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A study on the Energy Efficiency Method of A Low Temperature
Logistics Warehouse Through Controlling Chiller System Control based
on Artificial Intelligence Algorithm

Kyung Hoon Jang and Jae Young Oh*

Korea Conformity Laboratories

Abstract  As the demand for cold chain logistics for the distribution of fresh food or medicine increased, the domestic cold
chain logistics center increased rapidly. Due to the nature of managing low temperature, cold chain logistics requires a lot
of energy consumption. In order to cope with the rise in global energy prices and carbon neutrality policies, the establishment
of a platform for converting cold chain warehouses to energy efficiency and low energy consumption structures continues
to be required. In this study, we focused on the energy efficiency of the refrigeration system with the largest energy load in
the operation of the cold chain distribution center, and developed an energy management system operation model through
two Al-based refrigeration system control algorithms for effective energy reduction; 1) 3 dimentional temperature mapping
and unit-cooler control algorithm through Al learning; 2) Al based automatic defrosting algorithm. In order to verify the
energy reduction effect of this control system, it was quantitatively analyzed through experiments in an area of 100? chamber;
1) By applying 3D temperature mapping and unit-cooler control algorithm, unit cooler power consumption is reduced by
19.8% (from 65.85 kWh to 51.97 kWh for 12 hours) ; 2) By applying Al-based automatic defrosting algorithm, 48% reduc-
tion in defrosting power consumption (from 532.2 kWh to 271.9 kWh for 24 hours). In the future, it is expected to contribute
to reducing the national energy load and carbon neutrality by applying it to the actual cold chain distribution center.

Keywords Cold-chain warehouse, Low temperature logistics, Energy efficiency, Total energy solution, Al algorithm
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Table 1. Average annual energy usage per unit area by building use®

o . . Average annual energy usage
Building classification )
per floor area (kWh/m-)
School 150.2
Research Institute 471.7
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Communication 1,071.3
Apartment 126.2
etc 257.0
o Frozen 828.9
Logistics Refrigeration 473.6
warehouse
Ambient 176.0
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Fig. 1. Pilot Test Bed for Cold Chain Logistics Warechouse for Energy Reduction Experiments.
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Table 2. Development Algorithm for Energy Efficiency in Cold Chain Logistics Warehouse

. 1) 3 dimentional temperature mapping and unit-cooler . . .
Div. control algorithm through AI leaning 2) Al based automatic defrosting algorithm
Goal Reducing Refrigeration Energy by Al-based Unit-Cooler | Refrigerator energy saving by Al-based automatic defrosting
Control operation algorithm
Unit-cooler control algorithm based on multi-temperature An algg mh.m that tracks temperatqre change.s due to frost
. .~ . . _|formation in the heat exchange in the unit cooler and
sensor based real-time 3D volume temperature distribution . ..
manping aleorithm automatically detects when defrosting is needed to deter-
ppIng alg mine whether defrosting is performed
¥ Sensor Location wgesaoE Input ) OUtQUL
Concep s Input data m
(2 x 15 State)
z=6m Tanh
- 1 — M Output
z=4m (1 X 15 Action)
4y
Location of temperature sensor installation in freezer for | Qperation logic of Al-based automatic defrosting algorithm
unit-cooler control algorithm implementation for refrigerator energy saving
T o R sl i daElE Ao} Mk Ab HolA w7 RE @AMSL TS unit-cooler Ao] THEE
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Measuring temperature and power consumption

(for 5 seconds)

Modbus TCP

EMS system (Al computing system)

Deriving Setting temperature ‘

Modbus TCP

Unit-cooler controller

: Control using setting temperature

T

Time step =t=5,10,15 ...

Source

Preparing

]

@

Inferring
Replay buffer
Training
Logging o Local database ’

Fig. 2. Frame work of the continuous-DDPG algorithm for
unit-cooler control algorithm; amended from ref. 9.

Fig. 3. Workflow of the continuous-DDPG algorithm; amended
from ref. 9.
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Fig. 4. Model architecture of Al-based automatic defrosting algorithm.

t1 t2 t3 t14 t15 t16 t_target defrost
-23.5|-22.7|-22.4 -22.6(-22.6|-20.2| -20 0
-23.5|-22.7|-22.4 -22.7(-22.7|-20.2| -20 0
-22.81-21.9|-21.4 -21.9(-21.9|-19.5| -20 0
-22.81-21.8|-21.3 -21.8(-21.8|-19.4| -20 0
-23.2|-21.9|-21.4 -22.0(-22.0|-19.6| -20 1
-23.8|-22.6|-22.3 -22.7(-22.7|-20.5| -20 1
-23 [-22.1(-21.9 -22.2(-22.2|-19.8| -20 1
-22.41-21.6|-21.5 -21.7(-21.7| -19 -20 1
-21.81-20.9(-20.9 -21.1(-21.1]-18.2| -20 1
-21.21-20.4|-20.5 -20.6(-20.6|-17.6| -20 1
-20.8| -20 [-20.1 -20.2(-20.2| -17 -20 1

Fig. 5. Scaling process for data-set configuration.

Scaling

W(m>1 )N Wm1
W(m-1 )2 W2
A2 M O BT |
(m-1)3 Wis
(m-1 )ry Wmn
FCNN layer
=]
(o)
t1 t2 t3 t14 t15 t16 t_target defrost
0.00 | 0.00 | 0.00 0.06 | 0.06 | 0.06 0 0
0.00 | 0.07 | 0.04 0.05 | 0.05 | 0.05 0 0
0.04 | 0.07 | 0.09 0.07 | 0.07 | 0.07 0 0
0.11 | 015 | 0.22 0.17 | 0.17 | 0.16 0 0
0.11 | 015 | 0.22 0.17 | 0.17 | 0.16 0 1
0.15 [ 0.19 | 0.22 0.19 | 0.19 | 0.19 0 1
0.19 | 0.26 | 0.30 026 | 0.26 | 0.26 0 1
041 [ 041 | 039 040 | 040 | 0.40 0 1
0.63 [ 0.67 | 0.65 0.65 | 0.65 | 0.65 0 1
085 | 0.85 | 0.83 0.84 | 0.84 | 0.84 0 1
1.00 | 1.00 | 1.00 1.00 | 1.00 | 1.00 0 1




Controlled by a sensor inside
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Fig. 6. Test configuration for Al-based unit-cooler control algorithm verification.

Fig. 7. Pilot test bed & temperature sensor attached to main unit-cooler heat exchanger for experiments.
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W U AxE B4 o] 2x414 5 200 AAE A F71 N7hell e 24470 4] HFEe 5322 kWh
UEEFC] Input®Z AREE] S5k 739, e W 2% 2 gelsidin) whd Al A AN &4 SagE 28 A
= -10.01°C, ¥ &M AZHFL 51.97kWhZ YERST) A $H Fr= A7 R 271, 1o Wl 244]
71 Aol Al Ao AE gt A3 BE Aol 7 Bob A XS 13w FAekA] skt ald A
Hs=s Hg IYEE HIATE, 2304 200 KA E Y 2o AH)sle HAEe 271.9 kWhE 48%2] oy
Input®. 2 AMES| de5S e A7 7HE =2 o 2] Azpe] 7Fsde ERlskiTt
yA A7F 239(19.8%)y5 YERIThFig. 9 #=). Al 20 Hwdh7| A FAE = A 2 271dde AEs T
] 739 unit-coolerll 7HF 7HA A8 AlAjolH, A A7F Sl FA=Eo] Fin ¥ae=2] 9 I BA v
A e mE unit-cooler on/offr] &%= w3l 7P 1l AlZke] AFstar, Aels T A37gol 71&sE s €49
WA FF RSt thE QA = AR oy o] Z7}3le] Unit cooler Gw 370 F43 & W3}
T2E P 2 JFS R AoE AdsiGi AZEHOD W Fig 10-113 720] AJ&el] AL&-¥ Unit

cooler FW3t79] AL FA% 2= WHsl= ASEA] &3k

42 Al TH AHE M 2B F o #F A dwsy] 39 S FAVE S8 4%

A'E A} Unit coolere] W& &4 Al Hat &H] A 4] ol B atar Aol o] FA i ks 9w
2 11.3kWholH, 13] A S (20%) Al &M= Het olm, B3 AN $How Fr}s oA 4u|7) X3
YL 48 kWhE ERIsIlon, 7| F7] A & =1 HY IS gttt Al A A o duEE HE



8 Zde QM st kst S| A
FI| g2 Al A=
—~ 40 —~ 40
L L
o 20 o 20p
“g’ -20 “g’ -20
@ -40 &L 40t
50 + £ " 50 . " .
= 49 AH|Y|HZ| = 523.2 kWh = AH|0HZ] =271.9 kWh
2 b S by K Nt 48.0 % - E |
= 30 abo|Hz BE T 30 ‘1\““‘i“w‘w\‘\‘nMj‘\‘ i ‘
9] 9] | [
g 2 il | £
& 12 | | “_‘ | w“ ‘\H“ ‘w ‘,J:,H & 12 l“[“‘h‘”‘“ : ,‘,‘ ‘,; M | N\ “JJ‘JJ;\J‘H‘
0 6 12 18 24 0 6 12 18 24

Time (h)

Time (h)

Fig. 10. Energy saving effect by applying Al automatic defrosting operation algorithm.

40

20

Temperature (°C)

12
Time (h)

24

Fig. 11. Temperature change result of the unit cooler heat
exchanger during periodic defrosting operation.

s
Oz

>
X
~
£
=

Al 7]¥F Unit-cooler A|
A3} olgio} 2 AE2S ¥
-AR OE QA ARE 2EAM F o=
o2 sigsh=Alol wet oluA] AikEo] Adolstlor,
B Ao AE= Unit cooler?} S17%3H
Mg 71202 & 749 HH9 oyA] 3
AATE.
-APO R AMEE HEEE AQsi -10°C =1 =
AdA, 71 A& Al = 19.8%(71F 65.85kWh, 71&

2 Q

A& Al 51.97kWh)] oluix] 7t 835 It
Al 2Fs AP o daelE A8 mE Alg Ash o}
ot T AE8S dS T
-71E ERAEALY]
6314S 71E
-7 AE A A &
o] whE} 24417 Fet
ATt
-FHT A 71 5] AP & 2] b F 48%(7]
£ 5322kWh, 71& A& Al 271.9kWh)e] <A 7k
o] 7FsEE FRIsIGIT
B ATE B 4 Ade dATH12~24417h) A
olffo|m® 5 st 7)&e] A FHEE {8 A4
A 2 AA o F9 ERAIE e R e
W oz Azt S AE7I ash, o] Fa
A o] GE A =57 AH1Z=e] oy A] A
EE 571 oux] F3t A7 9 gAhFHlE 7%

2 7|dhed.

