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ABSTRACT: Objective To establish a method for determination of styrene monomer and oligomers in expanded
polystyrene (EPS) food containers, and to assess the safety issues of their migration further. Methods EPS samples
were extracted by dichloromethane, and the migration amount of target analytes from packaging to aqueous, alcohol
and fatty food simulants were determined by gas chromatography-mass spectrometry. Migration risk was assessed by
comparing estimated daily intakes and toxicological safety thresholds for each substance. Results Styrene monomer
and oligomers had good linearity in the range of 0.02—1.00 pg/mL (r>0.99). Average spiked recoveries in EPS samples
and food simulants were between 80.5% and 101.2%, the relative standard deviations were in the range from 1.6% to
10.5% (n=3). The transfer of styrene monomer and oligomers to fatty food simulant were significantly greater than that

to aqueous and alcoholic food simulants (P<0.05). Diffusion coefficient of considered chemicals ranged from 1.3x107"
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to 1.4x10~° cm%s, and active energies ranged from 33.5 to 53.3 kJ/mol. The estimated daily intake of styrene monomer

and oligomers were below their safety threshold. Conclusion This method is simple and sensitive, which is suitable

for the determination of styrene monomer and oligomers in food packaging. EPS food packaging are not suitable for

holding fatty foods at high temperature.
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Table 1 Detailed information of styrene monomer and oligomers

LA CAS b2 am iy =] IR
Sigma-Aldrich Trading Co., Ltd
w7 ) Ao ~ g g Co.,
KW 100-42-5 104.15 ©/\ (bl
13- A A 1081-75-0 196.29
2,4-CHREE- - TR 16606-47-6 208.30 O O Toronto Research Chemicals
Inc. (NEEK)
F-1,2- I T4 20071-09-4 208.30 d:] @
1,3,5- =R ELIR b 28336-57-4 312.45 BOC Sciences (3£[FH)
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Agilent 7890B SAH AL (BLA 59778 B4 BT Rk Ao il %
1 7650A B [ ZhtbRERS, 25 [E Agilent 23 F]); AL204 HLF-4)
Hr RV (RS - R 2 XA (R ) A BR F]]; DHG-9140A
P AT 30 S X T R A (T R D S A R AT PR A );
Milli-Q 47K i £ R 4t (3 E Millipore 23 H]).
1.3 oA RECH

HERRFRIOR Z M FRAR R AR P45 0.01 g, I 1 mL —45%
H e, HAIECBEE A E 10 mL, FLH 1000 pg/mL Y
FRUEREA W HER I S FIPRIEA A | mL, FHIEC biE
5% 10 mL, BCHIAL 100 pg/mL @] TR . brdifg s
WA IR TAER T 4 COKAR TR FORAE, T FH I AR 4 75 22
TR
14 tEmATE

W R IAR G AR K ik . BT L BYRE. FREL 0.1 g B
BT HZEIR, A 20 mL 4 H bz, AR AT
L2 A AR i o8 VR . SRV REZZ 2 A 20 mL
HEE, FFUTRER Ok, # 8 — Bt B2 2R
o LIS RS —iE, 45 R FRART,
A 2 mL IECHEESR, IHIRZ 0.22 pm fHFLIE R 1 5 vt
175 A0 038 - 5T i (gas  chromatography-mass spectrometry,

1.5 ETHELW

HAEER No 10/2011 & T HUH 5 & dh el i 5ok F
EURI AR RL) L B 10% (VIV)ZEE. 50% (V:V) LR A
SEEBEVE N & A, A BIUK . R AR & . H
IR RS . BT, BT 2 em*3 em R/, 58
ERTRA 20 mL SMEEIYR HIEEM B E, BT
2% 3t I F AR KU A b A T TR B 1 e i
SEBG, TR 20 °C/10 d, 40 °C/10 d Fi1 70 °C/2 h, F
AN EE B AE — RGN ], TR A — 2 B ] R
RN AR TR B 15470 . 20 F1 40 °C 2 FpiT:
IR AT IR R IURE, 70 °CF BYIUEERF AT A 20, 40, 60 80,
100 1 120 min. AL SLIGA1 5 34T, [RIBTHE 725 AT IR .

