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Abstract

Irradiation—induced volatile flavor compounds in irradiated (1, 3, 5, 10 kGy) beef were analyzed by liquid
liquid continuous extraction (LLCE) and gas chromatography/mass spectrometry (GC/MS) methods. One
hundred fifty volatile compounds were detected in irradiated beef. These compounds were composed
mainly of 71 hydrocarbons, 35 aromatic compounds, 15 aldehydes, 7 ketones, 4 acids, 6 esters and 12
miscellaneous compounds. Among these, only 6 volatile compounds including (E)-2-hexenal, nonene,
2-nonenal, cyclodecene, dodecene and cyclododecene were detected as irradiation-induced volatile flavor
compounds, comparing with unirradiated beef meat. However, 4 volatile compounds, such as cyclodecene
(r=0.88), (E)-2-hexenal (r=0.85), nonene (r=0.74) and 2-nonenal (r=0.70), having a positive correlation
coefficient with the increment of irradiation dose, were considered as marker compounds for detecting
irradiation dosages in irradiated beef.
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Fig. 1. Scheme of liquid liquid continuous extraction (LLCE) system.
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Table 1. Volatile flavor compounds in irradiated beef by LLCE method
b Irradiation dose (kGy)”
Compound name by class RI 0 1 3 5 10
Hydrocarbons (71)
1,4-Cyclohexadiene 721 68+11 40x16 142+118 10725 2415
Methylcyclohexane 732 186182 31%8 184 =82 8*t1 289+269
2-Ethoxy-2-methylbutane 736 253 123 13695 3b*1 181+160
Ethylcyclohexane 742 39+5 1743 3420 656+4 24%13
Methylcyclohexane(isomer) 748 110£41 6028 9759 12112 59146
3-Ethyl-3-hexene 762 38+4 207 159198 48*6 23122
1,2-Dimethylcyclohexane 765 5919 4414 73139 108+1 43*19
2-Methylheptane 771 10846 35x16 159+24 116x6 125+99
1-Octene 798 11826 20667 416£382 543168 404217
Octane 306 74670 8671252  1,588+£902  2,005%13 1,703+909
Tetrachloroethene 816 3,901+457 2,590+656 5057+2,349 5698+192 2,405+ 1,254
2-Octene 819 136188 227+49 653+333 734+48 352+197
Dimethylheptane(isomer) 832 108+21 83+30 188+163 22020 73+33
Propylcyclopentane 836 36+28 22+4 67*36 6610 30£17
Ethylcyclohexane 838 161%11 9921 305208 2426 107+68
1,1,3-Trimethylcyclohexane 841 103£7 70%x15 2061122 200+13 35+24