=

2o 27) Alaoled. A4
o o] ulasgry.
e FTHEAL,

=
-
gL 18 Qs o

IS

3
s
&

g0
o

-

F A9 re
[e]

2
A
ZAe =

B AT AEAET duAFa A N7
AR EHAIE 1 2021202080090)01 2] 5to] TS

03
Q!

o
L

1 ZAYRE, 2502 A & 3 7k, 2d o)z} HlERt 6
%, 2024.03.04.
2. FHlelovA] REAts, A5 B33 A2, v
ZeH] Fofof, 2024.
3. 9714, “iigt AR AE olvA Z&7hA
AR FA AT A5 BHILA], 2015.
. Lian Cui, Young-Joo Kim, Cheolsun Kim., “Estimation Model
of Electric Energy Consumption on Logistics Center Based

2

et A7,



Vol. 31, No. 1 (2025) QIERIS(AL 7[5 HSAIAR AU E Set M2EF7AE HUA 534t o4 9

[ =S4 [N

on Thermodynamics Theory”, Journal of the Korea Academia- 9. Jong-Whi Park, “Continuous Deep Deterministic Policy Gradient-
Industrial, 2015. Based Control Algorithm for Energy-Efficient Cold Storage”,
5. ERETHEAY, «<del EFIZIASEAS Hu~, Thesis for Doctor of Philosophy, Hanyang Univ., 2024.
2023, https://www.nlic.go.kr/nlic/fmComplex0010.action. 10. K.S. Lee, “What is Frost Formation”, &7]%3} W533 A
6. AR ZAAATY, “KEEI 2024 oURAF23%4>, #|253 243], 1995.
23, 2024. 11. KS. Lee, “dzg7] Fofxe] He]F FA9} A2|T FH
7. AT, oA B BRAA 21 ) 9] g 4B, AT SASIENE =R
B, FEF 51%74/3_,7_57]3447}\47 2()12 A, pp. 798-803, 2009.
8 HUE, A%, BT, SAIABIASG: EFRAE 53
< % o 2> gskdu]ysts] A 469 A7Z, pp. 14 19, 2017. FEOL: 2024.11.28 / AAAKRES: 2024.12.13 / AAEG: 2024.12.19






KOREAN JOURNAL OF PACKAGING SCIENCE & TECHNOLOGY

Vol. 31, No. 1 11~27 (2025)
https:/ /doi.org/10.20909/kopast.2025.31.1.11

=

—1
—

thghel= 21

Review of Recent Issues in Food Safety of Packaging Materials:
Regulatory Concerns and Scientific Findings

MeeKyung Kim*

Korea Sustainable Packaging Forum Committee

Abstract The food packaging industry plays a critical role in ensuring food safety, extending shelf life, and enhancing
convenience. However, as the industry has developed, concerns have emerged regarding the safety of packaging materials
and their impact on human health. This has led to scientific investigations and regulatory actions, particularly concerning the
migration of chemicals from packaging into food. New materials like biodegradable plastics and nanomaterials have intro-
duced additional complexity, raising questions about their long-term safety and the environmental impact. Regulatory bodies
worldwide have established frameworks to reduce health risks, but challenges remain due to regional differences in reg-
ulations and emerging technologies. Key safety concerns include the migration of harmful chemicals like bisphenol A (BPA),
phthalates, and polyvinyl chloride (PVC) from packaging to food, as well as the potential ingestion of microplastics. Major
countries, including the EU, the US, and Korea, have strengthened regulations to control these risks, focusing on harmful
substances and promote environmentally friendly packaging options. Scientific research has played a critical role in under-
standing the mechanisms of chemical migration and the health effects of these substances, particularly their impact on the
endocrine system and absorption by the human body. This paper explores six key areas of food packaging safety, reviews
the trends in regulations and scientific studies addressing these ongoing concerns.
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Table 1. Common chemicals in food packaging with their uses, health concerns, and migration conditions
Chemical Common use in food packaging Health concerns Migration conditions Ref.
Polycarbonate plastics, epoxy res- | Endocrine disruption, reproductive | Exposure to heat or acidic
Bisphenol A (BPA)|ins (food containers, bottles, can | harm, metabolic disorders, neuro- | conditions (e.g., microwaving, | 3, 4
coatings) logical issues can storage)
Plasticizers in flexible packaging De\'/e'lopmen'tal and. reproductlve Mlgrathn into food_, espe-
Phthalates . toxicity, particularly in children and | cially with fatty or oily sub- |4, 10
(plastic wraps, food storage bags)
pregnant women stances
Per- and Polyflu- | Water- and grease-resistant coat- | Cancer, liver damage, developmen-|, . . . .
. . . . . . | Migration into food, partic-
oroalkyl Sub- |ings (microwave popcorn bags, |tal delays in children, persistence in ularly ereasy or fatty foods 15, 16
stances (PFAS) | fast-food wrappers, pizza boxes) |the environment and human body Y greasy Y
Used in the-productlon of p oly- . Migration into food under
Styrene styrene plastics (food containers, | Neurological effects, cancer . .. 17, 18
. certain conditions
packaging)
Used in the production of ABS . .
. . . . . Migration into food under
Acrylonitrile | plastics (food containers, packag- | Potential carcinogen . o 18, 19
. certain conditions
ing)
Antioxidants and | Shelf-life extension and UV pro- Potentlal mlgratlon into food, par- M1grat10n into_food, espe-
L . . . ticularly with heat exposure or pro- | cially under heat exposure or | 20, 21
UV Stabilizers |tection in packaging materials .
longed storage long storage periods
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1.3. QSIS W oY LSt AN NE = 53 S WHsk] Sl A e 2ol E
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713 AF A A stk ol g Algke A e BxE AW AFAMY old) ARIZE BRAEJTH.
Haigdet. oleld HAS AFOR ol ShatEde] AL AnlAe] $ol thSle] HUATLS fold AF EA
Table 2. Global food packaging regulations, including key bodies, standards, and focus areas
Region Re%)lcl)l(zla;ory Key regulations Standards/Key focus Related documents Ref.
. - EFSA: Food Contact Mate-
European - Regulation (EC) No 1935/ -tsziiie?nz‘:/earlﬁtslon of food con-| -t Scientific Opinions
European | Food Safety 2004 - - Specific migration limits (SML) | - EU Begulgtlon (EC) No 10/
. . - Regulation (EC) No 10/2011 . 2011: Plastic materials in food | 6
Union (EU) Authority C Jati C for various substances
(EFSA) - REACH Regulation (EC) No | _ Authorizations for new sub- contact .
1907/2006 - REACH: European chemicals
stances .
regulation for safety
US Food and -io?diFgéufs and Cosmetic - Approval process for new |- FDA: Food Contact Materi-
. ood an ¢ . food contact materials als Guidance (CFR Title 21);
United States Drug - Code of Federal Regulations TP . ) . .
(US) | Administra- | (CFR) Title 21 -Migraton limit for specfic - FDA: FCS Noifications and | 7
tion (FDA) |-FDA's Food Contact Sub- fi‘;izseis)ces -8 BEA, plas fion S on chefical migra
stance Notifications (FCSN)
.. - Food Sanitation Act (FSA) |- Safety of materials used in |- MFDS: Official guidelines
Ministry of . . .
Food and - National Standards for Food | food contact articles and regulations
Korea Additives (NSFA) - Limits on migration of spe- | - KFDA: Packaging and migra- | 8
Drug Safety . . . :
(MFDS) - KFDA (Korean Food and Drug | cific chemicals (e.g., heavy | tion standards; Regulations
Administration) Guidelines | metals, phthalates, BPA) on food contact materials
p
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BPAG] Tj% Q7% olal AIPE AT ek M% FDA  Bo] AFe= olaiEe] AEIel FFE 1 & 3
= A% 9o BrAcl tF o122 FSIDAE, BPAE  Oml, SR A% AFe] B v uReA s
A eoldst e 54 ol ofds] Sse] Yok FF EHOR Q8| QA A% AV AT F U B,
AHE NE TN K7, A=, 0Us 2 4FOE  TUE AF, 53] P BASAL T3 2004 2
ZYolESL olshe Ao tHEE et AVHQND. & she AFS TN BAZ olojd & Ak IF Bo,
o ¥ TR 549 1Y ZaolE, 55 fAT W AFS SFuEolt T =3 ge 35 0
Felagold] wase TRUelEg FASEON ARy sl $AL Yo & Yov, ol TANE oY
A7k ol AR FreES et ok % ohjet 3
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H, F2, 9F, BEvlES 22 AwTt w2 AFEe] 4 o= Qg ofgfje] o] x=&d 4 oM =E7] fith
G AAg RS A9k o] 53] Fositt =2 At AR, qke AEe B A9 49 o we] 2
e Aol deArgste] AF kA, Bt 5 I T Utk dlE Sof, Ejdddoly SejagdY 22 &
7hl ded2 vE g Qo] AFe] FZo] Askd & vk 2 Als Algke] Al whet A Aol =EEHH
AErE =& AE 2 AEE B4, 24 sAS 8 wald o lem, 53] dojuy Yo =3d uf &3)H7]
SOk Al 2 % 71 WAl sl 2] AYsldinh. 4tk ol @ Relt 4 RAM £4% oold TE, o
3 2 AF) A FENF GHOE olod 5 A,
L4L T2 AES A BA) g, AP AES TR 0] HEAES HFS] Ful,
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Qorlu, 24 BRE thest 2 97 AS ZAT £ WS Yo F Yk dE Sol, B TgAE ww
Stk A, 54 A A BH0R sl ERAN  AEe) 9 waAIlE HWHA7ISRIE(VOCs) EE %
AFo R spetado] olgld ¢ Utk o= AFo] AZko] S HEY F AP
Aol el Aot Fe 2 v B e, 53] #d
F22, AR opd, EnpEAe} 7R A FoA g}, 142, 32 AF8 A9 Al a2 3 4
ZeHo|E, BPA, ZukiY Ao 7kaAleh 2 58t SARE 2] sk HAIE AU W, =S A
Table 3. Benefits and challenges of packaging materials for high-acidity foods
Packaging material Description Benefits Challenges Ref.

- Non-reactive with acidic food
- Prevents chemical migration
- Fully recyclable

Highly stable and inert material.
Glass Commonly used for packaging fruit
juices, sauces, pickles, and jams.

- Heavy and fragile
- Higher transportation costs |27, 28
- Risk of breakage

- Non-toxic
A widely used plastic, especially |- Resistant to acids compared to |- Requires special treatment
Polyethylene | for high-acid beverages like fruit| other plastics for acid resistance 29. 30
terephthalate (PET) juices. Requires treatment to pre- |- Lightweight and durable - Potential chemical migra-|~"’
vent chemical migration. - Transparent tion if untreated

Used for high-acidity foods like |- Resistant to corrosion
Aluminum and |tomatoes, fruits, and pickles. | - Protects food from external con-
tinplate cans Coated with protective layers such | taminants

as epoxy resins. - Lightweight

- BPA in traditional linings
raises health concerns 31, 32
- Risk of chemical migration

Alternatives to BPA-based coatings
for food cans, such as polyester,
polyurethane, and vinyl-based coat-
ings.

-May be more costly than
BPA-based coatings

- Still may need additional
testing for safety

- Safe for acidic foods
- Reduces risk of chemical migration
- Improved resistance to corrosion

BPA-free coatings 33, 34

- Barrier coatings can impact
- Can be used for dry acidic foods | recyclability

- Relatively low-cost packaging |- May not be as effective for
highly acidic foods

Paperboard packaging with poly-
ethylene (PE) or wax coatings for
dry or semi-dry acidic foods.

Paperboard with

barrier coatings 35, 36

Laminated films or multilayer |- Lightweight and convenient - Requires careful design to
Flexible films |pouches, often used for beverages |- Can be designed with multiple| prevent acid migration
: 4 . 37, 38
and pouches |and sauces. Includes inner barrier| barrier layers - May not be as durable as

layers for acid resistance. - Cost-effective rigid materials
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Table 4. Global regulations on packaging for high-acidity foods
Region Regulatory body  Regulations/Guidelines Key requirements for high-acidity food packaging | Ref.
- Packaging must not release harmful substances into
. food.
European Union European Regulation (EC) NO' - Materials for acidic foods must undergo migration testing.
LA 1935/2004 Regulation . - L . 6
(EU) Commission (EC) - Coatings and resins used in acidic food packaging must
(EU) No. 10/2011 . 1c 1o aging 1
comply with safety standards to minimize chemical migra-
tion.
- Packaging for high-acid foods must pass chemical
migration tests and be FDA-approved.
. Food and Drug Federal FOOd? Drug, | Guidelines for materials such as plastic, aluminum, and
[United States (US e . and Cosmetic Act 7
Administration (FDA) (FDCA) glass.
- Monitoring of BPA use and encouragement of safer
alternatives for high-acid foods.
- Specific guidelines for materials in contact with acidic
foods.
Korea Ministry of Food and Food Sanitation Act - Manufacturers must provide evidence of food contact ]

Drug Safety (MFDS)

safety.
- Regulations for migration testing and use of BPA-free
coatings for high-acid food packaging.
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Table 5. Regulations and requirements for recycled materials in food packaging

Region

Regulations

Requirements

European

Union (EU)

- Regulation (EC) No. 1935/2004 on materials
and articles intended to come into contact
with food.

- Regulation (EU) No. 282/2008 on recycled
plastics used in food packaging.

- Recycled materials must not release harmful substances into
food.

- Recycled plastics must undergo a detailed safety evaluation
before approval.

- The recycling process must prevent contaminants from
migrating into food.

