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(55 ] HRZEM (Deca-BDE) — MR A ZHRAMEMAT, BENISHKEREMERE
B EM R, BKEIBNATRNIFR SRMBENABHBRENXMEZ X E, Deca-BDE 47
TAERBRSEE AR, HDeca-BDE BB KT AERNRIUTIES TEBAR, RIAFE
Deca-BDE /=T ABIBRE KT LM,

[ BEY] 5347 Deca-BDE £/ TAIA. SkAMISR P LR KR (PBDEs) REKTF, Hit
—HRITIME. RRFIER PR KB (BDE-209) /KTFHIMEX M.

[ 737% ] BALLZR3E Deca-BDE T {ENBAREL), %64% 30 & Deca-BDE £ T AERNIAANR,
WESANMBE. KEMIERE, RASERE - B A0 3N 3 #4247 8 # PBDEs
[ %Y (BDE-28. BDE-47. BDE-100. BDE-99, BDE-154, BDE-153. BDE-183 #1 BDE-209) HIfFi 2
DG EE") . KABMIE (M) F5E 25, 75 BN (Pys, Prs) RRER/IME (Min) . TRK
{8 (Max) XI PBDEs & 2#H{THITHEIR, 55K A Pearson F Spearman HX 2 riRITIE - 3k
& ANM3E - 15 H FH BDE-209 & 2AIAEXR 1%,

[Z552 ] IE. FERMKEF RPIRIHFTA 8 7 PBDEs B R4, M/ BDE-209 40 tHFiX

100%, HEBRIM (P, Ps) 796.39x10° (2.37x10°%, 2.43x10°) ng-g* (LS E i), HE 75
PBDEs A ERYZEEHIM (Pys, Prs) 79229 (131, 493) ng-g* (LIIEEIT) ; k& BDE-209 &

EHIM (P, Prs) 1K 1.95x10° (4.01x10%, 4.72x10°) ng-g* (LLFEiT), HR 77 PRDEs 252
BIM (Pys, Pys) 95.45x10° (1.58x10%, 1.42x10%) ng-g* (A FEit) ; T AEF FBDE-209 &
EHIM (Ps, Prs) 3K 2.26x10° (9.90x10°, 2.90x10°) ng-g* (LAFEit), HE 77 PBDEs AERY)
REEN P MM AERKE, Ps975ngg" (LFEIT). BXAHER, TAMBESkL
& HBDE-209 & 2 EIEHE% (r=0.625, P<0.01), T AME SIS BDE-209 EE 2 EMH*X
(r=0.751, P<0.01) 0

[ 4516 ] Deca-BDE | {El T A BDE-209 AR E/KFER D, EIGBENIR BN, Kk
FN$5EEA Deca-BDE T fE T A BDE-2090 AR EKFHIT A EVIS N R B G BENN
BiNE.
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Exposure levels and correlation of polybrominated diphenyl ethers in serum, hair, and nail of
workers from a deca-brominated diphenyl ether manufacturing plant FU Zhong-jian®, SUN
Gui-lan®, SUN Wen?, LIU Ling?, LI Wei-hong?, LI Qiu-ju’, WANG De-jun? (1.Shouguang Center for
Disease Control and Prevention, Shouguang, Shandong 262700, China; 2.Shandong Center for
Disease Control and Prevention, Jinan, Shandong 250014, China)

Abstract:

[Background] Deca-brominated diphenyl ether (Deca-BDE) is one of the widely used brominated
flame retardants due to its low price and high flame resistance, but it is also considered to have
potential environmental pollution and human health risks. Workers occupationally exposed to
Deca-BDE tend to have a higher external exposure level and a higher health risk than the general
population. Therefore, the monitoring of exposure level of BDE-209 in relevant manufacturing
workers is much needed.

[Objective] This study measures and further evaluates the correlations of the levels of poly-
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brominated diphenyl ethers (PBDEs) in serum, hair, and nail samples of BDE-209 manufacturing workers.

