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Abstract: Hexachlorobutadiene (HCBD) is one of persistent organic pollutants (POPs) listed
in Annex A and Annex C of the Stockholm Convention in 2015 and 2017, respectively. Research
on the sources, environmental occurrences, and biological effects of HCBD has a great signifi-

cance in controlling this newly added POPs. Sensitive and credible methods for the determina-
tion of HCBD are preconditions and form the basis for related research work. In recent years,
many researchers have included HCBD as one of the analytes in monitoring or methodological
studies. Based on the results of these studies, this paper reviews the research progress on
analytical methods for the determination of HCBD and focuses on sample pretreatment methods
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for the analysis of HCBD in various matrices such as air, water, soil, sewage sludge, and bio-
logical tissues. The advantages and disadvantages of the methods are also compared to provide
reference for further research in this field.

For air samples, HCBD was usually collected by passing air through sorbent cartridges. Mate-
rials such as Tenax-TA, Carbosieve, Carbopack, Carboxen 1000, or their mixtures were used
as the sorbent. HCBD was thermally desorbed and re-concentrated in a trap and finally trans-
ferred for instrumental analysis. Limits of detection (LODs) for HCBD in these methods were at
the ng/m’ scale. Compared to sampling using pumps, passive air samplers ( PAS) such as poly-
urethane foam PAS ( PUF-PAS) do not require external power supply and are more convenient
for sampling POPs in air at a large scale. The LOD of the sorbent-impregnated PUF PAS ( SIP-
PAS) method was much lower (0.03 pg/m’) than that of the PUF-PAS method (20 pg/m’).
However, the sampling volumes in the SIP-PAS and PUF-PAS methods (-6 m’) calculated
from the log K, value of HCBD have significant uncertainty, and this must be confirmed in the
future.

For water samples, HCl or copper sulfate was added to the sample immediately after sam-
pling to prevent any biological activities. HCBD can be extracted from water using methods
such as the purge and trap method, liquid-liquid extraction ( LLE) method, and solid phase
extraction (SPE) method. Among these methods, SPE enabled the simultaneous extraction,
purification, and concentration of trace HCBD in a single step. Recoveries of HCBD on Strata-X
and Envi-Carb SPE cartridges (63%—64%) were higher than those on Envi-disk, Oasis HLB,
and Strata-C18 cartridges (31%-46% ). Drying is another key step for obtaining high recoveries
of HCBD. Disk SPE involving the combination of a high-vacuum pump and a low-humidity
atmosphere is an effective way to eliminate the residual water. In addition, a micro SPE method
using functionalized polysulfone membranes as sorbents and employing ultrasonic desorption
was developed for extracting HCBD from drinking water. The recovery of HCBD reached 102%,
with a relative standard deviation (RSD) of 3. 5%.

For solid samples such as dust, soil, sediment, sewage sludge, fly ash, and biota tissue,
multiple pretreatment methods were used in combination, owing to the more complex matrix.
Freeze or air drying, grinding, and sieving of samples were commonly carried out before the

extraction. Soxhlet extraction is a typical extraction method for HCBD; however, it requires
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many organic reagents and is time consuming. The accelerated solvent extraction ( ASE )
method requires a small amount of organic reagent, and the extraction can be performed
rapidly. It was recently applied for the extraction of HCBD from solid samples under 10. 34 MPa
and at 100 °C. Purification could be achieved simultaneously by mixing florisil materials with
samples in the ASE pool. Nevertheless, employing the ASE methods widely is difficult because
of their high costs. Ultrasonic-assisted extraction (UAE) has the same extraction efficiency for
HCBD, with much lower costs compared to ASE, and is therefore adopted by most researchers.
The type of extraction solvent, solid-to-liquid ratio, ultrasonic temperature, and power affect
the extraction efficiency. Ultrasonic extraction at 30 C and 200 W using 30 mL dichloromethane
as the extraction solvent resulted in acceptable recoveries (64.0%—-69.4%) of HCBD in 2 g fly
ash. After extraction, a clean-up step is necessary for the extracts of solid samples. Column
chromatography is frequently used for purification. The combined use of several columns or a
multilayer column filled with florisil, silica gel, acid silica gel, or alumina can improve the
elimination efficiency of interfering substances.

