3H}
AR B e AR o #78kaL, oY
T2 AR &% A7lde] de 4 sl AR
25 AF7E olF dF Aol Azt sigE=

AR AR FEEES g
105te] oJuje] ©=A]E (running head)yS AR A2
e e 2R, JolrmtS Foj= Arg
() 89
- Y A YEES(Abstract)S FESIL S
8RS Bl £EIT G 252 200¢] Wl

©)

4

20053 4¢ 19 AF
20073 8¢ 17¢ JHA
2008 119 25¢ 71

S}, ) olle] AE MQlo}(Key words)E HEZ

= thgel A,

=] Eito] HE9l 7d9olli= Abstract(Fw), A1, Al
59 A, Ae g ) gofF JAEd o' 2
She A2 92oz o, =Fe EAd| we gelg
739-oll= Abstract, Introduction,
Materials & Methods, Results & Discussion, Conclusions,
References <=0 W2+ 71 9222 gt} 1Ak
Z(Acknowledgement)©] U= A-goll= FaEd
o] =3},
e T o] B ¥RIE A2Ho R 7]esic)
A E

AFE 2w

HO

1_11

oo Rl
M Ho TJj
T
@ B =
il

rlo

]

!

o

0,

ofo
( rﬂ

rj)z

=

fu

:(,){5

oft

e

-

oo d
o
o
=}
o,

wo, >

S Hojsly ZEe =4 e
EAY -Kim¥} Lee=... Kim 529., o|¢}
e, LolFelRl bk A,
J %93 - Paine and Shin" reported..., Park et
al?) stated.. ..has been developed®.

Ho| SR e A, FWAE, =
, A, AFET), 7 o=, daliont
Ao Ae= AR, ERdE, A9, HHAL, A,
g, S 2AA], ] wo' i)slofof
FE A = Qv AR A,
sk i R e s B Z B B N
(ISI Journal Abbreviation)ol|A] &ist AL
Jolo} g}, SHEASBAE HEG 7 3

2

o

NG
)
o

Y Mo d

ni)

o i o
- g*zn’._,o

;

o,
o Ot 5L
[
%
fr

E

d

N
d
g

{1

A

of



72

Aol A"

o] 712

o)

A7\

1. Lee, M.H. and Park, J.M. 2000. Experimental
investigation for flexural stiffness of paperboard-
stacked structure, Korean J. Packag. Sci. Tech.
7(1): 9-15.

- A

2. Twede, D. and Goddard, R. 1998. Packaging
Materials. Pira International, Leatherhead, UK,
pp. 193-203.

- B

3. DeLassus, PT., Brown, W.E. and Howell, B.A.

In: The

Wiley Encyclopedia of Packaging Technology. 2nd

Ed. Brody AL. and Marsh K.S. (eds.), John Wiley

& Sons, New York, USA, pp. 958-961.

Seohs] =R

4. Choi, YW, Lee, SY. and Kim, J.N. 2008.
Development of the functional

1997. Vinylidene chloride copolymers.

films coated

with nano-TiO, particles for application in

food packaging. Proceeding of 16th ITAPRI

World Conference on Packaging (International

Association of Packaging Research Institutes),

Bangkok, Thailand, pp. 143.

GLO]l‘_r:.‘.,__

5. Song, Y.S. 1995.
transpiration in a modified atmosphere packaging
system containing blueberry and moisture absorbent.
Ph.D. Dissertation, Rutgers University, New Brunswick,
USA.

5]

6. Lee, D.S. and Jeong, S.K. 1998. Container
for storing kimchi. US Patent 5766660.

Modeling respiration and

i

- BE e BEsH Adsta 7 Wl 1l dole

hxgk & ofgfel OWE Xéfﬂo}@l
e okgpHlol A2 dE WS
Fojslefor &t} (o : Table 1.)

Fl

mlm

- 1%19] %].‘_Lo_ ?_iﬁj\] 7]—&4 710]7]- 69cm =
148011’17]‘ E]Tj[»— 7}\% ._,_.oﬂ T 7]H:!__o] ZJ'/HTS’]—
ojof gt} RE a3 O]-a]-a o} £x1E dHEWE

(

= olof dit, w

10.

11.

12.

13.

14.

