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Abstract In this study, an eco-friendly packaging film was developed to inhibit light-induced
greening in potatoes by incorporating various organic and inorganic fillers, such as copper oxide
nanoparticles (CuONPs), zinc oxide nanoparticles, zinc basic salts,
nanocrystalline cellulose, and calcium—iron layered double hydroxides, into poly(butylene adipate-
co-terephthalate) (PBAT) via solvent casting. Among these fillers, the PBAT film with CuONPs
exhibited the lowest UV-visible light transmittance, especially at 450 nm, and was selected for
further study. Three potato cultivars commonly distributed for processing in Korea (Superior,
Duback, and FEunsun) were packaged with the CuONPs composite films. Neat PBAT film,
commercial HDPE film, and unpackaged samples were used as controls. After 6 days of fluorescent
light exposure, the CuONPs composite film significantly reduced color change (AE=7) in Duback
and Eunsun, indicating effective greening inhibition. SEM and XRD analyses confirmed uniform
CuONPs dispersion without altering PBAT crystallinity. FT-IR spectra revealed no chemical
interaction, indicating physical incorporation. Mechanical testing showed no significant difference
in tensile strength, elongation, or elastic modulus compared to neat PBAT, with tensile strength
values comparable to those of commercial LDPE. The CuONPs composite film also exhibited
favorable water vapor permeability (5.83x107° g-m/m?-Pa-s), supporting its potential as a
functional packaging material for light-sensitive produce like potatoes.

microcrystalline cellulose,

Keywords poly(butylene adipate-co-terephthalate), copper oxide nanoparticles, potato tuber
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K Solanum tuberosum L) &, 4, S<pof] o]o] Ao A H] A= gho] il
A7 oF 39 537 Eof A AANA At ol A= 19763 w0l A =dHE 48
e AReR A At 2= QloH, 1990 o]Fol= oA et %%"%0] At
HE7] AZSFAHH(Choi 5, 2008). #A= ©shE Qo T@HA vERlS gRet YTt
E2 AEE, TRt AYEA 715 AY A AlAZ SR g HE ggRt 88 Al
=2 UTh(Bang 5, 2020). Y HA= Hof kEE 4 =1 @A) B 5ol
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4 gl 9 v i)
W3 Aol 1 At g 4 9
(Grunenfelder &, 2006) ol AR E20] =4 &Zo| =
949 5 glov] A2 o §14 oAUz ojs) 228
4 Slth(Reeves 5, 1988). 52 QAFo] Ml ol &
4 AT Futel=d, AR fAoe FEIYLR|E
(glycoalkaloids, TGAs)Fq- gﬂlt o-&ed 3} g-x}Fdo] 23}t
Eo] glom, o] F gE-2 XA TGAsY| 9 95%E A3ttt
FAZL ol GAZ =B o]l 549 B ST
7*1}01] 20 fEetal, A A A0 1LE, A71F, &
& 59 F4S T %E}(Grunenfelder %—, 2006;
Machado =, 2007). AY] A EZ9] TGAs TFF
200 mg/kg ofstZ Fe|HH, ol= AUA HFE % A 7]—?&
o) 9 2rkMachado 5, 2007). k2] &k AL 13
100 ¢ TGAs Bo] 15 mg Z34e o Uehjl, v2
FDA(U.S. Food and Drug Administration)= A1&Z0] tjaf|
100 g3 20 mgS AFACE HA5HtH(Grunenfelder -5,
2006). TGAs B2 E53 344 2012, 44, B &5
Bl w2 gebd 5 gk weba] Ake HashAY £
Eﬁ]— EHJ:_ H_LQ_ ;(].1:]—61- s 9‘}\.‘: X%X«l-(‘s]_ E;g-o] 3‘;1__9,_3]_3;]’ 0]%
ol =4 S/ 4 ASHE A & Atk(Bang 5, 2020).
ddl AF TAAR 2] AN EE ERAEE 7R, B
A, g4, YT e AEOR Qla) TR Ak RopolA
2257 QIthAli 5, 2021; Rodrigues 5, 2019). 18Ut Szt
A2 AESAe] Wot WrlE A3 22 A4 8 24
o, 55 vAEStAY EAl= A AR R FE
1 QItk(Flury®} Narayan, 2021; Sridhar 5, 2022). SE}AE
oHE B, A, FAT 5 AT AGoIA BEEH, 3|
FofEhs o 4 dollA 9 do] AQFThAL 5, 2021;
MacLeod 5, 2021). o]2l3t 2AIE 25| 9o ARy =
gtaglo] 3h4 sl 9l gigte g FEuky glom, I At
T S| A=l th(Lambert?} Wagner, 2017; Narayan,
1993; Sudesh®} Iwata, 2008). HEA Q] AJE |4 SetAECQ]
poly(butylene adipate-co-terephthalate)(PBAT)2} poly(lactic
acid)(PLA)= 834, 93 7154, 7144 242z s
2 AolA 835 AR FLE T QrtHWang 5, 2016).
Sa] PLAL 2% WET} 22 A 7Rse Aelo e 4
Ao ks elel, w8 JIAH 7w, W S, Akl &
A& A'di(Shankar®} Rhim, 2019). 121} %2 38 Zo]
,9_59,]- o O}XMA =L E]—/Hzﬂ/\ Zo 6‘]—7;“3__' o]—aH ;q% @_?4
7F AlRFEtH(Wang -5, 2016). ¥FH, PBATE= 44 7[5 424j0]
Aat A3 RS 7} 7Fssh, 9431 ArtAA, e 27
SakE, Hold §A8T 71BAL vigoz 58 97 Ug
W AF 24RO A3 292 B/ QrkDammak 5,
2020; Jian %, 2020; Shankar®} Rhim, 2016).