Instrumental analysis for HCBD is mainly performed with a gas chromatograph equipped with
a mass spectrometer operating in selected ion monitoring mode. DB-5MS, HP-5MS, HP-1, ZB-
5MS, and BP-5 can be used as the chromatographic columns. Qualification ions and quantifica-
tion ions include m/z 225, 223, 260, 227, 190, and 188. GC-MS using an electron ionization
(EI) source was more sensitive to HCBD than GC-MS using a positive chemical ionization
source (PCI) and atmospheric pressure chemical ionization source ( APCI). Gas chromatogra-
phy-tandem mass spectrometry ( GC-MS/MS) , gas chromatography-high-resolution mass spec-
trometry (GC-HRMS) , and high-resolution gas chromatography-high-resolution mass spectrom-
etry (HRGC-HRMS) have recently been used for the separation and determination of HCBD and
various other organic pollutants. Instrumental detection limits for HCBD in GC-MS/MS, GC-
HRMS, and HRGC-HRMS were more than ten times lower than that in GC-MS, indicating the
remarkable application potential of these high-performance instruments in HCBD analysis.
Key words: hexachlorobutadiene ; persistent organic pollutants ( POPs) ; sample pretreatment;
instrumental detection; review

7NE T ¥ (hexachlorobutadiene, HCBD) X
#1,1,2,3,4,4-7%5-1,3-T Z0 2 —F N TS5
B AR T AL &%, HCBD 7E Tl R b %5 4% 3k
Rz TR A S e A = R IR SRR
BT T SR BN AR i R A A
BLYI T e AL TR A R AR A B T (%) 77
L AR e B B B T T R )
B R o A b Y OTF A PLTE
YW SR IREE A 20) (LU R RIFRCAZY) ) A 2
FistiiN T HCBD HAA R AN w4 E %
PEFSE R BB T RS RE 11, JF T 2015 4£R1 2017 4F
B HINA T A2 ) B A FFEF C 2 5 FEANE
A HLI5 YY) ( persistent organic pollutants, POPs)
B 300 S i R R U DR 4 s 1K

1B T HCBD (A R, AR, ALk S 59
A AR | SRR IR A 7 K U 1 AE T
v R By b (LA D sk R B RO A AEIRE A
PR AEE HCBD Y H i P94 5 HCBD (194
FETor A R A PREE v (A R A AN TS 4 R
AT POPs V5 42l 1E A AN 420 1E 3K E T
% S E B L TAE(T 55, JF )R < HCBD i 3REs
WRAE 35 YA TR AR S50 L e AR 5 55 6 S0P 5T
BAEJEBE,

A B K (25 CHREE R ZECh 1044
Pa - m’/mol) Ml Bi /Kt ( 2F BE-/K 4> BL R 500
4.78)"", HCBD 244 % Wb iR A Hfl R
FIRRAEZFIA T RS, IF 5 G iR 1 s 5
BT A X B A rE L I AR TR,



51

FESER, A NAT I ik ot g - 49 -

AL T R HLEAR 2 45 s UR R A EE sSR IX
B (L — S R b X)) ()RR S DA
JKAKE S TR I 2] T HCBD ™| HAG: H ok B 7
il 22514 0.01 ng/m’ ~ 1.8 pg/m* ( K*K) .0.03 ~
0.8 wg/L (/K{EK) .0.003~27.9 ng/g T 5 ( 1-4) I
0.03~24.6 ng/g TH (H£Y)) , REHE—LLIREFE
st AR 1 22 G S5 AR A b X ARk [ 3 14 ol £
ik HCBD A A 7 {Ak I+ A ft % HCBD A
FELE AR RS T B 90 fof FH 9 23 A 3o A T 2R
JEAIX (HCBD # i B 40 %1 5 0.5 ppb (%) 5.8
pg/m’) 110 ng/g T3 ) i, H b nl WL, R
AIERY HCBD 43 1 J7 ¥ 2 T SR AR S W98 1 0 B 5%
PR ELILAE

