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Printable Time Temperature Integrator Consisting of Oxygen Indicator
and Cover Film with Various Oxygen Permeability

Do Hyeon Kim, Han Dong Jang, Seo Hyeon Han, Myung Hyun Ahn, and Seung Ju Lee*

Center for Intelligent Agro-Food Packaging (CIFP), Department of Food Science and
’Biotechnology, Dongguk University-Seoul, Goyang 10326, Korea

Abstract A printable time temperature integrator (TTI) consisting of oxygen indicator and cover films with various
oxygen permeability was developed. The printing ink contained methylene blue (oxygen indicator) which changed in
color during storage. TiO, and glycerol for UV-activation of TTI and zein and ethanol for printing performance were also
contained in the printing ink. The cover film on the ink was employed to control the color change rate and temperature
dependency (Arrhenius activation energy, E,) by using the different films (PE, PET, OPP, and LLDPE). The film prop-
erties were varied by annealing. TTI was produced by silk screen printing. As a result, the color change rates were dif-
ferent for the cover films, being the highest in TTI with LLDPE, followed by OPP, PE, and PET. The rate decreased with
increase in the cover film thickness. The £, was the highest in TTI with LLDPE, followed by OPP, PE, and PET. The
E, did not change with the cover film thickness. The annealed PVC and PET film were lower in oxygen permeability
than the unannealed ones, indicating the lower color change rate.

Keywords Printable time-temperature indicator, Oxygen indicator, Annealing, Oxygen permeability
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A= R E7HEeke] AZE 25 om, HJEE 4552
ARSI, A= AL =45, AH &5 1/125 s, o
A= (2816x2112 pixels)llAl &8t 99 olmA)
£ JPEG THI=Z AA3I3L ZAFE (MacBook MC234KH/
A, Apple Inc., Cupertino, CA, USA)Z 3191t}
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HA =&

Y37t A" TTIE AHIFS=E Y3 UV-activationgt
(420 nm, 5 min) 5, 10, 15, 25°CE AAE w7l B
o, YA A7 Ao E A WskE SAE TTIO A
W3l= portable colorimeter(CR300, Minolta Co., Tokyo,
Japan)S ©]8-35}4] CIE system®] L, a, b 302 =735}
AE value® 2 YERSITH

AE = JAL¥? + Aa*? + Ab*? (1

3714 AL*2 lightness®] =}e]o]3L Aa*:= redness-green-
ness?| 2], Ab*:= yellowness-blueness®] x}o] Zrolch. TTI
9] Kineticsi= olefe] 03} whg2 o2 Jep ATk,

Y= ket Y, 2)
o714 Y= Z3E AE value, Y= 7] AE valueg 2
HehaL, ke WREEE A, t2 A AR oJRgitt jEE

=
HET kS x2S UEhl= Arthenius 2l 2§

Ink = £4 ¢ nk, )

o714 k&= WHEE 4, A pre-exponential factor,
Eai= activation energy (kJ/mol), T= E2%(K), R 7]
A445(8.314%107 kI/mol K)E &Jm|ghe}?),

AHIFe] 2k B 282 320) WX, annealing?]

ol 2 WA S8l ZAw
(250x345 mm) 9ol &L A F vlgulE 2431
t}. AREE 52 PET(polyethylene terephthalate), PVC
(polyvinyl chloride)3aL 7+ BE-S FAshk= EAte] f-8
Aol mst =3 Afole] ol HeETE 10£1°C ¥
Al AAe 2E(SJ-201DL, Sejong Scientific Co, Korea)oll
12037} annealingst3ith. 7t 59| 4k FHes S5
218 oxygen permeability system(Ox-tran Model 2/21 MH,
Mocon, MinUSA)S ARSI 242 %== 23°C, permeant
gas?} carrier gas®] FHHFEE 0%= A5t dry testing
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1. Glycerol $Z R ME M3t-2HA YR TY Y H]
N9y B |

