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FiE CRABGUMIBE R R ST AR, R E B A 55 B IR 65 74 (inductively  coupled plasma
optical emission spectrometry, ICP-OES) Fl By, J&% # & 45 B -+ 1A Jii §i% ¥ (inductively coupled plasma mass
spectrometry, ICP-MS)ZJIMIE 7 FfN 24 FhoeE &2, FEHEST A st T ISR 40 HEWK PET i A BE
pn AR . SRR AN 0.02~5.24 mg/kg, AHOCREE T 0.997, MFREIEEN 76%~118%, FHAHNTHRHER
F(relative standard deviations, RSDs) A 0.7%~9.4%,, 40 #tyk tPET AEMERGEH T Sb JtE, Sr&yEfl 126~208 mg/kg.
AR CrotRE Zn LR . 88 2 ARER AL, WER . REL ST rPET i 31 FoCER &
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including antimony (Sb), chromium (Cr) and zinc (Zn) in recycled polyethylene terephthalate (rPET) flakes by inductively
coupled plasma optical emission spectrometry/mass spectrometry with super microwave digestion. Methods The bottle
flakes were digested by super microwave, and 7 and 24 kinds of elements were analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS),
respectively. The developed method was employed to determine the 40 batches of rPET flakes that collected from
the factories. Results The limits of detection of method were in a range of 0.02-5.24 mg/kg, regression coefficient
was greater than 0.997, the spike recoveries were 76%—-118%, and relative standard deviations (RSDs) were
0.7%-9.4%. Sb was detected in 40 batches of rPET samples, and the content ranged from 126 to 208 mg/kg. Cr and
Zn were also detected in some samples. Conclusion This method is efficient, accurate and sensitive, and it is
suitable for the screening of 31 kinds of elements content in rPET samples, which provides technical assistance for
safety risk assessment on rPET.

KEY WORDS: recycled polyethylene terephthalate; microwave digestion; inductively coupled plasma; element
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XA g Z W HE (polyethylene terephthalate,
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AARUER cPET il FH 6 b 422 bRk B il i Bl 2415 ok
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B RZh. ST UM, AHLEE . EnYLIhE
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2 2 24 i W B =) 8 FDA21CFR174.5 FIER
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FARE R AT i s A U200 [ phy £ 42 ke
F tPET MPRMUWEFEA NINIEE A, B0 T 052 A1 A FIAR
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SCEPXT rPET I (% 4 RS PEAGAIF 7T o (R, 5 fu
A Y B R TE R EFIBR B 94/62/EC M HUE IEF8 4
BUE TP . RASH S Z A& i . B
SRS SR AT RHEFL(EU) No 10/2011 HUE T ¥R
19 FotE TR . FRf, GB 4806.6—2016 ( &t %4
B AR Al FIE G ). GB 4806.7—2016 ( £ /il
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A AR ME A A il T SRR R s ) i GB
9685—2016( it & A [EI bR e 0 b S b e B il it 4%
TFREE FIRIUE ) AOMAE 18 it He ik SRR i 4 B i BB
FOIRLBERL B il bt ) Z2 RO T RS i PR, B e R+t
AR HLE P P R rPET T & dh AL bR, iz
Z FRERLI A . A SCERIRGE TR A PET & S L)
BHPH ZMOTR & R AT BRI T 1, FEA TR
TG | I SO AR T T A - H SR 5 55 8 1A
J A A T PO, (R ARG Ty Tk i A e R A,
FEMTHC, ZCRAER, M HANXT rPET Hh I3 ByAGI vk i A&
VLARIE . T PETRAERE S . [DSCl 72 o] B gk B2 1 oL
LR Z, CHRIE R T EMELL L R XS PET £
FhOCR PEA T A AR o PRk, e 7 — ) B 4
PERRMELT . R = IFREFIRTNE PET hEFoTz sk
=R i

