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Abstract

The identification characteristics of irradiated (0.5, 1, 2, and 4 kGy) brown rice, soybean, and sesame seeds were
investigated using photostimulated luminescence (PSL), thermoluminescence (TL), and hydrocarbon analysis during
12-month storage. PSL-based screening was possible for the imadiated soybean and sesame seed samples up to 6
and 12 months, respectively. The TL glow curve shape, intensity, and ratio enabled the clear dose-dependent
discrimination of all the non-irradiated and imradiated samples. The TL intensity decreased during storage, but the
TL glow curve did not change qualitatively, which provided enough information to confirm the imadiation
treatment of the samples over the storage period. Radiation-induced hydrocarbons were found in all the imadiated
samples even at 0.5 kGy, throughout the storage period. 8-Heptadecene (Ci7.:) and 1,7-hexadecadiene (Cis:2)
originated from oleic acid, and 6,9-heptadecadiene (C;72) and 1,7,10-hexadecatriene (Cis:3) originated from linoleic
acid, can be used as radiation-induced markers in identifying imadiated brown rice, soybean, and sesame seeds.
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4 9 AN AEY AP &7t
133}4(18) 0, 0.5, 1.0, 2.0, 4.0 kGy<]
Z+u}l(Co-60 gamma irradiator, 100 kCi point source AECL,
IR-79, MDS Nordion International Co Ltd, Ottawa, ON,
Canada) S A1 93 AFERZ ZASIATE S0
2 alanine dosimeter (Bruker Instruments, Rheinstetten,
Germany)E- A8-3}] ESR spectrometer (Bruker EMS 104
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L7t BastAs Ao ARSI
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(Photostimulated luminescence, PSL)

Irradiated Food Screening System
(serial:0021, SURRC: Scottish Universities Research and
Reactor Center, UK)S ©]-8-3}¢] 50 mm &7 2] 13]4 petri
dish (Bibby sterlin type 122, Glasgow, UK)®ll whole sample
(@] 10 g, UIF 6 g 371 3 @S IL=2A BA Hol S5
o] W) RE AP 2Ze gz A AA3H I, PSL
2712 cycle time 60 sec, dark count 23+2¢] 1T}, PSL

A Axle]l #AL T, (700 counts/60 sec) ©|5Fe] Zh<
H] ZA} A E(negative control), T, (5000 counts/60 sec) ©]/d
o] 7k ZAH Al E(positive control) 2 YER ™, T, T,
Alole]  ZH700~5000 counts/60 sec)SE FIHAE
(intermediate, AT ZAMARE FHE F gle AH)E
FHEBFATH19,20).

e S 51
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oddtat (Thermoluminescence, TL) 244

b ZAFE A5 TL 42 CEN W12 2%
T Fat] AAEAT S, AEEFH v E
2], F71% 2 cabonate A A, AZXAAFS A FH wvlR
0.5 mg< aluminium disc(6 mm)ol| &7 B3 50°C incubator
oA eF 16A17F Al 3+ & WY silicone o2 317G 3FH T
THE P> FEE 9] TL glow curve S 2% noise?]
P HAs ey st dAxAY ek AT
(99.999%) 274 A1 Thermoluminescence Dosimetry system
(Harshaw TLD-4500, Wermelskirchen, Germany)2] % 7]-2
T 50TCGR), L% 400C, 7124 5C/secE 3] =4
stAth 283 A AF TL A5 E 33| AAs7]
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250C, TLy= 73 & =74 A8l 1 kGyd] Ao = A=
Abste] 221 glow curve®] WA IKTL)E S35 L
T 150~250 H219] glow curvedl T3+ TL ratio (TLyTL:)S
2319 0™, TL ratiozke] 0.1 ©]3}o]™d B ZAME, 0.1
ool AR T e} TH(14,20).