- Recycled plastics must be processed using specific tech-
nologies like depolymerization, pyrolysis, or supercritical
fluid processing to ensure safety.

United States

(US)

-Food and Drug Administration (FDA)
regulations under the Federal Food, Drug,
and Cosmetic Act.

- FDA's Food Contact Notification (FCN)
process for recycled materials.

- Recycled materials used in food packaging must be validated
to ensure no harmful substances are present.

- Companies must submit migration studies and other safety
data to the FDA to demonstrate safety.

- Not all recycling processes in the US meet the rigorous stan-
dards of the EU, raising potential concerns about the safety of
some recycled packaging materials.

Korea

- Food Sanitation Act and Standards for
Food Containers and Packaging.

- Regulations from the Ministry of Food
and Drug Safety (MFDS) regarding the use
of recycled materials in food packaging.

- Recycled materials must be derived from food-grade sources.

- Recycled packaging materials must undergo proper decon-
tamination during the recycling process to prevent contam-
ination.

- Migration testing and approval processes are required for the
use of recycled materials in food contact applications.
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Table 6. Comparison of Food Packaging Regulations in the EU, US, and Korea

Aspect European Union (EU) United States (US) Korea
Regulatory European Food Safety Authority | US Food and Drug Administration | Ministry of Food and Drug Safety
authority (EFSA) (FDA) (MFDS)

Main regulation

Regulation (EC) No. 1935/2004,
Regulation (EU) No. 10/20119

Federal Food, Drug, and Cosmetic
Act (FDCA)?

Standards and Specifications for
Utensils, Containers and Packages

(Part I, I)®

Chemical
migration risk

Substances must not migrate into
food at harmful levels. EFSA con-

ducts risk assessments (e.g., BPA).

FDA assesses food contact sub-
stances through Food Contact Noti-
fication (FCN). Risk-based approach

to migration limits.

Strict migration testing for specific
chemicals; vigilant monitoring of
banned substances (e.g., phthalates,
BPA).

from nanomaterials.

specific framework.

Evolving regulatory framework; | No comprehensive framework yet; . . .
. . . Proactive regulation; research into
Biodegradable |EFSA has raised concerns about |concerns over biodegradables and . .
. . I . . . . .| health risks of biodegradable plas-
plastics chemical migration and testing of | emerging materials like active tics and nanoarticles
biodegradable plastics. packaging. ! particies.
Under consideration; EFSA is investi- | FDA is evaluating nanotechnology | Actively researching the potential
Nanomaterials | gating potential risks of migration | but has been slow to establish a|risks of nanomaterials in food pack-

aging.

Risk assessment

Extensive evaluations, e.g., BPA,
with recommendations for stricter
limits on certain substances.

Flexible, risk-based approach; allows
rapid entry of new materials, but
controversy around BPA approval.

Stringent risk assessments, partic-
ularly for new and emerging mate-
rials like nanomaterials.

Market flexibility

Strict approval process, particularly
for new materials. Some delays in

regulatory updates.

More flexible, with faster approval
processes for new materials but

concerns about regulatory lag.

Regulations tailored to local market
needs while adhering to interna-
tional standards.
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Table 7. Key Issues in food packaging and their scientific findings, regulatory concerns, and potential solutions

Issue Scientific findings

Regulatory concerns Potential solutions Ref.

Chemical
migration from
packaging

ful chemicals like BPA, phthalates,
and PFAS into food.

- Many packaging materials leach harm- | - Regulatory limits on chemicals like
BPA exist, but new chemicals are
constantly being used in packaging.

- Development of safer, |1, 2, 3,
non-toxic alternatives. | 4, 15

- Plant-based bioplastics, such as
those derived from corn, potatoes,
and sugarcane, show reduced chem-
ical leaching.

Plant-based
bioplastics

- Lack of clear safety standards for new | - Establishment of safety
bioplastics and their interaction with
food.

standards for bioplas-
tics.

- Natural coatings reduce the need for
synthetic additives and act as a pro-
tective barrier, lowering migration
risks.

Natural coatings
(e.g., beeswax,
chitosan)

- Limited regulation on the safety of |- Further research into
natural coatings, particularly in terms
of their long-term effects on food.

the safety of natural |82, 83
coatings.

- Nanomaterials like nanoclays and |- Lack of comprehensive safety reg-

- Development of stan-

packaging material regulations.

Nanotechnology in| carbon nanotubes improve barrier | ulations regarding the toxicity of - 36, 37,
. . . . . dardized safety proto-
packaging properties and reduce chemical| nanoparticles and their long-term . 43, 47
N cols for nanomaterials.
migration. effects.
. - Some bioplastics and biodegradable | - Inconsistent regulations on environ- .
Environmental . . . T - Creation of more robust
. coatings are more environmentally | mental claims, making it difficult to . 1, 2,
impact of . . . . . environmental standards
. friendly, but their degradation can| assess their true environmental - . 59
packaging . . and certifications.
still vary. impact.

T(.))fmty of - Many (;hemlcal addltlves used in|_ Strict regulations for some additives | - Use of safer alterna-
additives (e.g., conventional packaging have been .. . . .4, 10,
L . . : . (e.g., FDA-approved plasticizers)| tives with more strin-
plasticizers, linked to endocrine disruption and but Jess scrutiny on newer additives ent testin 24, 83

stabilizers) other health risks. Y 8 &
- Some countries have stricter regu- .
Global regulatory | lations (e.g., EU's REACH), while _If;;Ck ;)kazaglnomriﬁergiﬁbaslafséandzfs -E;S;i(f;(r)lrogfl(;ga(l)l dhszrt{gf- 6, 7, 8,
disparities others have less comprehensive Paciaging v Y1 68-72

chemical migration.

standards.
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Development of Pre-treatment Methods to Extend the Shelf life
of Packaged Organic Perilla Leaves

Hyo-Jin Kim, Moon-Cheol Jeong, and Youngjin Cho*

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

Abstract Recently, packaged leafy vegetables, including perilla leaves, whose consumption has been rapidly increas-
ing, are easily spoiled and have a short shelf life. Currently, various methods such as pre-cooling, washing, and packaging
are used to maintain the quality of leafy vegetables. Among these, the pre-treatment washing method effectively reduces
the spoilage rate of leafy vegetables and helps maintain freshness by removing contaminants on their surfaces. However,

the research related to maintaining the quality of perilla leaves remains limited. Therefore, this study aims to establish

optimal eco-friendly pre-treatment conditions that can maintain the freshness of perilla leaves and extend their shelf life.
The perilla leaves were washed under various pre-treatment conditions and packaged with commercially available OPP
film. Then, quality changes in the perilla leaves during storage were evaluated by analyzing factors such as microbial
counts, electrolyte leakage amounts, surface color, hardness, and spoilage rate under different pre-washing conditions. As
a result, it was confirmed that pre-treatment washing using medium-temperature microbubble water is effective in main-
taining the freshness and extending the shelf life of perilla leaves. In addition, the effects were further enhanced when
sequential combined washing methods were applied. In the future, the research will focus on developing packaging meth-
ods that enhance the washing effects of medium-temperature microbubble water and exploring combined treatments with
other washing solutions to further improve the freshness preservation and shelf life extension of perilla leaves.

Keywords Organic perilla leaves, Pre-treatment washing, Packaging, Freshness, Shelf life
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Table 1. Pre-treatment washing method of perilla leaf
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Fig. 1. Microbubble cleaning system and microbubble generator used in the experiment.



Vol. 31, No. 1 (2025)

31

Fig. 2. Perilla leaves being washed with medium-temperature microbubble water.
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Table 2. Conditions for texture analysis

Parameter Condition
Probe 2 mm
Pre-test speed 0.5 mm/sec
Trigger force 0.002 kg
Test speed 0.5 mm/sec
Return-speed 10 mm/sec
Test distance 10 mm
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8. 51 M=
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Table 3. Change in microbial counts of perilla leaf by pre-treatment washing method during storage (%4: log CFU/g)
Treatment 0 2 Storagleo (day) 5 20
C 5.2+0.0° - - - -
W 4.8+0.2° 5.24+0.0° 5.3+0.0° 5.4+0.1° 5.6£0.17
Total viable counts MH 42+0.1° 4.5+0.0% 4.84+0.1% 5.2+0.0° 5.2+0.1°
MHC 3.8+0.0 4.6+0.1° 4.8+0.3%° 5.2+0.1° 5.5+0.0%
C-MH 3.6+0.1° 4.4£0.0° 4.7+0.3" 5.2+0.2° 5.240.1°
C 3.5+0.0° - - - -
T™W 3.2+0.0 3.8+0.1% 4.0+0.12 4.6+0.2° 5.0+0.12
Mold MH 2.7£0.1° 3.2+0.5° 3.5+0.5° 3.3£0.2° 4.7+0.2°
MHC 2.840.3¢ 3.1£0.0° 3.440.22 3.7+0.12 4.8+0.3
C-MH 2.8+0.0¢ 3.0+0.5° 3.7+0.1 3,440,208 4.3+0.2

Each value represents meantSD.

Means with the different letter are significantly different (p <0.05).
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Table 4. Change in electrolyte conductivity of perilla leaf by pre-treatment washing method during storage (unit : %)
Storage da
Treatment = Y
0 4 10 15 20
C 5.240.9% - - - -
™ 2.9+0.2¢ 4.3+0.3° 7.2+0.8? 11.6+0.7% 15.7+0.9*
MH 5.6+0.1° 4.4+0.4° 5.4£0.4% 7.4+0.5° 10.4+0.3%
MHC 3.9+0.4% 6.1+0.3 4.8+0.3¢ 8.5+0.9P 12.5+1.0°
C-MH 5.940.3° 3.9+0.4° 6.8+0.5% 7.0£0.6" 10.5+0.3°

Each value represents mean+SD.

Means with the different letter are significantly different (p<0.05).
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Fig. 3. Changes in surface color of perilla leaf during storage.
Means with the different letter are significantly different (p<0.05).
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Table 5. Deteriorative rate of perilla leaf by pre-treatment wash-

ing method during storage (unit: %)
Storage d
Treatment ge
0 4 10 15 20
™ 0.0 0.0 5.5 16.4 38.2
MH 0.0 0.0 0.0 0.0 12.7
MHC 0.0 0.0 0.0 9.1 21.8
C-MH 0.0 0.0 0.0 0.0 10.9
A 2 fe71g AFS St AAE AlE F, OPP E

FAWSE A Egon, Fofjgolr F
A zpol7t 7P FEAA YERETE (Fig. 5 3 Table 5).
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Study on Increasing Phase Change Duration of Water
Using recycled Paper Pulp
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Abstract Conventional phase change materials (PCMs) are typically composed of pure water combined with super-
absorbent polymers (SAPs), raising concerns regarding environmental sustainability, complex synthesis processes, and
high material costs. In this study, we propose a pulp-water composite as an eco-friendly and cost-effective alternative to
traditional PCMs. Recycled paper pulp (1-5 wt%) was incorporated into water-based PCMs to investigate its effects on
thermal retention and phase transition behavior. The use of pulp offers advantages over SAP-based PCMs, including sim-
pler synthesis, lower production costs, and easier material availability. Thermal and chemical properties were analyzed
using differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FT-IR), and data loggers. The
results indicate that a 3 wt% pulp-water mixture extends temperature retention by 70 minutes compared to pure water.
These findings suggest that pulp-enhanced water-based PCMs can serve as a sustainable, biodegradable, and eco-
nomically viable alternative to conventional SAP-based PCMs, providing improved thermal performance while min-

imizing environmental impact.