T R T T R A 27 153 SR P8R S o 8 RSB T
BOR, BEAE IR = He i T AR R T, SO IR E) e, BB KO
fifE S OREAF SRR Ao HL RS B AR IR R SOk g
(inductively coupled plasma optical emission spectrometry,
ICP-OES) ] [A] i il & Z2 F i B JE (o 8, B ik
U oA R PR A A o RO S A TR i
(inductively coupled plasma mass spectrometry, ICP-MS)HA]
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PRI S A RHEHL(EU) No 10/2011 FIRRPHERZE 2
PB4 B G 28 AT EHARL CM/Res (2013) 9
kP EARIGE . L, AHE ST R G I g Ay ik
FREEAR, 1E#E ICP-OES H1 ICP-MS Hh[rlHfFM @, Hihg
Jf] ICP-OES XH48(Al). #%(Zn). #fi(Se). #(Sn). E£(Sb).
Bl(Ba). £k(Ti) 7 FhoCR M -EHATRM, R ICP-MS Xt
H(Li). FE(Be). Bi(Sc). FU(V). #(Cr). £i(Mn). &(Fe).
£H(Co). BR(Ni), 4(Cu). Ffi(As). £8(Sr). %2(Y). $H(Mo).
H(Ag). #H(Cd). B(La). fli(Ce). #1(Pt). K (Hg). £E(T)).
#5(Pb). £L(Th). #H(U) 24 FloGE &R TN, BArons
T 31 Fh, DUMESI RS RAk . HERRHAKLINTE tPET #£ 5
PIOCER SR, K rPET JGE BYRE S FIZe 4 X
I PP AT A ARG L

1 #MR5H%

1.1 MRS

40 LYKk rPET A FE L (R & 43 AR iE o R1-R40), 1
FHEJE . RFMBETAG PET A1 3 KT .

AR OR =S, MR A ), SHRRORER, £H
Fisher Chemical 2y ®]); Li. Sn. Sr. Y. La. Ce. Hg. Pt,
Sc. #%(Ge). #(Rh). #k(Re)FriEA IR (1000 mg/L, 35 [
AccuStandard /A H); 26 JTTR IR SRR [ (K) . HE(Si).
Co., Sb., Be., TI. Ba, Mn, Cu, Cr, Ag. V., Cd, Pb,
Ni. As. Mo. #Mi(B). Se. Ti. #i(Na). 45(Ca). $:(Mg).
Fe. Zn. AI](1000 mg/L, [ 02Si 2],

12 UFE5E%

Sartorius PT210 HLF43H7 K F-(F5 & 0.0001 g, b 5i%E
LAWK AR/ H]); Ultrawave Ethos UP #8 2¢ filt I 14 i
b2 & (B K] Milestone 23 7i); EXPEC 6000D Hi, a7
S5 B TR R A (T T S T 1 T 3 b R DU R 2 07 55
fh s, BUNTET A F]); iICAP RQ HLJEHEA 25 B TR FREIY
(Fegg sl os g, EEGHEERAT); Milli-Q 1Q7010 /K
alifk, G0 (15 R 9 /8 7)); AST240BT M KA (R HER
FEFRRRM A F] o
1.3 R T5E
1.3.1 EREeH

1%RHBRE W : 7E 500 mL — 27K P A 5.0 mL A4,
T B 1% i BRI

Hg JTCEFRMEREAT (1.0 mg/L): B 0.1 mLHg JGZEFR
HEVSTR T 100 mL BEA RIS, F 1% RIE R E 2 -

Hg PRl TAEW: S 50 mL B34 B, (] 1%
PR V85 T 32 R T A E R TR0V, Pl A B0V A s R AR A
WET AR 0.5, 1.0, 2.0, 5.0, 10.0 ug/L.

FRERA B mg/L): B 1.0 mL 26 #&RIRE
FRUEV R (100 mg/L)F 0.1 mL Li. Sn. Sr. 4H(Ta). $E(Nb).