AAE TTIO] YZ= Aksh-8kd 9521 methylene blues
7I9ko & gk AZF FA] 7S olgste] AREAT 7IE
o] QY TTI 73 UV A} Alolgk H87} 2kl s|o]
activation®=| A%+ REEAIQ] TiO,7F &350 % ¥h&sh= W=
A AUAE 7 GE7F SdAkEE AR &
Feol =& Ao T activation®] 7] Wil 3k )7}k
A7 gkgolg} & 4 gith HE=AQl Tioy7F A S Fa-2
AAFAAR] glycerots H]7H A o2 Llsirjglo=x] )
& e o] w HAAFAA] glycerold] o] 24
%o} methylene blue} 1:1%2 ¥H-3-3hpd ofF-o] Az} @
ABIA] gkl HEgo] w7t A o2 dojd 4= YT, ulEhA
methylene blueZ7} == dloll 24242 9GS sh= A}
FolA|Ql glycerol®] TS FA3le] ©F 3 9] activation
o] 753l ES ST Glycerol2] ke 7€ 3 24
% methylene blue2] 321 80 mgS EA H|EE At
Sl o]} FU3 v]E-2] glycerol U FAIsle] 1 kS
A7ttt Methylene blue®] A2 320 g/molo]H
glycerol®] EAFEE 92 g/molo]t}. o] & nIEOZ I A2
Al methylene blue®] <l 80 mgd Eo]7l= glycerol®]
&S SRS A= 23 meo|nh A g 31 80 mgd
23 mge] HIEE YAE A3l F FHEZ] LE v
BIEE 3 & activationol] WS HA JHE 013 A} o
o] At AR oFof g We] activation ® HA &
UVY 8350l o] activation®|A] 528 B1E 4= IS
ow HF TTI® H7194] -5 sl 4 AUSITt.

2. Y93 Y R silk screen A3}

AHE TThe 2F T3l 2857] fla] Ja=A ] <
) AAo] Fast) duyog Y= W Az =
Aot Fo] ol met FHLleA ERET dAE
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Table 1. Formulation of TTI

N
1
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2
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02
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el
Pl

Control Formulation 1 Formulation 2 Formulation 3
Zein (g) 0.80 0.80 0.80 0.80
90% Ethanol (g) 3.20 3.80 4.00 4.20

*The other ingredients were the same for all: methylene blue 80 mg, glycerol 23 mg, and TiO, 960 mg.

Fig. 1. Silk screen printing performance with respect to zein and
ethanol content. (a): formulation 1, (b): formulation 2, (c): for-
mulation 3 (refer to Table 1). 250 mesh screen was used. TTI
was printed in a simple square image.

Q) Mg o) B meh wekAn = Y Y
F dwxd B9 goiel vlgol AYHY 4B dk.

A2ANEDL) A& TRAR AGIRE zein® 718
vl wom) Bl 3] o} p Y QAvt HOE B
He AL v 48 SR B Ye] A Yol
) e 2

F-gitt. 7180 AMAAEA ] A 2AS
Gufjol] wjal] &29] o] UF Hol AxIHF T =dH
o] AUZ o] FARA] &g}, wWEbA zein®] e 2GSt
3L 90% ethanol®] $d-& ZAsle] E3o] 2As] o]FofA]|
L5 3}3UTH(Table 1).

90% Ethanol®] $HFo] 3.8 g odH-El §HEC] BT 8
a=7] ARRAL Eto] 2™ olfojHnt. dA7t AR A
TE THRIEA QlHEte] Seko® 1% A3 formulation
& HAert U =3k0m 90% ethanole] 3 02 g &=
Q1 formulation 2= A& Q=) Formulation 13
t} 90% ethanol®] &=Fe] 0.4 g =2 formulation 32 3
E7F YR Yol QIX|el J=A7F A= dAde] yERTH
(Fig. 1). W=HA1, formulation 2004 27} 7P £& A2
A& 7HA FHA Ao R ARSI

4 silk screen meshE A73l7] 913 formulation 29
YIE 200, 250, 350 meshe] A= 23] QR Code
FelE A3 A3 A= 239 mesh7t 2009 73S
mesh7} A2 S 2 o] Holgfo] Wolxla 1o W& ¥
Aol dofut 742 QR code®] BYE LERAA] X

o

3% o

Fig. 2. Silk screen printing performance with respect to screen
size. (a): 200 mesh, (b): 250 mesh, (c): 350 mesh. Formulation
2 was used. TTI was printed in QR code image.