Keywords: Thermal energy storage, Phase change materials, Recycled paper pulp, Cold chain system, Eco friendly
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Table 2. Latent heat depends on the concentration of recycled paper pulp in water-pulp mixtures

Sample DI Water SAP S1 S2 S3 S4 S5
AH, (J/g) 291.9+1.25 256.3+1.06 321.2+1.4 293.0+1.46 327.6+0.95 302.8+1.32 313.4+1.42
T, (°C) 0 1.04 1.3 1.03 1.17 1.07 1.07

Table 3. Temperature-time for water, SAP and water-pulp mixtures.
Sample DI Water SAP S1 S2 S3 S4 S5
Time (min) 224.9+2.3 258.8+2.4 155.4+2.5 255.5+2.5 305.9+2.9 162.9+2.6 187.7+£2.6
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Abstract Due to the increase in environmental issues and public awareness, many stakeholders including consumers,

investors, governments, and corporations, are demanding green (eco-friendly) products. This is putting pressure on many

companies to make green products and disclose their environmental performance. Greenwashing is a marketing strategy

used by some companies to make their products or services appear more environmentally friendly than they really are.
This can mislead consumers into making more sustainable choices. However, these terms are not known or heard much

by customers, other employers, or the public. Hence, this short review aims to i) provide a general introduction to gre-
enwashing, ii) introduce some terms such as green hushing and green marketing, iii) discuss the impacts of greenwashing
on business and environment, iv) explore green certifications and regulations by countries, and v) explore the various

challenges, recommendations and future directions.

Keywords Greenwashing, Green hushing, Artificial intelligence

Introduction

Consumer needs for green products are tremendously
increasing day by day. This is due to consumer awareness of
health issues along with environmental concerns. Beyond this,
changing climatic conditions and the emergence of natural
disasters are prime factors"?. This is driving an alarming
increase in the need for greener innovation and environment-
friendly approaches®. Hence, companies provide brand names
that suggest eco-sustainability, including compostable, sus-
tainable, green, eco, organic, natural, bio, and zero impact4). In
addition to naming, it plans to attract consumers’ attention by
providing images of greenery. Another strategy is to use a
green-based color scheme in advertising and claim eco-
friendly attributes. This process is known as greenwashing,
first coined by Jay Westerveld in 1986%. Greenwashing is an
unsubstantiated claim to consumers that a company’s products
are inherently green, with no negative impact on the envi-
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ronment and humans>®.

About 90% of consumers are interested in brands that
prioritize demonstrating green technology, as suggested by the
research by Dentsu International and Microsoft Advertise-
ment. Many companies also have embraced greenwashing as
their marketing strategy. According to a report by the Euro-
pean Commission (2023)"%), about 53% of green claims pro-
vide vague or misleading information, and about 40% of them
have no evidence to support them. In addition, about half of
the green labels provide weak or non-existent validation. In
the EU itself, 230 sustainability labels and 100 green energy
labels have diverse transparency.

Definition of terminology

1. Greenwashing and green hushing

Greenwashing and green hushing are very different terms
that are very often confused. Green hushing intentionally
communicates the company’s sustainable practices, which are
the exact opposite of greenwashing”™'?. However, neither term
is true for aspects related to sustainability. Some of the reasons
behind the purpose of greenwashing are mentioned in Fig. 1.
To avoid public scrutiny, many companies hide environmental
claims as a survival strategy. In general, smaller companies
are more likely than larger companies to adopt green hushing
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For easy
promotion
and selling

Negative
perception of
green
products

To maintain
sustainability

targets

Reasons behind
Greenwashing

Consumers Fear of
demand on criticism and
green bad
products reputation
Uncertainty in
communicating
sustainability

Fig. 1. Reasons behind greenwashing.

practices. Additionally, it is very difficult to identify and cat-
egorize green-hushed products without a brand name. The
best way to identify these kinds of practices is with third-party
certifications or labels. However, in the case of organic laun-
dry, in most cases, such certification is not obtained. Most
consumers today prefer organic products with or without
labels. Most of these organic products are not certified by any
certification system. Companies or agencies provide many
advertising captions for greenwashing as shown in Fig. 2.

2. Green marketing

Green marketing is entirely different from all the terms dis-
cussed above. Green marketing, also known as eco-marketing
or sustainable marketing, can be described as a business or

Packaging
contains 100%
recycled plastic

Environmental
foot print
reduced

Reduced CO2
emissions

Product made of
completely
renewable
sources

Fig. 2. Typical advertising slogans for greenwashing.

organization that sells products or services based on legitimate
environmental positives'""'?. These practices are generally
honest and transparent and must meet the following criteria:

- All the products are manufactured in a sustainable way

- Products or their services will be free of toxic materials or

chemicals

- All the products will be recyclable or made from recycled

materials

- Renewable are not made will be used as raw materials for

manufacturing new products

* Products are not made from threatened or endangered spe-

cies or their areas

- Focused on reusable or repairable material rather than dis-

posable

- Excessive packaging should not be used

- All the workers will be paid fairly

The goal of green marketing is to increase consumer aware-
ness and demand for products and services that are better for
the environment, promote the conservation of natural
resources, and reduce pollution and waste'>'¥). Green mar-
keting can take many different forms, such as promoting the
use of renewable energy sources, reducing the use of haz-
ardous chemicals, promoting the use of recycled materials,
and encouraging sustainable production practices'>!®). The
main reasons for adopting green marketing are opportunities
or competitive advantages, corporate social responsibility,
government pressures, competitive pressures, and cost or
profit issues (Fig. 3). Companies can also use eco-labels and
certifications to communicate their commitment to sustain-
ability to consumers. However, green marketing has also been
criticized for misleading or not fully informing consumers
about the environmental benefits of products or services.
Therefore, it is important for businesses to be transparent with
their green marketing claims and to ensure that their envi-
ronmental practices are truly sustainable.

Opportunities

or competitive
advantages

. Corporate
Cost or profit .
. social
issues .
Reason behind the responsibilities
adoption of Green
Marketing

Competitive Government

pressure pressure

Fig. 3. Reason behind the adopting green marketing.
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Green registration marks are now being rejected by many
authorities. For example, the United States Patent and Trade-
mark Office (USPTO) refused to give cement as Green
cement. Many other products were also rejected, such as key
cards (Green Key), natural fibers (Carbon negative fiber), and
clothing (Zero waste tee). The primary goal of organizations
such as the U.S. Federal Trade Commission (FTC) is to pro-
tect consumers by enforcing laws designed to ensure com-
petitive and fair markets. The criteria for distinguishing real
green products from greenwashing are as follows:

- Packaging and advertising should strictly explain all the
claims related to green in plain language and in readable
type within close proximity to the claim.

- The claim regarding the environment should clearly spec-
ify whether it refers to the entire product or just a portion
of the packaging.

- Marketing claims about products should not overstate
directly or by implication about environmental attributes to
benefit

- If a product claims a benefit compared with the com-
petition, then the claim should be substantiated.

3. Impads of greenwashing on business and environment

According to a report by Cortnell'”, there are 7 sins of cor-

porate greenwashing and they are as follows:

- The sin of hidden trade-off: This term can be used to
describe the condition where the products or services
appear to be environmentally sustainable in one aspect, but
it is harmful or have a negative impact in another way.

- The sin of no proof: Many products are claimed as green
without much evidence of sustainability or certifications.

- The sin of vagueness: Many environmental claims used
for marketing lack specificity, which can be problematic
and lead to misunderstandings that products are sustain-
able with green certifications. They may provide all the
terms and slogans related to environmental sustainability.

- The sin of worshipping false labels: Providing false labels
or certifications can mislead the consumers. To avoid these
things, customers and employers should know about the
actual certifications as well as logos or labels.

- The sin of irrelevance: Sometimes they may provide irrel-
evant product descriptions which may contain details
related to already banned products.

- The sin of lesser of two evils: It is used to describe the
environmental benefits of similar products, which have no
environmental benefits. However, it may be morally jus-
tifiable to choose the option, which is a comparatively
lesser impact.

- The sin of fibbing: This term may be used to describe
environmental claims that are deliberately false.

The practice of greenwashing should be avoided as it has

many negative impacts on humans and the environment'®.

Even though everyone knows the negative impacts of gre-
enwashing, there is no real motivation to deal with this issue.
The major negative impacts of greenwashing on business
include as follows:

- Undermines brand image

- Adverse environmental impacts

* Lose consumer’s trust

- An independent investigation will be initiated due to the
misleading marketing claims.

- Misleading environmental claims will end up getting sued
for the damages caused by them

- Reputational damage and partnership-related issues

- Financial loss and investment risk due to misleading envi-
ronmental claims

- Green hushing (under-reporting and hiding)

- Negative media attention

- Greenwashing will create a negative effect on innovations
and healthy competition

Many companies engage in greenwashing through adver-

tising and press releases. However, they make no truthful
commitments to achieve green initiatives or their accom-
plishments. If a company’s green marketing is found to be
false, the company may be prosecuted and fined for gre-
enwashing, which will affect the company’s reputation and
ultimately affect their sales targets and product commercial-
ization'”). For the safety of consumers and investors, the UN
High-Level Expert Group on Net Zero Emissions Commit-
ments of Non-State Entities has set preventive measures to
avoid being undermined by misleading claims, ambiguity, and
greenwashing. The major principles to reduce greenwashing
are as follows:

- Stay updated with the latest and best sustainability prac-
tices that show sustainable development and eco-friendlier
nature

- Internal practices and policies should be matched with
environmental claims

- Environmental claims should be more specific and clearer
without using vague language or broad statements

- Impacts, plans, policies, and progress should be transparent

- Align commitments with actions and investments

It is very difficult to rely on environmental claims in pack-

aging or other systems. Many such claims are also not trusted
by consumers. The European Commission has set new standards
to prevent companies from making false claims about the
environmental impacts of their products and services. The
main objectives of the green claim proposal are as follows:

- To make the green claim reliable, comparable, and ver-
ifiable across the EU

- To protect the consumers and others from greenwashing

- To create a circular and greener EU economy by enabling
consumers with proper information while making pur-
chase decisions
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- To help to establish a level playing field

In March 2022, the EU endorsed a new proposal for a
Directive on Green Claims to empower consumers in green
translation. Later in March 2023, the EU adopted another pro-
posal for a Directive on Green Claims. This offer aims to
provide consumers with reliable, comparable, and verifiable
environmental information. The proposal is as follows:

- Provided clear criteria on how companies should prove

their green claims and labels

- Green claims and labels should be checked by an inde-

pendent and accredited verifier

- New rules for environmental labeling schemes to ensure

reliability and transparency

4. Certifications and regulations against greenwashing

4.1. Green certifications

Green certification or ratings are programs that help com-
panies demonstrate sustainable products, services, and prac-
tices to customers, employees, and investors. Green certification
is granted to many products and organizations such as food,
buildings, and other operations®”. The main goal of these cer-
tifications is to prevent greenwashing in environmental sus-
tainability. Companies can demonstrate green practices after
receiving green certification from an authorized certification
body or system. Government organizations and many trusted
third-party organizations are at the forefront of green certi-
fication listings. Upon the type of business, green certifica-
tions are classified into commercial Green Building certifications
[BREEAM, LEED], Green Business certifications [ISO 14001,
B Corp, Green Business Bureau’s, Fair Trade USA Certified],
Green product certifications [Safer Choice, Green Seal,
Energy Star, Rainforest Alliance], and organic and sustainable
food certifications [USA Organic, SIP Certified, Non-GMO
project]*)). Some certification organizations, logos, and their
website links are provided in Table 1.

4.2. Regulations by countries

Advertising the environmentally friendly attributes of a
company’s products through slogans, trademarks, perfor-
mance claims or other marketing strategies is a strategy under-
taken by investors for product marketing. Eco-advertising and
green marketing campaigns are the most common marketing
strategies for companies with a lot of investments. However,
the credentials associated with it are still questionable. Many
government organizations in countries have set up their meth-
ods to restrict or regulate Greenwashing.

For example, China does not support many of the strict laws
regulating greenwashing activities, but instead regulates them
through advertising laws, consumer protection laws, trade-
mark laws, and anti-unfair competition laws?>. Among these,
the Advertising Law states that advertisements must not con-
tain misleading or false environmental claims about quantity,

quality, ingredients, production process, performance, expi-

ration date, origin, and producer type.

The UK’s Competition and Markets Authority (CMA) has
issued a Green Claim Code and related guidelines to help
businesses make environmental claims to comply with con-
sumer protection laws. Under the Code, environmental claims
must include as follows:

- Be clear and unambiguous

- Be truthful and accurate

- Not omit or hide material information

- Only make fair and meaningful comparisons

- Consider the full lifecycle of the product or their service

- Be substantiated

The Canadian government has many laws that prohibit false
or misleading environmental claims, such as the Federal Com-
petition Act, Trademarks Act, and Consumer Packaging and
Labeling Act. All of these laws were enacted to prevent mis-
representation of the green claims.