N g

S

fn o
>~

>

o

fo rz HH B 1S i

HI‘EFW&FEF

>iur$mi‘%

Egﬁﬁmrﬂ
. 8 -

El‘a)iﬁdlgﬁ

. g B
2 = ot >

?@E>~E"’gf;

T

By L

T o N O

A

o, 2

'L 2

rﬂt;—ﬁ

ox of

Eu

S N

N

2

]
o
rot
k)

BN
>, L
N

BHAA3] 0] Fle Lojof gt
AelE o] MApargo] e

84 delEplel A 52 Al A ol
N A%, A Bad QAR AT 5L 2%
& 5 9, A ole] Waslelof Bk

ARagel B At $714Y Ee A AL of
8] QAL AprHo] WAL A1 el w3
=S Syalop Bt TSolsle] ARy mRI
A7A B Aol As, B2 Ee AU
71 A7) Aetslelol gk BRAATES A%
24 v AN 2e 93] AAE e 5=
NG & ek,
AFEANI = e ofel
Fold + Ut
(1) B2 ES A2

ol P==sAY,
(2) & E-mail(editor@kopast.or.kr)

mlo

WS EEl ol

-

Fae] 58] Foig

H&le] R



Guideline for Authors

Original manuscripts containing new significant results in
the fields of science and technology for packaging, and
not published or not scheduled for publication elsewhere
will be considered for publication of Korean Journal of
Packaging Science and Technology published by Korea
Society of Packaging Science and Technology. Reviews
and manuscripts based on preprints from conferences may
also be accepted. The copyright of the published article
belongs to the author(s). All manuscripts will be refereed
by two or more members of the KOPAST Editorial Board
who make a critical appraisal of the substance and structure
of the paper and recommend whether it should be
published taking into consideration what is already published

in the literature on the subject concerned.

Manuscript Preparation

The manuscript should preferably be submitted by e-mail
or by other electronic copy. Figures and tables should be
supplied on separate pages. KOPAST is published in black
and white, but only if asked by related authors, the relevant
papers may be published in color with the payment of actual

expenses.

English Language

The manuscripts must be written by MS words in good
English, linguistically revised. The font style should be
Time New Roman. Either American or British spelling may
be used, but consistency is desired.

Title, authors and headings
The title must be short but shall contain essential information.
It should not contain abbreviations. Authors' names and
affiliation follow the title.
Headings, sub headings and sub-sub headings should be
written as follows;

Introduction

Materials and Methods

1.

Abstract

The summary at the beginning of the paper should be
informative, not merely indicative. It should state briefly
the purpose of the work, the significant results and conclusions.

73

It should be no more than 200 words. Abbreviations

and acronyms should be avoided.

Keywords
Keywords should be given to help abstracting services
to classify the paper.

Address(es) of the author(s)
Addresses (including corresponding author's e-mail) at the
time of the publication are given for each author in a

footnote.

Introduction
State scope of the problem investigated, review of pertinent
literature, method of investigation, and the aim of the

work.

Materials and Methods
Give full details of all the experiments, so that they

can be repeated. Results should not be reported here.

Results and Discussion

Representative data shall be presented. Methods shall
not be described here. Discuss principles and relationships,
pointing out exceptions. Show agreement with published
research work. The significance of the work or conclusions
should be presented in the end of the discussion or in a
separate section.

Mathematics

The SI system (metric system) shall be used throughout.
Each equation should be set on the separate line and
numbered with square brackets ‘Eq. [X]’. Use arabic
numerals. All mathematical symbols must be explained.
Tables

Wherever tables are mentioned, write ‘Table X’. A
short heading should be provided for each table. Tables
should be consecutively numbered with arabic numerals
like ‘Table X’. Units should preferably be given in
column headings. Use capital letters sparingly.
lllustrations

Wherever figures are mentioned, write ‘Fig(s). X .
Figures should be consecutively numbered with arabic
numerals with a short heading. The lines of the figures,
on separate sheets, must be sufficiently heavy to be
readily legible and the letters and symbols sufficiently

large. The minimum resolution of pictures must be 300



74

dpi (10cm width). Units should be given on the axes.
Photographs must have good contrast when printed. Magnification
of photomicrographs must be indicated e.g., with a scale

line.

Conclusions
The conclusions of the work should be clearly stated in a

separate section.

Acknowledgement and Appendix
Special thanks and information can be given as an
Acknowledgement and Appendix.