QR Code7} &75F Q1A= ATHFig. 2). wabx] A <
ZAe formulation 2, %4 silk screen mesh= 250 mesh

2E XA olgEe FekiE 5L IR =EEA
PTAE YRR sl veEnh 7IAVE 952 Faslke 2
e F2, At Gzke] 3TA|R o] FojKn), o] T 1A
25 5Tl 7FE 2838 JF8S 71AE dAE g5 U
oA Lol Mt GAR, ol Exp} ol5d < e A
53] (free volume)d] 7191gH}, o] o= HE9] 74 &

Ko EAke] 834, AT 4, =, 7l ¢
3l FEe Wol FE2] Alx el mE A 7 Tl
olsl) FA eGP, AFe] T4 AlgEe STk g
2 oF 15%0] JoH Table 2& L T /PF HHAHo=R
AT 9= 47EX] & polyethylene(PE), oriented poly-
propylene(OPP), polyethylene terephthalate(PET), polyvinyl
chloride(PVC)®] T(glass transition temperature)} k2~
7= (oxygen permeation rate, OPR)E YERH Z o[t}
Table 2014 7} Fe] 7= 7 A 2L A9

o 202 T Sl At FAES 23°CoM =

Table 2. Oxygen permeation rate (OPR) and glass transition temperature (T,) of various films (50 pm thick)

PE PET PVC OPP LLDPE
OPR (cc/m® per day) 1.23x10°3 9.62x10° 3.48x10° 1.07x103 2.12x10°3
T, (°C) -78 70 80 20 -114
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Fig. 3. A sample of color change (AE value) of printable TTI (PE) over time (5°C) (Formulation 2 and 250 mesh screen was used, TTI

was printed in a simple square image).

Table 3. Color change rate (k) and Arrhenius activation energy (E,) for printable TTI with different cover films (50 pum thick)

Cover film Temperature (°C) k (1/day) R2* E, (kJ/mol) R?
5 51.87 0.98
15 102.29 0.99

PE 60.07 0.98
20 188.75 0.98
25 293.89 0.99
5 38.10 0.98
15 182.89 0.98

LLDPE 84.27 0.98
20 289.75 0.98
25 424.74 0.98
5 47.60 0.98
15 81.25 0.99

OPP 70.32 0.93
20 213.46 0.98
25 352.97 0.98
5 44.71 0.98
15 58.12 0.99

PET 15.76 0.97
20 60.39 0.98
25 72.43 0.98

*Coefficient of determination.

o9 W f2d HER o|Foiz] PET, PVCTH Fhe
7} iAo vgkom 157 AE|E o|Fold OPP, PE,
LLDPE Ajole] $3her} &9k}, ole)d #ake 7} Bge)
o] IEA AR SIS A ol4e] T, 7Hd
$214 Jolz EASE BEe Aeold wadg Yo

H4} chain®| -53FA] 287 W&ol 7k A7 FFs)
7] o]87] “H‘t*ol‘jr T/F =oke 24 749] free volume

ol 2 Al

7} ol B BT LgRe

I2]2 LLDPEZ o]&3le] <ldd TTIE AZsIgL A7
o we At 9 =EE whEret EE 2SItk Fig.
3, Table 3). ®17]x PVCE PETS} A¢ 2 Aol A9 &
d3le] PETY & 3ith.

AAst A1 AE value®] 745 ¥E-go] XIsigel we} 4
oAl ftk 2o weh TTIO] A2 Fig. 33 72o] FAojA

FEAo R wsksh ok AXAlE dFe] Alxjolmw #
27} glofok s Fig. 3¢] AEA7 Hgh whEe] wE Hxt
7F wlg- mwjate] Axtol] thek FAIXI7F Fig. 30 AAEA]
RUTE HEHOE TTI®] Mo] end-pointol| 4 e} o] F&
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Table 4. Arrhenius activation energy (E,) and oxygen permeation rate (OPR) of TTI with PE cover films with different thickness

Film thickness 50 pm 80 pum 100 pm
OPR (cc/m? per day) 1.23x103 1.22x10° 1.19x103
E, (kJ/mol) 60.60 62.89 62.62
R2* 0.98 0.98 0.99
*Coefficient of determination.
12 -
10
Fs-
I,
&
g 61
g
£ 4
o
D -l
PET PVC

Fig. 4. Oxygen permeation rate (OPR) of cover films (50 pum thick) of PET and PVC. m: annealed, m: unannealed. The error bars rep-

resent standard deviations (n=3).