Hydrocarbons &4

WAL ZARA 9] hydrocarbons #2492 2133 71(20)
9 EN 1784 WHA5)°l F3te] AASHAATh BAE S
AW} 32, florisil column chromatography % GC/MS &
O 2 AAEAY. B4 A5 AW FELS hexanes
S = AE-St ” F2319.9H, hydrocarbon-2] -
& ¢35} florisil (60-100 mesh, Fisher Scientific, PA,
USA)S Z4 SRAZ ARSI ©] o) internal standard
+ 1 mL n-eicosane (4 ug/mL hexane)-= florisil column®l]
7}eted 2 mLymin F%522 60 mLE 285t 2 mL7}A
&3 % nitrogen gasE 0.5 mL7HA] 53t GCMS 4
| AIEE AT

Hydrocarbons®] GC/MS<2] #2412 6890 model gas
chromatograth‘r Agilent 5793N mass selective detectors
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o]tk BEAAEQ2 uL)yE & 7]l splitless mode (2 min)
, T Fo| = split mode (1:10)Z 3}Ht} 8|9 AR
018 EFE9 retention time P12} 2} 3 =2] mass
spectra U224 3181t} A2 standard hydrocarbons
< l-tetradecene (Cis1), pentadecane (Cis0), 1-hexadecene (Cie.)),
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1,7-hexadecadiene (Cie:2), heptadecane (Ci7.0), 8-hepatdecene
(Ci71) 52 Sigma Co (Sigma Aldrich, St Louis, USA) & 3
F)ste] AT,

SHEN

EE AYL 33 Wi m=3) S48 BHEUEREE
Axpho g AF}E Yeith 83 A= Origin 8.0
software (Origin Lab Corporation, Northampton, MA, USA)
= o83t ZAMIR ZF A3t ZH(PSL counts, TL intensity,
TL ratio & hydrocarbon)] #4343} TH21).

23t 9

ZAMEQ| PSL EHEYMD} 0i7{9 NEHEY
PSLS WA ZAL] O3] 2Fe] EAlste FEF
(feldspar, quartz)ol] EZ ¥ HZANUAE Hejxoz 2=
sta] WhALE o] Y2 = W X|E photon counts(PCs)Z
AlSshes Wolth A7) 7te M2 dvle] PSL 54 2
IH(Table 1), 0 kGy°ﬂ/\1 214 PCs, 0.5 kGyoﬂ/H 413 PCs7}
Ueh, S megative) 02 FRIE 101 1 kGy ©)/de] =
AFE(1~4 kGy)olHE 755~1067 PCs2 R5 F7hk
(intermediate, 700-5000 counts/60 sec)= WEF AT} =3t
ZAPd ol e PCso] k-2 A4 7I7tel| whet & W3t
Ao, AG7I17E 12701 Fll= 2 kGy ©lshe] kel A

B5 8] ZA (negative) 2 Y F|o] #w|e] PSL H 871
g ke o ATk Kwon S(23), 7 kGy FAME
AAF PSL 54 A} Ague}l A vpse) vzl
700 ©]3}+2] negative dh= UERN O] HIZAMA R E FHH O]
7FEstd oy ZAME vk 700~5000 Abol ] F7Hgk
(intermediate)-& WEI O] 2=12]do] o2 Ao B
ket PSLE oA vehbe F3 gk nermediate)-& S
FEA gkl 7@tk Bug vl glom, o) HhEA]
thE WER(TL, ESR 2 hydrocarbon *3#) %} W 3j 5}
ZAted B2 Bholale]of 31T}(10,22,23).

7o) A A% PSL S A A= HA ZAMIF 05
kGy(20168 PCs) ol M= A (positive) = HIZ=AFH(52
PCs)9} 77k Aol 5 YEhl A A7 670 F 05 kGy
ZAE )= Z713k(intermediate) & 2 JEFE, A 12
MEele S (negative) 2 EFSITE 3 1 kGy ©1%
A N ESE2 AR 6/ E Fol= PCs7} HAaskgls B,
i 7)Eel JIFE A Fkout, 12718 Folle BF
TS Y] A% 1L 7HA] AR EE B o] 7}
T3k

g 3N 735 Wl AR ECM AR 1 F<F 303~
392 PCs 912 700 ]3}9] & VEhfio] SAAIEE Ve
Wi, A% 12709 3% 05 kGy o) A Al8ollA
15330 PCs2] gto2 H] A9t £33 tEE o F3lH:
g AP SUtel whet PCs9| gro] MEFAHo=
(R?=0.9496) Z7}5tat). 28U A& 12 /L2 PCsE =