[Methods] Blood, hair, and nail samples were collected from 30 Deca-BDE manufacturing workers of a Deca-BDE manufacturing plant in
Shouguang City of Shandong Province. The levels of eight PBDEs (BDE-28, BDE-47, BDE-100, BDE-99, BDE-154, BDE-153, BDE-183, and
BDE-209) in the three biological matrices were detected by gas chromatography-mass spectrometry (GC-MS), respectively. Median (M) (Pys,
P;s), min, and max were used to describe the distributions of PBDEs levels, and then Pearson and Spearman correlation analyses were
conducted to explore serum-hair and serum-nail BDE-209 correlations.

[Results] All the eight homologues of PBDEs were detected in the serum, nail, and hair samples. The positive rate of BDE-209 in serum
reached 100%, and its M (P, P7s) level was 6.39x10° (2.37x10°, 2.43x10*%) ng-g” (lipid weight), and the M (P,s, P;s) level of the other
seven PBDEs was 229 (131, 493) ng-g™ (lipid weight). The M (P2, P7s) level of BDE-209 in hair was 1.95x10° (4.01x10%, 4.72x10°) ng-g* (dry
weight), the M (P,s, P;s) level of the remaining seven PBDEs was 5.45x10° (1.58x10%, 1.42x10%) ng-g* (dry weight). The M (P,s, Pys) level
of BDE-209 in nail reached 2.26x10° (9.90x10°, 2.90x10°) ng-g™* (dry weight), and the M (Pss, P;s) level of the remaining seven PBDEs was
below limit of detection (LOD) (<LOD, 975) ng-g* (dry weight). The correlation analysis results showed the level of BDE-209 in the serum
samples was positively correlated with the level of BDE-209 in the hair samples (r=0.625, P<0.01) and the level of BDE-209 in the nail
samples (r,=0.751, P<0.01).

[Conclusion] Deca-BDE manufacturing workers have high exposure levels of BDE-209 and face potential occupational health risks. Hair
and nail samples have high application value in the noninvasive biological monitoring of BDE-209 internal exposure level in Deca-BDE

manufacturing workers.

Keywords: BDE-209; worker; serum; hair; nail; exposure level

FERAFIR— KL R MBS ARMECERF, T
ZNATEFES™m BREMMEL HREU
REDFER, EEIRAIDRIER. RAR R
(brominated flame retardants, BFRs) E/ 1% B B [H
MEBERYF, EBRIERARI ZHEKF, ZRIXK
B (polybrominated diphenyl ethers, PBDEs) ‘& B 20t
270 FR LR 2R =0 BFRs, B PBDEs T E DN
FIRZZAEE (penta brominated diphenyl ether, Penta-
BDE). /\JR Z Z ¥ (octa brominated diphenyl ether,
Octa-BDE) F1+7R —Z Bt (deca brominated diphenyl
ether, Deca-BDE) , i & B EXTIFIR K A& ERH
BERBEET 2009 FRIINCKFHAMEENSEZY
HNEIESREAN) 28, HER 2014 FEELEFLE
T Penta-BDE 1 Octa-BDE Ry O e &£ 7=, FHEME
FA"™, ®F Deca-BDENEER D Z 2, 2', 3, 3", 4, 4',
5,5 6, 6-T:R_AHE (BDE-209) , HFHREES,
EXEEN, BRI 2017 FFRIINFAEBN SH
&g, BFEBFI) 2 1F Deca-BDE NAE =S5 FE .
Deca-BDE FHEN A RAVIME SR, ABFRBESRER
&= XF, ZMIMES EYE YA H BDE-
209 "%, Deca-BDE BB R FIMHEL. S£BEMEE
FHRO MBS SHENUNT >, BFHIR
HIT AL BFRs R T AFRW AR ENESRER
X, FEAEINES TR AN BFRs BEKFE SRR
XUk, 18 B aTER L A B£HY BFRs R BE/KFRARIKIAIE
BHMR.

