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Abstract: Halogenic organic additives (HOAs) are widely used in plastic components of electronic
products to improve product properties. Aiming at environmental and public health issues, a method
of ultrasonic-assisted extraction and liquid chromatography-high resolution mass spectrometry (LC-
HRMS) was developed for determination of 13 HOAs in plastics of electronic products. The sample
extraction, purification procedures, and the detection parameters of LC-HRMS were optimized. The
plastic samples were washed with ultrapure water firstly to remove dust from the surface, and then cut

into small pieces and ground into fine powder. The plastic powder (0.10 g for each sample) was
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accurately weighed, followed by addition of isotope labeled internal standards. The sample mixture
was allowed to stay still for 5 min in a glass tube for equilibration of the extraction internal standards
with the sample mixture. Thereafter, 3 mL methanol-acetonitrile (1:1, V/V) was added into the glass
tube, followed by vortex mixing and ultrasonication treatment. After ultrasonication, the sample
mixture was centrifugated, and the supernatant was transferred to a clean glass tube. The extraction
process was repeated twice more, and all the extracts were merged. The sample extract was blown to
near-dryness with a gentle nitrogen stream at 40 “C. Before LC-HRMS analysis, the sample residue
was redissolved with 1 mL H,O-methanol (1:1, V/V). Chromatographic separation was conducted
with an ACQUITY UPLC BEH C18 column. A gradient elution program was performed with the
mobile phases of acetonitrile and H,O containing 2 mmol/L ammonium acetate. Negative electrospray
ionization was applied, and full scan under data-dependent acquisition mode was utilized for HRMS
analysis, isotopic internal method was used for quantitative analysis. The results indicated that all the
investigated HOAs have excellent linear relationship in the range of 1-1 000 pg/L (R*>0.990 9). The
limits of quantification of the HOAs are 10 ng/g. The method was validated with mixed plastic
samples of electronic products in the spiked concentrations of 80, 800 and 8 000 ng/g. The recoveries
of the 13 HOAs range from 62.5% to 107.8%, with the relative standard deviations are not more than
10%. This method is accurate and precisive, and is suitable for rapid detection of HOAs in electronic
product plastics. The quantitative analysis of 13 HOAs in 11 plastic samples collected from
commonly used electronic products was performed by this method. The results showed that all the
electronic products plastics contain various concentrations of HOAs, and the concentrations of
individual HOAs in these plastics range from undetectable to 64 686 ng/g. The concentration of
tetrabromobisphenol is the highest, and its detection frequency is also the highest (81.8%). The
method exhibits good sensitivity and high accuracy, and can be used as a high-throughput screening
and quantitative analysis method for HOAs in electronic product plastics.

Key words: liquid chromatography-high resolution mass spectrometry (LC-HRMS); halogenated

organic additives (HOAs); electronic products; plastic additives
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Fig. 1 Extraction ion chromatograms of 13 HOAs and 5 isotope-labeled internal standards
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Table 1 Molecular formulas, retention time, mass spectrometric information and logP of
13 HOAs and S internal standards

BOEIy TR ST

e e Dol Newsd RN g ks
0. Compound  Molecular formula (m/2) (m/2) ¥10° Retention time/min logP
[M-H] [M-H]
1 B-DHDBA C,H;BrO, 230.92984 230.92976 0.366 1.0 2.0
2 BHL C1,H,CL,0,8 354.87403 354.87412 0.242 8.3 5.8
3 TCS C1.H,CL;0, 286.94389 286.94402 0.467 9.9 5.0
4 BLCP C:H,,ClO 217.04257 217.04249 0.350 8.9 4.0
5 BCP C3H;Br,CLO, 424.81749 424.81739 0.228 7.9 58
6 CAA C,H,ClO, 92.97488 92.97475 1.402 0.9 0.2
7 DCP C1;H,,CLO, 266.99851 266.99861 0.381 8.4 43
8 HCP C3HCL0, 404.83967 404.83988 0.522 8.6 75
9 PCP CHCL0 264.83678 264.83688 0.391 5.8 5.1
10 TCBPA CsH,,0,C, 364.94891 364.94896 0.127 9.1 6.5
11 4-B-2-IDP C4H,BrIO 296.84174 296.84181 0.223 8.1 2.7
12 2,46-TCP CH;Cl,0 194.91767 194.91760 0.365 6.8 3.7
13 TBBPA C\sH,,Br,0, 542.74571 542.74585 0.258 9.7 6.8
14 BPA-Dy C1sD,s0, 241.19563 241.19577 0.591 6.7 33
15 PCP-PC, ®CHCL0 270.85691 270.85699 0313 58 5.1
16 TBBPA-D,,  C;H,D,0,Br, 552.80848 552.80865 0312 9.7 6.8
17 TCS-D, C,H,D,C1,0, 289.96272 289.96281 0.324 9.9 5.0
18 TCC-D, C;H,D,CLN,0 316.99588 316.99584 0.115 9.8 53
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Fig. 2 Recoveries of 13 HOAs with different solvents (n=3)
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Fig. 3 Recoveries of 13 HOAs with different extraction volumes (n=3)
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Fig. 4 Recoveries of 13 HOAs with different ultrasonic time (n=3)
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Table 2 Quantification ranges and linear equations of 13 HOAs