FRRrE TR NE, HETHESERNTER
JCHEH, AR B A E R IR, BRI A

()R, A 10 mL IEE%E, FBIZIRY 20 min
JEHE 1 h, fREWRAEE, B LZEMIE OB E 3
B, 45 CEM T RART, HH 2 mL ECkeEs, HRE
UE ML U8 5 HET T GC-MSS 43#T;

(i) S b, KT A8 B0 p Y S ot AR B & B
A, 45 CHAHFTFASRRT, H2mL ECORESR, Y
¥io))Ead 0.22 um JERE, 4 GC-MS 23#r. SFHSLKALS 3
ANFAT, TR AN 3 428 SRt il I RSV A S 2 PR R

LR 2R O SRR R W & 1 T A X (DA 5
cr -2 ()
Mg

o Cp 7R I PR I SR M3 7% B B L v
HIHE, ng/g; Cq A GC-MS Kl 3] 1) 45 32 R 4 B Jo e vk I
pg/mL; M, &SI H BT, go
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FR: TR R 1 L, BE VAR, dERTET
99.999%, Wi 1 mL/min; (3%H TR T 4R R
40 °C, {#4F 1 min, LA 5 °C/min BEETHEE 80 °C, 11}
1 min, FFLL 20 °C/min BB EETF2E 200 °C, FfARFF 1 min;
B, % 52 (electron impact source, EI); & FIFIRE: 230 °C;
HL TR BER A 70 eV
1.7 RZEHBAEMKRDETHE R T

B AT B[R 12 (specific migration limit, SML)&FFAh £
LA 2 YT RS L A [ B AR AU s, SRTAT TS gk
PR =, AL LA YITE N /Y Z %0 NIAS ) SML ¥4
RUAE o FERAP T BEE ARG 2> TS5 AL S50 0 1,
I, 0328, 35X AR shoRnE FEaEdE, 22 BEARYCH
1800, 540 Fi1 90 pug/(A )", FDA B iGE o LA T H 4
At (estimated daily intake, EDI)FIFEFR27 4 4 B{E XL 2F
Y IERE AT KBS ITAS, A AK(2)F3):

EDI = migration x food consumption x CF 2)

migration = faqueosus and acidic % M 10% ethanol falcohol x (3)

M 5094 ethanol + ffatty X Misooctane

A EDI #R & AR — Y R AT RA &,
mg/( N\ d); food consumption &/~ (i A, X AR A
NERAFA 3 kg Bfh; CF FRE—FE bl 2 R EH s
H A IRE TR H B, FDA BLE R ZIEXFN Y CF 24 0.14;
M10% ethanol ~ M50% ethanol ~  Misooctane 739112 /8 H =2 ][]
10% & B . 50% & BF Al S 3 ke 09 1L #% &, mg/kg;
faqueous and acidic ~ Taloohol ~  Tray 25 FRAK L FRTE . TPIHE
AR &R E T, XNFRELmEM RIS, HES
4 0.67, 0.01, 0.01 Al 0.31; migration Z&/~H—fk2FH 0
AR B SRS i 5 4 R I, me/kg.