References
References should not include unpublished works. They
should be indicated in the text by numbers in parentheses
and the order of the numbers must be the order in which
they appear in the text. They list must be in numerical
order. They style to be used is exemplified by the
following :
- Periodicals
1.Lee, M.H. and Park, JM. 2000. Experimental
investigation for flexural stiffness of paperboard-
stacked structure. Korean J. Packag. Sci. Tech.
7(1): 9-15.
- Book
2. Twede, D. and Goddard, R. 1998. Packaging Materials.
Pira International, Leatherhead, UK, pp. 193-203.

- Edited book
3. DeLassus, PT., Brown, WE. and Howell, B.A. 1997.
Vinylidene chloride copolymers. In: The Wiley
Encyclopedia of Packaging Technology 2nd Ed.
Brody A.L. and Marsh K.S. (eds.), John Wiley &
Sons, New York, USA, pp. 958-961.
- Conference proceeding
4.Choi, Y.W. Lee, S.Y. and Kim, JN. 2008.
Development of the functional films coated with
nano-TiO, particles for application in food packaging.
Proceeding of 16th IAPRI World Conference on
Packaging (International Association of Packaging
Research Institutes), Bangkok, Thailand, pp. 143.
- Thesis
5. Song, Y.S. 1995. Modeling respiration and transpiration
in a modified atmosphere packaging system containing
blueberry and moisture absorbent. Ph.D. Dissertation,
Rutgers University, New Brunswick, USA.
- Patent
6.Lee, D.S. and Jeong, S.K. 1998. Container for
storing kimchi. US Patent 5766660.

Submission of paper

Papers may be submitted directly to the society office as
follows :

Korea Society of Packaging Science & Technology

#007, 9F, 441, Gangnam-daero, Seocho-gu, Seoul, 06612,
Republic of Korea

TEL : 82-2-6257-9477

E-mail: editor@kopast.or.kr



75

mE (ADBIREFOR| 44 mm

1. Bt5|oHH 2. &3 a4
1.1 SSIZH0|X| QHH: https://www.kopast.or.kr HF Al AE7FsE S 913 K-Packaging®] A
%6?3;‘232;2 2}:‘)] Jjﬁﬁﬁgfg ;ifrqi“ U;ijjg;é 2)e A]:2026. 03. 31(3}) 13:30 ~ 2026. 04. 01(F) 18:00
o] HhEA] BASES ThA) EA|E Bl 3 A ZEE A A 2T AR 21235, 2135
H5 HAhI=EEEs
1.2 B3| A3|H| QK 5) FEFH (AHE=EHEAES], AhdeRl=H A7 Y 2 H,
TA34d 500,0009 | 4 3] ¥ 50,0009 AHZFETE AT, S AR A A AT
el 3] A [3,000,0008 o3~ | A B QA 20,0009 6) % 9 dFEANGIIAEATY, A EH (F), (F )R
% ZAB|YL o|alEle] ol & 71elo] s3] 318l (Fy AR, A7 71EE B H 29
% AFPAT: T3 302501-04-266761(<25F: I=EHSS]) g
NZ2 1Y
% 3/31 (TUE)
13:30~14:00 5= (Registration)
7113]2] (Opening ceremony, AlR|LHA 2125)
AR gIR] D (FEAA )
14:00-1420 NSIAL 57 3 e+ X371 2 9193])
A A7 A (S 2 ARG EAITTAIZR
ARIESY
S A X3 7)1 AH BEE
Ay 2123 2 (Chair): $FIX] B3 S=EA1A7L)
14:20~14:50 | Lecture 1: EU PPWRO| th-$shs d=1% A F2AIT (K-PPWR) 3 (Wt 37, 71318745 2041285}
14:50~15:20 | Lecture 2: TIAEAIFAA (DPP) Alt, X133 #7]7g2] A%k A2 (o]he}t A%, d=33a+d)
15:20~15:50 | Lecture 3: $F=<] AYLF AN o)Al =Y 2 F9AY &334, =233
15:50~16:20 | Lecture 4: PPWR & AR5 &34 (FUA A9, =714 8233/ 07
T EE
A 2128 | 23 (Chair): 483 24 (Eyish)
16:20~17:00 | F3 E&(FA: 229 3137 71 Al W2 719 o d=) EEAF: A, &, A A2t
17:00~ P | %7 SRR 2187 71 ZL9193)
% 4/1 (WED) 09:00~18:00
09:00~18:00 52 (Registration)
7113]24] (Opening ceremony, AlFJU 2125 & 213%)
AR : SRE FA0lA) (SEEHE] )
WAt frobd (== )
SFAL PAFE 24 (aUZE AT
09:30~10:00
At oPE FG (AL GRAANEATH)
A At (A7 7 173 FA A 531
ZAIEA gAY 2AY TN (FHELTE])