HEWATR SE A LR LIPS
Compound Quantification range/(ug/L) Linear equation Correlation coefficient (R%)
B-DHDBA 1.0~1000.0 1=0.006463x-0.0013201 0.9996
BHL 1.0~1000.0 1=0.042989x-+0.0050529 0.9939
TCS 1.0~1000.0 y=0.013675x+0.0129209 0.9976
BLCP 1.0~1000.0 y=0.077413x—0.0400585 0.9984
BCP 1.0~1000.0 1=0.222722x-0.0284213 0.9995
CAA 1.0~1000.0 y=0.006693x—0.0060763 0.9965
DCP 1.0~1000.0 1=0.025727x+0.0601781 0.9909
HCP 1.0~1000.0 »=0.033213x-0.0073293 0.9982
PCP 1.0~1000.0 »=0.013010x—0.0001992 1.000
TCBPA 1.0~1000.0 »=0.0058086x—0.0014055 0.9998
4-B-2-1DP 1.0~1000.0 =0.029370x—0.0291746 0.9942
2,4,6-TCP 1.0~1000.0 »=0.016542x-0.0317671 0.9982
TBBPA 1.0~1000.0 1=0.003100x+0.0006852 0.9993
2.3.2 JARIECRAR R 105 HIRG T X (1):
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R3 3MMARAKET, 13 Fh g KEHRINF A ANFRE U RANFEE E (n=5)

Table 3 Spiked recoveries and precisions of 13 HOAs at 3 spiking concentrations (n=5)

HEw) FEhZER Jbre iz S yliEaNET &S K

Compound Sample type  Spiked concentration/(ng/g)  Detected concentration/(ng/g)  Recovery/%  Precision RSD/%

CAA HQC 8000 5961.5 74.5 7.0

MQC 800 500.4 62.5 5.6

LQC 80 67.6 84.5 6.5

B-DHDBA HQC 8000 8086.8 101.1 4.6

MQC 800 623.0 77.9 6.4

LQC 80 58.8 73.5 6.4

PCP HQC 8000 8159.7 102.0 6.9

MQC 800 659.1 824 3.7

LQC 80 73.9 92.4 6.1

2,4,6-TCP HQC 8000 7991.1 99.9 5.8

MQC 800 587.3 73.4 5.5

LQC 80 59.1 73.9 6.6

BCP HQC 8000 7324.8 91.6 7.5

MQC 800 532.5 66.6 4.0

LQC 80 60.5 75.7 7.3

4-B-2-IDP HQC 8000 7491.6 93.6 5.3

MQC 800 656.2 82.0 43

LQC 80 68.5 85.6 7.2

BHL HQC 8000 7461.1 93.3 6.8

MQC 800 761.3 95.2 3.7

LQC 80 80.9 101.2 1.6

DCP HQC 8000 7621.1 95.3 7.3

MQC 800 722.8 90.3 8.3

LQC 80 62.4 78.0 7.1

HCP HQC 8000 8626.7 107.8 5.6

MQC 800 782.0 97.7 4.7

LQC 80 84.2 105.3 9.8

BLCP HQC 8000 6856.6 85.7 8.8

MQC 800 533.0 66.6 4.4

LQC 80 71.6 89.5 6.6

TCBPA HQC 8000 8468.0 105.8 3.7

MQC 800 624.0 78.0 45

LQC 80 72.1 90.2 5.4

TCS HQC 8000 7945.2 99.3 8.1

MQC 800 528.9 66.1 2.0

LQC 80 77.8 97.2 6.9

TBBPA HQC 8000 7013.2 87.7 7.4

MQC 800 556.1 69.5 3.2

LQC 80 57.1 71.4 6.6

4:: HQC., MQC., LQC/ill %/~ 1= (8 000 ng/g) . (800 ng/g) . 1% (80 ng/g) ¥ 5 1) i tet s il £
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Table 4 Extraction efficiencies and matrix effects of 13 HOAs at 3 spiking concentrations (n=5)