27 A3t o] @A %

il

=l

II
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F|Z2oll= e e FASHAAE D5 E4e FHATI
I AZ WS sk flsl ot EEE AR Bt 2
of thigt A7t Eis| o] R A 1L UtH(Atef 5, 2014; Botta
5, 2021; Ferreira 5, 2019; Pinheiro 5, 2017). °|&|3t &3}
BB Belo} L 0 HEEE B 0T 4 =
93 FZRE FAIste] 255 B8 EAJL TASIH(Ferreira
5> 2019). /‘F‘lﬂ“ ee e ER FRE, 771
R = na|Z2A AEZ Q A(microcrystalline cellulose, MCC)
9} Y24 AEZ Q A(nanocrystalline cellulose, NCC)7} Q]
O, PBAT ZEof A71e AL 7|AA EXS autdo= 3
AFAIZ1tk(Botta -, 2021; Pinheiro 5, 2017). £3] NCC= =

o HUd, S0 72, 2e UE, 940 1AY 4ES AT
5lo] PBATY] %2 He3E 2 9tk Atef S, 2014). 7] 1
H &2 AMSlLE](CuONPs), AFsto}ed(ZnONPs), B7]4 ol
Y(zinc basic salt, ZBS), Z&-3 34 o|F $ASHE(CaFe-
LDHs) 5°] 3lom, o5 &4 WA= Aok, Hio] Q. 9Jg},
SHFE, AE 2 5 Thet 4FY EofollA 11 §-84d0] A5
o] £kt}(Shankar®} Rhim, 2017). £3] CuONPs2} ZnONPsS
:\,}_c‘):]‘o]- M OH/H E_OT- J.!JE el :[_E]— ._J\-] tl] O]:/H Hﬂ%]_k] H]—Eﬂﬂ

ofol] Tl et F BHL Ui oz Bussi. of
A voRt 9RE WKL 2Y 9EL /A8 4, 94 o
A, StA 59 EA4L A7) ] 7|od5HA|TE AlE 23
of WA gH A ofd Astael Ao]ckHasanind}
Youssef, 2022; Hasheminya %, 2018; Shankar®} Rhim, 2019).
B 470 A4S A9 o] o3t ¥ (greening) AAL
a0 g AT & Qe e ZAAE sk Aotk
olE s AB&Eshd 4AQl PBATOY thet 7] E 7] 2
£ HAristod A 9 7HABA A 7sS Ad B HE
= AT 1 SoAE g A 8 $53 Ao i
7HE 59 158 SR VAR B4, B B, 2% 1L,
T35 B 55 THHoE ZA5IeH, A ARt 5
of 2&ste anE Frlekgit olF &9 g H5 252
A& 7FsA8Y 71548 ZEARA Y B8AS A5l

2. Mg % diH

2.1. &2

H Lo A= AFY-8 PBAT(Ecoflex F Blend C1200, ¥
1.26 g - cm”)E BASF Company(Seoul, Korea)oj| A LHj5}to]
AFGBGO0, AHg Aol 60°ColA 24417 B Az
Chloroform, copper(Il) nitrate trihydrate, zinc nitrate
hexahydrate, calcium chloride dihydrate, Iron(Ill) chloride
hexahydrate, sodium hydroxide:= Daejung(Siheung, Korea)o]
A YT, MCC(Avicel® PH-101, 50 pum)e= Sigma
Aldrich(Missouri, USA)oJA] JLufjs} it Adof| AR 7R}
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L el AlE8oR F2 SEHE U], R, L
o EBoE, Avtel g AF A8 F5HS Teistol
AgsEom, AY W7 4N AL

22 Ag% Z2o H=x
2.2.1. U™ MEZQA(NCC) H=

B oA AREE NCCE Alves 5(2015)9] 5 7]6t
©F Az} MCC 1 g& 45°COo)A 10 mLe] Z4K55%,
viv)T 9RSAIA 3087 7FrEEot ) o] %, AR (10:,
6,000 pm)Z HAHET} A5HS EFota, 54 pHol 2
7kA] S242 A5 2EHog dojd FgHS F
A 7AZsto] NCCE EHsrt

4

2.2.2. 4t5}722|(CuONPs)
CuONPs:= Shankar®} Rhim(2017)9] & 7]Hto 2 3HA4]
5} th. Copper(ll) nitrate trihydrate 34.96 g2 554 1,000
mLo| =291 7, 70°CoA] 3082 &<t wykste] EaA[H . o]
%, 5 M sodium hydroxide &% 9F 60 mLE 3] #7651
PHE 6.7 24313, 70°CoA] 2417 5t THesilet. A
29 Qo] YYFOv, ol CuONPsS] FHS Lerd
o JAAES dHEYR I3t F SRR 33, offHEE 2
3] AlE &, 70°C E2to] QB4 6AI7F BRtF ARSI

o
o

tlo

2.2.3. L5l0IA(ZnONPs) &4

ZnONPs= Shankar® Rhim(2017)2] ¥ 7]8ko 2 34
S}t Zinc nitrate hexahydrate 29.75 g& $%4 1,000 mL
of o] 70°ColH 308 E2F WHISHSATh. Bo] 5 M Sodium
hydroxide &%¥& %3] H7Ist pHE 8.00%8 XA,
70°Col A 2417 Bt ZHESHRIth. BAE M IHES
ZnONPs9| g Uehdich JXES HEYE 340l
ST olE=2E 747} 33] 9 23] AIF3E F, 70°C =2to]
QB4 647t B ARSI

(o

rlot

2.2.4. E7|Y OIHA(ZBS) &Y

ZBSE Ye 5(2009)9] W¥le #4ste] st Zine
nitrate S ZHF570 150§ 70°CoIA 308 52t wHFsh g3)4]
Zth. o] €] 1 M sodium hydroxide -8 31313] H7}3}
o] pH 7.022 2335ttt FAH 4 JHEL ZBSY| FA
& UehiH, diEE R 3l5e | SR ogheE 2473
3] 9 23] AFsIt HFHOR 50°C Eato] QEOA 244
Zb 59t Axskgich

2.25. #8-H Y 0|5 +1t2k=(CaFe-LDHs)

CaFe-LDHs®= Taei 5(2018)9] WHE 7|Hto g

0x

pok g
ox
ofr
ol
3R
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t}. Calcium chloride dihydrate 0.05 mol¥} iron(Ill) chloride
hexahydrate 0.02 mol& &% 50 mLo] &Yt o] 1 M
sodium hydroxide €M A7}5k0] pH 13.00.2 ZA3}ch
FAE A YHEL CaFe-LDHsO| A4S LERYH, A=
o AHE,000 rpm, 108) 3)5:31%0c}. o] F o 3
3] AlFstaL 50°C Efo] QoA 2447k T xS