- Federal Competition Act: This law prohibits the mis-
leading representation of performance, efficiency or length
of products that are not based on proper standards and test-
ing.

- Trademarks Act: Prohibits misleading environmental
claims like composition, quality and quantity, perfor-
mance, and geographical origin.

- Consumer Packaging and Labeling Act: The entire aspect
of packaging and labeling should not contain any mis-
leading green claims and can be found in the link provided
here [URL: https://www.canlii.org/en/ca/laws/stat/rsc-
1985-c-c-38/latest/rsc-1985-c-c-38.html)].

However, the Singapore government has introduced some
general laws to curb greenwashing. However, it’s the right of
consumers to choose the right things, which is often a burden
for consumers®. The general laws are as follows:

- The Consumer Protection (Fair Trading) Act (CPFTA):
These laws prohibit unfair business practices like making
false claims, misleading claims, and gaining advantages
without letting the customer know the judicious conse-
quences of the transactions.

- The Misrepresentation Act: This law allows consumers to
regain compensation due to misleading business trans-
actions.

- The Singapore Code of Advertising Practice: All adver-
tisements should be legal, honest, and decent.

The Indian government has adopted several laws to regulate

misleading environmental claims including as follows?":

- Bureau of Indian Standards (BIS): Developed standards
for eco-labeling of products and services named IS/ISO
14024: 1999. This standard provides proper guidelines and
criteria for using eco-labels for companies to make envi-
ronmental claims.

- The Consumer Protection Act, 2019: Established a central
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Table 1. Represents the sustainability certifying organizations, programs, logos and their website link

Certifying Organization

Certification programs

Certification Marks/Logos

Website

Marine Stewardship Council
(MSC)

Used in conveying seafood and fish
have been harvested in accordance with
MSC standards.

https://www.msc.org/

Leadership in Energy and
Environmental or LEED
certification mark

Used in the building and construction
industry to specify best practices in sus-
tainable building.

https://watershed.pro/leed-
certification/

BREEAM (Building
Research Environmental
Assessment Method)

Validation and certification systems for
a sustainable built environment.

https://bregroup.com/prod-
ucts/breeam/

Rainforest Alliance

Creation of a sustainable world by using
various forces (social and market) to
protect nature and to provide better lives
for farmers and forests.

https://www.rainforest-alli-
ance.org/business/marketing-
sustainability/using-our-logo-
and-seal/

Green Seal

Mission is to transform economy for a
healthier and greener world (sustainable
commercial products)

https://greenseal.org/splash

SIP Certified for vineyards
and wineries

To ensure the sustainability of vineyards
and wineries

https://www.sipcertified.org/

GreenCircle Certified

Analyze and provide independent ver-
ification and certifications to the sus-
tainability of product and services (sustaina-
bility of recycled content, closed-loop
product, energy savings, biobased con-
tent and recyclable materials).

QWUTION
R

GreenCircle
CERTIFIED

https://www.greencirclecerti-
fied.com/product-certifica-
tions

GreenStep

Single use plastic free certification

https://www.greensteptour-
ism.com/single-use-plastic-
free-certification/

EU Ecolabel

Official EU voluntary label that certifies
products independently-verified low envi-
ronmental impact.

www.ecolabel.eu

https://eu-ecolabel.de/en/
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Table 1. Continued.
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Certifying Organization

Certification programs

Certification Marks/Logos

Website

Eco-Management and Audit
Scheme (EMAS) (EU)

It is a management tool for organiza-
tions and companies to evaluate, report
and for improving their environmental
performance.

e
i}ﬁ ﬁi‘z
*

«f

EMAS

https://www.ecologic.eu/791

Green Business Bureau

GBB provides online solutions to certify
green initiatives through online tools

F,

https://greenbusinessbu-

and the planet. The entire social and
environmental impact will be measured.

Lab

Global

(GBB) like EcoAssessment™ and EcoPlan- reau.com/
ner™
Also known as B Lab is the nonprofit
network transforming the global econ- . .
B Corp omy to benefit all people, communities, . hitps://www.bcorporation.net/

en-us/

U.S. Department of
Agriculture (USDA)
Organic

Provides strict standards to farmers and
business for growing, processing and
handling of products. USDA Organic
certified product contains 95 % or more
than organic content and not produced from
genetically modified organisms (GMO?s).

USDA

https://www.usda.gov/topics/
organic

ENERGY STAR

ENERGY STAR certified buildings save
energy and money and help to protect
the environment by making less green-
house gas emissions than typical buildings.

ENERGY STAR

https://www.energystar.gov/
buildings/building_recogni-
tion/building_certification

Global Reporting Initiative

To empower sustainable decisions to
create sustainable future enabled by

ENERGY STAR
©

https://www.globalreport-

Greater Efficiencies (EDGE)

cost-effective strategies to lessen the use
of energy, water and embodied energy in
materials.

m
AVA
VAVAVA
Q
®

(GRD) transparency. ing.org/
International Green building certifica-
tion systems that empower developers
Excellence in Design for |and builders to quickly recognize the https://edge.gbei.org/

Fair Trade USA Certification

Fair Trade Certified™ certifies the sus-
tainability of live hoods, safe working
conditions, environmental protection and
strong transparent supply chains.

FAIR TRADE
CERTIFIED"

https://www.fairtradecerti-
fied.org/about-us/who-we-are
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Table 1. Continued.

Certifying Organization Certification programs

Certification Marks/Logos Website

Green America

mentally sustainable society.

To provide clean energy, fair labor,
responsible finance, justice for all, and @35
good food and to create an environ-

https://www.greenamer-
ica.org/green-america-green-
business-certification

W (Green
©America

1% for the planet

To thwart greenwashing, certify repu-
table giving and provide accountability

https://onepercentforthe-
planet.org/

FOR THE
PLANET

consumer protection authority to regulate unfair business
practices.

* Ministry of Environment, Forest and Climate Change
(MoEFCC): Launched the “Green Good Deeds move-
ment” program to encourage individuals and organizations
to put forward regulatory actions to reduce the environ-
mental impact.

- The Environment Protection Act, 1986: To prevent and
control environmental pollution by imposing penalties for
the violation of policies.

- Advertising Standards Council of India (ASCI): This orga-
nization has set a code of self-regulation for advertising in
India.

- Green Rating Project (GRP): It is an initiative by the Cen-
tre for Science and Environment (CSE) that rates the envi-
ronmental performances of companies.

- Indian Green Building Council (IGBC): For promoting
sustainable building practices

In France, greenwashing is regulated and restricted by sev-
eral legal mechanisms. French Consumer Code prohibits mis-
leading commercial practices by imposing several penalties.
Violators of these laws face up to two years in prison with a
fine of €300,000%.

In Korea, the Ministry of Environment (MOE) and the
Korea Environmental Industry & Technology Institute (KEITT)
announced a guideline for eco-friendly management activities
to prevent eco-friendly disguised advertising (Greenwashing)
on October 31, 2023. The guideline presents eight basic prin-
ciples of eco-friendly management activity labeling and adver-
tising: truthfulness, clarity of expression, specificity of target,
significance, spontaneity, completeness of information, rele-
vance, and verifiability. The eight basic principles presented in
the guideline are the same as the basic principles stipulated in
Article 16-10 of the ‘Environmental Technology and Envi-
ronmental Industry Support Act’ and the ‘Notice on the Man-
agement System for Environmental Labeling and Advertising’,
but the guideline added some specific explanations and exam-
ples in terms of eco-friendly management activity labeling and

advertisin®.

5. Chadllenges, Recommendations, and Future Directions
Inaccurate assessment of green claims by environmental,

social, and governance (ESG) factors has led many companies
to provide misleading information and bogus environmental
claims. The major challenges in detecting greenwashing are
the lack of reporting standards, transparency, limited con-
sumer awareness, and inefficient detecting tools. The major
recommendations for attaining sustainability are as follows:
- Companies should provide greener markings as per proper
certifications.
- Sustainability practices, policies, and claims should be
cross-checked by government or third-party certifications
- Customers should share with others if they found a sus-
tainable brand that can trust
- Transparency can bridge the gap between artificial and
genuine concern related to environmental claims
- Third-party certifications should be initiated for all prod-
ucts regardless of their origin (small-scale or large-scale)
- Be transparent, specific, and authentic with environmental
claims and stay up to date with the best practices having
proper certifications
- Consumer and investor awareness programs should be
conducted by authorized authorities through media or
other public platforms
- Computational as well as artificial intelligence (Al) and
Natural language processing (NLP) based approaches can
have great promises and should be promoted to analyze
and detect greenwashing

5.1. Emerging technologies for eliminating greenwashing

Innovative and emerging technologies such as internet of
things (IoT), artificial intelligence (Al), and blockchain can be
effective tools to support and achieve the United Nations Sus-
tainable Development Goals (SDG) action plan*’?”). Among
them, IoT cloud computing and big data analytics can be very
important in eliminating Greenwashing. However, the biggest
challenge in improving the quality of sustainability reports is
the lack of methodologies to analyze (reliable and valid mea-
surements) the latest social, environmental, and economic
variables.

5.2. Artificial intelligence (Al) versus greenwashing
Artificial intelligence can be used to identify greenwashing
in a number of ways. One approach is to analyze the language
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used in marketing materials and product descriptions to iden-
tify misleading or exaggerated claims®***". Natural Language
Processing (NLP) algorithms can be trained on a corpus of
marketing materials and product descriptions to identify com-
mon phrases and language patterns associated with green-
washing®?. Another approach is to use computer vision
algorithms to analyze images and videos related to products or
services to identify environmentally damaging activities such
as excessive energy consumption, pollution, or destruction of
natural habitats. Machine learning algorithms can also be
trained on large data sets of information on environmental
impacts and sustainability practices to identify products and
services that are truly environmentally friendly, and to flag
those that are likely to be greenwashed®>?.

Natural Language Processing (NLP) is a powerful and
sophisticated technology that enables computers to effectively
recognize and automatically analyze human language in writ-
ten or spoken form***®). For example, ClimateBert is a deep
neutral language model created by Swiss and German Aca-
demics to analyze corporate reporting and disclosures. This
Al-powered tool has been trained to understand thousands of
sentences related to climate risk disclosure. Another example
is Task Force on Climate-related Financial Disclosures
(TCFD) Al model, which effectively collects selective report-
ing and non-material climate risk information. Extended ver-
sions of these tools are also in development and will be
effective for analyzing greenwashing®”. However, both have
inherent limitations as some steps in the analysis require
human intervention. The most significant limitation is the lack
of accuracy due to insufficient training data®®. Some reports
suggest that Al’s global carbon footprint could be equal to that
of the aviation industry®®. Additionally, the energy con-
sumption of Al-based tools is potentially high, and they would
be better off if fully dependent on renewable energy sources.
Overall, Al has the potential to be a powerful tool in iden-
tifying greenwashing, but it should be kept in mind that it is
no substitute for critical thinking and research. Consumers still
need to research and exercise caution when making decisions
about the environmental impact of products and services.

Conclusion

The growing interest in greener technologies has led to a
rise in the development of green-washed products. Besides,
inadequate assessment of green claims by environmental,
social, and governance factors built the resources and the
emergence of green-washed products. Several certifications
and public awareness programs are available from the gov-
ernment and other sectors, but they are not sufficient to iden-
tify and classify most green-claimed products. In the future,
computational programs such as artificial intelligence and nat-
ural language processing tools may hold great promise in the

early detection of greenwashing and their green-washed prod-
ucts. In addition, government authorities should implement
and authorize third-party certifications and policies, along
with public awareness programs to convey misleading envi-
ronmental claims and should ensure the reachability of these
initiatives.
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Analysis of Alternative Technologies for Packaging Improvement from
the Perspective of Recyclability Grade Assessment

Hanseul Kim', Ohjun Kwon?, Jaejung Lee’?, and Minjung Joo'*

Korea Conformity Laboratories
’Korea Packaging Recycling Cooperative'

Abstract The material composition and structural design of packaging significantly influence its recyclability, with cer-
tain types classified as “Poor recyclability” due to inherent structural limitations. This study investigates the primary fac-
tors that hinder recyclability, focusing on paper cartons, PET bottles, and glass bottles, and explores strategies for
structural improvement and alternative technologies. Key limitations were identified, including aluminum-laminated lay-
ers in paper cartons, non-standard coloring in glass bottles, and the use of composite materials in PET bottles. To address
these challenges, various alternative technologies were reviewed, such as SiOx-coated films, mono-material PET, Dia-
mond-like Carbon (DLC) coatings, and full-body shrink labels. Additionally, commercial applications of these tech-
nologies are introduced to demonstrate their practical feasibility. Overall, this research provides an in-depth analysis of
material and structural innovations aimed at improving packaging recyclability and suggests relevant policy directions.
The findings are expected to serve as a foundational reference for the development of sustainable packaging solutions
and future regulatory strategies.