ABERZEENT2AIIEBENNANEE SN

AMHER", BFIREENFERAES, g—i&
RN BBEREERGEEARILFRBNKE, A
2 52 KT BE B F 3th 2 BRAAR P B9 SE PR AR N 7K T
MEMRRFERBFUIRIFET TAE X BFRsER
WREAREPY, HARBKFZSTXRAR, M
Deca-BDE £ T AENER I % 5& A ¥, H Deca-BDE
REKELMERNRTITIE FTE @AY, Eit
B FF EER W A B¥H) Deca-BDE N8 B/K T 14 51T
o LUAE 2 E Deca-BDE B A= £y, A5
MK ELLFRIBANE Deca-BDE £ =1 T AR MIE.
KEMEREEMER, WNEFPFEEPBDEsAREY
HRENEK (EHR“E2”), FXERJ T A PBDEsA
F|RBEKFHITOMN. ZARKNB PBOESERYE
& BDE-209. 2, 4, 4'- =R —XEf (BDE-28). 2, 2', 4,
4'-T9;R —KBf (BDE-47). 2, 2', 4, 4', 6- IR — KB
(BDE-100). 2, 2', 4, 4', 5- L ;R — 7 (BDE-99). 2,

2', 4, 4', 5, 6-73 R ZZABf (BDE-154). 2, 2', 4, 4,

5, 5'-7VR _ZE#F (BDE-153). 2, 2', 3, 4, 4', 5', 6-
JRZIKEY (BDE-183),

1 WR5FE
1.1 ARG

LR A RN E Deca-BDE £ = 1 W A FF R I
1%, %I~ %= Deca-BDE£Y3000t, M A R 50 R &,
Deca-BDEAE= D AN FE i8] : FikbBZE B E4at
BZEE, MAEEEETmEFEERNEIRIETIE,
FEIFRWL. RIBNKATR ; BREBEEN R
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mERERE, FECEEE. BTHMEETF.
1.2 BARMR

XS R Az Mk 1 DL E B R iEfRT Hih
BFRs XU FE EW . TBE1F %R E M Deca-BDE &£~
T A308. ZARZFUARBERMBAIEFIHORCIE
ZREEHE [(CHAHLEE (2014-10) 5], FEHEH
AARENGE, BRE5EENITANEETHIER
BEP. KARUBENFXMIFRAETHARTRE
EARANOFRHE, 8fEM. Fit. B, FE. /El
5L, BRAViEAdAY E). BRL iEfhse AR TAERRIEI A
frir A& BAPR. BMAEOERFE) NERBERE,
1.3 HFI5NEE
131 5 ECKk. AR, ZRBRE (39 HPLC
%), FE R (KI120.063~0.100mm) (Merck, EEH),
C18 I Fft57 (Agilent, E[EF) , 98% MER. HHER. 30% i
faE. TKMERN. TKREREMIICH AN
&4, LRI, FE).
1.3.2 Fp/E7A7 BDE-28. BDE-47. BDE-77. BDE-99. BDE-
100. BDE-128. BDE-153. BDE-154. BDE-183 #1 BDE-209 j&
¥R (AccuStandard, EHE) , REXEI I 50mg-L?, AT
BX ; A ERIRAERR °C-BDE-209 (Wellington,
MEK), REKE 25mgL?, ATEZR, JEHr BDE-
77 X2 BDE-128 (W F & 25149 3, 3', 4, 4- TR KRR,
2,2 3,3 4, 4- 7R KR
133 {3 SHEBIE-RIBEAMN (7890B-5977A,
Agilent, %£[E), DB-5MS SHEBIEF (FFK 15m, ARE
0.25mm, FEE 0.10um) (J&W, EEH),
1.4 SWHEE
1.41 HHEEE BRELhEHRIEMERERLTIE
AANRATIHFERE, BAREL2MA10mL, FHE
20min f&, 3000xg B0y 15 min D BEEI M7, BX1mL
mENESH B=EMEREELITREREE, H
RINBEHEBREFBRBRPET -20°CRE. X&M
ERNERIWEXLXLZNERFm, ARBREREE
F -20°CfRTF, FME.
1.4.2 FEEEE MEEAAIERE LS YRR A
H1T, LD EREZERSEANTEFRIEFE, k&
S5ERFNAILAES ZHAXLKRERITEL, £
WIER (1) RRIERFAEETHIFE, BELARF
300mg ISR HF 30mg BTN 5 (2) RAEMEERFT
SHERSRETHLLIE ; 3) BEERE5-8H
FURERIRE, BHIRRCEREMEZEE 2.,