1,2,4-Trimethylcyclohexane(isomer) 856 69119 43+17 133£93 133%£5 42122
2,3-Dimethylheptane 859 68+ 10 237 12053 133%2 51%21
1,2,4-Trimethylcyclohexane(isomer) 886 32+1 25+21 7045 57+6 33+23
1-Ethyl-3-methylcyclohexane 891 201+32 14916 418260 457+13 203+124
1-Ethyl-4-methylcyclohexane 893 139£8 107£16 3121240 - -
1-Nonene 893 - - - 452*2 323176
Nonane 902 1,310£115 7261155 1937£1,396 2,744+%55 1,032£566
1-Ethyl-4-methylcyclohexane 911 94+5 42+8 143100 213*+3 51£35
2,4,6-Trimethylheptane 920 83t12 545 13986 269£0 61345
4-Methylnonane 928 99+10 58+8 144%97 277£53 59+42
Propylcyclohexane 933 277+19 145£39 3871289 58818 15086
2,6-Dimethyloctane 936 395+44 212158 496 £ 282 817£5 194t 143
3-Methylnonane 942 7610 4112 95+75 157+1 34+24
3-Ethyl-2-methylheptane 943 16114 10872 183131 332%x10 71+46
Tetramethylcyclohexane 945 10726 5623 13092 26910 44+34
5-Methylnonane 962 1205 7116 14683 2462 87148
4-Methylnonane 963 30821 17445 3651239 6058 190108
1-Methyl-2-propylcyclohexane 986 4891168 42367 779502 586*0 410+295
Decane 1,000 1,799+108 1,169+319  1859%1,280 3,034£55 1,250 +655
4-Methyldecane 1,023 275*17 18956 371179 557126 428+313
Butylcyclohexane 1,035 312+51 5011 217+161 520+£124 212£126
5-Methyldecane 1,058 219+13 162138 2241162 416£17 127163
2-Methyldecane 1,065 283*+17 20750 206 £ 167 460+8 12665
Undecane 1,100 1,206+ 72 942179 1,176£80  1,806%+22 7231378
Pentylcyclohexane 1,138 83t8 72%33 13066 15710 4630
3-Ethyl-2-methylheptane 1,155 65+5 52*11 73+41 115+10 39+23
2-Methylundecane 1,164 173£32 112+30 152108 214+4 73+39
3-Methylundecane 1,171 499£76 289+81 4531338 589*+4 2251125
Cyclodecene 1,184 - - 59+28 112£21 11278
1-Dodecene 1,192 - - 194+ 43 3,275+327 252+162
Dodecane 1,199 959+ 26 1,079+304  1,890+1,418 2,005*+12 731%£396
2,6-Dimethylundecane 1,214 231+19 165+53 2461194 274+16 114%72
Hexylcyclohexane 1,242 146%13 10626 171£116 209*+15H 7740
1,1,3,3-Tetraethoxypropane 1,252 234116 10116 208139 - -
4-Methyldodecane 1,259 158137 87126 173+126 183£4 112£41
Tridecane 1,299 763134 7671204  1549%1,112 1914%6 875+500
2,5-Dimethyldodecane 1,318 53+%3 35+8 62x49 7BE2 38*14
4-Methyltridecane 1,358 96+14 555 98+68 103£7 8050
2-Methyltridecane 1,363 17217 122%+19 147834 16810 14382
3-Methyltridecane 1,370 10711 66+ 18 178+153 16210 11054