Fin LR 2R R EFRIRCRE T &
BRAGCR SR M BE 1 25 M 12k (%) AR RS 1
JERERR L, AR O 2= B AR RIS I AE )
AFFE T HCBD J5 ik 298 840 % HCBD H#r
Priaksnl A8 i R A O T H 0 ik i R G R,
AR SCREASR PR A 5 HCBD f) Jij b B AT 5 43
B ib AT T 84 1 i 745 5 st Lt
AT HCBD AR $ S 2 | M v PRk 18 4 2]
B IE I AT R B T T 2R AT R

1 AEITEHERETLET X

FE A AL B (L35 TOAL B ) ASAUAT LB EORN &
PRI AL LB TR, 30 7T LUK FE S e Ak ik
B URAERRASBEE H TAES e . X e 2
REAS L3R R A8 o0 B 5 105 1 AT 1 R SR BB,
HXFR )5t HCBD A I A 3, J2 AN A sl ik (1) 8
BT, 1 Y2 TIRARREN B AR F HCBD
MBI 58K AR S T AL 3R 7 7
1.1 S&NR(BIKRKR.ENER)

Z3 SR B HOBD F 28R W ML s 4 )5
SR SRAE AR LSO BB DG, — R
TR A — 2 AR Y 25 0 I [ A I R 8RR
HIRVK BE 1) HCBD & SRk, e 300 IS EL i A
5 U5 B A 3 A D A 28 2R 17 43 B, HCBD 11946
B BR E JL AN 94 5 B 37 5 oK B L+ 9 v B AL
KO0 T AR E AR A [ R R B 5 AT LA B
Mol Z AR A, #n, # F Tenax-TA 1 Car-
bosieve &G W HRIREE T 6 TS 4Ll b o7 SR
BB RS RE S S HCBD 75 N 8 26 Fhi% kA
ML b & ¥ ( volatile

organic compounds,

VOCs )", Tenax-TA. Carbopack H1 Carbopack
X/B AR BHE 2 W2 BE 500 R 58 T PHHE A — i)
Jiihas S 28 R4 i), Tenax-TA . Carboxen
1000 FiI Carbosieve 16 W B 71 >R 4 1 52 & HE g% 1t
MHFEILH ORI E N2 S d 73 Fh VOCs'™ . — 37
B ST Y LI Tenax-TA $EDBH Y B8 B 45
WA B, Kot AGRBE B 4% 12 T i W B i) RIS S R AT T A
fE L3R 23 Bl VOCs 43 #r 3 19 R A3 i, oo
HCBD ##: HH BRI 15 B 3 501 B A % 0. 02 1 0. 08
ng/m’, {HHF LiRpsEIFdE S R % HCBD iX —
VIR BESE , WAL HCBD 1 W B 55 g LA K e
T BB AT BEIE ARk Bl e A, 075 — LR R
DI R HCBD R4S I R B, 1 — SRR i 38
oF ot 0 O S DA 3 P e ) 0 R SRR R T ) e
FHRFEAS R R A AR IS, FE 45 %6H Tenax-TA
F1 Carboxen 1000 F*) W Ffl 45 1 45 & 5 VOCs 4b
BT RS HEAT AL SR K I HCBD A9 6 HH BR 29 JLAS
LIRSV S

KA B 3 RAE T A FAS ] W7 e U, 6 37 S0 R AR
I LR P, T EL A5 3] 1) 445 SR 2 S s 1] P (L
ForhEBU NS ) B R DY AR, Bl
RAERHA R T BN AR 5 #5007 ke
MR A KRR A LG Y B R £ 05
PrfR) 25 R A, PRI 56 T A AL AR 25 1 X3 1 A
811 R A T VR Bt 3 SR R %% ( polyurethane
foam passive air samplers, PUF-PAS) /3547 T
A 1A A3 A AR RS R 4R IR 2L PUF #
A A B 55 VAR A TR, G ad T A AR B K — 52 1Y
HAR AL B, RS R HCBD A6t 340 51k 82% FiI
100% , K H ¥ 2 43 5117 0. 03 ~ 0. 33 1 0.01 ~2.23
ng/m’ i [ Y, {H X P 300 fiff 5% PUF-PAS X T
HCBD R A (A B i 36 9 12 I R DL 3, ik = R
BE A B B R I T A ) ARG Mk R 4G R 0T S
w1 S0 3T log Ko, REU T PUF-
PAS %} HCBD [ RAFE1AFZ) 6 m®, HCBD #£ PUF
- REMSAR P ik 2 F- 17, Rl PUF-PAS RA&E &
BEFA 85 HCBD = #4948 £k 1 & AE 20722 | 5 it PUF-
PAS JiF KA B FE 5L o HCBD (VA% T 3 4 H RAE
BUSBULRAAKTE . 584 BRI GE T 0 f 57
7 PUF #% 3l K45 ( sorbent impregnated PUF
passive air samplers, SIP-PAS) [t%: % B, SIP-PAS
J7 3k 1 HCBD 1Y & i BR (0.03 pg/m’) %
% T PUF-PAS J7 1% (20 pg/m* ) , 1fii H.SIP-PAS