76

53 AA
AHUHE 2123 & 2135 27 (Chair): X153 5314 (=23 3H3] )
10:00~10:30 | Plenary Lecture 1: 2)3%-8 E2]4 AYLF AR SIS 98t 22 53 ) 712 +49] ¥l s v, 33iska)
10:30~11:00 | Plenary Lecture 2: HZe} ] BEEAA)] A 53 /M 244 a3 (FAY 31, =A93piags])
11:00~11:30 | Plenary Lecture 3: AF4=3he B3 ARSI ghA A% asje) wigE /it I84 T ¢, 1dZeegad)
11:30~12:30 LUNCH BREAK & ESGAI&7Fs #7|14=lo] A|8] e
12:30~13:30 Poster Session
A Ay 2125 Anua 213%
Session A-1: X&7Fs3t Hj714& 913t F2H 4] ts 2 BaTH Session B-1: A28 BhAest 9 A7)
71 A G SHAANEIANHATY) (Fed  IRSERREAH, IATY)
2 AP B EEAAAESEAIEATY) 24 FER BEA(FITI)
13:30~13:50 2= ZYE /N AT | PET 31818 Aeg 7|&e] 93 9 A%
’ ' %tﬂe fﬁ{ﬂ%ﬂ, AN GIAA T ATY) (A8 1AL, SKARIY)
13:50-14:10 | EHA FRE w204 2P 3 AR} gk A Al5F PET A48 LSP W3} 7]
' TR AEE, AR (PR dE, i T&C)
14:10~14:30 | 2FF ¥ 23k ESG the-2 913k 43 eplol 93 A8 Vs S 9% = 7199 1 oie
' T 1R o, gixlskeh) (Yt o=, oﬂﬁ 121)
14:30~14:50 COFFEE BREAK
Session A-2: SF} =3RS ol= X3 3 A Al Session B-2: Hlo| 7|9k AH3) | E7 &
G 2] ok 2 &) -3 E993)) (Fed  RSERREAH, IATY)
g 297 WA (EEAEAT) 2 S A elwzE)
14:50~15:10 | 15 7]"?_ F X 2AEA dEEol AR 02e] 3-8 Mg | Green Lab to Market: W01 Q710 224 3 A3 Al
' e 2, %‘J‘Mf&ﬂ) (0149 g, s4AVA)
15:10~15:30 OLEU J’}‘T‘X]o] ti:‘l 2% Jo ZH%'Q' 71519’]' -] PHA 7]‘:‘]' ;(].’317]-%‘- AE'E‘B‘H “‘}—5“?“‘5
' T AMEE w, ﬁ*ﬂlﬂ@ﬂ) (13- 8%, cIAIgAD)
15:30-15:50 | =L el SRS ©018d A PLA EH2A AT AEEPIZE T A2 B3 vlo]erisst A% Al
’ T MES w, ek e b, ARlF)
15:50~16:10 COFFEE BREAK
Session A-3: A&7 st AHS AAlsle K-A714 YAl &% Session B-3: A1 ¥4A|E Alg|e} 3
G TR S S93)) e IR EAY, 1dIT)
2 57 W (WA dlETEa ) 2 IR dlE el=o )
16:10~16:30 | "OOBEs el £ AZAL Hluo] 2= o717 tA-] PPWR: PFASTA tS 43 7199 F4] &3 4 B
: U AR AduiAleY ) (Mr. Ludwig Gruber, T8 3 A74r) (531 744, 22kl AoleH)
218400, of 1 Al - AT A ooz Bz ]
. . i_° I, < 7t - 257 R Fe g9 o= wejst PET-IMLRIEE A3 ) A8 54 A3t =9 Ze|nd 971y +4
16:30~16:50 | = w714 TRl S ol 3
(S e, 2UFYATL) (R ot wRels)
16:50~17:10 | o2 A7l Ao & K71 vA1e] Wk WS ALY (RTDRY )] wxl=bg 2 3o ze] =oF
' T | @98 diE, BaguFo) FA9 ulE, s3¥i)
17:10~17:30 |- @ Q1T 2 22 £F S wole AR 7IE
' ' (Fei i, 29 22)
AT 54, AP
17:30~18:00 AR Sl o)Al (B )

ChEFERE] 9A%S




3. Als|e|

3.1. M 1%t &7| o|ALE]

Al 12026. 01. 13(3}), 17-18%]

A EX 7&—1/1»7431‘21)\% =) gg].o] (Zoom)

7 TP A QAL 26 oA AE B, 261 ALY

1 o ruQ

@
O ?

