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(TTT) to Visualize Moisture Variations During High-Temperature Drying
Using Activation Energy Analysis
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Abstract

In this study, we explored the potential of the Maillard reaction-based time-temperature indicators (TTI) as a tool for predict-
ing and visualizing moisture variations during high-temperature drying. Using activation energy analysis, we found that the
Maillard reaction-based TTI could not only visualize but also predict changes in moisture contents during high-temperature
drying of 60-80°C. The color changes of the Maillard reaction solutions were distinct enough to be discerned with the naked
eye, transitioning from colorless to black via the shift of yellow, light brown, brown, and dark brown. The dynamic character-
istics for the color change in the Maillard reaction solutions and the moisture changes in the drying of thin-layer apples could
be expressed with high suitability using a logistic model. This suggests that the Maillard reaction-based TTI can potentially be
a practical and reliable tool for predicting the moisture changes for the high-temperature drying of thin-layer apples, offering a

promising avenue for future research and applications.
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Fig. 1. A digital image of 96-well microplate used for color
variation analysis of solutions with reacted during 146 min at
70°C.
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Fig. 2. Comparison of color value variation according to analysis conditions such as color channel, reaction temperature,

D-xylose concentration, and glycine concentration.
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Table 1. Reaction completion time (color value under 20) according to reaction conditions (temperature, concentration) of
Maillard reaction solution (—: Conditions in which the RGB channel value does not appear below 20 even after 12 h of reaction)

D-Xylose Glycine Red channel Green channel Blue channel

M) (M) 60°C 70°C 80°C 60°C 70°C 80°C 60°C 70°C 80°C
05 - - - - - - - - 12.1

1.0 . . . . . . . . 8.6

10 15 - . . . . 11.1 . 12 62
2.0 - - 12.1 - - 82 - 8.4 4.6

05 - - 1.1 - - 6.6 - 74 36

- 1.0 . . 8.6 . 12 56 . 6.4 36
: 1.5 - - . . . 1.1 - 1 56
2.0 - - 11.1 - 12 62 - 6.4 36

0.5 - - 6.6 - 8.4 4.6 10.1 49 2.6

30 1.0 . 11 5.1 12.1 6.4 36 8.1 4 2.1
: 1.5 - 8.4 4.6 12.1 54 3.1 6.1 34 2.1
2.0 - 7 36 9.1 44 2.6 5.1 24 1.6

0.5 - - 82 - 11 5.1 12.1 54 3.1

20 1.0 . . 7.1 . 7 36 8.6 44 26
' 1.5 . 79 4.1 11.1 49 26 55 3 1.6
2.0 12.1 6 3.1 7.1 4 2.1 4.1 24 1.6

0.5 10.1 49 2.6 55 34 2.1 3.1 2 1.6

o 1.0 8.1 4 26 51 3 1.6 26 2 1.6
: 1.5 . . 7.1 . 74 4.1 1.5 4 2.1
2.0 - 74 4.1 12.1 44 2.6 15 3 1.6

0.5 12.1 54 2.6 8.6 34 2.1 45 24 1.6

60 1.0 9.1 4 2.1 55 24 1.6 36 2 1.6
' 15 8.1 3 2.1 45 24 1.6 26 2 1.6
2.0 6.1 24 1.6 4.1 2 1.6 2.6 1.5 12
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(a) Comparison of measured and predicted value scaler variation
in color value variation of Maillard reaction solution
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(b) Comparison of measured and predicted value scaler variation
in moisture contents variation during drying of thin-layer apples

Fig. 4. Comparison of measured and predicted value scaler
by Page model, Lewis model, and Logistc model.
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Table 2. Coefficient of determination (R’) value by the results for kinetic modeling according to RGB color channel of reaction

solutions and drying weight of thin-layer apples

60°C 70°C 80°C
Temperature - — - — - —

Page Lewis Logistic Page Lewis Logistic Page Lewis Logistic
Red color channel 0.9733 0.7283 0.9761 0.9831 0.8315 0.9756 0.9651 0.8400 0.9662
Green color channel 0.9853 0.7303 0.9835 0.9861 0.8086 0.9853 0.9695 0.8112 0.9724
Blue color channel 0.9876 0.7749 0.9888 0.9864 0.8128 0.9851 0.9768 0.8074 0.9766
Drying weight 20 g 0.9914 0.7814 0.9952 0.9834 0.6748 0.9945 0.9847 0.6068 0.9926
Drying weight 40 g 0.9903 0.8451 0.9897 0.9951 0.9128 0.9966 0.9838 0.7377 0.9924
Drying weight 60 g 0.9964 0.8574 0.9915 0.9672 0.8662 0.9892 0.9950 0.9258 0.9949
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Table 4. Arrhenius activation energy (Ea) of the moisture
contents according to drying weight of thin-layer apples