Keywords Packaging recyclability, Packaging regulations, Recycling policies, Alternative technologies, Sustainable
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Table 1. Details on standard for the quality, structure and recyclability of packaging Materials®

Details

Materials

resin packing materials (films and sheets)

Paper packing materials, Glass bottle packing materials, Metal can packing materials (steel cans), Metal can
packing materials (aluminum cans), General foam synthetic resin single/composite material packaging material,
PSP materials, PET bottle packing materials, Synthetic resin packing materials (containers and trays), Synthetic

Excellent/Good recyclability (quality, structure that can be easily recycled)
Grade Average recyclability (quality, structure with limited recycling capability)
Poor recyclability (quality, structure that difficult to recycle)

Table 2. History and major changes in act on the promotion of saving and recycling of resources (Resource recycling act)

Ministry of Environment Notice

Details Ref.

No 1.2019-265, (2019.12.30)

o Implementation of a rating system for the ease of recycling of packaging materials in
order to encourage improvements in the material and structure of packaging materials | 9)
to make them easier to recycle

No 2.2021-3, (2021.1.7)
recycling

o Since the implementation of the system, new technology developments and changes
in recycling site conditions have been reflected in the evaluation criteria for ease of | 10)

No 3.2022-44, (2022.2.28.)

o Changes due to the development of new types of packaging materials and changes in
recycling site conditions are reflected in the evaluation criteria for ease of recycling

11)

No 4. 2023-73, (2023.4.14)

o Changes resulting from the development of new types of packaging materials are
reflected in the evaluation criteria for the ease of recycling of packaging materials

12)

No 5. 2024-141, (2024.7.11)

o As the “weight” item was introduced (implemented on March 29, 2024) in the grading
of packaging materials, structure, and recyclability, detailed regulations such as eval- | 13)
uation criteria are needed

No 6.2025-2, (2025.1.7)

easy recycling

o By adding “Best Recyclable” items to the rating criteria for the ease of recycling of
glass bottles and synthetic resin containers and trays, we aim to encourage man-
ufacturers subject to recycling obligations to improve their materials and structures for

8)
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Table 3. Key points and impacts of “Criteria of Assessing Packaging Materials and Structures and Recyclability Grade Assessment”

Revision Date Content
- Synthetic Resin
Key Point « If a cap, lid, or straw is made of a material other than plastic, the entire packaging is clas-
sified as "Poor recyclability" regardless of the body material
2022.2.28 Environmental | Promoting structural improvement and improving recycling efficiency through the appli-
Impact cation of single materials
. « Additional cost burden due to facility modifications for introducing alternative materials
Industrial Impact . . . .
» Potential decrease in consumer convenience due to material change
- PET bottle
Key Point  The body of PET bottles with a lightweight index of 1 or lower are upgraded to " Excel-
lent recyclability"
2024.7.11 Enviﬁggg}ntal » Reduction in plastic usage and carbon emissions through lightweight technology
* Reducing the mechanical strength of containers and risk of deformation
Industrial Impact |+ Increased risk of deformation and damage during transportation
* The increased cost of Facility modification when introducing lightweight containers
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Table 4. 2022 Evaluation results of packaging materials rated as “Poor recyclability”

2021 Output volume
Package Materials Output volume Output volume as Percentage of Output
(ton) “Poor recyclability” (ton) volume rate (%)

Carton 73,175 26,621 36.4

Glass bottle 412,910 116,060 28.1

Meta Can (Steel Can) 109,359 1 0.001

Metal Can(Aluminum can) 91,886 2,268 2.5

PET bottle 315,594 21,841 6.9

Expanded Synthetic Resin 57,047 456 0.8

PSP 8,382 624 7.4

PVC 3,675 3,505 95.4

) ) Container and Tray 276,017 32,429 11.7

Synthetic Resin -
Film and Sheet 362,808 12,502 34
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Table 5. Detailed standards for material and structure of carton packaging

Category Excellent/Good recyclability

Poor recyclability

Bod
Y structures

» Paper packs without aluminum laminated

» Paper packs with aluminum laminated structures
* Products using pulp of colors other than white

Lid & Attachments|* Unused

 Synthetic resin caps or molded structures that cannot be
separated from the body

the body), it is classified as “Average recyclability”

If the weight of the caps and miscellaneous materials is within 10% of the total weight (including caps that can be separated from
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Table 6. Recycling challenges and alternative technologies for carton packaging

Category Criteria for "Poor recyclability" Limitations Alternative Technology
* Difficult separatl(?n of alumlhnum and| Paper-based barrier (Nanometer metal-
paper layers during recycling ized coating)
Body * Cartons with an aluminum-lami- | * Possible reduction of shelf life due | Plant-based polymer-laminated structure

nated structure

to aluminum layer removal
* Increased logistics costs due to the
introduction of refrigeration system

* SiOx-laminated structure
* Replace with a transparent PET bottle
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Table 7. Detailed standards for material and structure of PET bottleDetailed standards for material and structure of PET bottle

- If the adhesive application area and amount are min-
imized

» Use thermal alkaline separation ink that can be sep-
arated in the recycling process as a non-contact adhe-
sive of the same material as the body

Category Excellent/Good recyclability Poor recyclability
* In case of mixing of glycol modified PET resin
(PET-G) material
Bod * Single material colorless, lightweight index 1 or less | Color other than green in single material PET bottles
Y (L<1) excluding drinking water and beverages
» Color in case of drinking water and beverages
» Composite material
. label . . . . . .
No ab.e use d . . . . * Synthetic resin material with a specific gravity of 1
* Synthetic resin material with a specific gravity of less . .
. . i or higher without a structure that allows consumers
than 1, if all of the following conditions are met . .
. to easily separate it
- Structure that allows consumers to easily separate .
. . . * Use of adhesive that cannot be separated by heat or
Label - Use of thermal alkaline separation adhesive alkali

* Direct printing on the body (excluding expiration
date and manufacturing date indication)

* PVC series material, material other than synthetic
resin, metal mixed material

Lid & Attachments

« Single material of synthetic resin or colorless PET
with a specific gravity of less than 1

« Synthetic resin with a specific gravity of 1 or higher
excluding colorless PET single material

* PVC series material

* Material other than synthetic resin
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Table 8. Recycling challenges and alternative technologies for PET bottle

LHAI 71 A 34 59

Criteria for

Category “Poor recyclability” Limitations Alternative Technology
* Diamond-like Carbon (DLC) coating
* Degradation of product quality when switch- | - PECVD (Plasma-Enhanced Chemical Vapor
Body * Multilayer ing to single-layer PET Deposition)
materials * Oxygen and light barrier issues in beverage | - Amorphous Carbon Treatment on Internal
packaging Surface (Based PECVD)

* Recyclable Full-Body Shrink Film

Lid & Attach-

* Non-polymeric

« Difficulty in separation during the recy-
cling process
» Maintaining product functionality and

» Mono-material PE or PP pumps to allow

ments materials durability for high-viscosity liquids (c.g., density separation during recycling
shampoo, lotion)
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Table 9. Detailed standards for material and structure of glass bottle

S ol =m, Z2 HAse) S /)E
o7} WY wﬁwﬂ W AR 9lg
#AFoE ofdrhs BAFS /M ek

Category Excellent/Good recyclability Poor recyclability
Body * Colorless, brown, and green * Colors other than colorless, brown, and green
* No label used
* In any of the following cases
- Unused * Synthetic resin material with adhesive that can-
Label - Paper material not be separated from the body

- Non-adhesive synthetic resin material including a cut line | + Metal-mixed material
- Synthetic resin material with adhesive that can be sep-|¢ PVC-based material

arated from the body and has a phrase indicating that the
consumer should separate the waste

Lid & Attachments

* Metal cap covered with synthetic resin

 Cap/frame integrated structure or cap and miscellaneous |+ Cap/frame separate structure
materials that can be separated from the body  Cap and miscellaneous materials that cannot be

separated from the body
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Table 10. Recycling challenges and alternative technologies for glass bottle

Criteria for R .
Category “Poor recyclability” Limitations Alternative Technology
« Colors other than standard | © Imported products fo'llow dlffereqt pack- | » Replace with glumlnum bottles.
Body (colorless, brown, green) aging standards, making changes in stan- | « Apply PET shrink film to standard colors
’ > & dards impractical for global brands (colorless, brown, green)
« Difficult to separate metallic layers during ’ Eli;ilrll?snks film labels without metallic
Label " Labels containing metallic recychng . . . | * Apply water-removable labels
components * Strict regulations classify small metallic . .
. “ e * Apply heat-alkali soluble labeling adhe-
prints as “Poor recyclability. .
sive
* Adhesive-bonded lids are difficult to sep-
. . . . arate for recycling. . .
| ot i it s Sl OEN (Ol Eqimen| % i s e ndPET
& Manufacturer) factories face high costs
for mold and equipment changes
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Effect of Controlled Atmosphere Containers on Maintaining the Quality of
Fresh Korean Agricultural Products

Myung Soo Han', Jihyun Lee?, and Yong Jin Kim**

!Sejung Group, Seoul, 07803, Republic of Korea
’National institute of Horticultural & Herbal Science, RDA, Wanju 54874, Republic of Korea
3Inha University Graduate School of Logistics, Incheon 22212, Republic of Korea

Abstract This study evaluated the effectiveness of controlled atmosphere (CA) containers in maintaining the quality of fresh
horticultural products during long-distance maritime transport. A simulated export experiment was conducted using both reefer
and CA containers, focusing on single commodities (oriental melon, Asian pear cv. Wonwhang, and king oyster mushroom)
and mixed commodities (paprika, cherry tomato, and summer squash). The impact of packaging types and CA conditions on
quality retention was analyzed. The results demonstrated that CA conditions (5/12 and 5/0.04) enhanced storage stability for
oriental melon and pear, and CA (1/15) effectively minimized browning and moisture loss in king oyster mushrooms. How-
ever, in mixed commodity storage, the effects of CA conditions varied depending on the product. Cherry tomatoes exhibited
the best quality retention under CA (5/12), whereas paprika and summer squash suffered peel discoloration and tissue soft-
ening under high CO: conditions. In the case of products with modified atmosphere (MA) packaging, interactions between
the internal gas composition and the CA environment influenced quality changes. Notably, commodities sensitive to high
CO: levels exhibited physiological disorders under high CO: conditions. This study confirms that CA containers effectively
preserve the quality of fresh horticultural products and proposes optimal CA conditions for different commodities. In par-
ticular, when shipping mixed commodities, it is crucial to continuously monitor the internal gas composition of MA-pack-
aged products in the CA environment, and storage conditions must be optimized accordingly. The findings of this study
contribute to the development of quality maintenance technologies for the long-distance distribution of fresh produce.