WEIETR % F ) O AR TR S5 AR T X LIS A &%HXG&K %/ﬁ;ﬁzu

Compound Sample type Peak arfaa of Peak art?a of Peak area.of Ext-ractlon Matrix
pre-spiked post-spiked pure solution efficiency/% effect/%
CAA HQC 1.1x10’ 9.8x10° 9.7x10° 112.0(7.8) 101.6(6.1)
MQC 5.9x10° 6.6x10° 7.9x10° 89.2(8.5) 84.2(6.6)
LQC 6.2x10* 6.9x10* 7.1x10* 89.7(9.5) 97.2(5.3)
B-DHDBA HQC 1.4x10° 1.4x10° 1.3x10° 103.6(3.1) 108.6(2.9)
MQC 1.3x107 1.2x107 1.6x107 108.6(3.9) 71.9(2.8)
LQC 1.2x10° 1.3x10° 1.6x10° 92.4(3.8) 83.7(5.6)
PCP HQC 3.1x10° 3.0x10° 3.0x10° 102.3(4.6) 102.9(3.1)
MQC 2.9x107 3.6x107 3.6x107 78.9(4.3) 100.7(1.5)
LQC 3.3x10° 3.7x10° 3.8x10° 88.6(6.3) 98.6(3.4)
2,4,6-TCP HQC 7.5%10’ 7.4x107 7.1x107 101.2(5.9) 105.5(2.7)
MQC 5.1x10° 6.6x10° 6.5x10° 76.9(6.0) 101.7(5.0)
LQC 5.4x10° 6.3x10° 6.3x10° 86.9(6.2) 99.2(4.5)
4-B-2-IDP HQC 2.8x10° 2.8x10° 2.6x10° 101.0(5.1) 108.9(2.6)
MQC 2.0x107 2.5%x107 2.5%107 76.8(5.4) 102.8(1.8)
LQC 2.1x10° 2.4x10° 2.3x10° 85.0(6.5) 104.4(3.3)
BCP HQC 3.1x10* 3.1x10° 2.7x10° 100.7(4.1) 114.2(1.4)
MQC 3.1x107 4.1x107 3.9x10’ 76.5(6.4) 106.2(1.7)
LQC 3.4x10° 3.9x10° 3.8x10° 88.2(6.7) 103.7(2.7)
DCP HQC 1.1x10° 9.7x10° 8.9x10° 104.3(4.3) 109.9(3.2)
MQC 1.3x10° 1.5x10° 1.4x10* 82.2(4.1) 109.1(1.7)
LQC 1.7x107 1.9x10’ 1.8x107 86.7(4.5) 104.4(3.9)
BHL HQC 1.1x10° 1.0x10° 1.1x10° 107.0(6.2) 92.3(5.4)
MQC 8.2x10’ 9.9x107 1.0x10° 83.4(9.7) 97.3(7.4)
LQC 7.5x10° 8.1x10° 8.9x10° 93.0(5.4) 90.8(5.3)
BLCP HQC 4.5x10° 42x10° 3.9x10° 107.6(5.9) 106.8(4.1)
MQC 4.0x10* 5.0x10° 4.8x10* 79.3(4.0) 103.5(2.2)
LQC 4.5x107 5.1x10’ 4.8x107 87.8(5.9) 106.7(2.0)
HCP HQC 5.1x10° 5.0x10° 4.5x10° 101.6(6.1) 112.9(5.9)
MQC 3.7x107 4.9x107 4.6x107 74.9(5.7) 105.3(2.2)
LQC 4.4x10° 4.6x10° 4.5x10° 96.2(5.9) 103.0(5.7)
TCBPA HQC 2.4x10* 2.1x10° 1.6x10* 109.0(4.6) 94.2(2.4)
MQC 1.9x10’ 2.4x107 1.9x107 78.2(5.3) 97.3(2.0)
LQC 2.4x10° 2.4x10° 1.9x10° 94.5(7.9) 125.4(4.0)
TBBPA HQC 2.2x10’ 1.9%10’ 1.9%10’ 118.6(6.0) 98.6(3.3)
MQC 1.4x10° 1.8x10° 2.0x10° 77.7(4.5) 92.8(4.8)
LQC 1.5x10° 1.7x10° 1.7x10° 84.2(5.7) 101.1(4.7)
TCS HQC 5.2x10° 4.9x10° 4.5x10° 108.0(5.1) 108.5(5.1)
MQC 4.6x107 5.5%10’ 5.4x107 80.4(5.1) 102.9(1.8)
LQC 5.2x10° 5.8x10° 5.5%10° 89.6(5.9) 105.9(0.7)