1.43 N9 ARME6eE-REESIR. %
A& F36 B ¥ SR AY 8 #h PBDEs [B] 2 % (BDE-28. BDE-
47. BDE-99. BDE-100. BDE-153. BDE-154. BDE-183 #[]
BDE-209) . SAHE R UK AEHS, ME3mLmin's
SHEFRZERA  100°CI1ER 1 min, LL20°C -mintfY
REFHEZE 300°C, R4F 7mino AT 1uL, UARSD
TRICEHEE, HEFEREIRE N 270°C,

FREHDURREARNS, ERAUKEBSFKL
BERXTET. LEREFRNEXEED T, RiRE
E 2, LIBDE-77 {F U BDE-28. BDE-47. BDE-99. BDE-
100. BDE-153 A1 BDE-154 HYAA#R, LA BDE-128 /E /9 BDE-
183 M9 A 4%, LA *C,,-BDE-209 £ 9 BDE-209 BY A #7Fo
BDE-209 HY 15 M B F B far kb (m/z) /9 486.5 X2 488.5,
13C1,-BDE-209 FY 15 M B8 F m/z /9 492.5 ’2 494.5, HR
NS F m/z390 79 F1 81 1,
1.44 FEEG EERRENE, SARERANE
TR ATENMBREESARERYRZ
BRI, AEHlai RSP E ST, FIERME
EABTYZ 400°CHEE S h LL_E, EINEED I IER,
SR 10 MERFTLURZT AR, LRSS
SR, THLKRRATLTE R T, LLER T PBDES
HREBNRRAME. EBAKENIER HERHFITI
FREINEEL, 4R ERERENINIREIWZEIITE 80%
FE120% Z (8], 1H X5 E R E <15%. 175 £ G F
PBDEsBREUREEIT (ER), kAMIEFRFERF
PBDEs BELUTFEit (FRE) . M7E BDE-209 B2
H PR (limit of detection, LOD) J10.2ng-g*, 1M BDE-28.
BDE-47. BDE-100. BDE-99. BDE-154, BDE-153 1 BDE-183
(35,PBDEs) FYLOD SEEE} 0.1070.58ngg? ; Sk &K FI5H
A1 BDE-209 B9 LOD 43 51l 9 20.0. 50.0ng-g™, 53,PBDEs FY
LOD SEEE 92 5115 0.55~3.00 ng-g* A1 1.50~5.10 ng-g %o &
1 B3RS 1/2 LOD 1T,
1.5 #itFESR

K F SPSS 22,0 HITRIT DM W TAEERAO
FHHE, BT AER. TR EISE [body mass
index, BMI, BMI={AE / B5? (kg'm?) ] RIMA. k%
K6 A PBDEs R EHITIES ML ; REMRIT
A—MRAHIERIEL 3K A PR AR A3 $R Y e A B0 S PO A% 2R
BRI Fisher TR VE 5 #0307KE 9 2=0.05, JFIE
B HEELARE (M), 825, 75 B D128 (P
Pss) M/ KIE (min, max) EREIBSFE. EXTEK
Tiffg, MBEMKkAFBDE 209 S ENEESDH,
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FA Pearson HBX 2 & ZEIMIAE XM (lRIR A ER
a=0.01) ; EXTHTIRFIEF H BDE-209 BEERRM
EA 9%, H Spearman #8x 93 M7 75 #1458 B &1 BDE-
209 B EZEIMVAEXM (KeI7KEH a=0.01)

2 &R
2.1 RUERE

Deca-BDE £ = [BIHY RN TH# ] 73 o al A IR 1
ELMERIBIRIET, BERKAL 2B KRBT EHE,
AR L BN E, TAKHAREE R fil, T I ZE [B]46
EIEXERBIZSUMNEREREBRIINAX
T, BRIBEFEENRETEELFVIMMASFFITIRME
NE ; MEEENIES. Rl BEEEKFRE, B
LHEFREATE, MU ESYRREIR™E,
o T AREREOZ,
2.2 HARWNRIERE