S

Table 1. PSL determination for irradiated brown rice, soybean and sesame seeds during storage

Storage period

Irradiation dose (kGy)

Sample

Correlation equation and coefficient”

(mon) 0 0.5 1 2 4
0 214236 413429 7554212 854+146 1067105 Y=1983x+363.15
()" ©) ™) ™) M) R™=0.8327
. 393456 683441 930:143 10214110 1153271 Y=16545x+588.23
Brown rice 6 0 () ™) ) ™ R'=0.7529
o 281446 441480 52748 620225 105837 Y-1829x4311.05
Q] © ) Q] M) R™=09797
0 03 20168:4302  24336:1912  50642+2861 5686244782 Y=13506x +10153
©) ) ) *) ) R’=0.8397
Sovhean ] 6153 45862890 98923636 177572027 2586246205 Y-6346x:21726
Y 8 M) *) *) * R’=0.9505
" 30526 630:31 1962492 22084284 23014356 Y=478 854763
©) ©) ™) ™) ™) R2=0.6477
. 30348 6879420477 10294351384  162287:108891 327661153163 Y=77958x +15461
¢ G *) " *) R*=0.9901
Secame soeds ; 300426 31853:8668  I3TIREISE0  125420+15766 1834667400 Y=42037x+3259
Q] ) ) ) *) R*=0.7531
" 387425 15330:9338  2007+5406  S6430£28679  78506+11434 Y-19812x+4595
Q] ) ) ) *) R°=0.9496
MThreshold value : T,=700, T2=5,000, () <T,, Ti< (M) <Ts, (+)>Ts

% irradiation dose (kGy), y: photon count.
IMean *+ sd. (n=3).
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Fig. 1. Stability of TL glow curve of minerals separated from 1
kGy-irradiated brown rice, soybean and sesame seeds during
storage.

(A: Brown rice, B: Soybean, C: Sesame seeds)
Z2g 7kl Bl Me7he] xfolE Qlo} 58~80% BE

7]
LFU Vi SeHL B FIFE 24 F A 107)
2 5o 297 29} Q@270 M8 PCs ghol O 2

3R o AA So| = PSL 2= 8do] 7Feoidtal Halst
o] B Azs}l 41 AnE el

wletA #v), T 2 37)9] PSL 2423, A2l uket
PCs #& & zpol& EUARE, FEHo] FHoHA| 2
Hu|E Alefstar, tiFel F7l= 127199 A7 =
XAt R o] o] 7Hsd AoE FRIE ATk

EAMI o TL urthMz} u}31°| b, o,_aég
. ‘C&o ”C’ UrEMJL °J?/1§ Ol %}04 J Mj FAL -

(25,26).

A, T 2 A = 3*‘-4 SAHEC] el TLHS
o] g3l ZALARS SIS W, RIZANEELS BF
250C o] %ol Wag=do] YehstaL, 05 kGy o] AR
B5S 150250l Eag=rrdo] yeh} Aol R-of il

o] 7V st ATHFig. 1). A713k0] 74l we} 2ALE
Hulo] g8 TL glow curve] 31 peak”} 150 Cell
/\1 176 CE o153, A& 12 7HE 3 TL signal> #%3

Z7]°l| B} 20~25% Xe}E sttt 2=y A Al
ol T 2AMA O] Z7FERE TL intensity 7} 7212 0.
2 27525, A% 12 AY FlE BARIE 2
B thETo Hlasl & w) AR ZAFFS] EQlo]
B3t AfolE YER ST

WA ZAE tiFo] AL ASok A 12 e 39
glow curveZ Fig. 19 Ve Hle} 2] glow curve?] #H31
peak’} 150TCo|A 163TE IL&HE=Z o]F3t3al, TL
intensity= A7 717+4] S71 w}ﬂ- wold s g &
AN 3 AP o] FTFFEE TL ratioSA] S7}3t
Rom, Ag7)3te] BAEFE Ao on, 12 7HE A
FH 05 kGy ZAFHEAA D AN E A F-] g o]
7}5 3 tHTable 2).