2.3. PBAT 7/t 25t ZE HZX

PBAT &3} &2 7|& dF-(HasaninT} Youssef, 2022;
Shankar 5, 2014)E #arsto], 20 FFY 2% digsh=
ZYE A71er § &9 A" B AR5 4 g9
PBATE 80 mL2] chloroform®] Y1l 48A17F &< wHislo]
gafsteich. of Bolo] 217k WeMCC, NCC, CuONPs,
ZnONPs, ZBS, CaFe-LDHs) 0.08 g& #7}5to] S mA o] A
2 Zgoilth. =3 892 HIZE gHo|nE FRH 24x30
cm 2|30 FAAEEE F 25°Cof|A] 48417 53 AZRF A
ZH B3 Y52 25°C % 50% e 22004 F=F571
(JSTH-150CP, JSR Ltd., Seoul, Korea)o] Botatqich Q=
A7FekA] 22 t27Ql <=4 PBAT ZE(neat PBAT H5)2
YL HHOE A|Rsiylon, Bot 52 AMEE Heof
2} neat PBAT, PBAT/MCC, PBAT/NCC, PBAT/CuONPs,
PBAT/ZnONPs, PBAT/ZBS, PBAT/CaFeZ "JH3}9ict.

2.4. X-ray diffraction(XRD) 24

Az Wejoh W2 XRD LA A XA 3EA
(Empyrean, PANalytical Co., Ltd., Almelo, Netherlands)Z &
34t NiZ EFE Cu Ko HAMI(A=1.5405 Ay AM&
5tof 20 mA%t 40 kV LA PR o, 20 2 5-80°
(2714 &= 19/min) HolA SAHAH.

25 58 HEY ME ¥ & EnE

H23 9E9] ¥ M= M A(CR-400, Konica Minolta
Inc., Tokyo, Japan)& A&-5] 7745191 0.1, JZTHL*95.76,
a*=038, b*2.94)E 2702 A1gaigich. W] M uj7)
A= Hunter A4 Zof welt Wx(lightness, L), A%
(greenness, a), AL (yellowness, b)Z =513t} & AMAHAE)
+ otdiet Zo] AitetAt:

AE = [(L - L*¥ + (a - a*)* + (b - b*)}]*

o7|A Beh 259 A wEtfEl= L, o, be, 20| A
F TEHEE LY a%, b*2 EAEU.

B3t 459 Pstd EAL UV-vis £ A (UV-3600i
plus, Shimadzu Co., Tokyo, Japan)E AM8-5t0] Z43I% Tt
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W22 5 ¢m x 5 cm 379 AAZGo g Fet BAALA
Aof 2ot o, 200-800 nm 3 W oA o] Fikeg
451 F FH=E P71t

2.6. Scanning electron microscopy(SEM) 241
Az 5 459 39 FH= & UEF Ad AR
] (FE-SEM, S-4800, Hitachi Co., Ltd., Matsuda, Japan)
ol-gsto] TSttt WAZ 95l BF HES A2 At
K Z:L‘OE et g oA Ho|ZE Alg Fro] 17ggh
, g9 eF2 Fo& IS oH|A&= 3.0 kv 7h&
o stollA 3-30K9] gfleE EYstsich

rzi Jor I mfo gk

2.7. Fourier transform—infrared(FT-IR) 24/

E9l 29 FT-IR AHEHL 2 QA B34 A|(Spotlight
400, Perkin Elmer Inc., Waltham, MA, USA)E A5l A3}
o} U2 MES A mofo 2 221 33 AH|o|X|o] Hf

Z|5tAct. AHEZHL 500-4,000 cm' Q] W Yol A SAE it

mEo) £ ¥ JHH 54 B}

S 7+ yAE ulo]3 ZH]E(MDE-25M, Mitutoyo
Ltd., Kawasaki, Japan)Z 0.01 mm %99 Aotz 2 =459
o 7 BEolN PR 57 XA ZHslol BAULE Tot
ot 91 7 (tensile strength, TS), Tt AAlE(elongation
at break, EB), B4 A4(elastic modulus, EM)¥ Instron
Universal Testing Machine(5565, Instron Engineering Corp.,
Canton, MA, USA)YE Al&3}o] ASTM D882-88 ¥=of wheh
25tk WE AZL 2.5 cm x 15 cm 278 Adksto] A
gaolh

2.8 Szt %
ni 1:_‘
=

TS = F/A
EB = [(Ef - Eo) / E¢] x 100

o714 Fi= Hd AFHN), A= B AE2] B (m),
E= 5 HEY ﬁ}‘i} Al o], Er= 5 A
ot} EM(GPa)2 ¥/ Wg 99| §8-1g Z49| 71&7
2RH 245U
9 B8 HEY £57 EHE A+ 55
=55 %%—4 4%7] E3} %= (water vapor permeability, WVP)
E96-959] ¥ 8IS wet 274513 th(Shankar
5, 2014). % MES 7.5 cm x 7.5 cm 27|19 AL 27+
08 A2, 18 mLY 2547} Sof g 24 (ko] 2.5
cm x 27 6.8 cm) Ao A2sto] Estitt. WEHE 54

https://www.ekosfop.or.kr

50% 4ol $E2 288 FLGE71o] 9 14
Aog § z3j] A4 7 49 AS FY5A Wyp
= o}am AL Agstol ALttt

oJ7]A WVTRL 2 B3t $:57] BEd8(g/m’ s), LS I
£9] FA(m), Ape BEL B3 £%7] dFAH(Pa)oltt.