KT N Deca-BDEE= T A0 R EAHAR
SR, WETEFABEELR L. EHFEM23 A, L7
A B ZETAERAOZFEERYERITFER
X (P>0.05) (F1),

#&1 Deca-BDEAFT R T ABEAOFRIE
Table 1 Basic demographic characteristics of workers from a
Deca-BDE manufacturing plant

ih7 = St oy

(n=30) (n=23) (n=7) t P

FH /5 (Xts) 34.747.13  34.4%7.16 34.7¢7.25  0.559 0.968
{REEFEH /kg'm” (Xts)  24.843.22  24.7#3.21 24.8+#3.25  1.228 0.245
FERT IS / F (x4s) 9.37+5.42  8.85%528 9.55#5.42 -0.335 0.330
TERIEFBAIFAR .
A% (Haptt /%)] - Lo
2 30 (100.0) 23 (100.0) 7 (100.0)

= 0(0.0) 0(0.0) 0 (0.0)
TERNHOSE 5
[LASK (3REL /%)] - 048
= 23(76.7) 17 (73.9) 6 (85.7)

S 7 (23.3) 6 (26.1) 1(14.3)
TENEFE .
LA (RREL /%)] - 0436
= 27 (90.0) 20 (87.0) 7 (100.0)

& 3 (10.0) 3 (13.0) 0 (0.0)

[3E] * : Fisher BAEIHEIZR %,

2.3 MiE+H PBDEsEE

[M75 A BDE-209 & H 23X 100%, HiQMLERSEE
79202~5.71x10" ng-g*, HII$1 7 6.39x10° ng-g%s HF
77 PBDEs [B1 &%) (35,PBDEs) B2 EMK ML RT
/9 33.0~794ng-g", FPI#9229ng-g", ELH BDE-28.

BDE-47. BDE-153 1 BDE-183 fY 1 H R MBI K &, 7
13X % T 90.0%. 90.0%. 83.0% #1100.0%, B & &
{KF BDE-209 (R 2),

&2 Deca-BDE &£/ TAI5+ 8 # PBDEs #:IZ5 R
(n=30)
Table 2 Serum concentrations of eight PBDEs in Deca-BDE
manufacturing workers (n=30)

PBDES (*‘_Licl‘)i;gﬁ/ TR HME /ngg” (LUBEEIT)

EEX ngg’ BIE E/%  pmin Pys M Pys Max
BDE-28  0.10 27 90.0 ’ 15.9 31.2 97.9 405
BDE-47  0.14 27 90.0 * 11.1 24.9 466 290
BDE-100  0.24 4 133 * : : ’ 8.97
BDE-99 022 10 333 * * : * 82.3
BDE-154  0.26 9 300 - : . . 14.6
BDE-153 0.36 25 83.3 : 14.3 482 101 253
BDE-183 0.58 30 100.0 470  63.0 911 168 528
S3,PBDES — @ — @ — 330 131 229 493 794

BDE-209 10.2 30 100.0 202 2.37x10° 6.39x10° 2.43x10" 5.71x10°

SPBDEs = - - 235 2.90x10° 6.94x10° 2.46x10" 5.75x10"

[3%] *:<LOD ; 3;,PBDEs J BDE-28, BDE-47. BDE-100. BDE-99. BDE-
154, BDE-153 #1 BDE-183 BY 2. #01 ; SPBDEs /y 55,PBDEs A1 BDE-209
RS,

2.4 kA" PBDEsEE

3k & B & BDE-209 0 H ZE [B) £ 79 100.0%, H
¥ M 45 B35 Bl 9 9.18x10%2.81x10°ng-g*, A {11 %K
791.95x10°ng-g’s HFK7MPBDEs R S EMEE A
<LOD~2.81x10%ng-g?, A i #X 79 5.45x10°ng-g?, H
F1 BDE-154. BDE-153 #1 BDE-183 A9 1 H R iH 3 1% &
(>90.0%) , BEEEWIT/ETF BDE-209 (K 3).