Keywords Controlled atmosphere (CA) storage, Modified Atmosphere (MA) packaging, Postharvest quality, Mixed
commodity storage, simulated sea shipment
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Table 1. Packaging, transport, and storage conditions of fresh Korean horticultural products subjected to simulated export using reefer
and controlled atmosphere (CA) containers

Transportation Distribui
. . istribution
Shipping Commodity Packaging Reefer gqntainer CA cop@iner Trangport conditions
method method conditions conditions conditions (°C/days)
(0,/CO,%) (0,/C0,%) (°Cldays) Y
- set: 21/0.03 - set: 5/0, 5/5, 5/12
(3]0 Orrmznuﬂﬁs)ﬁimcom ated |~ inside container: - inside container: 4C 10°C
Oriental melon box. Perforation ratio ofgﬁ]m 17.5/5.3 5.3/0.01, 5.1/5.2, 5.1/12.3 ’ ’
0 5;1 20 "| - inside of films: - inside film: 10 days 7days
e 3.5/0.3 0.5/0.3, 0~5/1~2, 0.5/3~4
Single ‘Wonwhang’ | Corrugated box : i:; dil/c(z;l(q);iner' - set: 5/0.04 1°C, 10°C,
product asian pear (9~10 fruits with cushion) 183/5.8 ’ - inside container: 5.1/0.04 | 2 weeks 2 weeks
- set: 21/0.03
. Bulk packed in 50 mm PE |- inside container: - set: 1/15 o o
ljlnﬁfhfgs;[ir film + Corrugated box. Per- | 16.8/6.8 - inside container: 1.1/15.1 1°C, 1°C,
foration ratio of film: 0% |- inside of films : |- inside film: 3~5/10~15 | 7 Weeks |6 days
3~5/10~15
- Paprika: 25 mm PE film +
Corrugated box. Perforation
ratio of film: 0.1~1%. - set: 21/0.03 - set: 5/0, 5/5, 5/12
. . Paprika, - Cherry tomato : Corrugated | - inside container: - inside container: o o
“{I;:e:ta;r;‘s‘t Cherry tomato, | box 18.1/5.3 51005, 53/5.9, 53/129| _8°C 10°C,
g Summer squash |- Summer squash : Indi- | - inside of paprika film: | - inside of paprika film: 2 weeks 7 days
vidually tight wrapped using | 5~8/0.3~0.5 1~2/0, 1~2/0.5~1, 1~2/5~6
transparent EVA/PE-based
film + Corrugated box

3. CA HEo|H Hejp
A AREE CA 73_51] JY(CA container, Maersk Co.,
Beijing, China)= CA 7]%5°] BAE Y579 #7845k
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3} T}, Texture analyzer(Lloyd Instrument BG/TA plus,
Ametek, Inc., Fareham, UK)2] #4] Z7& depression
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RDAQOIS)S] 7ol me AAs) 71

71F2 2 Lwin 579 WHS 3
Chromameter(CR-300, Minolta Co., Tokyo, Japan)E A}
43le] Hunter value?l L(lightness), a(redness) ® b
(vellowness) valueS =431t} Ado]Y 7] A% 2}o]
= 2717kl digk MX}(color difference, AE)E ©]-§-3}
ATt

6. TTE ¥ AZA WYY

CO, F%=+= Nichols '] W
2 85 L 2 &7]el 134 Yol 143k
%2 % head space2| 7]A| 1mLE gas-tight syringe® 3
A8l GC (GC-7890B, Agilent Technol., Wilmington,
DE, USA)E °l&-ate] S7gsisiet. ojuf 4 zdow 4
o] 30m, WA 032mme] column(HP-5, Agilent Technol.)
S ARESIAL, £ 80°Ce] o152 flow rate 5 mL-min’!
9] HeE AE3It. HAZ7]|2 & thermal conductivity
detector(TCD)E AME3I9 Y. TFES mL CO,kg!-h'le

o

(A) Orientalmelon

@
3

(B) Asian pear cv. Wonhwang

Bruker Corp., Billerica, MA, USAYE ©]&3l A3
o} ogdl BAH B 2ASE column &= 70°CO]

LI W

A%&7]2+= flame ionization detector(FID)E AHE-3F1L,
AELEE 250°CE2 AAsto] Sgsisint. oedxl 2

< uL CH,kg'h'lo=® itelo] %7189

7. 31 24

tlolEl= BHike 13 & EF QX (standard error, SE)2
UeRSicE tlolelE IBM SPSS EA|Z 223 (ver30.0.0.0)
< ©]&3t] Duncan®] tsHIWHO R B e S
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Fig. 1. Postharvest loss of fresh korean horticultural products subjected to simulated export in a controlled atmosphere (CA) container.
Oriental melon (A), asian pear cv. Wonhwang (B), and king oyster mushrooms (C) were individually stored in a CA container, while

red paprika (D), cherry tomato (E), and summer squash (F) were co-stored in a single CA container for simulated export. Each time
point represents the storage duration in the CA container followed by an ambient distribution period. the control treatment was a com-
mercial reefer container with an initial atmospheric composition of 23% oxygen and 0.03% carbon dioxide. all values are presented
as the mean + se (n = 3). means with the same letters are not significantly different according to duncan’s multiple range test at p < 0.05.
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Fig. 2. visual quality of fresh korean horticultural products subjected to simulated export in a controlled atmosphere (CA) container.
Oriental melon (A), asian pear cv. wonhwang (B), and king oyster mushrooms (C) were individually stored in a CA container, whereas
red paprika (D), cherry tomato (E), and summer squash (F) were co-stored in a single CA container for simulated export. Photographs
were taken after the storage period in the CA container followed by an ambient distribution period, specifically at the following time
points: (A) 10 days in CA + 7 days ambient, (B) 2 weeks + 1 week, (C) 7 weeks + 4 days, (D) 2 weeks, (E) 2 weeks + 3 days, and
(F) 2 weeks and 2 weeks + 5 days. The control treatment was a commercial reefer container with an initial atmospheric composition

of 23% oxygen and 0.03% carbon dioxide.
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Fig. 3. Quality attributes of fresh korean horticultural products subjected to simulated export in a controlled atmosphere (CA) container.
Weight loss (A) and firmness (B) of oriental melon, firmness (C) and titratable acidity (D) of asian pear cv. Wonhwang, and color b* value
(E) of king oyster mushrooms were evaluated as key indicators of postharvest quality under different CA conditions. Each time point rep-
resents the storage period in the CA container followed by an ambient distribution period. The control treatment was a commercial reefer
container with an initial atmospheric composition of 23% oxygen and 0.03% carbon dioxide. All values are presented as the mean + SE
(n = 3). Means with the same letters are not significantly different according to duncan’s multiple range test at p <0.05.
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Bio-based Photopolymer Synthesis: Epoxidized Soybean Oil (ESO)
Modified with Itaconic Acid and Vinyl Acetate

Shinhee Choi, Gunhee Park, Nohjin Park, Taesung Choi, Sangwon Lim, and Su-il Park*

Department of Packaging, Yonsei University, 1 Yonseidae-gil, Wonju, Gangwon-do 26493, Republic of Korea

Abstract This study aimed to synthesize a bio-based UV-curable polymer, itaconated epoxidized soybean oil (IESO),
using epoxidized soybean oil (ESO) and itaconic acid (IA) as replacements for acrylic polymers. Vinyl acetate (VAc) was
added to improve the polymerization rate, adhesion, and water resistance of IESO. The itaconated epoxidized soybean
0il/Vinyl acetate (IESO/VAc) content was adjusted to ratios of 9:1, 7:3, and 5:5, then IESO/VAc coated paper and stand-
alone films were produced using a UV curing system. Fourier transform infrared spectroscopy analysis confirmed a
decrease in C=C bond intensity after UV curing, indicating successful radical polymerization. The adhesion test demon-
strated stable adhesive performance, and the water contact angle confirmed that the coating exhibits significant hydro-
phobicity. In the recycling test, all samples dissolved, indicating that IESO/VAc is a bio-based material that can be
chemically recycled. Consequently, IESO/VAc blends have the potential to replace fossil-based curable polymer and may

be used as coatings for paper packaging.

Keywords Photopolymer, Bio-based, IESO/VA¢, UV-coated paper, Chemical recycling

1. Introduction

Global greenhouse gas (GHG) emissions are projected to
reach 1.34 gigatons per year by 2030 and 2.80 gigatons per
year by 2050". In this context, UV curable coatings have
gained global attention due to their “SE” advantages: efficient,
enabling, economical, energy-saving, and environmentally
friendly nature>>. Compared to thermosetting solvent-based
adhesives and waterborne systems, UV curable resins can
reduce carbon dioxide (CO,) emissions by up to 87%". Accord-
ing to a recent report, the global industrial coatings market is
projected to grow from approximately $ 157.2 billion in 2024
to $210.2 billion by 2032, with a CAGR of 3.7%). Given this
rapid market growth, UV curable coatings are expected to
gain widespread adoption in the paper packaging industry,
where enhanced barrier properties are increasingly needed.

UV-curable resins, consisting of oligomers, monomers, pho-
toinitiators, and additives, undergo photopolymerization, which
can be classified into cationic and radical polymerization 7.
Upon UV irradiation, photoinitiators generate free radicals or
strong acids, which initiate the polymerization of oligomers
and monomers. Cationic polymerization proceeds slowly and

*Corresponding Author: Su-il Park

Department of Packaging, Yonsei University, 1 Yonseidae-gil,
Wonju, Gangwon-do 26493, Republic of Korea

Tel: +82-33-760-2370

E-mail: parks@yonsei.ac.kr

continues even after UV irradiation ends, whereas radical
polymerization cures rapidly and stops immediately once UV
exposure ceases.

Acrylate-based polymers derived from fossil resources raise
concerns due to their high volatility, skin irritation, and cor-
rosiveness®. Therefore, the demand for renewable and non-
toxic alternatives has been increasing. To mitigate the toxicity
concerns of conventional acrylic acids, acrylated epoxidized
soybean oil (AESO) has been synthesized by esterifying epox-
idized soybean oil (ESO) with acrylic acid*'?. The resulting
AESO enables UV radical cross-linking due to terminal C=C
bonds, while the long ESO chains improve the intrinsic brit-
tleness of acrylates™ 'V. The introduction of functional mono-
mers such as methacrylated vanillin, myrcene, and methacrylated
eugenol has enhanced mechanical and thermal properties'>4.
However, residual acrylic acid in AESO production leads to
undesirable odor and severe irritation to the skin and respi-
ratory system®. For this reason, to replace the potential tox-
icity of AESO, research on more eco-friendly and non-toxic
itaconated epoxidized soybean oil (IESO) has also been
conducted %119,

ESO is a renewable, non-toxic, and hydrophobic material,
making it a potential solution to overcome the limitations of
bio-based plastics. Itaconic acid (IA), which contains both car-
boxyl and C=C functional groups, has structural similarities
with acrylic acid and is considered a promising bio-based
alternative. The U.S. Department of Energy has recognized it
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as one of the top 12 value-added chemicals derived from bio-
mass®). Vinyl acetate (VAc) is an inexpensive material known
for its adhesive properties, hardness, and ability to improve
curing speed when used as a monofunctional monomer'®'”.

In this study, the epoxy rings of ESO were opened by an
ester exchange reaction with the hydroxyl groups of IA to syn-
thesize IESO, an eco-friendly UV-curable oligomer capable of
radical polymerization. Subsequently, VAc was added and
cured. The properties of the itaconated epoxidized soybean
0il/Vinyl acetate (IESO/VAc) films and coated paper were
characterized using Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric analyzer (TGA), surface analysis,
and chemical recyclability assessment. This research aims to
develop a sustainable alternative to conventional acrylate-
based UV-curable resins by utilizing bio-based components
and evaluating their potential applicability in environmentally
friendly coating systems.

2. Materials and Methods

2.1. Materials
Epoxidized soybean oil (ESO) was purchased from Aladdin

(a) /\/\/\/\M/\/\
Sl i - et

/\/\AA/\/\/\/\ o
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HO OH
[e] Q
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Q OH OHO o

Scientific (Riverside, CA, USA). Itaconic acid (IA) was
bought from Sigma-Aldrich (St. louis, MO, USA). Vinyl ace-
tate monomer (VAc) was obtained from Daejung Chemicals
& Metals (Siheung-si, Korea). An initiator, 2-hydroxy-2-
methylpropiophenone (Darocur 1173), was purchased from
TCI (Tokyo, Japan). Ethyl Alcohol 99.9% (EtOH) was pur-
chased from Duksan Pure Chemical (Ansan-si, Korea). A
1 mol/LL sodium hydroxide solution (IN) was obtained from
Samchun Pure Chemical (Seoul, Korea). A 3M® Scotch®
“610” Cellophane Film Tape was purchased from ScilLab
Korea (Seoul, Korea). The 258 pm-thick Kent paper (170 g/m?)
was obtained from Hanapaper (Namyangju-si, Korea).