T 3655 H R HQC . MQC., LQC/ 112675 5 (8 000 ng/g) . H1(800 ng/g) . (80 ng/g) e 13 i 45 thil AL iy



3 KRBT VRN 0 B B A D R T R R 13 e AU LS 321

FE RO BRI BT 1521 i e v AR 55 A JoEH 8 T B 43 T R 5 HOAs & Az 58 4 M I
W AR AU A LD, mFa(2): s T I/E A, 5 2 B e A I 2R SE A Wi 7
A

FIFHA T 300 52 11 Fhd WL B L 7 7 i B
o, ME FeoRFE SN, SsPA 22 7n bR E 7 Wk AL TR R HOAs, Z5 B9 T4 5. AL, %

AT, ME>100%4 /R WLEIER, ME< By 4.B2.IDP fil 2,4,6-TCP 4h, 4 HOAs %
100%275 HL B HIs ME 9 80%~ 120%MRILI ity iy . 3o, BLCP, BCP il DCP i e J {1
ANEs ME 29 50%~80%%K 120%~ 150%2 1155k i 4 4 ; B-DHDBA. CAA, HCP, PCPTCBPA
TR s ME<S0%5 > 150% 2 8 K g A 2 9 L4353 A A 1 ~32.3 nglg . At~

ARHFGT LA TR B9 13 Ff HOAs B9 35E 3500 27.7 ng/g. KK ~1.9 ng/g. KKt ~1.9 ng/g
o 719%1254%, K Z BRI FARL. B Foloihi—3.1 nglgs TCS AU A5 ET LOQ~
M, ZEAR I BEAnAs 44 F , TCBPA () 52 %5 66.7 ng/g; TBBPA Ff) ¢ & 5 =, HL RGP A0 72 A
By QAT 7 W = 5 S I R 6o (173 -3 N i BE 10 4% I 5 i 73 A 45 RN 64 686 ng/g, [A] I}
HOAs 15 5 5 S 4 it B 5t b T P00 BT 19 52 o, i Kot AR dRe e, N 81.8%.

x5 NMBEFFREMEFERST BHIRKENLANFNSE

Table 5 Concentrations of 13 HOAs in 11 electronic product plastic samples

g £ Content/(ng/g)
f?% ,‘/3_7.;"i 5-?%-2,4- St T St By N EP = = S T = i w3 =1 4'?£'2' 2,4,6- m(ﬁ
o. & gy ey TR UL NS L S L XU N S O DU e WA
Sample name — BHL TCS BLCP BCP CAA DCP HCP PCP ATCBPA R

B-DHDBA 4-B-2-IDP 2,4,6-TCP TBBPA
1 A ND ND <LOQ<LOQ<LOQ ND <LOQ 19 ND ND ND ND <LOQ
2 SN ND ND ND <LOQ ND ND <LOQ ND ND ND ND ND ND
3 PSR ND ND <LOQ ND ND ND <LOQ ND ND ND ND ND <LOQ
4 PRIHIESNSE S ND ND <LOQ<LOQ ND ND <LOQ ND ND ND ND ND <LOQ
5 HRER ND ND <LOQ ND ND ND <LOQ ND ND ND ND ND 31.7
6 HIiEIME ND ND ND <LOQ ND ND <LOQ ND ND ND ND ND 1.9
7 HWANUEE 323 ND 667 <LOQ ND ND ND ND 14 ND ND ND  6954.1
8 NUgEAt ND ND <LOQ<LOQ ND 277 ND 18 ND ND ND ND ND
9% HBNR ND ND 62 <LOQ ND ND ND ND 19 3.1 ND ND  64686.0
10 HIEERE  ND ND <LOQ<LOQ ND ND <LOQ ND ND ND ND ND <LOQ
11 JTERRLSE ND ND ND ND ND ND ND ND ND ND ND ND <LOQ