2 HER5SH

2.1 FFEEWIE
200 BT E A kA R

WRUCHAE R B 0.02, 0.05, 0.10, 0.20, 0.50,
1.00 pg/mL IR Z AR SRR YRR SRR, LAy
BEAR AR, WEmIBUMARER, B ARERNZE . MRk BT
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B dn 2 4 R R I A 4R

FHI2E

WRUCGHFETR AR, ARAE{EI A 3 10 1521 M Y
oyt BRAE B . PR MR AIR R T R . MG R
B, KPR R R 3K 2, S5 2 A TR R e
0.02~1.00 pg/mL YEREINZE RIT, FHXREAIKT 0.99, Kt
FR(limits of detection, LODs)/ 1.5~5.0 ug/L, EiFR(limits of
quantitation, LOQs)>4 5.0~15.0 ug/L, ATt i RS .
212 R BEEBREAE R

HERFREL 0.1 g Z @R R, ArBIEIN 2. 8 F1 20 uL ¥
BEH 100 pg/mL BIRAHRUERI, 1S8R HOE 206 sk
AR R INEE 2. 8 1 20 pg/g. TR 1.4 T TA0 3,
2 mL ECEEERIG R GC-MS K, [FEE, BEHCEr SR
W% 10 mL FHIEEHEIEHA, mfRaiys-nasm 2., 8 Al
20 pL JFHEHEE A 100 pg/mL ATR-GARMERIR, (A5 Al
Y 2R 205 SR B ARSI AN iR 20, 80 11200 pg/L,
HER B, T 70 °ClCE 2 h, BURKREI RS, &1

1.5 TRb B SR, R GC-MS 43Hr. 2K 20 Bk
R R YT & R A S B P B [ e 2R KRR X s o i 22
(relative standard deviations, RSDs), 13 3 /R

B AR R R T B S B R A e E
80.5%~101.2%, RSDs & 1.6%~10.5%2 W], VL% Ay
BT 0 VAR RIS 2
22 BEPRZHBEMEERINGBEE

AR L - TR BT SRR S Fh R IR SR
LIG PR FR R PG SR ILR 4. TTURHRARE&E
TR M B ) S i X B S TR SRR & it
FDA HLE 5 08 760 & 322 i A SR 2 2 0 4 Rk P 2 2 04 B
5% BB AR 5000 mg/kg, 5 ARE A A A il A4 Rt
HR2E IR ARG 10000 mg/kg., ARFFEAT 5 s
BRI G IX 2R,

F2 RZHBENREYOEEASE, HXEH. RHRURESR

Table 2 Regression equations, correlation coefficients, limits of detection and limits of quantitation of styrene monomer and oligomers

LY/l [5] 051 AR ZHL(r) K H B/ (ug/L) 2 f/(ug/L)
KL Y=36744X+1128 0.9997 1.5 5.0
1,3- RN e Y=52685X+6150 0.9990 2.0 6.5
2,4- ORI T W Y=58929X+5736 0.9985 2.0 6.5
JLFR-1,2- TR HI T xE Y=100043X+1942 0.9992 25 8.0
1,3,5- =R A b Y=126015X+7802 0.9994 5.0 15.0

®3 KZHBENERINMTEEEESESRERE[T I EYEE %, (RSDs/%), n=3]

Table 3 Recoveries and RSDs of styrene monomer and oligomers [mean recoveries/%, (RSDs/%), n=3]

o 1A
R -
LYy 10% (V:V) 50% (V:V) £ FEELE
2 ug/g 8pug/lg 20 ng/g 20 pg/L 80 pg/L 200 pg/L 20 pg/L 80 pg/L 200 pg/L 20 pg/L 80 pg/L 200 ng/L
a7 I 93.4  95.8 97.2 90.9 92.1 94.4 93.8 95.0 98.9 97.3 1012 99.6
2.6) (1.6 (1.7) (3.9 4.7 (5.5) Q7  (53) (6.5) 23) (3.6 (4.8)
T 89.2 92,6 90.5 87.2 89.1 90.5 91.2 89.6 92.0 94.6 93.7 96.2
13- AR AP (3.6) (20 (2.8 (2.8) 4.2) (5.3) (3.8)  (6.3) (4.0) (7.6)  (4.1) (2.8)
g ) 873 854 88.9 86.0 88.4 89.1 88.5 87.2 90.3 91.6 89.7 95.4
24— HIE1- T 4.6) 3.0 (@1 (@7 (5.2) (3.3) (5.0) (4.3) (4.0) (3.2) (6.3) (5.8)
Je-1,2- 88.4  89.2 86.1 84.6 87.2 85.6 86.5 86.9 88.7 86.1 89.3 88.9
TR T 5.00 @1 (38 (37D (5.9) (2.3) 4.0) (6.0 (7.4) (5.00  (10.5) (7.9)
gegpgro e 843 826 85.7 80.5 83.9 84.2 83.8 85.0 87.3 82.6 85.1 86.0
1.3, 5-= A ke 68 (39 (28 (3.D (4.0) (2.9) (3.5 (49 (4.4) (3.8) (42) (6.7)