continued on next page
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Table 1. Continued

Irradiation dose (kGy

)2)

1)
Compound name by class RI 0 1 3 5 m
2,6,10-Trimethyldodecane 1,376 132*79 10724 231%+148 266117 -
Cyclododecene 1,376 - - - - 16693
1-Tetradecene 1,392 51+7 70129 220+139 205124 318+197
Tetradecane 1,399 812174 465+121 972+551 1,063+59 475+ 250
Pentadecane 1,499 386+59 245138 4691271 8241152 303%£175
Hexadecane 1,600 77397 150+23 489+202 302*1 175*+116
Heptadecane 1,699 896+ 180 200+19 221172 360137 121£40
2,6,10,14-Tetramethylpentadecane 1,706 412x101 63+23 308*=113 364*8 180+140
5-Phenyldodecane 1,740 300=62 36+8 13788 77%9 58+56
Octadecane 1,800 1,159+339 146174 528205 19015 2751214
Nonadecane 1,901 1,456 +814 8015 372147 142*10 207 1204
2-Phenyltridecane 1,816 741337 10847 655+ 329 137+32 7721928
Eicosane 2,003 7401218 64+19 340*+192 139x39 162+117
Heneicosane 2,103 863326 118%+52 510433 228+68 1921198
Tricosane 2,301 631+155 84+30 2581220 390£267 98+40
Aromatic compounds(35)
Methylbenzene 777 3348517757 27,14417810 51,711 35,069 55,808 +8870 29,045+ 13,801
Ethylbenzene 866 670234 1,751+2,663 1,365+962 1513£131 459+227
p—-Xylene 874 1,951 %178  1,150%326 3,112x£2,161 3,650*180 1,110£547
Styrene 895 37757 222137 448247 66014 2661141
m-Xylene 898 892+80 518%£135  1,240£822 1,642+50 544+281
Cumene 930 11611 56430 163103 249+10 58+38
Propylbenzene 958 328125 18648 421314 65212 175198
C3-Alkylbenzene(isomer) 966 983186 5861144 1,119+779 1,624+ 18 500257
C3-Alkylbenzene(isomer) 967 525168 377£125 707£539 1,058£33 332+175
C3-Alkylbenzene(isomer) 972 763160 450%+121 690811 1,364 %2 402%200
C3-Alkylbenzene(isomer) 984 459+ 35 286146 520%294 49514 208+140
C3-Alkylbenzene(isomer) 997 1463+133  1,201+287 1845+1,295 2,708+34 8331460
1-Methyl-4-propylbenzene 1,014 201+26 16652 318*171 399+11 206£165
Cymene 1,024 132£11 89+24 159104 252+18 13*4
C3-Alkylbenzene(isomer) 1,026 347140 235164 784512 1,107 16 413+282
1,4-Diethylbenzene 1,054 1447+26 116+39 212*154 359*3 8658
C4-Alkylbenzene(isomer) 1,055 288+23 222£70 345+ 226 625+7 19969
C4-Alkylbenzene(isomer) 1,062 122%11 2421158 5561289 983*31 526220
C4-Alkylbenzene(isomer) 1,071 443+ 28 2471168 448293 6943 230+ 147
C4-Alkylbenzene(isomer) 1,081 168112 315166 233191 319%0 303+241
C4-Alkylbenzene(isomer) 1,083 224+112 209133 330*212 447+3 193119
C4-Alkylbenzene(isorner) 1,090 33212 229154 315x293 5025 176100
C4-Alkylbenzene(isomer) 1,114 113=50 79%46 151+103 224*3 83*51
Decahydro-2-methylnaphthalene 1,116 158*55 137£33 181+123 276+3 91+50
C4-Alkylbenzene(isomer) 1,121 15694 167147 234+154 334+8 13096
C4-Alkylbenzene(isomer) 1,126 162=15 122+36 177+125 331+87 13977
C4-Alkylbenzene(isomer) 1,143 117x12 92+28 142%63 174=2 6336
C4- Alkylbenzene(isomer) 1,159 124*6 1556+43 2241128 288+ 1 11750
C4- Alkylbenzene(isomer) 1,167 67+26 61+18 84+54 1256 48+25
C4- Alkylbenzene(isomer) 1,179 91+14 65%13 66150 131£17 36117
Naphthalene 1,192 397+43 408+112 4301342 403=*11 19692
1,2,3,4-Tetrahydro-2- 1,223 109+12 103*+21 13585 18142 64+58
methylnaphthalene
1,2,3,4-Tetrahydro-6- 1,302 133*18 11025 183+157 23319 89147
methylnaphthalene
1,2,3,4-Tetrahydro-1,4- 1,328 165*+32 99126 178149 211+6 82148
dimethylnaphthalene
1,2,3,4-Tetrahydro-1,8- 1,337 62+ 11 55+25 80£59 90=*4 45£32
dimethylnaphthalene

continued on next page
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Table 1. Continued

Irradiation dose (kGy)”