A= B ell2k(]h), 25t Aqt B, 71E k8]

=1} O;

i'\%éﬂo}‘i T

(e}

3.2. M| 2t &7]| o[Alg

O Y Al :2026. 02. 11(F), 17-18%]

O & £ ExZuusd 9@ 281 (Zoom)

O ¢t A :26d o\ A% B, sk W3 AL}, =57 &)
3] 2 9 FH), 71Er 8] @ 9 2] ikl =9 B

3.3. M| 3% A7| o|ALE]

O 9 Al :2026. 03. 17(3}), 17-18%]

O % 4 Ex7sasy 9 22K1(Zoom)

77

© St A : B 1 AR, 3 5 Sl 37 % 2], 8
Al AR, 71} 318 W 2 29 Wek =] 5

4. 2026 sF=2AkElS| Hols|ed

O EAslEL, AN, A, o] A n|Z, F2] 3] A}
27, FEAAR 011*0}01 B MES T,
A7 71673 B 904 FEw3

5. ZAlE| =2 Smohl

O FFTAATAE T4 2 /1] BAR YT FAE
UE ATER, ATE, 34 5o =ES AAE AR A4
shal dFUTh =RRae g3 S5 o)A (https/www.
kopast.orkr)®] [EEFI/RIRI=EFIL] WA 2=
A 7y Th

o 9
E-mail: kopast2021@gmail.com
Tel: 02)6257-9477


https://www.kopast.or.kr

	01.01-06(2025-1000007)
	*Corresponding Author: Ah-Na Kim Smart Manufacturing Research Group, Korea Food Research Institute, Wanju 55365, Jeonbuk-do, Republic of Korea Tel: +82-63-219-9494 E-mail: kimahna@kfri.re.kr
	인공지능을 활용한 밀키트 포장 방법 및 재질 분류 모델 개발
	김태형 · 권기현 · 김아나*
	한국식품연구원 스마트제조연구단

	Artificial Intelligence Based Meal-kit Packaging Method and Material Classification Model
	Tae Hyong Kim, Kihyun Kwon, and Ah-Na Kim*
	Smart Manufacturing Research Group, Korea Food Research Institute, Wanju 55365, Jeonbuk-do, Republic of Korea
	Abstract This study proposes an artificial intelligence (AI)-based multi-output artificial neural network (ANN) classification model capable of automatically predicting optimal packaging methods and materials based on product characteristics. A total...
	Keywords Artificial intelligence, Neural network, Meal-kit, Packaging, Automation
	서 론
	재료 및 방법
	결과 및 고찰
	요 약
	감사의 글
	참고문헌







	02.07-15(2026-0000001)
	*Corresponding Author: Jongkyoung Kim
	199 Gasandigital 1-ro, Korea Conformity Laboratories. Seoul, Korea Tel: +82-10-9397-5344 E-mail: logiscodi@naver.com
	EU PPWR 규정에 따른 지속가능한 패키징 생태계 구축을 위한 고찰
	김미경1 · 김종경2*
	1대한민국 친환경패키징포럼위원회
	2한국건설생활환경시험연구원

	A Study on Building a Sustainable Packaging Ecosystem in Response to the EU PPWR Regulation
	MeeKyung Kim1 and Jongkyoung Kim2*
	1Korea Sustainable Packaging Forum Committee 2Korea Conformity Laboratories
	Abstract The European Union (EU) Packaging and Packaging Waste Regulation (PPWR) significantly impacts global enterprises supplying products to the EU market. Requirements such as modifying packaging designs, securing recycled materials, restructurin...
	Keywords EU Packaging and Packaging Waste Regulation (PPWR), Design for Recycling (DfR), Circular economy, Environmental regulation, Sustainable growth
	서 론
	본 론
	고찰 및 결론
	요 약
	감사의 글
	참고문헌







	03.17-25(2026-0000002)
	*Corresponding Author: Seong Moon Cho
	Korea Environmental Industry and Technology Institute Tel: +82-2-2284-1940 E-mail: smcho@keiti.re.kr
	포장재 표시사항을 중심으로 한 국내 그린워싱 실태 분석 연구
	조성문*
	한국환경산업기술원