539 %

v

- 50 -

"QUBYJOWOIOTYDIP ‘IO {OUBXoU-U :XJH ‘UONORIIXS PIISISSB-OUOSLHN V(] ‘UOTIRIIXD JUIAJOS PIJRIS[EIIR HSV *UONORIXI0IOTU pmbIf-pm
-br1 oarsIadsIp P HINTIA ‘uonoenxa pmbi-pmbyy 1T ¢sidpdwes are aarssed JNJ pareusardurr Juaqios Qyd-dIS ‘siordures are aarssed weojy aueylamAod SVJ-JNd ‘olqe[rese jou PyN

uUwunjoo eurunye oiseq pajeanoe

ue t'Og%eN pue eors-"0s‘H JUSAOS O1
[zs] 91 08-6¢ (A/A “T:€) WOA/X9H [: 1 Sururejuod PuUNj Sse[s e (Aa/A ‘7:€) WO /X9H -ueSio ul pasiadsip POO0J POLIP-9Za)
[81] 0'¢-9°1 48! (a/a “1:1) WOA/XoH AdS [suofq (a/a 1:1) WOA/XoH avn 859 paLIp-0z931y
[15-6¥] ¥'T-9'1 ¥6 XoH HdS MSUOL]  (A/A “I:1) dU0JAOR /XN sV Uusy
UWIN[od 9PIXo eurwine
[st] VN VN XoH PaJeAI}ORIp fUWN[OD BOI[IS PO (A/A ‘[:7) 9U03d0R /XOH SV YST POLIP-9Za)
uum(oo Aydeigoyewroryd
[sT] VN VN (a/A “1:1) WOA/X9H uoneaunad [o8 *uwmjod eolis poe NDJ UOT}ORIIXD J9[UX0S ysy
[61] 9 LL (a/a “1:1) WOA/X°H HdS TSHoLY (a/a “1:1) WOA/XeH qvn I9Yyes) poLIp-Ire
[Lr] VN VN VN Iaddod Swr 00§ yIm FdS 1S-0'T WOJ pue [ouedoIdost  UOTOBI)XD JB[YXOS JUSWIPas Jom
"Og%eN ‘198 eor[is ‘eumumpe :uwm (a/a
[ot] VN 0L WNDA -102 JeAemmu ‘10ddod payeanoe ‘1:1) WD /RU031a08  UONDRIIXD 19[UX0S 93pn[s o8emos paLp-Ire
YOS %N ‘198 ®eorIs poe ‘[o8
[11] VN LIT-€'16 I9)9 wmoafonad OIS ‘[ISHLIO[] *uwn[od IdAR[IMNW (a/A “1:1) X0H,/INDA ASY 98pn[s 98eMIS PILIP-9ZddI]J
YOS %N ‘198 ®eor[Is ‘eurumpe :uum
[L1] VN 916 (A/A “€:1) WOA/XOH  -109 JoAemmnu ‘1oddod pajeanoe (a/a “1:1) X0H/INDA AV [I0S POLIP-9Zda1J
[c1] VN VN (a/A “1:1) INOA/XPH UWN[OD [ISLO PIjeAldR I90eM 9%¢  (A/A “:]) 9UOJIR/XOH  UOTIORIXD J9[UX0S [10S POUIp-9Zad1)
1oddoo pajeanoe ‘'ogeN ‘108
[11] S—v 611-0°SS I9)9 wmatoned OIS ‘[ISLIO[] :uwm[od IdAB[NuI (A/A 1:1) X9H/INOA SV [10S pauIp-Ire
"Os%eN ‘o8
[sv] VN ¥'69-0"%9 I2)e umojonad BOIIS ‘[ISLOL] *uumjod Iafemmur Noa avn yse £y
[+] 8 LTT (A/A “1:1) Su0jedR/X0H HdS TSUOLT  (A/A “T:1) dU0JAdR /XN avi jsnp Jooput
"Os%eN ‘P8
[ev] 91 201 DA BOI[IS ‘[ISHOL] *Uwmod TaAequnut WOa VA “‘Wd prog
[or1] (3 #7201 [oueyiaur HINS I9jeM SuDuLIp
[er-ot ] 1'9-¢°¢ SOI-1¢ IETRE] (4110 (G EBI I (I BRI gdS 91eyoed] ‘JIojem d0eLMS PAINY
[6€] L'8-¢'1 66-¢6 [0UEd9POp- ‘du0Iede JNTIA Ioyem e[ Jo Joyem de)
[8¢] €11-0S WOa cigyl Ioyem oxe|
[Lefog]  061-6'T1  TS-TE XoH cyy! Ioyem d)sem
[seve S9DINOS JI9YeM
K4 VN L11-T8 deny pue o8md ‘I9JEM IOAW ‘Ioyem ULO)s pmbry
(a/a “G1:68) SVd-dIS
[eg] VN VN (A/A “$:1) X9H/INOA UWM[od uoqaed PajeAnor  duo03ade /Idyje umajonod HASV pue Svd-ind Suisn Surdures
[21°6] VN VN (A/A “1:1) WOA/X9H uwmjod [ISuof] (A/A “1:]) 9UOIROR/XOH  UONDRIIXD JO[YX0S SVd-Jind Suisn Surdures
[Tze-0g 01 ] VN VN uondiosap reundYy) sjpuaqIos Suisn urdures aAnoe Iy
‘199 %/0SY  %,/A19A009Y JUSAJOS uonN[q poylowr dn-uea) JUSAJOS UOT)ORIIX] poylau uonoenxy ordureg