Hi(H), #5(Zr). PtAREE (1000 mg/L)T 100 mL Bk
B, FH1%MERISRES

ZIUNRIREPRMETAERR: B 1% E R Z R
i A A 1 VR A 25 YRR o R TRV, e D VRO
PASARE TR 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0,
40.0 pg/L,

WNAF TR IR A AR MERE (5.0 mg/L): 43I 5 mL
Ge. Rh, Re FRUEZ (1000 mg/L)ZE 100 mL ¥R 258,
FH 1%l PR BUE 45

AR TAFVE W (20.0 pg/L): fHFH 1% R 7% i B
CAERW . AR TR I
132 HRarad

() RFERAAE R

FABT TSRS BT Z /N T 5 mmx5 mm. R 0.2 g FESh
TFHM@EEF, A 1 mL 7K. 3 mL MR A 1 mL SRR,
WL 15 min, [RIGEFEAHIR: b, 204725 (I

(2)VE R . T BRI U8

P RS | T R PP A TR R T A, R AR R
JRBUH, FER A K P AE 80°CHIAS 2 h, BB Tk
AR, HKESZE 50 mL,

(€)SuRi-viiliias

IR 0.45 pm MFLIENS)S, FI ICP-OES #EATAM o
J T 56 A HERR SRR X B HE AL AR RS, DR TR R KRR R
10 %5, FI ICP-MS #EATHM

®1 WORHERERF
Table 1 Microwave digestion program

S A R JHEME fEERE BRI

/W /°C /min /min /bar
1 1200 110 10 5 120
2 1600 180 5 10 150
3 1600 230 5 40 150
4 1000 40
T -Fm T,

133 BLEH

ICP-OES W3 TAEZ&AF: SR K 1150 W, K-
WL, BN RN 1.0 L/min, 2246~ 0.60 L/min,
EE TR E R 12 Limin, #PPEZEH Y 50 t/min, 43H77E
A 40 t/min, S3HrEFEN 25 s, ARSLrERHE R 60 s,
BUEH 3,

ICP-MS AL E TAESA: ST A0y 1550 W, i)
AN 0.80 L/min, LS HAH 1.0 L/min, 558 F1k
SN 14 Limin, 43Hr%E548 40.0 r/min, 7KSF X000 72K,
BAGLRETIEN 0.1 s, 0Hrik el 30,

1.3.4  FikIiEAef b 2

T AR B SR, A AR, BT

rPET A S #4G SbonEKih, EIiE T 11 iGd e (i,
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FH ICP-OES #1 ICP-MS XM M Sb st [F
iF, XF rPET AR RICR AR Sb ot R AMRHAh 30 Fiot %)
PEAT 11 %GR58, I ICP-OES Fll ICP-MS A& Al v Y
[ Sb JuE A 30 FhoTZEWKIE, [RIRHTEL

TS TR WUy 0 A PR AN ME AR, R A
PET FEfh R FUASIDARE S, TR Z R 34T 3 Fhifk
AFBMARRES . K 1 AR BRI KE, K 2
MY 7. 2% T (EU) No 10/2011 Fl CM/Res (2013) 9 HJiEF%
TR, KOF 3 SR Ltk R T B e A v B A
BAFEN R LK, T W T ARSI T 3 1 o e e 58 1 G0 7
I BAWEEACF S AT 6 Wb AT IR, 5 2 GB/T
274172017 {EHVEE  F AP LA RIR IR/ )
HEER

FHIZ Bt 4B ) 40 HHEIR rPET R §h AT 31
FIOCE S RMINE, BHORFEN#T 3 AT, MRk
i
1.3.5 HEAE

WS AR E I, MHARE TR ERE, KR/
Fe MBI AL, X R BN B BAT T ARV VR AL FH I
N AE AT R WL TR LG, DIoT R W (X, mg/kg)h
T AR AR A ER T N (EL(Y) DA AR AR, 81 ICP-OES (¥ Element
V B AFH ICP-MS ) Qtegra ISDS %14, #1545 0 ZARMEH
LRIV R . LRk Dy BRI OC R BR(). Rr oG 3
NI NARICER, HR bR e M AR BOR & e R R
PLTT ¥R AR ZS (IR A9 Sb JGE W B AUARER 2210 3 50
g Sb JTLEAVXASKEH R . BL 11 ¥R R1 K5 2s IRE 1 5
Sb JLE AL 30 AR WK E AR HERZER 3 & alE R
B ICE LA R, ICP-OES £ (1) rPET #5414 7 Fh
JLESEITE L), ICP-MS 1Y rPET B 5 1 24 FoT R &
LK (2):
S (C=Cx fxV