1)
Compound name by class RI 0 1 3 = 0
Aldehydes(15)
2-Methyl-2-butenal 754 42*10 4614 77t35 84+11 58+34
Hexanal 807 6561211 774*78 1,999+1,086 2,579%+93 2,408£1,336
(E)-2-Hexenal 859 - 14+4 59+ 26 73£0 76+£41
Heptanal 905 62366 6891110  1,338E502 2,278+t 94 1,777+1923
2-Heptenal 960 180+19 141+29 283*111 530+9 259+ 148
Octanal 1,005 365+6 666+117  1582+1470  1,914%43 2,133%1,316
(E)-2-Octenal 1,067 252119 211x81 377+£222 453120 309323
Nonanal 1,106 3612%437 3,751%1,781 3,351+2,195 3,534*46 2,739+ 1,602
2-Nonenal 1,162 - 181+23 291192 443*+1 336207
Decanal 1,207 79332 520+60 7551332 65213 4521264
2-Decenal 1,264 461+71 5651102 6391231  1,052*1 7001431
Undecananl 1,309 174=*8 107+18 14384 177+9 84+ 46
(E,E)-2,4-Decadienal 1,320 32t16 3711 4716 141£0 44+£18
Undecenal 1,366 3991129 4831135 513144 701x12 525%312
Dodecanal 1,410 294+53 146+21 247174 9641108 163+53
Ketones(7)
3-Hydroxy-2-butanone 724 1650%516 1,011£271  2009%x917  1,521+76 1,464 +910
2-Pentanone 737 69129 249125 294+ 158 542+ 36 383307
4-Methyl-2-pentanone 751 47+3 38*11 65124 71£8 36+25
2,4-Dimethyl-3-pentanone 802 78%5 95+59 151x76 170x2 119+104
3-Methyl-2-heptanone 862 103+17 99+12 148+112 175£0 73+£37
6-Methyl-5-hepten-2-one 989 414146 299103 840+ 671 755124 444* 144
2,6-Bis(1,1-dimethylethyl)-2,5- 1,477 24068 125£73 206+ 36 200£5 80+50
cyclohexadiene-1,4-dione
Acids(4)
Octanoic acid 1,174 199+32 1l66+£45 274+238 1148 187145
Undecanoic acid 1,565 460108 213*70 301127 51%27 11290
Dodecanoic acid 1,762 806197 62x15 3941249 161£40 2621168
Hexadecanoic acid 1,966 1,670t356 11326 539£507 7121107 2861162
Esters(6)
Butyl acetate 821 459162 17688 6611544 502x10 248174
Methyl-4-hydroxy benzoate 1,465 108+50 67149 333167 265+5 -
Benzy! benzoate 1,780 525+ 147 235128 271188 79+20 118£75
Methyl hexadecanoate 1,926 501t 152 48*7 256+ 237 164+13 17694
Ethyl hexadecanoate 1,997 549+ 231 26*5 194+ 167 46=*3 32%26
1-Methylethyl hexadecanoate 2,032 3797+1,199 633£272 263611681 1,476*+155 3,143£2424
Miscellaneous compounds(12)
Tetrahydro-2H-pyran 721 119*11 52+10 4121533 12740 41+28
7 ~Butyrolactone 916 11470 135£51 221+113 26310 139196
@ -Pinene 938 368*£34 223156 470+ 315 572128 213*115
B -Pinene 981 42847 216+39 5621303 5212 2511155
Limonene 1,031 882+91 5351+1,077 1616%£1,019 883+6 208+207
Benzothiazole 1,233 1559 10827 180115 247%3 6644
y —~Nonalactone 1,368 57+59 9+1 11£6 12£0 54
a -Cubebene 1,387 139+21 59+17 13387 118+17 7031
Junipene 1,423 422+24 137%+31 3241127 3191 14875
Geranylacetone 1,456 325£33 71x4 273154 1194 9% 56
N,N-Dimethyl-1-dodecanamine 1,505 524+ 241 8647 7041263 10,001+453 2421202
Cadinene 1,536 13137 29+9 54+ 15 58+17 15+9

.I)Retention index.

“Mean concentration (ng/g) of duplicate GC/MS analysis to 2 LLCE extracts.