Drying weight (g) Ea LnA R’
20 37.97 13.59 0.9816
40 53.97 18.47 0.9995
60 24.27 743 0.9626
@ e

£ 3} Taoukis et al. (2001)& %/\g:@}q]ﬁx].q Z}o]7} 25 K/
mol'K o]l 7-¢- FRste] @xh= 15% ofslql Zo=
uISGon, o8 vgo s TY 49 A9 15w 5
o] WelE Be S48 Ao Aladd.

ole} Re ARE wEoE uE Al 7 AzxF ol
W= ZA-s Tx3%7 9 color channelg vl ]—5494 =k
¥ A% Z28AX)7h ZF RGB color channel®] A3 2 &
e L e
T A AEFEATE TS 02 oletz Adsiglen,
7} RGB color channel©] A A 3= 20 o]&le] Zro] vehdt
MRS HA2Mo] et Wg-EE AR I HsIlaL &
A=) 2] FAEE Taoukis et al. (2001)e) whe} £25 kI/
molK ojjel oz wessith Wby st
o] #o|7} £25 kimolKel 271 % 71z % Agpasie] =
A0 AR 20E Ao Algte] 7t Az
wE AAs =527 2 color channel-S AESGTE 7 2
I, AZE%F 20 go| A& D=xylose 4.0 M, glycine 2.0 M &
Nof| T3t MAFHSI] blue channelg- o] &&= Zlo] AT
Ao FdEQom, AXEFH 40 g W AZEFTH 60 go
X+ ZFz} D-=xylose 3.0 M, glycine 1.0 M 2] green channel 2!
D-xylose 1.0 M, glycine 2.0 M2] red channel2 &g 749
FHstl] disl = AYER oFo] 7FeE ZeE A
FH A

slolof §hg- 7 TTIF & AZH L Qe HAZE
E 3|

S e R HES]

o] FERistel] gk

Slal, wlolok whg gole] AAMsie] tha olwe B

3lal, TR "go|n XS EE3}e] red, green, blue color channel

o Bl HAiokalc 9 uE A0 Askel e dns
al

T8l FEskE SA46k
A g ﬁ]—/ﬂp;].oﬂﬁx]e
74ke] TTIE 60-80°C] 7 o 3 01 4745%4 3
& wskg Azstety oalzz e Ao ehgrh v}
o|ol= HF-Z- gol.o 60, 70, 80° 5}
APPAEHE LRl $9he B AYTRS B Frus

S

=3} njo]ot= uk-g 7|wk TTI (Time-Temperature Indicator)®] 78 7 ZFo|A 9] ... 215

o] o 5] 7ksd Ao g YR en, RGB channelo] we
AFEA S Tl S AR A He HA dSo] 7k
St A& AJAFSI T mlolok2 WEg-g-of o] A stel gk
B channel o] wistel w3 Ak} 7z tigh ~EH 3}
210] Logistic model2- F3f #2 AP=R T34 &
8 71 o7 vepydth 53k Logistic model 7]

W Bels B4 wuel /12718 vdeRA 488
sl Aol JoINE BlolokZulg g3t 7z A3t
of suisjol U] §A1 WAle) g Mol LEolEA
AFNE HIorn=E mjolopZ vkg7|gt TTIS| &

$& 78 71z Qo] Sl sl el A
W0l £ AR ARAAG: e} 2B SRl
el A, B Wsh WA Wel 5 AAzEY 2
2 745 o]

= ¥
3k g4 54 ‘;-i %Mqﬂ""ﬂ‘#ﬂ 57—34@’ 3T =
o] & 2 A3} color channel®] A o) wie} Yl )¢
]/] 2 ZZ9ld Ysir =
o=, Akt 9] e FAt

= =
2 e = E4 a%@ + 9 Ao Aadr

o] =R 202081 % FHY S SR LA 9
A7H] 290 ©)ate] A7EL(This work was supported
by the research grant of the Chungbuk National University in

2020).

References

Cho BH, Lee JH. 2022. Consideration of Maillard reaction-based
time-temperature Indicator (TTI) to visualize shelf life of cold-
stored strawberries. Horticulturae 8: 979.