R4 SHMRABREPRZERFREBINNE S EN=3)

Table 4 Initial concentrations of styrene monomer and oligomers in 5 kinds of expanded polystyrene food containers (n=3)

- rt/(mg/kg)
R 1 FE& 2 =] FEG 4 FE 5
KN 101.943.8 93.4+4.0 79.542.3 82.043.7 90.743.2
1,3- ORI KE 6.840.7 5.940.8 5.240.6 3.540.4 4.0+0.5
2,4- K1 TR 5.740.9 4.940.6 4.0£0.4 3.840.5 4.140.5
JF-1,2- AR T e 6.7+0.8 5.140.2 3.140.3 4.940.3 4.040.6
1,3,5- =R ELIR b 2.140.4 1.840.4 1.1£0.2 1.5+0.4 1.3+0.3
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23 XIHBBEAEMNERYEELEUINTRE
VSRR -IF A N, 28 2R R R IR R M3 i 10%
I, 50% RS ELei T T8, HBEE RN =
A ) B R AT RS s W N B SR B, R S BT S
PR MABE G T IAR LG ARFIIR R Y] 3 R S i
KiF# b, OEITER, STFAE—ER &2 2 Ak
MITBERERTELE BN =ZRYNTEE
(P<0.05), XJZ&FENRIEHAB/NA T, FIELERE
HHEERVIGRS R, QEMFEREREET, 5 Y5k
] 3 A AT A% B2 I R MU B4 S 48>50% &
FE>10% 1%, X 58 B 5 R bR Z 181 25 A0
PR, ORI R AT LU R S B0 T 25 20k
MR IRIE S BN 17.4 1 em™, K. ZBE. SEEber i
FEBRIH 479, 265, 143 1 /em®?, 10%L R 50%
CEHR AR R SH0T AR (@)
Omix = OadA + O 4)
H S « 64« Sp BIFRIBAWEW . Hir AL H
or B I IRIESHL, da « g 2PNFIR 2 RS TEIR G
W RSB 45355 10% B 50% L BERE s S
Heor 50k 46.2 F138.5 1 em™? i H HAT AT R S50
B PRI B 25 AP A, FFLAA EE T BRI W, S bt
TR AT R AE T S 5 (5] G iR B A K ), A5 4
FEIYIRE 25 5 KT . 3)E IR AVTRS BB T
8 25 1:(P<0.05), 70 °C/2 h 45 T IT BB =K, 40 °C/10 d
FIER RIKZ, 20 °C/10 d AiERS et/ N e UL AT AL RE X
TR S B R E AR, TR AN T

FUIRUA, il B B T T LA IE R W) i Y i S 3 B 2 i BB

i, [FIEEERE R RS Y EE B is g, A 2 AT

Tz s iiE .