X (D
m
v = L= P xS XV @
m x 1000

A, X REES L E B (mg/kg); CHI Co 4351 ICP-OES

A I R 2 1 D TR 0 T R R A B (mg/L);

p I po 7399128 TCP-MS Al Fo MG AN == 3 o ik ) s
R (ng/L); fONRRATEL, v o ERAR (mL);
m A TF AR A ) SR ()

A D), WA ITCR B RT3
L IVAISIRES Al A

2 HERE5HR

2.1 EBFSHMK
ICP-MS {X#%R S REE ARG A — B2, HEBR
A te/NT 40 BYTCER AR T, S0 1 o0 s R Yk

Pt PR ARG R A b B RS = . FILRE S
THARAIEE AL R T HEBR ICP-MS AL ZRAER I 1 72 vp 50455
SR R L R R 0 YRR %) 3R S K R, R FH N AR AR
1E. FICRIEFEMINAR TR I S5 1FI 0 R (Y BT LA
I HAEAE TR 0 4500 . HARDLAL S A 280
2 iR,

ICP-OES {{#% th FIelifare, AT NFRISIE ., HEFE
AR DN C 2R I ELA R e . RN/ R R

#z2 ICP-MS {EMUSH
Table 2 Optimized instrument parameters of ICP-MS

REITCHR WHRITE R IE R WHRICE

Li Ge ¥y Ge
Be Ge **Mo '%Rh
4SSC 73(}e 107Ag 103Rh
SIV 73(}e lllcd 103Rh
52Cr 73(}e 13‘)La 103Rh
SSMn 73(}e 140Ce 103Rh
SﬁFe 73(}e 194Pt ISSRe
SQCO 73(}e ZOZHg ISSRe
GONi 73(}e 205T1 ISSRe
63Cu 73(}e ZOSPb ISSRe
75AS 73(}e 232Th ISSRe
SSSr 73(}e 238U ISSRe

22 FEEERMEMTER

PET Hh&TTEMEM TR MR, KBRS
ICP-MS 735003 3, ICP-OES S HULE 4. R E
FIAH I R B R F 0.997, UEBHIZIATEH 31 FfbF oo R 1E
SR IRV 38 SR R A TR M R A e R P S 16
T GB/T 41010—2021 A= WRef S5 ] S B At e 2 b
W) A1 GB/T 382952019 (MR RIS . 45, e,
TRBR A ) XA LA SEAT I SRS bR I R 1 AR TR
IR EGREN T LK HBRN 0.02~5.24 mg/kg, B XM
ANFRE I AH R T R I R ER
2.3 FEEUERES