7] A9 TL glow?] FHIL peak’} L-25(152C N A
1600)& o]'5ste] e A 5EF FAkeE A3de YeEld
31, TL intensity= A7&z7]°] vl8)] 743t thFig. 1). &
& TL ratios AR wel AF 2 ZF7HR’=
0.9219-9993)Z X $1tHTable 2). Kwon 5(27)-2 Au A<
o] & 71#}e] TL glow curve®} intensityS A2, A&
2 AfFze A 113 A7FeFH A TL signal @] H4/43S
FRletAaL 2 A3 A7g717te] B33l Wt TL intensity
E Az vl8l 2ol ar, Ae> AFes AFEA £
2 TL intensity7} StolR o A4 11d Fo| = TLA| 23
o] 7hsdtttal Bkt

2719 AxE Q951 TL glow curve peak®] RoF3}
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Table 2. TL ratio of minerals separated from irradiated brown rice, soybean and sesame seeds during storage

Storage Irradiation dose (kGy)
Sample [();13;)1()1 0 05 s . Correlation equation and coefficient])
0 00031:000117 0364400049 0661500225  15613+0.0344 3041702367 Y T
Brown 6 00043:00005 03328400646 06078:0.1119  L471:00849 28392402638 Y T 0as
12 00066:00005  03067:00522 0754600684  12503:0.0341  2.2798+0.0552 Y = O30l a0
0 0009400023 0366300845 07056200082  13951:0.0042  27275+0.1557 Rl
Soybean 6 0010700026 0417000201  0.6980:0.1149  12297:02037 23150£02105 Y = Dt - 40
1 0017500142 03480400890 07332402224  12786:02988  22915+0.0057 e
0 00118£00000 05960:00564 08291£03657 15822400088 28022404571 Y = 476t 001450
Sesathe 6 00188:00074 04521201573 08403202403 1495200700 24135203660 y = O3l - 1618
12 00094£0.0055 05215400505 08131£0.1076  14318+0.0989 24934403579 Y = 04007 = 1%

Ux: irradiation dose (kGy), y: TL ratio. Mean + sd. (n=3).

o], peak’} YEIU= =4 2 TL ratio= A& vt}

AFol & YERJ A AT TL SAHHE o] 83k AR
WHEL 19 o]FolE 758k, TL ratiogk SA] FHE 7]

of & JFS vAA] FAUth 2y AA7|Z] A4
= TL glow curve®] peak’} IL2FZ ©]F3}$ 1 fading
effectol] &J3l A7}t Ao R A5 Az
S 0P AR AL R ] ek wbdo] I Qs o g
] ATH27).

g i Hp

ZAI|Z9| Hydrocarbon EHHEAM D} X EOHY M

25 Foll FHE Ak o R riglycerideol] A 3HE
of Qlom WAL AP oaf A4t frefl €] hydrocarbon
F7F AAE & Arh(15,28). WAM 2AME RUAERR
Bl hydrocarbons T A/ #448kaL A7F7]3kel| whe <y
4 Flsaitt v, Wi, 7oA £41% hydrocarbon
F= Cu, Ciso, Ciss, Cisz, Ciet, Cir2, Ci71, Cizo 5012
™(Table 3-5), ©] 5 Cia1, Ciso, Ciro HIZA} Al BN =
A BAE ] AN Y] WEuATE obd S & U
o} b B A7 XE 0.5 kGy ol ZAFE A8 ojA
FR1E Cies, Cisa, Ciot, Cira, Cizt T2 TAFFL} HIZALT
o] WA R AL W, AR o] STl wlet g
o] =A Yehsth drjY A4k oleic acid > linoleic
acid > palmitic acid <=2 2 =23} (29), v ZHE £
¥ 8 hydrocarbon-9] g A7} 7]7ko] A 3te] w
2} {37} gAY &% F7tete BES B THTable 3).
AR 248 @l o] BEEA(Cres, Cisz, Ciets Ciras

Cr) S AP Zol Wl Cies (R2=O.9785—0.9973), Cie2
(R?=0.9712-9870), Ci6.1 (R?=0.9896-9974), C17, (R*=0.8070-
9648), Ci71 (R*=0.9751-9899)9] %2 JAAAZ HolHA
A7 12N E7HAE AP AL Re] ERlo] sk AL
2 Yehstth