Concentration of each compound was calculated as a relative content to TMP concentration put in sample (136.2 ng/g)
(factor=1).
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Table 2. Statistical data obtained from the linear re-
gression equation Y=aXX+b as applied to the
analysis of volatile flavor compounds in irra-
diated beef

Compound RI Y=axX+th

a b r
(E)-2-Hexenal 859 7.57 16.02 0.85
Nonene 893 40.60 0.87 0.74
2-Nonenal 1,106 29.92 136.87 0.70
Cyclodecene 1,184 12.49 9.52 0.83
Dodecene 1,192 85.07 421.42 0.24

clodecene, dodecene @ cyclododecene 5 & 6%9] 3}
FEo] ZREAE A==, (E)-2-hexenal# 2-
nonenale- 1 kGy 2] Aeko 2 A3 A g0l A HEH 7
A28l 1, cyclodecene® dodecene 3 kGy, nonene
& 5 kGy A# olAke g 2ARRE ARl HEH AU 2
"ol cyclododecene2 10 kGy9] ZABFO 2 FAIEH A5
AM gt A& A9E Jehle] ZXE2AE +4
23 Ao g2 B ¢} 39 nonene, dodecene ¥ (E)-
2-hexenal 5 3% 9] 313182 WAL 2ALR B ar7] oA
E AEge] Rasch39). Cyclododeceneg | )%k
2l 5%o] 2xEA N AYAA] 2 ARAST0)=
Table 20 el g} =] ©]F cyclodecenee] ~F3AI 4
r=0.832.4) whAbA AL A=kl Fotel st AHA 2
%o A#AE dehlidle 9522 (E)-2-hexenal
(r=0.85)°1%1t}. 2 2] nonene(r=0.74) 2-nonenal(r=0.70)
5 2%9] 3352 r=085 ol 5l AFRA SIS VA2
U A g mF kA A ] Fotel] o8 ake] A
AL yehlz 9lonz smre WA zAl #E £ 9
T EAEAZE ALY ¢ s AR FHsHY FA
u dodecene M-§ W2 ko] AARAIF(r=0.24)F eb
Weol x| A4 2 Bdg Zle 2 gdstgict wet
4] (E)-2-hexenal, nonene, 2-nonenal 2 cyclodecene 5-
4% S35 379 WAk 24 E S 43 24
A8 AAsnt o g s v RAL Y Bl 2AlE 4
275 AAstAA AW EE A st Anatks 5
of 93l v zAMR A E AEEE X EAES AA
A 584 A AR Z AL it A EE A EA
2 AA s A7 8w 2AHE sl A AR F
ol A&7 Aztsle A A RS ZXEAE AA )
£ A7) AgEejol & Ao AEH

o ok
g =

Z} A8 (0, 1, 3,5, 10 kGy) & =419 71 & A8
2 3le] LLCEY 22 3iA | 88 53 F GC/
MsHl ez B4 -2Xgo ] whabd ZARAd T ofe
ABAL 7 A= A 2AEAS Tt A 2

Al S 93 ZA A8 A A szt st 1 A%

R REEE B

=)

% 15059 384 A Ro] WAl ZAME 4] 7]l A A
2=l o] F2 B AF, HEHSHYER, &
B =F, A acidF, A2HZ3EF 2 7IEhEEE
F2 TAEY slde) o) 5 B3l F(715) o} whskE
ERGEE) 7 2ol AEE e, A 24
2 24 (E)-2-hexenal, nonene, 2-nonenal, cyclod-
ecene, dodecene ¥ cyclododecene % & 6%2] 313E&0]
AR =g} sx i HE A G WY ARA TS
783l S u dodecene® cyclododecenee EA| &2 2
A HAgsle] 2v] (E)-2-hexenal, nonene, 2-nonenal
4 cyclodecene §- 4%2] 83 &o] 4] a17] 9] WhalAl &4}
g 98 1A A2 AR sl o] F WAl AR
g Z7bell sl ZHA 22 ko] AR S ehd 33E
& cyclodecene(r=0.88)¢]1%1 29, th-&- 2. 2 (E)-2-hexenal,
nonene ¥ 2-nonenal o]t}

ATE e Rolla] A @E 19973 S|/ EA}
2] 3.2 297040-3)¢]] 9] 3}y 3= AF-A 2]
B2A d7u] A el Zhai=alv, BhabA 2l B
=L F4 9P AT WA F A E T
T Wiv 2wk 7 fAIAL o] EA % Z-& A
=3y}
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