	An Analysis of Domestic Greenwashing Practices Focusing on Packaging Labels
	Seong Moon Cho*
	Korea Environmental Industry and Technology Institute
	Abstract As environmental, social, and governance(ESG) management has become a central corporate strategy, consumers increasingly rely on environmental information when making purchasing decisions. Packaging labels, as the most immediate point of con...
	Keywords Greenwashing, Packaging Labels, Environmental Claims, Consumer Trust, Sustainable Consumption
	서 론
	본 론
	결 론
	요 약
	참고문헌







	04.27-34(2026-0000003)
	*Corresponding Author: Jae Young Oh
	Korea Conformity Laboratories, 199, 1st Gasan Digital Road, Gumcheon-gu, Seoul, 153-803 Korea
	Tel : 02-2102-2605
	E-mail : jyoungo@kcl.re.kr
	환경부하 저감을 위한 택배 수송용 연성포장의 포장공간비율 대체 방안 연구
	오재영1,2,* · 김혜림1 · 유찬종1 · 김승돈1
	1한국건설생활환경시험연구원 2한국포장학회

	A Study on Alternative Approaches of Packaging Space Ratio in Flexible Transport Packaging for Environmental Load Reduction
	Jae Young Oh1,2,*, Hye Rim Kim1, Chan Jong Yu1, and Seung Don Kim1
	1Korea Conformity Laboratories 2Korea Society of Packaging Science & Technology
	Abstract Due to the rapid transition from traditional cardboard boxes to disposable plastic film packaging in e-commerce parcel transportation and the corresponding increase in their use, a method for measuring the packaging space ratio of flexible p...
	Keywords Plastic Bag(PB), Waste Reduction, Packaging Waste, Parcel Delivery, Packaging to Product Ratio
	서 론
	실험방법
	연구 결과
	고 찰
	참고문헌







	05.35-43(2026-0000004)
	The Role of Palladium Carbon Quantum Dots on UV-Blocking and Antibacterial Properties of PVA Nanocomposite Films for Food Packaging
	Mohammadreza Jozaghkar, Sehyun Jin, Jamilur R. Ansari, and Jongchul Seo*
	Department of Packaging, Yonsei University, 1 Yonseidae-gil, Wonju, Kangwon-do, 26493, South Korea
	Abstract The development of sustainable and active food packaging materials with multifunctional properties has become increasingly important to enhance food safety and extend shelf life. In this study, palladium-based carbon quantum dots (PQDs) were...
	Keywords Palladium Carbon Quantum Dots, Polyvinyl alcohol, Antimicrobial Packaging, Multifunctional Packaging, UV Shielding
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusion
	Acknowledgements
	References
	*Corresponding Author: Jongchul Seo Department of Packaging, Yonsei University, 1 Yonseidae-gil, Wonju, Kangwon-do, 26493, South Korea Tel: +82-31-760-2697 E-mail: jcseo@yonsei.ac.kr






	06.45-52(2026-0000005)
	*Corresponding Author: Jun Tae Kim Department of Food and Nutrition, Kyung Hee University, Seoul 02447, Republic of Korea Tel: +82-2-961-9408 E-mail: jtkim92@khu.ac.kr
	생강 껍질 유래 아연 도핑 탄소점을 함유한 카라기난 필름의 비교 연구
	정윤1 · 안효진1 · 김준태1,2*
	1경희대학교 식품영양학과 2바이오나노컴포지트 연구 센터

	Comparative Study on Carrageenan-Based Films Incorporating Zinc-Doped Carbon Dots Derived from Ginger Peel
	Yoon Jeong1, Hyo Jin An1, and Jun Tae Kim1,2*
	1Department of Food and Nutrition, Kyung Hee University, 26, Kyungheedae-ro, Dongdaemun-gu, Seoul 02447 Republic of Korea 2BioNanocomposite Research Center, Kyung Hee University, 26, Kyungheedae-ro, Dongdaemun-gu, Seoul 02447 Republic of Korea
	Abstract In this study, zinc-doped carbon dots (Zn-GPCDs) were synthesized using a hydrothermal synthesis method with ginger peel waste and applied to a carrageenan-based active packaging film. FT-IR spectroscopic analysis revealed that the Zn-GPCDs ...
	Keywords Upcycling, Ginger peel, Carbon dots, Zinc doped, Active packaging
	서 론
	재료 및 방법
	결과 및 고찰
	요 약
	감사의 글
	참고문헌