%3 Deca-BDE &= T ALK& 8 PBDEs2MZER
(n=30)
Table 3 Hair concentrations of eight PBDEs in Deca-BDE
manufacturing workers (n=30)

% &MME /ngg” (L i

PBDES &)H'fjngﬁ/ ST HME /ngg” (LFEIT)

BEX7) GBI ER/% pmin Pys M Ps Max
BDE-28 055 15 50.0 . . 19.1 636  3.18x10°
BDE-47 0.67 20 66.7 * ’ 328 1.22x10° 3.85x10°
BDE-100 1.20 12 40.0 : . : 170 492
BDE-99 150 24 80.0 * 879 503  1.23x10° 6.36x10°
BDE-154 221 27 90.0 ’ 120 632  1.25x10° 3.89x10°
BDE-153 257 29 96.7 * 257 890  2.35x10° 4.56x10°
BDE-183  3.00 29 96.7 : 623  1.80x10° 4.78x10° 1.75x10"
53,PBDES  — - - 1.58x10° 5.45x10° 1.42x10" 2.81x10"

BDE-209 20.0 30 100 9.18x10° 4.01x10° 1.95x10° 4.72x10° 2.81x10°

SPBDEs = —  —  9.31x10° 4.26x10° 2.00x10° 4.84x10° 2.83x10°

[3£] * :<LOD ; 35,PBDEs }J BDE-28. BDE-47. BDE-100. BDE-99. BDE-
154. BDE-153 71 BDE-183 B9 2 0 ; SPBDEs /9 55,PBDEs F1 BDE-209
B2 H.
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2.5 IEFE PBDESSE

8 BB #¥ G FP BDE-209 4 H ZE X 100.0%, H &
M 25 R 35 E 9 3.81x10°~5.95x10% ng-g ™, A i X
2.26x10°ng g™, {EH K 7 7 PBDEs [A] R 10 H FIH IR
£, E2E 2N RSERE I <LOD~1.23x10°ng g7,
R <LoD (K 4),

&4 Deca-BDE &= T A5H R 8 #1 PBDEs &ill45
(n=30)
Table 4 Nail concentrations of eight PBDEs in Deca-BDE
manufacturing workers (n=30)

PBDES ??O&D[)KE/ - KiE /neg” (AT EI)

EEXY) ngg’ B ZE /% Min Py M Pys Max
BDE-28 150 1 3.33 . : : : 694
BDE-47 150 4 133 : * ) Y 8.24x10°
BDE-100 270 1 3.33 * ) ) T 2.69x10°
BDE-99 310 6 20.0 * * * * 5.50x10°
BDE-154 3.85 1 3.33 : ) : : 1.31x10"
BDE-153 450 7 23.3 * * : 200  4.07x10"
BDE-183 5.10 3 10.0 - - : : 3.25x10°
S;,PBDEs  — = = * * ’ 975  1.23x10°

BDE-209 50.0 30 100  3.81x10° 9.90x10° 2.26x10° 2.90x10° 5.95x10°

SPBDEs = = —  3.81x10° 9.90x10° 2.26x10° 2.90x10° 5.95x10°

[5£] * : <LOD ; 55,PBDEs JJ BDE-28. BDE-47. BDE-100. BDE-99. BDE-
154, BDE-153 1 BDE-183 Y 2 #1 ; SPBDEs /3 55,PBDEs #[] BDE-209
HEF,

2.6 k%. {EH5MmiE+ BDE-209 S EMEX M

43 #7130 % BDE-209 T A ILEZAY I35, k& F$s
i M BDE-209 B EMMEXM, AR ETR | EXH
¥ 5, BDE-209 T A IM:E 5 3k & # BDE-209 & £ |8]
B9 Pearson fHX DT B R E 2 IEME X (r=0.625, P<
0.01) ; ;5 5#5 % 1 BDE-209 & £ [8] Y Spearman 4B
KoM, ERETFWEZIEMEX (r=0.751, P<0.01)
(BE1),

=
[}
=
[}

2 . £

=14 S =15

& &

&0 80

£ 12 £ 14

) S

2 10 r=0625 ) 13 r:=0.751
2 . P<0.01 3 P<0.01
= 8 L ! ! I 512 L ! ! |
@ 4 6 g 10 12 % 4 6 8 10 12

log1o (BDE-209/ng-g-1) in serum log10 (BDE-209/ng-g 1) in serum

1 TAX%RS5MmES (A) RigER5MmEF (B)
BDE-209 & =M% M4 (h=30)
Figure 1 Correlations of BDE-209 levels between serum and hair
samples (A) and between serum and nail samples (B)

3 e
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