24 HABSIHENLEE
PHRREEEEN I B #S8, HURIETR

S FIBEh P, wrLGE A AR (S EE,

Mg 2a(l+a ~Dg’t
to1oy 2D DB )
Mf,oo n=11+a+a qn d
M
a=—tE (6)
Mp,O_Mf,oo

b My, IR 20 i [E]J5 HEA S & B Y
. 1 My, NI FP- M I B W 0E A B i AL 19
g d NEZEFRHAERE, cm; D YR, em¥s; o
7B A B SR A W A B SR AR R A L R i T L
il AR (O, M, o il W AE bR 0 4
s Mg Gy M tanq, =—a-q, MIEMF.
RN AR R R WAL AR G T 46 7 12 DL AN [ st
() LR P- A J5 PR A & T B GC-MS 45, Ak
A o /N ARG AR BN [F] S0 &) BT RS B4 RE
R BRILER 6. 20 CHRIFGIRRY M L BEH TR 4
WRBL AL TSR =R W)(1,3,5- =R ) Y i 8
P WARBOCETAR, X5 EMBRNBILE & A RALT
PR G RSB HCREL 7T LUE T R —Fh )
AR, BEEIREE NS, §RERBGREIE R, AEAERNR
BT, SR RE B Y SRR T M SR AT
BT R XA SiER B2,

B2 W& H

RS SHABBETRIHERFNERDEEMELUINERIHE

Table 5 Maximum migration amounts of styrene monomer and oligomers from 5 kinds of EPS samples to food simulants

KGR R/ (ng/kg)
TR &
E Y L3-TORIENGE 2,4-T RS- TR RaR-12- RS Tk 1,3,5- =R LR O bE

10%Z. 1

20 °C/10 d 22.6~34.8 <LOD~2.7 <LOD~3.3 <LOD~3.1 <LOD~1.8
40°C/10d 36.1~45.7 2.6~4.8 3.0~43 <LOD~4.0 <LOD~2.6
70 °C/2 h 45.6~57.8 3.2~6.0 4.0~6.1 3.0~5.3 <LOD~3.1
50%2.

20°C/10 d 54.7~67.8 <LOD~4.2 <LOD~4.9 <LOD~4.2 <LOD~2.0
40°C/10d 66.1~80.6 3.9~7.2 3.6~6.3 3.1~5.7 <LOD~2.9
70°C/2 h 81.9~99.3 5.1~9.3 6.2~8.7 5.2~7.9 <LOD~3.6

SELE

20°C/10 d 99.4~124.8 6.3~8.5 5.5~7.9 4.2~6.8 <LOD~3.0
40°C/10d 117.6~140.5 8.0~10.7 7.1~9.4 6.0~8.6 <LOD~4.1
70°C/2h 147.5~175.3 10.3~12.1 9.9~13.2 7.1~10.5 <LOD~4.8
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Table 6 Diffusion coefficients of styrene monomer and oligomers
P HEE (cm?/s)
Y5 10%2. 1% 50%Z. 1 Sk
20 °C 40 °C 70 °C 20 °C 40 °C 70 °C 20 °C 40 °C 70 °C
KN 13107 4.6x10™"  1.5x10%  9.6x10™"%  2.5x107""  8.6x107""  1.9x107"  4.3x107"°  1.4x107°
1,3- RN e 3.5x10  2.1x107 1.5x107"  82x10™  6.5x10"°  22x10"*  9.1x1072
2,4- T ORI 1- T 1.3x107%  7.4x107"° 1.6x107  7.8x107*  5.8x10™°  3.1x107*  7.2x107"
Je-1,2- AR
. 4.0x10°" 1.0x10"  5.1x10™  7.8x10™  4.2x10"°  1.2x10"2
T
1,3,5- =R b
R AT Il AT RS SRS LR B
52 5% BT AT 25 W B &R B S SR A 2R AT E R, D = D exp( Ea) o
e - 0 b7
PARASKEVOPOULOU 25!"MF5% 25 °C/10 d 1 40 °C/10 d 4% RT