T NDFIRAAEINE]; <LOQZR AT EUER T fk B o b i 22 1 O A0 B8 R Bk oW

TBBPA ., TCBPA F1 TCS # 1F Jy BEL 7 Fl bt FIATH B8 A FE Y B R, IR e S RN T
WA TR S8R . TBBPA X AKEA 0.1%P . FE A BIF 58 K5 0 9 11 Ff b 7 7= fh o,
FRAE . BB R, I 2 X AR TBBPA ¥ J& I T FR1E
i B 2 T RS R, ST P 43 R 4 LT R DCP, BHL, BLCP, BCP, HCP /& N 43 i +
SRS, AW ARGEDY, 783 T A 188 AR A AL E7 7/ O RECE: /Rt N = O S RN TS € X i
JRUEE A H ) TBBPA (735104 214 F1281 ng/g; RN, e FRA S, ME LU W R, REAE IR
AHESE H R 1 (9 TBBPA &5 ik 64 686 ng/g, 437 AR, H o S s fe B IR N s 4,
Sk A A7 A Rk i AL XU A 302 £ AT 230 £ Xof N A i i A R o R B CF 8 R
Wi B 2 DA 23 A OGRS ol 3 (GB 22115-2008) ) XF JLF & B3 25 By & 70 47 BH
FHBE B2 3 143 (148 47 (RoHS) H, % TBBPA Wi e, DCP 4 & B 4 4, s KA v/r (A
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e B2 N 0.5%, H 75 78 7 & b 2 rh 7 W] BCP Al
BLCP 1E2h 28 vh su v/ Mt 4T Bl J68 711, JHE die R Al
FHABE 2300 0.1%., 0.2%. FEAE R H & 5 A
AT 2 TR i 1) 7 i, o S 2k B 9 1) IR i
M R, 275 8 P B 25 P i i
KAV, AUF5 0 11 F 7 5%
FZBR 1A

PCP 38 FI/E AR AR . BRE L B BRI AR
o B35 65 390 56, E SRRV I 380 ) 4 A X D
A B9 e B PO, PR 8E op i 2 Ak S RE AT RE 2 0 R
PCP. ASHHFZE DA 2 Bl el 7 7 it 11 B8 AL 3 A v
th PCP, Hofe B2V Fl O R At ~1.9 ng/g. i,
A 3R HL s S i O 3 R A
J5 PRI iff 25 o SR 2 — b 5 R R
Ik i A 2 D) AH DG I TR W 5, AE SR b R v,
HL 77 i o R U 2 R T R, AR el i
Yo/ IR IF kIR,

3 it

AW GY ST T — Pl o A A RO R S
VRO €3 - 155 40 3 J5 i ) B 00 2 f 7 o 9 v
13 F HOAs 1) 1 3 0 A K A e 2 4G I O v
SR FH VP - 2 0 s 500 RN R 7 Al B AR B, 25 A IR
T B DR R AR, ST H ARSI BT T R A
HORgeA o R 4 i A B i R AR A 5, X
H bR o A Py e 47T e 0 B 76 3 D nAsoK
SR, 13 i HOAs AU 1 ¢ & K 4F, A R0y
K F 0.9909, Jil Ax [l Y 2 K H 4 7E 62.5%~
107.8%2 [] , & HURL R AE 74.9%~118.6%Z 1],
F RN AE 71.9%~125.4%2 [0) . F Fi A )5 1%
R 11 E DL H 7 i R s S SR R Y
HOAs, [4 BHL. 4-B-2-IDP. 2,4,6-TCP 4}, H 4%
HOAs Y9k, Forf U 77 35 46 s 22 Fif
HOAs, (R S 7ER B IR DL o 76 11 e 7=
fh B ASI Ff  TBBPA A AS H e B F v, G i SR de
fer, IS 81.8%. Ay EERAERI(E . SCHIPER, AT
DL T 3 W 45 3B 1) A 56 B 7 7= dh Ak B it
S5 BRSNS R, A B T A O H e A A
finh 2 4 PR TN 9% AR
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