Eia
PBAT 53} ¥ %0 AREE 2227 em x 23 em)o] LA
O R ZA6HA] ok AL} Al
7"@}4 B AGHE 9 TUE Sl D high density
polyethylene, HDPE) @&0 g A= 7= AM235H9 T =
£ A1E2 23°C 2 PPFD 6.8 pmol - m’ ~s" =AM Bk
A th(Grunenfelder 5, 2006). Hunter A4} A-S ARR-35) 2]

m}m

5 0.5 mm AAG F 574 QA A= é“éé At A%
F AE= A% 159 Hunter A g2 7IWO= Aol
o, 2 Ax EA grlo] AFRE Zd5k AAMAS 28519
oh. BEWO] A mhetulE (LY, a%, b%) Al A A R
TE e 71208 A859

2.11. &Axz2/

4 5400 8 A3ue 353wk Sgoigen,
L WEge BREAR dehiRth 18 7 S8 Aol
(p<0.05)= ¥Y EAF EA(One-way analy51s of variance,
one-way ANOVA)Z AL§3] BB A5 242 BM
SPSS Statistics(Ver 28.0, SPSS Institute Inc., IBM Corp.,
Armonk, NY, USA)E AFE-5}9 2™ Duncan® o5 ¥ A
4 olgslel a3

3. Ay ¥ jEt

3.1. g%

Fig. o]z & Aol A A8 bt §7] &
XAl BA(XRD) e el oig 2412 X
T2 % 5A4S vetete O 8% AR &850,
AR 9 723 Aol H|wske d T-EH} Fig. 1A4
MCCE 20 g 1539, 22.3° € 34.4°0]4 E4ZQl 54 wag

Zao ZHAE 24

Uehfgom, ol 712t (110), (200), (004) AT sl
T MCCo] AF 729} Aok Anto|tkKian Z, 2018). 0]
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(A)
——MCC
3
=
=
W
s
o]
£
20 40 60 80
2 Theta (degree)
(C)
CuONPs
5
5
=
w
[ =
I
£
20 40 80 80
2 Theta (degree)
(E)
—1ZBS
35
L
=
T
o
g
£

20 40 80 80
2 Theta (degree)

(B)
—NCC

3

Lk

=

W

c

z

£

20 40 80 80
2 Theta (degree)
D)
ZnONPs

=

L

)

@

c

8

£

20 40 60 80
2 Theta (degree)
(F)
CaFe-LDHs

=

S

2

@

=

3

E M

20 40 60 80
2 Theta (degree)

Fig. 1. X-ray diffraction (XRD) patterns of MCC (A), NCC (B), CuONPs (C), ZnONPs (D), ZBS (E), and CaFe-LDHs (F). MCC,
microcrystalline cellulose; NCC, nanocrystalline cellulose; CuONPs, copper oxide nanoparticles; ZnONPs, zinc oxide nanoparticles;
ZBS, zinc basic salt; CaFe-LDHs, calcium ferric layered double hydroxide.

A3t ¥ 3= MCCo] 274 F2oA
AdHos FgE= MCCo 25 %‘é
gk, Fig. 1BoJA NCC2 XRD H€2 26 glo] 15.5°,
22.6° 4 34614 o SIIET TG 9414 w37t HEE
TH(Kian &, 2018). o]= NCC7} MCCHt} 235t 244
A AAbete, AAS} oA Hek Fudt 724 v do]

874

FAEUSS HERdT OIEM XRD A= Y& MCCE
FE NCC7H 43802 22HAeE ovist, the 72 9
4= &9l =2 AT 7174114 B4 AsE - :
ARttK(Tang 5, 2014).
Aol A IS Ui 7715 E2]9] XRD Hid2 7+ 2
EH 24 125 85| Yedth Fig. 1Col= CuONPs2

https://doi.org/10.11002/fsp.2025.32.5.870
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XRD Flo] AA|EOm, 20 FF 32.5°, 35.5°, 38.7°, 48.7°,
53.5°, 58.3°, 61.5°, 66.2°, 68.2°, 74.9°, 78.5°0| 5] EAZQ] 3]
4 137} #FEYLh ol5 g3t 27t (110), (002), (111),
(202), (020), (113), (311), (004) ZA Ao s}, CuONPs
9] 24 Fx9} & F3lsith(Ahamed 5, 2014).

Fig. 1DO] UERt ZnONPsQ] XRD T &A% 20 g+ 31.5°,
34.6°, 36.4°, 47.7°, 56.78°, 66.4°, 68.1°0]| 4] E=E13} 34 w3
7F Yersttt. o] 2= 242} (100), (002), (101), (102), (110),
(103), (112) ZAHo] sfstm, ZnONPsQ] AAsHA Lo}

XRD £4] A= 7|& £ fARE 24 25 Uside
Aoz uom 9ct. Eak MCC2EE %3 NCCe 4=

O

7] o5 PBAT 23 B8] 4|20 B oY
971 % 271 BelZ Wiolol Aze 97 28| F Fakx

=)
E42 BgoRA, WY 35 BE 5% B2 B A

s AelE A

3.2. BEfof W= PBAT 78t 5gf 59 & Fiir

07 9 7] A7} F71E PBAT &3¢

U X StcH(Kanmani?} Rhim, 2014). Fig. 1E°]&=

At o] ma=

T2Z dl3ithReda S, 2024).

Flg. 1Fo]&=

(003) Z7gHo|| sfgst, ZBS &

ZBS9] XRD
Hielo] Lpeht 9lom, 20=9.1°014 733t @ 127} 2ol

=09 34

CaFe-LDHs?] XRD H|€lo] AJA|E]] o, 20
Zk 11.4°, 23.1°, 30.7°, 32.4°, 38.8°, 42.6°0]|A] &3 34 1

271 TEEHRYY. ZF 1 3Z= (003), (006), (110), (113), (116),
(1010) ZAHo] sigstH, ol=
T2} BIISITH(AL Jaberi 5, 2019).

RE Ui 27 el 402 Yo, 7+ Ba

Table 1. UV-visible and NIR light transmittance (%) of PBAT composite films

CaFe-LDHs9] AgZ& ol 24

rrl_q

Io _l}L

ottt o

=

I—rJNru

9, 735 nm(ZA L A) B
A0 7 H1E AT Tanios 5, 2020).