Table 4= Aol xAME 9o ARZ7|F e
hydrocarbons 3 SIS YR ATh Zwhd AR 7ol
=7kl Wk Cies, Cisn, Ciet, Ciz2 2 Cinad 22
hydrocarbons©] Z7}819]. 0.1, A Zol] w2 A A4
RH)E 09 oo & AT 3 AR 2AF 50
ool AR 127197 E 59 ®E hydrocarbon
markers 9] FFE FAR AES YeRdo] A 7|7kl
w2 haulA 9] |3y} o2 SRIMPHE ] vlsE) 21
Ao R e

2] 739 Table 59} o] WA ZFAPA o) ule}
hydrocarbons @] 3heFo] F713F o m, AT} A A =F
o] AAAFR)E 0.6331~0.9991 % hydrocarbons®] &5
o e} Aol & el o, 54U ZAMIFIAgE 3
ZFo] Zpol& HA=H, ol AWAE 24 Aol 7]lsk=
Ao Z deHA UTh30). o9t 22 A= WA A
S5 (16), ATF(31,32) TAANE FAKSE BEFo 2 Yt
t}. o]’de] AFel A linoleic acidZ 8 e Cra%t Cies,
oleic acidi—‘?—ﬂ %EH% C16:29’]' C17;1-°4 @.%]:p‘: H]ﬂ;ﬁ }:'—E?J\'
on o5& FAMIHT o ABTA|(R*=0.91~0.99)F
HolHA A4 1271d7HA % ERlo] 7hs3tath
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Table 3. Hydrocarbons detected in irradiated brown rice during storage

FAZRE8HE A A198 A13F (2012)

(unit : uglg oil)

Hydro- Storage period Irradiation dose (kGy) Regression equation and
carbons (mon) 0 05 1 2 4 coefficient
2 Y=0255x.0270
0 0224004 0342000  059:001 0.88:001 123008 NI
1-Tetradecene Y=0,245x-0.357
pi 6 031:000  047:002  060:002 096003 1284010 N
1 028:002  050:002 082005 1072004 1442018 Y=0.2805x+0.4013
R=0.9357
Y=0444x-0558
0 048502  076:012  098:0.12 167:002 2234013 sy
Pentadecane Y=0471x-0.558
o, 6 050:002 082001 0924005 73014 2354018 T
1 066004 1056007 153:004 2244023 257017 VAT
) Y=0,667x-0.130
0 : 072:003 0744005 136:007  283:0.15 e
1,7,10-Hexa- _
decatriene 6 . 0650.00 1032002 1.89:0.13 325+0.08 s
(Cis3) e
Y=0.6803x+0.3843
1 : 078:010  099:004 1764018 3114025 s
Y=0.7200.152
0 : 072:000 0742001 173001 2974016 e
1,7-Heza- Y=0.725x-0265
decadiene 6 i 0.69:003 1142002 191012 302:025 N
(Cis2) -
Y=0.7993x+0.3913
1 i 0624005 133004 208:0.14  353:043 (LN
Y=0,565%-0,059
0 : 011000 058008 104014 2212007 R
1-Hexadecene Y=0,558x-0.002
e 6 i 018:003  059:001 1256002 2.17+0.14 S
Y=0.6603x-0.2557
) - 005:000 047002 101008 2404007 oty
Y=0292x0298
0 : 050001 0774005 111002 130£003 0]
6,9-Hepta- - |
decadiene 6 . 042:0,05 0902010 128:0.08 2.050.17 Rt
(C1712) =U.
1 : 0454003  093:007  122¢010  195:021 b e
Y=04495-0.085
0 : 042001 0544005 09540.11 188008 Mg
8-Heptadecene Y=0,540x-0.155
ode 6 i 051:002  077:007 128005 2264012 Ny
Y=04626x+03626
) i 052:007  081:009 14014 2155022 e
0 02540.11 0242005 0426007 0742013 1.79:0.10 Y=0402x+0.085
R=0.9611
Heptadecane Y=0.402x-0.246
ke 6 03402 0412002 063:005  095:001 191£023 0
1 0316005 055:002 070004 084007  L690.13 R e

"x: irradiation dose (kGy), y: hydrocarbon. “Mean * sd. (n=2). INot detected.
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Table 4. Hydrocarbons detected in irradiated soybean during storage

(unit : pg/g oil)