SIXLIJBUI JUIIIJIP Ul (GOH ) USIPEINOIO[YIeXIY 103 Spoylour judunyednyaad sdures | d[qe],

HUBWEDHEY T (B h Yy T ¥



51

FESER, A NAT I ik ot g - 51 -

Ji R AR HCBD RE 5 13 B AR A WY F- 5K
BT BRT, HE T log K, R BGTE Y HCBD SRk
HRA IR KA &M, KoL — LR A
KIE,
1.2 BENR(HRA MTK, FAE)

H i A= W11 b HCBD FBIFSE i A AR IH | Wik
BA TGS G 2R K MK 5K 555K
FE, B KFERSESG T I AMG £ R PR A% pH =X A7t /iR
] S LA A= 005 S ANy 1k A W R i O R PR
TTHERTEA DL B 34T, R W AR -2
B (liquid-liquid extraction, LLE) & [# #H %% B ( sol-
id phase extraction, SPE) Fi&b¥ 5%, A IR T i
DB EEFRAL F A 2 B BURL ) AN A 45 . WA AR 1
L ABGE A IR FH K FK P K S 35T i KR h R i A
LIRS, HCBD B B AE 1 ~400 ng/L i [H]
I‘Eﬂ[l4,15.34,35] .

LLE 75 F FH AR 2H 437 K AR A HLAR A 20 e &
B 22 5 S A AR IUR 3 25, B XL E Z T
IKFE, — AL Z A 22 A W IE O ke, A besk
A1 IR A5 R AR 1 55 W A AL 3R, HOBD 1 [m1 i
FAE 32% ~ 113% Ju [l [E], 4 3 BRAEZ SSULA 90 v B
SLR LA 9 5 g T K RO 2 e 3 R R
Tt A R T — R R S e A
BUKH 47 B VOCs [ RTALEL 77, B 1 mL KRR
FOMA 1 mL S BEIFRES] 1 min, iTA AR
TNATCIKBRER MK , fieJo 5 7% th A LA IEA TR
2L WL R &/, {3 HCBD A9 A i 28
R BRZ A 1 pg/L, F3 I 3R 66%., 4L
V-V 76 B ( dispersive liquid-liquid microex-
traction, DLLME ) J2& 1 LLE 7775 [ffi K (4357 77 ¥, {fi
FRZD A HLE T, AN AR 43 08 BE A% (A & A
A H) ) P22 il T RR G R, DT BR 1 17 AR BRUA3E, 4f
TSI, AN, BL 10 WL 2-F kR EEAE A
HUHIFN 500 L P9 R AR S 43 8GR PR A5 mL K
FErf R EHARPAE P AF 8] 38 20 43 Bl P 2500 0K
% e B A B, 7E SRR RlE S AL
R, 5 RO HL S8, HCBD (K H B R % 15
#0.003 pg/L, RSD /NTF 10%, [ F7E 93% LA
J:[39] 5