=2 ATZ Table 19] A|A|5FACH B AFo|A=
‘I‘J’]'E% P77 98] 250-800 nm W] mHg-S 50 nm 7F
2 ZAston, o] M9l AYHUV)T 7HFA 49

ZPele] B U A 45 FFHO
kels

43 o

A o] ew, gzt A4 2 7

AL BB W AT 453

ol A

3] 450 (3 BByl 0] 714 %
420 nm(=22440) 3 530 nm(ANHE =3k BED W
o] A BATHA g
0|2 vgog & o7
Ao WA

FEAH,

Films" 250 nm 300 nm 350 nm 400 nm 450 nm 500 nm 550 nm 600 nm 650 nm 700 nm 750 nm 800 nm
Neat 1.30 0.62 1.65 1.28 1.96 2.93 3.78 5.33 6.60 9.39 11.27 13.64
PBAT £1.2309 1£1.10°  £1.77° £1.08%¢  +0.68° +0.97° £0.779  £0.78%  +0.97%®  +1.60°%  +3.92%¢  +3.40%
PBAT 0.69 0.87 1.22 1.17 231 3.22 451 6.26 8.31 10.40 14.19 16.25
/CaFe £0.80° 111%™ £1.73°  +1.119¢ 4098  £1.17° £146°  +£1.63% 2,079 42719 +436°  +4.22°
PBAT 0.92 0.67 2.19 1.77 257 3.38 437 5.55 7.31 7.86 10.98 12.65
/ZBS +1.01°  £1.22®  +2.10°  +1.19¢ +£1.68°  £2.05° +2.27° +2.68% 298¢  +4.03% 1567  +549%
PBAT 0.50 0.70 0.62 0.34 0.82 1.59 2.78 457 6.76 9.18 12.97 15.87
/CuONPs +0.62°  +0.86®  +0.93°  +048'  +0.61¢  +1.25¢  +1.72¢ 42580 4£335%  +4.01%° 15699  +5.75°
PBAT 0.60 1.43 1.30 1.22 1.79 3.19 442 6.19 8.33 10.64 12.86 15.26
/ZnONPs £0.96°  +£1.63°  +£1.65°  £1.00¢  +1.08° +0.92° £1.26° +1.57%  £1.32¢ £3.090%  +4.50%  +4.45°
PBAT 0.97 0.83 2.17 1.57 2.11 2.79 3.80 470 5.83 7.24 8.95 10.52
/MCC +121°  £1.22®  1206°  +1.31° +1.08° +1.58° +1.61%¢  £1.86¢  £245°  +2.77° +4.92¢  +4.42¢
PBAT 0.70 0.98 1.66 1.65 249 3.80 5.13 7.11 9.24 10.97 14.87 17.14
/NCC +£0.93°  £122%  +£1.94°  +091°  +0.76°  +0.84°  +£0.95°  +1.10°  +1.39°  +1.81°  £339°  +£2.94°
HDPE 18.53 20.63 23.16 24.44 25.74 27.14 28.40 29.23 30.45 31.66 37.76 38.34
+1.32°  +1.88°  +1.68°  +1.84°  +225° 4228 4249 4263  +£288°  +2.84° 4244  +328°
LDPE 0.33 0.00 69.65 74.49 77.26 79.27 80.79 82.24 83.74 84.00 83.22 83.28
+£0.04°  £0.07°  +030°  +0.21°  +0.29°  +0.19°  +022*°  +026°  +0.30°  +0.29°  +0.45  +0.43°

UNeat PBAT, neat poly(butylene adipate-co-terephthalate) film; PBAT/CaFe, poly(butylene adipate-co-terephthalate) composite film with 0.08 g calcium
ferric layered double hydroxide; PBAT/ZBS, poly(butylene adipate-co-terephthalate) composite film with 0.08 g zinc basic salt; PBAT/CuONPs,
poly(butylene adipate-co-terephthalate) composite film with 0.08 g copper oxide nanoparticles; PBAT/ZnONPs, poly(butylene adipate-co-terephthalate)
composite film with 0.08 g zinc oxide nanoparticles; PBAT/MCC, poly(butylene adipate-co-terephthalate) composite film with 0.08 g microcrystalline
cellulose; PBAT/NCC, poly(butylene adipate-co-terephthalate) composite film with 0.08 g nanocrystalline cellulose; HDPE, high-density polyethylene

film; LDPE, low-density polyethylene film.
PAll values are mean+SD (n=3).

Values with the different superscript letters (*°) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.
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UV-visible #3833 =AE o83t 54 23, <5 PBAT
22 250-800 nm IFOA 13.64%004] 1.30%7H4]9] 3 Ex}
£2 Uyt ol 4RI B Yl ASSE PE BE
Hop W2 Fold, PBATY £57 540 7103 A= s
METH(Wang 5, 2016). o3t W it 4 Zeto] {2
k1, ol Wang 5(2016)9] A7 Aztetr A3t

CaFe-LDHs, ZBS, ZnONPs, MCC, NCCE # 7|5t PBAT
E3F 52 450 nm T4 24> PBAT ZEHT B &2
F BN E H9th o] Calderaro 5(2020)9] H 119} SARGH
A¥o g, g efeol 54 oA 2 Azt wEst
o] 2o 5 ool ARAlel AL T & USL AT

¥, CuONPs7} H7}El PBAT B3 W22 450 nm T4
o4 4 PBAT BEHL $oI5] Be % FHES HGo
o](p<005), £3] 600 nm 0[5} 2 G 4 e ETES
et olgfet 4L Cu09] F2 WEZ(1.2-1.9 eV)] 7]

il SR

=] 1.0QHm,

3.0kV x3.00k

AUt e3t F F 58 W22 Sf4Hri(Sahai 5, 2018).

=L 280 558 & Sl 2 ouAE 23le 8
=94 540, Wieflo] AeaS o W2 ouA9 de
5T 4 Atk CuOe AAER ofdzt 7R 999
ZAF(SF 450 nm, 2.76 eV)7HAE AR OR FT 5 9
€ 2% HAE Ado. A2 Cu0 B CuO Ee2 600 nm
olste] A A ALolA 3t FoE e s Sawicka-
Chudy &, 2018), o]|et E42 A9 HHS sl
450-600 nm o] Bl AA o R Adste o 7|ofRt.

E3F CuONPs= H|73 Fef Y Bt #H F2(Fig.
2M0)E 7HA Z2E YoM thE Al=K(multiple scattering) -F-&
shel, 53] A94 9 B4 2 BE W) e Yntel
722 B4 o3 7ot Alelo] S} g AT
tH(Banas-Gac 5, 2025). ©]& 913} CuONPs= EFYS} 33 Xjet
715 7% YR YUhE, ol#et Y2 Badry 5(2023)

.