	07.53-60(2026-0000006)
	*Corresponding Author: Jun Tae Kim
	Department of Food and Nutrition, Kyung Hee University, Seoul, Korea
	Tel: +82-2-961-9408
	Email: jtkim92@khu.ac.kr
	식품용 대용량 기구∙용기의 용출 시험법 개선 연구
	이정훈1 · 이진규1 · 안혜정2 · 김준호2 · 김준태1*
	1경희대학교 식품영양학과 2한국건설생활환경시험연구원

	Research on Improving the Migration Test Method for Large-capacity Food Equipment and Containers
	Jung Hoon Lee1, Jin Gyu Lee1, Hye Jeong Ahn2, Jun Ho Kim2, and Jun Tae Kim1*
	1Department of Food and Nutrition, Kyung Hee University, Seoul, Korea 2Korea Conformity Laboratories
	Abstract According to current standards of the Ministry of Food and Drug Safety (MFDS) of Korea, migration tests for food containers are required to be conducted by filling the container completely with food simulants. However, for large-capacity con...
	Keywords Migration Test, Large-capacity Containers, Alternative testing methods, Food safety management, Tiered approach
	서 론
	재료 및 방법
	결과 및 고찰
	결론 및 요약
	감사의 글
	참고문헌







	08.61-69(2026-0000007)
	Recent Advances in High-Barrier Food Packaging Based on Mono-material and Natural Materials
	Youngjin Cho*
	Food Safety and Distribution Research Group, Korea Food Research Institute, Wanju 55365, Republic of Korea
	Abstract The transition toward sustainable food packaging has intensified over the past decade, driven by regulatory pressure and environmental concerns associated with plastic waste. The increasing demand for sustainable food packaging has driven si...
	Keywords High-barrier Food Packaging, Mono-material, Natural material, Nanocomposites, Sustainability
	Introduction
	Barrier Mechanisms and Structure–Property Relationships
	Quantitative Barrier Performance and Trade-offs
	Mono-material Systems: Recyclability vs Barrier Performance
	Natural Materials: Nanocellulose as a High-Barrier Benchmark
	Nanocomposite Systems: Bridging Performance Gaps
	Coating Technologies: Toward Industrial High-Barrier Solutions
	Paper-Based and Fiber-Based Hybrid Systems
	Industrial Challenges and Scale-Up Limitations
	Sustainability and Life Cycle Assessment (LCA)
	Conclusions
	Acknowledgment
	References
	*Corresponding Author: Dr. Youngjin Cho
	Food Safety and Distribution Research Group, Korea Food Research Institute, Wanju 55365, Jeollabuk-do, Republic of Korea
	Tel: +82-63-219-9428
	E-mail: yjcho74@kfri.re.kr






	09.71-74(뒤01-투고규정 및 원고작성 요령(4p)
	한국포장학회지 투고규정 및 원고작성 요령
	Guideline for Authors


	10.75-77(뒤02-학회소식(2p)N (1)
	(사)한국포장학회 소식

	07.53-60(2026-0000006).pdf
	*Corresponding Author: Jun Tae Kim
	Department of Food and Nutrition, Kyung Hee University, Seoul, Korea
	Tel: +82-2-961-9408
	Email: jtkim92@khu.ac.kr
	식품용 대용량 기구∙용기의 용출 시험법 개선 연구
	이정훈1 · 이진규1 · 안혜정2 · 김준호2 · 김준태1*
	1경희대학교 식품영양학과 2한국건설생활환경시험연구원

	Research on Improving the Migration Test Method for Large-capacity Food Equipment and Containers
	Jung Hoon Lee1, Jin Gyu Lee1, Hye Jeong Ahn2, Jun Ho Kim2, and Jun Tae Kim1*
	1Department of Food and Nutrition, Kyung Hee University, Seoul, Korea 2Korea Conformity Laboratories
	Abstract According to current standards of the Ministry of Food and Drug Safety (MFDS) of Korea, migration tests for food containers are required to be conducted by filling the container completely with food simulants. However, for large-capacity con...
	Keywords Migration Test, Large-capacity Containers, Alternative testing methods, Food safety management, Tiered approach
	서 론
	재료 및 방법
	결과 및 고찰
	결론 및 요약
	감사의 글
	참고문헌