Faal S, Tavakoli T, Ghobadian B. 2015. Mathematical modelling of
thin layer hot air drying of apricot with combined heat and power
dryer. J. Food Sci. Technol. 52(5): 2950-2957.

Hao C, Hao X, David JMC, Long C, Aiquan J, Yaoqi T, Ming M,
Zhengyu J. 2022. Recent advances in intelligent food packaging
materials: Principles, preparation and applications. Food Chem.
375: 131738.

Lee DI, Lee JH, Cho BH, Lee HS, Han CS. 2017. The far-infrared
drying characteristics of steamed sweet potato. Food Eng. Prog.
21(1): 42-48.

Lee JH, Harada R, Kawamura S, Koseki S. 2018a. Development of
a novel time-temperature integrator/indicator (TTI) based on the
Maillard reaction for visual thermal monitoring of the cooking
process. Food Bioprocess Technol. 11: 185-193.

Lee JH, Kawamura S, Koseki S. 2018b. Quantitative evaluation
of changes in color during Maillard reaction for development of



216 o]

novel time-temperature integrators/indicators. Food Sci. Technol.
Res. 24: 283-287.

Lee JH, Morita A, Kuroshima M, Kawamura S, Koseki S. 2018c.
Development of a novel time-temperature integra-tor/indicator
(TTI) based on the Maillard reaction for visual monitoring of
melon (Cucumis melo L.) maturity during cultivation. Food Meas.
12: 2899-2904.

Lee JY, Lee SJ, Hong KW. 2010. Use of commercial enzymatic time
temperature integrator for monitoring spoilage of ground beef.
Food Eng. Prog. 14(3): 229-234.

Lee SH, Lee MY, Ko EY, Lee HB, Choi MJ. 2022. Analysis of the
quality characteristics of napa cabbage and lettuce according to hot
air drying conditions. Food Eng. Prog. 26(4): 268-276.

Lewis WK. 1921. The rate of drying of solid material. J. Ind. Eng.
13: 427-443.

Maillard LC. 1912. Action des acides amines sur les sucres :
formation des melanoidines par voie methodique, CR Acad. Sci.
154: 66-68.

Martins SIFS, Jongen WMF, Boekel MAJS. 2000. A review of
Maillard reaction in food and implications to kinetic modelling.
Trends Food Sci. Tech. 11: 364-373.

MFDS (Ministry of Food and Drug Safety). 2024. Food code.
Available from: https://various.foodsafetykorea.go.kr/fsd/#/ext/
Document/FC?itemCode=FC0A085004005A086. Accessed Jun. 3.
2024.

MFDS (Ministry of Food and Drug Safety). 2023. Guidelines of
shelf-life setup experiment for food, livestock products, and health
functional foods. Available from: https://www.mfds.go.kr/brd/
m_1060/view.do?seq=15279. Accessed Jun. 3. 2024.

o

o

Page CE. 1949. Factors influencing the maximum rates of the air
drying shelled corn in thin layers. MS. Thesis, Purdue Univ., W.
Lafayette, IN.

Pandian, AT, Chaturvedi S, Chakraborty S. 2021. Applications of
enzymatic time-temperature indicator (TTI) devices in quality
monitoring and shelf-life estimation of food products during
storage. Food Meas. 15: 1523-1540.

Park HW, Kim ST, Choung MG, Han WY, Yoon WB. 2016. Effect
of air velocity and drying temperature on drying characteristics
of soybean (glycine max) using hot air drying. Food Eng. Prog.
20(2): 128-134.

Sakai K, Lee JH, Kocharunchitt C, Ross T, Jeoson I, Koayama
K, Koseki S. 2020. Development of a Maillard reaction-based
time-temperature integrator/indicator (TTI) for visual monitoring
of chilled beef during long-term storage and distribution. Food
Bioproc. Technol. 13: 2094-2103.

Taoukis PS. 2001. Modelling the use of time-temperature indicators
in distribution and stock rotation. In Food Process Modelling;
Tijkskens, L.M.M., Hertog, M.L.A.T.M., Nicolai, B.M., Eds.;
Woodhead Publishing: Amsterdam, The Netherlands, pp. 402-431.

Verhulst PF. 1838. Notice sur la loi que la population poursuit dans
son accroissement. Corresp. Math. Phys. 10: 113-121.

Yang, J, Xu Y. 2021. Prediction of fruit quality based on the RGB
values of time-temperature indicator. J. Food Sci. 86: 932-941.

Author Information

o4& FHu) sk o] 9] 28 Fo}3}