(B)

LIS RN T T I Y |

10.0pm

Fig. 2. Scanning electron microscopy (SEM) images of the surface CuONPs (A), neat PBAT (B), PBAT/CuONPs composite film (3.00 k)
(C), and PBAT/CuONPs composite film (30.0 k) (D). CuONPs, copper oxide nanoparticles; neat PBAT, neat poly(butylene adipate-
co-terephthalate) film; PBAT/CuONPs composite film, poly(butylene adipate-co-terephthalate) composite film with 0.08 g copper oxide

nanoparticles.
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9] oAM= I v k. 3F AFolAE CuONPsE 3
71t FHEAHEAEZ @ A o] UV A 58 FA3] &
AR AoE BAE QI

w2} CuONPsES EHSH PBAT £ W22 71x19] =1
AAE gt 71548 A=A &8 7HsAol =t £ AT
oAM= ol&gt 7hs/dell £ASte] CuONPs A7} PBAT £
459 B4 4 % T B4, J83 AA A 28] 283
< W9 53E FPHeE Bt

3.3. PBAT 7/8t 23t BE(PBAT/CuONPs)9 += %
sfsHy 24

Fig. 20]%= CuONPs, &= PBAT HE, 718|1 PBAT/
CuONPs E3t I-59] SEM o|u| 2|7} A|A|=]o] 3Tt SEM ©]
s B89 #Y 12 9 U dAte] HAF AEE Atk
o] 585 FEE Agetth CuONPs(Fig. 2A)= E+FA%E 7
Ae FE2 7149, A&+ 27]= 250-500 nmE SHQIE| Qi
o] 3t AiM= Costa 5(2023)9] H 119} AX|gtc} <= PBAT
59| SEM o|n|R|ofl A= Hlj-S- FAstL wj T2} EHo| T
e lon], oyt A2 UehtA] sttt BHH, PBAT/
CuONPs &3} IEoA= 7] W AZ7|7F BEEL
U, CuONPs7} 5 HHo| 124 Exg Zlo] gRl= ik
o|= &l F|AY W o] CuONPsE PBAT mjEZ A0 3}
o7 SFe= A, Aol #4gh #4ke 5
9] B3 EA4S MYFoRE fA5k= o 7|t

Fig. 30]= CuONPs, 425= PBAT ©E, 72|1 PBAT/CuONPs
E3F 959 XRD mjdo] A|A|=o] Sltt. PBAT/CuONPs 3}
20| XRD EAoAE 30-40° HLofA CuONPs2 (002),
(111) 527} m|AIsHA = YRR e F8 13+ F3H
SFA] ottt o] CuONPs9| H7|gFo] A, 34 w37}
PBATY] 139} FHESG7| WEl& siAEcrkKhan 5,
2020). PBATS] %8 3|4 137} A"t 4L CuONPs
717} PBATS] A% 20 F3FE FA FUs< e,
o]= CuONPs7} ZARS WHI7IA AUSZ AlARITH
(Jaramillo 5, 2019). o]2{gt A= Y=Yt S8 08 I
ol 2o} JoHAE F2A Eo= TS A &=
< 9ujgitt.

PBATS} CuONPs 719] A5 28-S dHol57] Y3 FTIR &
Aol ;= glon, Auk= Fig. 49 A|AE ST &5 PBAT
"EO] 92,956 em o419 TIE CHO| HITHA A% A
5, 1,716 em’! W3 o AEH A C=0 4% F5-S et
Wit 3} 1,409 cm o A= trans-CH, 9] &3] ZA%0], 1,267
em'7} 1,101 em oAl C-02] A Al% HEo] AL,
726 cm'9] M 3E= CH-#9 ey A" &5 a3z &9
=]t Wang 5, 2016). PBAT/CuONPs £3} WE0] FTIR A

https://www.ekosfop.or.kr
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Fig. 3. Xray diffraction (XRD) patterns of CuONPs, neat PBAT
film, and PBAT/CuONPs composite film. CuONPs, copper oxide
nanoparticles; PBAT, neat poly(butylene adipate-co-terephthalate)
film; PBAT/CuONPs composite film, poly(butylene adipate-co-
terephthalate) composite film with 0.08 g copper oxide nanoparticles.
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Fig. 4. Fourier transform infrared (FTIR) spectra of CuONPs,
neat PBAT film, and PBAT/CuONPs composite film. CuONPs,
copper oxide nanoparticles; PBAT, neat poly(butylene adipate-
co-terephthalate) film; PBAT/CuONPs composite film, poly(butylene
adipate-co-terephthalate) composite film with 0.08 g copper
oxide nanoparticles.

HEHN L 5U3t FQ 7 F7} FR1% 0], CuONPs H7}of| =
EFotal = AR 7t SR AoARgo] fle ol of=
CuONPs7} PBAT HjEZ A o] kst ¥hS glo] Eejzioa
3= L2 oum|gtt}. o] gt 32 Bumbudsanpharoke S
(2023)9] AT A FAFSHA HIlE[] o1, PBAT/TPS I&
o] CuO 2%E 7Rt AFol= AR FTIR AHE-o] 2
At} o]= CuONPs7} F At 7|52 Al gohHAE 52
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Sjte YA RAT 5 ASS AE, ol2ft Beld &
WA = oAk 2L V54 B 880 NFUE