SR JFVRE S IRy 2ROA 25 58 0 1 ARG 2 B IR B 4
FNHEZ AR R AL P AR A ARTE] rPET 25 RS RIS U R
(3 Fv KOV M BR VA WE, INBREE SRR 5. Zeadhndr
BISGE, RIS 31 Rk 2k o0 R A bR R
76%~118%22 8], AHXFH5 U2 (relative standard deviations,
RSDs)H 0.7%~9.4%, 754 GB/T 27417—2017 HIZK . A
RSSO HERR S . RS LR, ATHF fPET
31 FOTER S E A
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Table 3 Linear parameters and limits of detection of the ICP-MS target elements
TR Birtt AT/ (ng/L) At LEES () AR B /(ug/L) ik B /(mg/kg)
Li 7 0.5~40.0 ¥Y=96.2104X+1.1546 0.9996 0.23 0.58
Be 9 0.4~40.0 Y=77.8968X+2.1815 0.9998 0.07 0.18
Sc 45 0.4~20.0 Y=1304.2709X+146.5525 0.9979 0.07 0.16
A% 51 0.4~40.0 Y=4471.3329X+124.7322 0.9996 0.06 0.16
Cr 52 0.4~40.0 Y=7098.7700X+654.8272 0.9989 0.06 0.15
Mn 55 1.0~20.0 Y=3477.4027X+418.3624 0.9993 0.31 0.79
Fe 56 40.0~400.0 Y=6048.5564X+17786.2773 0.9989 2.10 5.24
Co 59 0.2~40.0 Y=12356.4572X+215.6448 0.9998 0.04 0.11
Ni 60 0.4~40.0 Y=3378.3800X+939.1861 0.9993 0.07 0.18
Cu 63 2.0~40.0 Y=8899.1553X 0.9987 0.67 1.67
As 75 0.4~40.0 Y=425.8087X+175.9449 0.9998 0.05 0.13
Sr 88 1.0~40.0 Y=3149.8912X+280.1238 0.9996 0.27 0.67
Y 89 0.2~20.0 Y=10405.3252X+127.9695 0.9998 0.02 0.06
Mo 95 1.0~40.0 Y=3191.3472X+8335.0286 0.9987 0.16 0.39
Ag 107 0.2~40.0 Y=25665.6348X+205.5168 0.9999 0.01 0.02
Cd 111 0.2~40.0 Y=3812.6203X+42.4319 0.9999 0.02 0.06
La 139 0.2~20.0 Y=42252.6735X+241.1815 1.0000 0.03 0.07
Ce 140 0.2~20.0 Y=52901.1977X+391.1560 1.0000 0.03 0.08
Pt 194 0.5~40.0 ¥Y=31399.9626X+61.0004 0.9987 0.07 0.17
Hg 202 1.0~20.0 Y=18130.4801.X+57.7575 0.9994 0.11 0.27
Tl 205 0.2~10.0 Y=100007.3285X+580.5874 0.9999 0.02 0.04
Pb 208 0.5~40.0 Y=64410.2738X1+8462.9466 0.9985 0.17 0.44
Th 232 0.5~10.0 Y=75279.3581X+8616.8412 0.9993 0.16 0.40
U 238 0.4~10.0 Y=107334.6527X+90.0198 0.9996 0.07 0.16
#* 4 ICP-OES Bir T EHL& S B H IR
Table 4 Linear parameters and limits of detection of the ICP-OES target elements
JLHR  PKmm  KHEIEH/(mg/L) S R MXRREC) AR/ (mg/L)  J7 %A BR /(mg/kg)

Al 396.152 0.02~1.00 Y=1167000X+1709.69200 0.99996 0.009 2.25
Zn 206.200 0.02~1.00 Y=822055X+2233.06300 0.99998 0.002 0.50
Se 196.090 0.02~1.00 Y=18037X+99.49846 0.99992 0.007 1.75
Sn 189.989 0.02~1.00 Y=53302X-202.44880 0.99997 0.002 0.50
Sb 217.581 0.02~1.00 Y=65865X-687.90560 0.99994 0.007 1.75
Ba 233.527 0.02~1.00 Y=1715630X+6680.15800 0.99988 0.001 0.25
Ti 336.121 0.02~1.00 Y=7504400X+19605 0.99994 0.005 1.25

24 EFRMEEmRNE

TS 7 R A 40 LUK rPET B 31 MocE
ERMATIE. PET HEEMTTER BIEOLENER 6. K
REIR, 40 HEX Y PET FESERA R T Sb JTE, SbItHRE &
JEEA 126~208 mg/kg. Sb ILE A rPET BRAR I EE K HTE .
AHRFERL Y 3 A TIRIR AR Sb JUFE B i RSDs ¥I/hT
20%, A REFELZPE, Sb uRFZOREF PET A4 7= s