2.2 Synthesis and Film preparation of IESO/VAc
The IESO was synthesized based on previously reported
methods'>. The formulation was prepared with an epoxide/
acid group ratio of 1:1.15. To prepare the solution, 20 mL of
EtOH was added to a 100 mL beaker and heated to 90°C, and
5.84 g of 1A was added to the beaker and maintained for 10
mins. After IA completely dissolved, 16 g of ESO was added
and the mixture was stirred at 90°C, 300 rpm for 1 hour. At
this stage, the uncured solution was called IESO-S. The solu-
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Fig. 1. (a) Schematic diagram of the chemical structure of IESO synthesized by esterification and UV polymerization. (b) UV curing

process forming a cross-linked IESO/VAc network.
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Table 1. Sample compositions with IESO, VAc, and Darocur 1173

Sample | IESO (wt.%) | VAc (wto) |Darocur 1173
(phr)
IESO-S 100 0 0
IESO 100 0 3
IESO/VAc 9:1 90 10 3
IESO/VAc 7:3 70 30 3
IESO/VAc 5:5 50 50 3
PVAc 0 100 3

Table 2. Thermal stability of cured IESO/VAc blends and PVAc

TGA
Sample Tsoo | Tiow | Tso | Tomaa | Toac
O | O | (O (°C) (°C)
IESO 206 280 353 377 -
IESO/VAc 9:1| 241 303 357 377 -
IESO/VAc 7:3| 229 302 362 379 -
IESO/VAc 5:5| 227 293 355 379 -
PVAc 252 307 327 332 433

tion was cooled to room temperature, and VAc was added at
concentrations of 0, 10, 30, and 50 wt.%. To prepare the coat-
ing solution, 3 phr of Darocur 1173 was added to the IESO/
VAc mixture. The schematic of the [IESO/VAc blend synthesis
and UV curing process is shown in Fig. 1, and the sample
compositions for different IESO/VAc ratios are presented in
Table 2.

Coating solutions with varying concentrations were applied
to white paper (258-260 um) and cured for 60 mins under a
UV curing system (RX-T21, Raynics, Siheung-si, Korea) with
a wavelength range of 320-420 nm. The thickness of the cured
coated paper ranged from 312-387 pm.

2.3. Characterization

FT-IR was used to compare the chemical bonds of the sam-
ples before and after curing. FT-IR analysis was performed
using an ATR-equipped Fourier transform infrared spectrom-
eter (Spectrum 65, PerkinElmer, Shelton, CT, USA) over a
wavelength range of 400-4000 cm™' with 64 scans.

To evaluate the surface characteristics of the coated paper,
a cross-cut test (ASTM D3359-17, Standard Test Methods for
Rating Adhesion by Tape Test) and water contact angle mea-
surements (Phoenix 300 contact angle goniometer, SEO,
Suwon-si, Korea) were performed. The cross-cut test was con-
ducted to assess the interfacial adhesion between the paper
and the coating. Twelve parallel cuts, spaced 10 mm apart,
were made on the coating surface, and 3M® Scotch® “610”
cellophane film tape was uniformly applied. After peeling the
tape off at a 45° angle, adhesion was evaluated on a scale from
0B to 5B.

The thermal stability of the IESO/VAc cured films was ana-
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lyzed using a TGA (TGA Q500, TA Instruments, New Castle,
DE, USA) under nitrogen at a flow rate of 10 mL/min, with
a temperature increase of 10°C/min from 30°C to 700°C.
The chemical recyclability of the coated paper was also
examined'™'®. IESO/VAc blends and PVAc coated paper, as
well as uncoated paper (10 mm % 10 mm), were immersed in
20 mL of 1 N NaOH solution at 60°C for 4 hours. After
immersion, the samples were thoroughly rinsed with deion-
ized water and dried in an oven at 60°C for 24 hours. Chem-
ical recyclability was assessed by measuring and comparing
the weight and thickness of each sample before and after
immersion to determine the extent of coating removal.

3. Results and discussion

3.1 Fourier transform infrared spectroscopy (FT-IR)

Fig. 2 presents the FT-IR spectra of the starting monomers
and IESO-S, both of which do not contain a photoinitiator,
along with IESO and IESO/VAc blends, while also analyzing
the chemical bond changes resulting from radical polymer-
ization in the IESO/VAc blends. IA exhibits peaks for O-H
stretching (3,100-3,200 cm™"), C-H stretching (2,886 cm™' and
2,834 cm™), carbonyl (C=0) stretching (1,682 cm™), and
C=C stretching (1,621 cm™")!*??. ESO shows peaks for C-H
stretching (2,925 cm™' and 2,855 cm™), ester C=0 stretching
(1,740 cm™), C-O stretching (1,239 cm™), and epoxy group
(821 cm™)*122),

The FT-IR spectrum of IESO-S shows that the O-H stretch-
ing vibration of TA (3,100-3,200 cm™) and the -C-H stretch-
ing peaks of ESO (2,925 cm™ and 2,855 cm™) merged into a
single peak, which formed a broad peak due to the influence

1A
N W
1682 —»
IESO-S W
821

«— 1740 539

IESO

IESO/VAc 9:1

% Transmittance

4000 3600 3200 2800 2400 1600 1200 800 400
Wavelength (cm'l)

Fig. 2. FT-IR spectra of the starting monomers, [ESO-S, IESO,

and IESO/VAc blends.
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Fig. 3. Cross-cut test result of (a) IESO, (b) IESO/VAc 9:1, (c)
IESO/VAc 7:3, (d) IESO/VAc 5:5, (e) PVAc.

of residual ethanol that was not fully evaporated during syn-
thesis'*?®. Additionally, the epoxy group peak at 821 cm™
was reduced???. A comparison between the spectra of IESO-
S and IESO revealed that the characteristic C=C stretching
peak (1,621 cm™), a major indicator of photopolymerization,
had nearly disappeared after curing!***??. As the VAc content
increased, the C=0 stretching (1,733 cm™') became sharper,
while an additional C-O-C stretching peak (1,234 cm™)
emerged'*2"?Y. These spectral changes suggest that the incor-
poration of VAc influenced the polymer structure, contributing
to modifications in chemical bonding during the curing pro-
cess.

3.2. Cross-cut test

The cross-cut test was conducted to evaluate the adhesion
properties between the coating solution and the substrate, and
the results are shown in Fig. 3. The IESO coating layer exhib-
ited very low adhesion, with over 65% detachment due to
incomplete curing. As the VAc content increased, adhesion
improved. In IESO/VAc 9:1, the uncured coating surface
transferred to the tape, while IESO/VAc 7:3 and higher for-
mulations showed significant adhesion enhancement, with
IESO/VAc 5:5 achieving the highest rating of 5B. This
enhancement is due to the reactive VAc monomer, which
increases the radical conversion rate during UV exposure®).
Additionally, studies have shown that the addition of func-
tional monomers improves wear resistance by promoting elas-
tic deformation and forming a uniform network structure?®.
Therefore, increasing the VAc content enhanced the adhesion
of UV-cured coatings.

3.3. Water Contact Angle

Fig. 4 presents the changes in contact angles after coating.
The initial contact angle of uncoated paper was 58.4°, whereas
after coating, the values were 71.5° for IESO, 69.4° for IESO/
VAc 9:1, 68.6° for IESO/VAc 7:3, 68.5° for IESO/VAc 5:5,
and 67.4° for PVAc. The IESO coating increased the contact

75
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Water contact angle (°)

Fig. 4. Comparisons of the water contact angle on coated
papers and uncoated paper.

angle by approximately 13.1° compared to uncoated paper.
This relative increase was influenced by IESO, a fatty acid
with long hydrocarbon chains, while UV-induced cross-link-
ing reduced the number of pores available for water pen-
etration, further enhancing hydrophobicity®”. Although VAc
is a nonpolar material, the decrease in contact angle with
increasing VAc content can be attributed to its oxidation under
UV exposure, which contributed to improved hydrophilicity®.

3.4 Thermogravimetric Analyzer (TGA)

To evaluate the thermal stability of the polymer, TGA mea-
surements were conducted. The weight loss curves as a func-
tion of temperature are presented in Fig. 5, and the corresponding
data are summarized in Table 2. The 5 wt.% mass loss tem-
perature (Ts,) was 206°C for IESO and 252°C for PVAc.
Compared to IESO alone, the IESO/VAc blends proved
increased Tsy,, 10 wt.% mass loss temperature (T),), and 30
wt.% mass loss temperature (Ts,,) values. This improvement
is attributed to the role of VAc, which acts as a cross-linker
within the [ESO matrix and enhances crystallinity due to its
short-chain structure. In contrast, IESO, with its long-chain
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Fig. 5. TGA curves of the cured IESO/VAc blends and PVAc.



Vol. 31, No. 1 (2025)

structure, increases flexibility and amorphous regions, leading
to lower thermal stability.

PVAc exhibited a two-step weight loss pattern, which was
due to the removal of acetic acid at 300°C, followed by the
degradation of polyene in a subsequent step between 400 and
500°C*Y. IESO, IESO/VAc 9:1, IESO/VAc 7:3, and IESO/
VAc 5:5 exhibited the most significant decomposition
between 377-379°C. However, as the VAc content increased,
the influence of polyene chain scission led to the formation of
a broad decomposition peak in the range of 300-500°C. Fur-
thermore, the weight loss observed 550-650°C is attributed to
the thermal degradation or combustion of residual soot’?.

3.5. Chemical recycling

Recyclability is crucial in the development of sustainable
cross-linked polymers. The presence of ester bonds in IESO
suggests the potential for chemical recycling'”. Results
showed that all coatings, except PVAc, completely dissolved

Table 3. Changes in thickness and weight of coated paper
before and after NaOH immersion

Before NaOH After NaOH

Sample -1mmer510n . .1mmer31on .
Weight Thick Weight Thick
(mg) (pm) (mg) (pm)

Paper 170 258 169 338
IESO 374 387 166 289
IESO/VAc 9:1 346 334 178 294
1IESO/VAc 7:3 305 344 177 330
IESO/VAc 5:5 294 312 171 283
PVAc 299 316 273 421

IESQ IESO/VAc IESO/VAc TESO/VAc PVAc
9:1 7:3 5:5

P;ﬁer

J 1N NaoH, 60°C, 4

i — — — s
Paper  IESO TESONVAC IES;)';VAC fsorva il pyac

= = SN

Fig. 6. Chemical recycling in 1N NaOH at 60°C after 4hours.
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in NaOH. Table 3 presents the weight and thickness of uncoated
paper and paper coated with IESO/PVAc blends before and
after chemical recycling. The weight of the paper before
immersion was 170 mg, and after NaOH immersion, the
paper, IESO, IESO/VAc 9:1, IESO/VAc 7:3, and IESO/VAc
5:5 exhibited similar values. This indicates that all coatings
were completely dissolved in NaOH. In contrast, PVAc
retained 62% more weight, indicating its resistance to NaOH.

The visible changes can be observed in Fig. 6. After 4 hours,
the fully dissolved solutions showed a gradual decrease in
color intensity, with IESO exhibiting the highest coloration,
followed by IESO/VAc 9:1, IESO/VAc 7:3, and IESO/VAc 5:5.
This trend is attributed to the inherent transparency of VAc.

4. Conclusions

In this study, to manufacture eco-friendly UV-coated paper,
IESO/VAc blend solutions were prepared using VAc, a func-
tional monomer, with a small amount of photoinitiator. All
IESO/VAc blends exhibited improved hydrophilicity, thermal
stability, and chemical recyclability. Among the various for-
mulations tested, the IESO/VAc 5:5 blend was identified as
the most effective, demonstrating the highest rating in the
cross-cut adhesion test, superior thermal stability compared to
other ratios, and a water contact angle of 65.5°, indicating bal-
anced surface properties. Based on these findings, the IESO/
VAc 5:5 can be considered a promising candidate for use in
the packaging industry, particularly as a sustainable alternative
for producing UV-glossy coated paper with improved envi-
ronmental performance.
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