=5

3.4. PBAT 7/Ef £} ZE(PBAT/CuONPs)9| /7%

S8 Y 257 ERE(WVP)
U BHL AN 5AHE0] §50 e BT, oo
Beld $20] o AGAT 940 AT EHS B0 25

0]
i

2

of 11 d%Z 375] +P¥L 4= AUthQin 5, 2017). o] ¢
of 2R Q] HAgt 7|AY s oty B9 7IAH
E4E I8 7, QEBE(TS), BHAIE(EB), 123 A
2(EM) 52 53] 713 4= 91O, PBAT/CuONPs £3}
ZE Wt 71Ad E4 B7F AIE Table 297 A|A[sH3TH
44 PBAT ZE£3} PBAT/CuONPs &3} E9] H4 T/
Zk7t 53.13+1.22 pm 2 56.40+2.43 pm=E JERG O, o]
U 5715 29 H7io] et 1gE ol U1 A
Sl A€l th(Hasheminya 5, 2018). BE29] FA= & At A
_L;jq. 7]7;]]24 _E_/\-]oﬂ x];gz%o] 0361;9_ u]i]% %_9_%\3_} _9,__/]\_0]1:]-_
71AR EAQ 7t A3}, 44 PBAT Y29 TSE 12.14+
0.30 MPa, EBEX 375.29+2.91%, EM< 0.09+0.01 GPa® &}
It} PBAT/CuONPs E3F 209 AL TS: 10.86+1.01
MPa, EBE 340.88+4.88%, EMZ 0.08+0.00 GPa® =4 5|9
o, B FEoA 4= PBAT BEI BAXLE {2t 2
ol UehtA] ekokth(p=0.03). ol CuONPsﬂ o7t 25
9] HgHAQl 7|AA 852 AdfotA Fas
PBAT/CuONPs ZE9] TS E Lo B qVOP_E ARgst
98 A 278 LDPE LEI} G203t AfolE Ho|#] okofrt
(p>0.05). o]= & =3 FFo| LDPE 71‘* 4 A-EWHE oA
T & S TEY VA APEE AFD s HoEth
2 YR 52 nE S %‘E&”}i & B8 A
S = IO EE, WVPE sARE ZA9 7|54 B7t
8% AHE Gt =2 WVPE 2 YR $: 24

_l

2

el e

. E9],

o 7]ojsto] Al&o] £A fA9] =22 £HQin 5, 2017).
%2 PBAT 229 WVPE 549x10"° g-m/m?- Pa-s, PBAT/
CuONPs 23} IE229 583x10"" g-m/m?-Pa-s& AZ Z7}
SFATHP<0.05). o= CuONPs7} 244 E4S A IF Wi
oA 23] JeAlgo] ot A= 34 th(Soleimani®}
Taheri, 2017).

o]} H|W5}o, 49§ HDPE ¥ LDPE Z&2 IRty o s

WVPZ} 1.0-2.5x10"° g- m/m?- Pa- s& § Z& $2]ZE Ho|Z|
g ol UR £& S35 fEsto] oy Fufjol ¢llo]

g 2= 9lth. weba] PBAT/CuONPs B3 &L Adst 4%
7] 28 58 253 o] A o] 5F go] YU
FAE 2 o AEY 24 AT 5 Yok

A2 02, PBAT/CuONPs 53 T2 95t 7|44 ¢
A3 FAG AE 28 21 SES Fuska ol F %

T2
& 7153 A AAre] AP Pl EFAR] 7154 A

249 28 7HsAo] Bt

3.5. PBAT 7/t 8 ZE(PBAT/CuONPs)9| 44 £&
Wieizte] A7ke 259 A 549 9=, l%&‘E(a)
FAIE(b), 153 MAHAE) ”‘%ﬁ eFE Ao, HA
A= Table 39] AAISHGh 45 PBAT ZE9| WYx(L)=
94.61x0.19% w9 & £AS YEFHSLO™, o= Bl ¥
L RERE A4E U YEE AR E HAREE
-0.75+0.02, A E(b)= 3.64+0.07= UERY, <=5 PBAT ¥
Bl dotl B2 MRS FABIL 9l HolEr
CuONPs7} H71E B3 2582 YR (L)7} 36.8940.630.2
A gastel B 9ol ko HA YL} o=
CuONPs®] T3 & 74 Mgo] Bge] Aukael Ao
A4S 13 FnE SNt thedAs vE 44 27171 &
ot 4okd EXo & RS = 4 9o, E—s] Ao] AL
Pt WhE A9 BEe Bt WA A% 4 Aot
2018). T3k, CuONPs7t H7Hd B3 Z8°

i
(]

19

(Hasheminya 5,

Table 2. Thickness, tensile properties, and water vapor permeability of the neat PBAT film, PBAT composite film, and commercial

potato packaging films (HDPE and LDPE)

Films" Thickness Tensil strength Elongation at break Elastic modulus Water vapor permeability
(um) (MPa) (GPa) (x10™ g-m/m’- Pa-s)?

HDPE 10.7+0.767 54.37+£0.97" 75.00£1.21° 1.43+0.07* 1.110.08°

LDPE 53.93+1.21% 11.11£0.75° 478.76+40.20° 0.34+0.08" 5.57+0.13%

Neat PBAT 53.13+1.22° 12.14+0.30° 375.29+2.91° 0.09+0.01° 5.49+0.13

PBAT/CuONPs  56.40+2.43" 10.86+1.01° 340.88+4.88" 0.08+0.00° 5.83+0.25°

DHDPE, high-density polyethylene film; LDPE, low-density polyethylene film; Neat PBAT, neat poly(butylene adipate-co-terephthalate) film; PBAT/
CuONPs, poly(butylene adipate-co-terephthalate) composite film with 0.08 g copper oxide nanoparticles.

PAll values are meantSD (n=3).

JValues with different superscript letters (*°) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.
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Table 3. Surface color of the neat PBAT film and PBAT composite film

Films" L a b AE
Neat PBAT 94.61+0.197™ -0.75+0.02" 3.64+0.07° 0.69+0.04°
PBAT/CuONPs 36.89+0.63" 7.410.32° 12.64+0.98° 58.93+0.65°

YNeat PBAT, neat poly(butylene adipate-co-terephthalate) film; PBAT/CuONPs, poly(butylene adipate-co-terephthalate) composite film with 0.08 g

copper oxide nanoparticles.
YAll values are meantSD (n=3).

JValues with different superscript letters (**) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.

=T (2)2} BT (b)y= 22 7.41+0.32, 12.64£0.982, &5
PBAT 59| |3 F-9JstA F7F5H3iet. o= CuONPso] 2}
A gt Qs WEO MRT} o= Ay G AGE ¥
PSS AARIT of2fet M4t Wdle Yk dRte] 271, §
B, B4 AH 5ol wet gebd 4= olom, EE9 Al B4
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UEtH, gho] 245 Ao s et ¥t Sl 9y
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AH|AL] ] Ao F FIE m|FTh o] A4 wsk= 4l
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W WA} Sl 5 S, 8 oS W A
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171 9130, 23°CS] ¥335 ofollA AAE 697t A5t A
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Table 40 AAE Ao W=, A A A (Eunsun) &
FO L Z(BE), a HEHE), b FEMD)IS A7 72.15,
-3.70, 25.47, S (Duback) $E- 71.50, -4.63, 21.53, 5=H]
(Superior) E&L 64.68, -1.24, 22,542 JERYQIT.