TS o Y 2FE S shelf lifed] EEIITIAL
ek 4= Ut} Table 3014 YRt Z1x®l PE, LLDPE,
OPPY] wHA wEA o2 AZ3 TTIE 60.07-84.47
kl/mol®] EE YERNRILE o= G4 27 5H41.84-62.76
kI/molye} 72 3 F&-AEH62.76 ki/mol) F= A
HFAH (41.84-104.6 kl/mol)2] EoF f-AK S UeRHS]
o), EEgE olm] Al S Q= TTIQ! enzymatic TTI(E,=
50.2 kJ/mol-} diffusion based TTI(£,=33.50 kJ/mol)e} H]
WIS = 2 E, HE 7K 157 s 58 A}
S8 ul TTIEA S35 A87F43S ERIsiint v &
24 22 G52 PETZ A&et TTIO] 4% EJF 1552
kJ/mol= w5 wro} Aol ofHg ZoF AhE T}
Table 4914 FA7} th2 54U AZe] PE 52 A%}

Sk TTIY] kA FAEE 2943 A3 FA7F FANESSE

of s} o] AbA B HAEIITE 28y EE oF
7o) glo] fAkHAl #ol AEHAT Fatee 5] F

ALy W 3 AP FAE £93 A(P)eR g9

Aold 4 Ad=ul(P=PxL, 9714 P= EE IR #po=
ole] = T AHglel 9%, Ex /== dig

In[P]2} In[P’] ZHzte] 7]1&7|2 AHEdn) 37|14 In[P’](=
In[P[+In[L])2] 71-%7] ARt AE In[L]e] A< &o] A=
o2 A FAE W sl QoY o po £9 B

A3 B2 ¢ & ek

4. Annedling Bl IE HHEEQ ML T B9}
oA AAE TTI® &9 THE GElste] A
ZA3laL o5 B3 EE AT & ULk 1 T IAF-
olg3led A2+ TTIZ} 60.07-84.27 kJ/
= 714 7R, aARkS, A Alg)e] whE
FAASE ST oz FAHIAIN FUF &4 (84-
126 kJ/mol)elut mIAYE A3 (84-251 kI/mol)?"2] E, %ol
Hlgl iz og 1 gho] Yol mAlE] wE 2Fe] F4
Azt B JYEaS A3 =319 dAIHC] AT

T
i

N

ol ¥

Wb Q13 TTISl 284 G2 slslel 4k Faw
g z@stud T7h 4o ol¥el PETS PVC B82S

annealingd}l 5-&ZANA Ah Fae 241 chFig.
3). Fig. 39I14] annealinggt &3} 1%4] k2 IF9] 4ka
FHEE B wS v annealingdt PET ZE9] Abs Fale
£ 29.8% 72381993 annealingdt PVC ZE14 60.7% 7+
28 o] #ZE AT

ol ZEjE annealings| =W LEA}S] -5
do] Eold FEo] Addol Hapr] AlEkeh Wi Aol
ARG 5+ Fefe] AR o] A71HA ARsETT EolAl=
ol 710, EANR T golxl AFES & A}
Atele] space fillings W53l ©|2 <Iaf AkA EAke] I&
W ke =F0P0D, oo e} annealingdl] &3] 4t F
FHwrh Yobx]Al Hrk. AAH o= AHE TTel A85+=

hvi R=3e)
gEs
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tion 1318 A7 ©]ZA|A] A (time temperature integra-
tor; TTHE 7H#E3I3 ). TiO,¢F glycerole] UV activations
LA H7EI9e™ glycerole] 739 H]71d A2 213
A7FFS 23 mgo 2 AT Hgk 1 A3S 918l zein
SHF 0.8 g, 90% ethanol 3= 4.0 g0 2 ZHIIAIL silk
screen?] meshi= 250 meshd W 29| QA4S el
Witk ME o2 78| ZE(PE, PET, OPP, and LLDPE)S
o] g3le] Al 2o EAS SHsINIT) ZF HEe]
EZ =43 A3 OPP, PE, LLDPEY] 7% 60.07-84.47
kl/mol®] EZE Ut TTIZA S A87Fs4dS 1 4
Atk W PETS] 739 E7F 15.76 ki/molo2 #-g-4Jo]
HoA= Aoz A=) 3 AR FA] H¢
EQ 935 MIXA 2= Ao® UEREO™ annealingdt
B A 0] ¥slE Ql8) Ak £} annealingdt
A 9 FF9 EHT PETY 79 29.8%, PVCS 745
60.7% #ashs Zo= yeisith & AtellM Al i
F UV-activation 91413 TTIE thdst AHIES Sl 4
4 Rzt EE 2HY
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