Hydro- Storage period Irradiation dose (kGy) Regression equation and
carbon (month) 0 05 1 ) 4 coefficient
0 015:003 0186004 023002 0248003 041:005 YO0 18
1‘Te(tgf‘f)ce“e 6 0206002 031:005  039¢000  042:007 0644012 s
1 018:002  035:006  030:004 0591005  141:022 Y 8
0 0224001 047:003  092+0.10 120006 1774016 !
Pe‘t%i‘ff)a“e 6 035004 053009 1024002 1384010 1814012 YOt
12 033004  050:006 1024015 1224011 1734015 YOS
0 > 0214002 055:002 1084006 1954004 v
lg%%? 6 024:001  067:003 1126007 183:0.3 YO O8s
12 0336002 080:0.04  131:0.18 1844029 e
0 014003 040:003 081006 1364007 Y2
1,7—H§:xa— Y=0.411x-0.048
de(cgif)ne 6 026003 052:004 093005 165%0.15 Ryl
7 010:000 050007 1066008  160:0.8 YO L0045
0 0115004 039:002  071:008 1274014 YN
I‘H‘Eé?jf)ce“" 6 0156002  043:003 082007 1334012 YT bl
12 0301005  053:0.02  090:003 1334022 et
0 023:001  085:005 218018 265:0.9 Y A
%c?(cé{:?%?e 6 0186002  0.99:005 1615006 2554012 Rl
12 0.19:0.05 1074022 1756016 2334038 Y87
0 0136003 0442001 1124002 1264013 YO0 D06
8‘He(lg§i‘1‘§ce“e 6 023002 041:002 089012 158:0.10 s
1 06006 1026008 1164017 L77:008 Y0066
0 015:000 0204003 051003 076:009 129:0.11 i
Hef;tcagzc)a“e 6 0116001 037:007  048:001  080:0.13 1214008 YT
1 029:002 0701005  100:004  LI13012 1642007 h e

Ux: irradiation dose (kGy), y: hydrocarbon. Mean + sd. (0=2). INot detected.
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Table 5. Hydrocarbons detected in irradiated sesame seeds during storage

FAZRE8HE A A198 A13F (2012)

(unit : pg/g oil)

Hydro- Storage period Irradiation dose (kGy) Regression equation and
carbons (month) 0 05 1 ) 4 coefficient
0 02810027 077:053 098006  145:0.12  132+006 YO 08
1‘“}%‘?3‘3““6 6 0204008 0416005  092:011 1236005  L47:0.14 YOI
12 032:005  052:001  100:005  137:008 166008 Y0078
0 £ 116010 151$035  182:006  2.82:020 Y0055
Pe“(tgiif)a“e 6 0984006 1286022 185:005  240+031 YOI 0306
12 028:002  040:004  039:001  052:003  083:0.10 Yo 286
0 0581005  094:023 1594004  2.14%0.1 Yo D286
1(17%2%;;1 6 073:011 1226005 193017 325:03 YT
12 050:002  LIS:0I3 2042012 288:0.13 YOG T
0 0494005  076:003 1454008 188:008 Yt
(lie:cca}if%?e 6 0516002 066:010 2084001 2774015 YDA
2 0774006  092:007 1434000  263+029 e !
0 017001 0326004  038:001 060004 YO0 D0
I‘H‘Eé?:?;"“" 6 008:001  025:005 0416008  067:005 Yl
12 025002 037:004  056:003 0724007 Y 1T
0 029:000 063001  LIT:004 2512012 YOfe I8
%%%I:;%tfe 6 0441007 095:012  183t016 350409 e
12 033005  088:008 2174029  336:0.8 YSOHK * 20709
0 024001 058:002 0961002 205009 Yo s
8‘H‘?§i‘§c€m 6 0321006 083000 1254017  246%0.19 Ry
12 0570021 143:007 1724016 2594025 Y0616
0 0754005 0826009 126009 1511001  186:032 Y a1
Helz‘éizc)a“e 6 0324002 0511005  108:001 124003  140:0.13 YORE
1 085003 0358002 020:000 1324015 225028 YRl

"x: irradiation dose (kGy), y: hydrocarbon. “Mean * sd. (n=2). INot detected.
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