347t A% &, PBAT/CuONPs E3F &0 7 IAH 7R}
+ B 5004 o 2 2400 vIs L 3t a gho] -5t
Al EYcHp<0.05). E3] a FH(EME) W= PBAT/CuONPs
EIA A A A1 M fARE 32 FAISH, =9 o
Al a7E ke AARBEAH AE g2 241004 3.70,
oA 5.88, FulofA] 89307, HE ZEo|A H|IZ(AE:
5.02-14.55)°] B|3] -25HA WoAth(p<0.05). 3] 1] &5
< O I 22004 AE ol B 12.05 o2& YEh,
=1 WA E 918 PBAT/CuONPs BE2| #-8o] B H Q3

64 A% T, 2417} o EFo| A PBAT/CuONPs 53 &
5 L2 L 9 a gho] §9sM =%, b g2 F-9JsH
LATHPp<0.05). o= A% A A3 7HE fAR ME &
At Ao, A HapF AdSS u|etth. AE g2 2419
A 7.10, oA 7.08%, 3-8 M Wofl HE HlwA A2
A4 WS JHEE QT B, T2 2 RA0AE 24 &
%0] 8.11-11.57, T4} Z£0] 14.38-15.359] AE S Hol, ¥
o3t =1 AAo] ARt Ao & FrEESIh 18y 1] £F
o= 64 A% & PBAT/CuONPs ZF ZA2] AE Ffo]
13.560.2, 2As1A] 942 714+ 9l HDPE ZA+t3t 3-21%k 2¢
o5 HOo|A] AUTH(p>0.05). oli= A% 7]7to] ZH ol whet
1] F5o] o F3EY § #EA A4 Wit AgES
Hoj3w, PBAT/CuONPs Z59| AP/t 30| ozt s &
W2 AR A2 O E, PBAT/CuONPs B3 B2 &
5] 241 9 Tl o)A =¥ o] ZutAoly, oY 5
o] &4 A fEstA &8 4 Stk

AR do] =254 3Y ool AF47t A=, o|e}
A 54 SYILEEo|Er}t A3 h(Edwardset Cobb,
1999). whaba AApe] AMES} PGS FAI5H] HaiAe
4 A AJ5o] 45 ZFAY ARgo] Aot} E At
A= PBAT/CuONPs &3t IEo] 9] #14 4 §-5 5
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Table 4. Surface color of potatoes packaged with PBAT-based film and control films over 6 days

Variety Day Packaging material” L a b AE
Eunsun 0 Without film 72,152,232 -3.700.83° 25.47+1.24°
3 Without film 69.49+3.06™ -7.60+2.82% 25.52+1.79° 6.19+1.59™
HDPE 69.3443.75" -7.73+1.65% 25.82+1.18° 5.97+2.29"
Neat PBAT 69.8142.07* -6.98+2.49% 25.27+1.94° 5.02+2.06%
PBAT/CuONPs 72.4241.51° -5.65£1.47% 23.49+1.66° 3.70+£0.79¢
6 Without film 64.19+2.09¢ -11.58+0.97° 27.53+0.88" 11.55+1.40°
HDPE 63.86+2.259 -10.8142.77% 27.61+1.87° 11.57+2.56
Neat PBAT 67.37+2.43° -9.08+3.76"™ 25.73+2.81° 8.1143.51°
PBAT/CuONPs 67.34+4.81° -6.46+2.69¢ 24.87+1.70% 7.1043.38"
Duback 0 Without film 71.50+2.09° -4.63+0.33" 21.53+1.84¢
3 Without film 65.84+3.26" -9.2542.14° 27.22+1.60° 9.5243.48°
HDPE 61.59+1.95¢ -10.54£0.97° 27.29+0.78" 12.99£1.61°
Neat PBAT 65.2142.51° -9.07+1.39° 27.07£1.05° 9.5942.66°
PBAT/CuONPs 67.67+2.72° -6.63+1.24° 24.96+1.01° 5.88+2.32¢
6 Without film 61.13+1.86° -11.34+1.06™ 27.9241.11% 14.38+1.13%
HDPE 60.99+1.75¢ -11.95+1.05" 29.02+0.85° 14.91+1.52%®
Neat PBAT 59.69+1.89¢ -11.82+0.84° 27.91+1.36® 15.35+1.36
PBAT/CuONPs 67.58+3.26 -7.77£1.38¢ 25.82+1.60° 7.08+£2.79¢
Superior 0 Without film 64.68+1.52° -1.24+0.91° 22.54+1.51¢
3 Without film 60.54+1.51% -13.48+1.01® 29.10+0.42° 14.55+1.24°
HDPE 60.42+3.22% -13.14+0.73% 28.63+0.95® 14.34+1.40°
Neat PBAT 64.14+1.86™ -11.71£1.04° 28.23+0.84% 12.05+1.33°
PBAT/CuONPs 64.98+1.68" -9.35+1.15¢ 25.79+1.20° 8.93+1.31°
6 Without film 58.74+2.76" -12.26+0.67 27.19+0.63° 13.33£0.85™
HDPE 61.51:1.44" -12.59+0.89 28.28+0.57% 13.16+0.75®
Neat PBAT 62.03+1.30" -13.88+0.47° 29.18+0.48" 14.56+0.34°
PBAT/CuONPs 65.76+0.42° -12.85+1.25%¢ 29.45+1.03" 13.56+1.57™

DWithout film, non-packaging potatoes; HDPE, high-density polyethylene film;

Neat PBAT, neat poly(butylene adipate-co-terephthalate) film; PBAT/

CuONPs, poly(butylene adipate-co-terephthalate) composite film with 0.08 g copper oxide nanoparticles.

DAl values are mean+SD (n=3).

9Values with different superscript letters (*f) in the same column are significantly different at p<0.05 by Duncan’s multiple range test.
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