PR SRR, WA BEAEES BN 1.6x10°
em?/s F1 2.6x10° cm?/s, ETAMITLFAGAIE ZIGT BER T
O AR E R R AT, Al it 1 S5 b
Yo R ZIFA R N, PR IR I, =4 T
BORIIYH R %, GENUALDI 2201175 40 °CHimd R Z
W =R MG IR (13- 2R B . 2,4- R EE-1- T
RR-12- TR EIR TR M 95% L BT B T 8RB N
8.0x10™7~5.3x10™"% cm?/s . IXELLEGURTAMFFEH 3 Fh i
R B BAIAT RS I B B (1.3x10°~1.4x107 em?/s).
AT AH P F RS AR . 1 e B AR g P i
BT AR, Prhds RIE LI R ISR o s
H, AFITF/INyFidsh, HETBYP RN, HRRE
FAVE MBI S A AR EAE AR, St
I FIYEL

N T AW AR & P OR R AR RUIR R P 1
T8, ABFFEHEH Arrhenius 5 FEHf E 45 W) R AE T B 1A &
FETEERE, WAT(T).

ﬁz“}% : Dexp-lO% ZB
-20 + exp-50% Z. B8
A D, nus
22 L

In (P BFE)
L

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
1REE (1/K)

D WY R (em’/s); Dy WIEHIHE T E, WiTRETE
fERE, kI/mol; R AR HL, 8.3145 J/(mol K); T Eif#
T, Ko SYRY SR BUGIRE RN R WA 1 FIR, v L
F R B EE S R AR AT R,
TR 59 B R BCHE Arrhenius ¢ 2L i, WA
RV AR IEILRE(R 7). 1AL A W] LI RIEITE R U )
FERE, TEALREMEA, W R B T 2 v IR A R i B 22
L, EREMER A, R 7 FTLUE R LT RS TG TR AR/
FARRYT AL IEILRE, [R5 5 1) S5 ot 10 B8 1 6 L Ak
KT 10 L FER TR TG RE . X 58 Y T R LY 1l
RBUTMLAYSE A — 3. AT BTS2 20 1) S e i 7
BT Ak B S ARRAE A 33.5 kJ/mol, 5 PARASKEVOPOULOU
SOV 5% 235 53 (35.3 kJ/mol); F ik 53.3 kJ/mol,
% F B SCAR 25 PUBE ST B9 2R 2 TE 95% 2 15 FF 114 35 1k BE
(53.9 kJ/mol), iX 7] BERE N [A] & S B HIR T 3R A P 5L AR 1
KA FIAS R i S:380

24 -
1,3-:ﬁ%p‘ﬁf‘5 - Dcxp—l()% B
exp-50% Z.BE
-26 | oxp-5H2ER:
ﬁ 28 -
S
~ 30}
i \
32} T
-34 1 1 1 1 1 1 |

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
133 (1/K)

T Dexp-10%z.1 + Dexp-50%z.8 + Dexp-sp ik WRFVIII 10%LHE . 50%LBEASFELET RS MY HUR L
B R S T ok 2 0 SR ISR W TR B S IR 1Y) Arrhenius 2R

Fig.1

Arrhenius plots for diffusion coefficients of styrene monomer and oligomers



552014 AW S R G OR S SRR SR A 0 DU SE ST A XU P A 8285
24 - . 24 - .
2,4-—FHN-TH " Dcxp—lo% . }iiﬁ-l,Z-_ZﬁEﬂ:T‘ﬁ . Dexp—l()% R
i \‘\ : ID)exp-SO% ZB B ° gexanO% 7R
—<0 a exp-IEHE —aO exp-FER
@ 28 \A\ 5 5]
& % A
TS0 ® 39
=} [ L
-32 L
-32 L
34| .
1 1 1 1 1 1 I _34 1 1 1 1 1 1 1

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
1IRE (1/K)

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
1R EE (1/K)

T Dexp-10%2.8 + Dexp-50%z.8% + Dexp—spippy TNRFMB 10%LHE . 50% L FEAI ST LET 3 M99 BUREL
Bl 1sh)  REE S TR AR SRR R P9 R B IR EE Y Arrhenius SE R

Fig. 1
R7T RCHBEMRRIMIHELLE

Table 7 Activation energies of styrene monomer and oligomers
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