REBALF, =8 b8 LR 45 3 Hk
FERAT Cr ki, Cron&E &Ryufl 1.9-2.5 mg/kg. Cronk
FIRESRIE N PET AR FlEDSCH ARS8 134 o i 42 )8
W . Zn TCE AT RERIE N PET A 77 FH GRS, lnBlimaser
DO H AT R . RSB R S I B 4 R R
B, SZBR rPET A4 TPATRES A Sb., Cr. Zn JUE, X 3 ff
TG i 1 KU B A5 56T
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5 rPET 7 31 Mt R0 3 MURE K F AR B ER T AR ERE
Table 5 Spike recoveries and RSDs of 3 kinds of concentration levels of 31 kinds of elements in rPET
JLR WK/ (mg/kg) /% RSDs/% JLH WK/ (mg/kg) [l /% RSDs/%
2.5 76~96 9.4 0.5 87~98 4.8
Li 5.0 92~107 6.0 La 2.5 91~106 6.4
10.0 93~104 4.3 25.0 97~105 3.0
1.0 94~105 4.8 0.5 87~101 5.6
Be 5.0 87~105 7.1 Ce 2.5 92~108 6.0
10.0 87~103 6.6 25.0 97~105 2.9
1.0 79~93 5.0 2.5 85~91 2.5
Sc 2.5 100~109 6.3 Pt 10.0 83~90 3.0
10.0 94~107 4.8 25.0 77~93 7.3
1.0 88~98 4.5 5.0 90~96 1.9
A% 5.0 93~108 5.0 Hg 10.0 93~96 1.2
10.0 99~106 22 25.0 99~101 0.7
1.0 92~103 4.2 0.5 92~100 2.7
Cr 5.0 95~109 4.8 Tl 2.5 90~101 43
10.0 99~107 2.7 25.0 90~103 53
5.0 98~110 5.1 2.5 93~108 5.9
Mn 10.0 109~117 2.8 Pb 25.0 98~107 33
25.0 96~103 2.7 100.0 100~112 4.6
100.0 81~85 2.1 2.5 87~100 5.6
Fe 250.0 91~110 6.7 Th 5.0 96~108 5.8
500.0 94~102 3.6 25.0 100~118 7.5
0.5 86~106 7.4 1.0 82~94 5.0
Co 5.0 91~109 6.0 U 2.5 97~111 5.5
25.0 97~104 S 25.0 98~109 3.7
1.0 95~106 4.7 25.0 91~99 3.0
Ni 5.0 96~109 5.6 Al 50.0 86~93 4.5
25.0 99~105 2.5 100.0 86~93 4.5
25.0 102~109 2.1 10.0 89~98 3.5
Cu 50.0 104~111 2.6 Zn 25.0 83~92 2.4
75.0 99~107 2.6 50.0 83~92 3.2
1.0 87~97 3.8 10.0 90~101 5.3
As 5.0 95~103 2.9 Se 25.0 85~94 4.7
25.0 100~108 3.1 50.0 85~94 3.6
5.0 102~114 4.2 5.0 89~97 3.7
Sr 10.0 97~105 33 Sn 25.0 89~92 4.7
25.0 95~101 2.5 50.0 89~92 1.4
0.5 84~96 4.5 25.0 81~87 2.6
Y 2.5 86~106 7.5 Sb 50.0 81~94 4.0
25.0 97~100 1.1 100.0 81~94 5.0
2.5 88~100 5.5 10.0 92~94 0.7
Mo 5.0 92~108 6.9 Ba 25.0 94~99 2.0
25.0 100~115 5.2 50.0 94~99 1.8
0.5 85~89 1.9 10.0 82~90 3.9
Ag 5.0 102~117 4.6 Ti 25.0 89~96 5.6
25.0 98~102 2.0 50.0 89~96 2.1
0.5 91~102 4.1
Cd 2.5 93~105 4.2
25.0 97~102 2.2
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#6 rPET HEMRTRESEMRKER(N=3)

Table 6 Experimental results of element content of rPET samples (n=3)

Kt TR A 5 B (Rt 6 /%) K6 5 BEE L /(mg/kg) Kt 5 1 B (mg/kg) K Y RSDs YU /%
Sb 40/40 (100.0) 126~208 168 8.2~16.4
Cr 3/40 (7.5) 1.9~2.5 2.11 13.2~18.4
Zn 2/40 (5.0) 12.1~16.0 14.0 9.8~14.3
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