SPE 2 nJ [ 25 52 BRI 20 43 ) B L, 4l b v
45, EIE FHTIR S R R ST B, AR BE H AR
(ERAE I T, 655 SPE (13EURE LA B Pk i 75 770 26 A,
FE—T0 T MK 36 iR ) ST ARG I Jr 32 24 1F

g0 AR ZKSE SR 100 ng/L ik AS TR BECRE A 7
k& SPE #£X} HCBD 14 RIS #AK K A - Strata-X (64%
) > Envi-Carb (63%) > Envi-disk (46%) > Oasis
HLB(45%) > Strata-C18 (31%) . 2R FA 14K IR i%
WFFE S 1 77 A 77K A HCBD #9434, R 31K
FE_ L #GE A TR A 15 min 2R REIE R
RTERE TR K oot bR 2, il S H B S N AN O )i
TRA VR & A i K 43, T BE R BUR i AR
W25 e 4 i R R i #2 b HCBD #i2k . AN+
7 O KA 21 R HLEA 2 SPE 1k 4b BRAUR
A2 IR R 3 AT AR B TR e e LS 2R
S 15~20 min, B B2 miAE oK I K BR R,
MATT B 5 H bR i Z, BT Cog kXK
HCBD #4719 A b 28 52 55 v, PR 7 Sy 1% B ¥ Bsf
HCBD M kg [ (105% +10% ) & T LR 4.1
(72% +6% ) , A, SPE Z:IFA R BR THARIE A &
AT LK AR B AR B AVRAKRE i i A T IR &
HHL, —Fokr 8 B LA G Y R AU ET AL T
O ) T M Tt S T £ A P SR T A B Sy R
PR AR IR S, 50 min, Ho 5 R A HLIE 7 #
75 min ff W R IR AT AR & B b M K R
v B BRP A BURCR AL T e R v 55k, 53 4,
VI HCBD 1 fifk M 56 258 SR s 4, HEvR oy BB T
FOR | R DLROE O BE X SR N & B | 5 HCBD 3
MR 3 2, AL A/~ HCBD (1) ] Y 3R 1] 3k
102%, RSD 4 3. 5% ,#: i FR 4 3.9 ng/L,
1.3 FEEHEFNTR

B SEASFE AU B 2 HIE A4
S B AR B R SR B 2 SRR, — e xof Lk
AT WAL BRI 35 R A, AN, L3RS TR S 2808 VR
T BB L 0 S = IR AT AR
o 2 BT A S RV UR DR A SR TR ¥ R R
A0 MRS RS RE A 2 A DL B 2
FE S I BT 5 2%, A A1 75 B 22 PR iy Ak B T
BEREEH

T SCE A LEA AR EORE & 18 EH AR i ik e
AAR RS, 5 3 BOT %A % G B (soxhlet
extraction) ¥ | # 75 4 Bl # I (ultrasonic-assisted
extraction, UAE) #5 U %5 55 %5 B ( accelerated
solvent extraction, ASE) ¥, &4 1% K2 Bk
IR  HAEBUR A (24 h 224 , A HLIE T
THFER B (100 ~ 300 mL) , 5 xF BREE 1 i — k5
Yul122.40.47.600 - ASE L AEH R 197K 7 ( 10. 34 MPa)
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e Ul R | A [T SO ) B 95 =
— I 5 F = HERNS e AR b HCBD A 8 4 Jo T
AR AN R ASE LR BUH bR ¥, 7 10. 34
MPa( 1500 psi) Al 100 C 44T, ZHBEFI R 1:1
(AR 19 S B e FIE O Be 1R A VA, B 2SIt 1a]
10 min, # B G PR R 2 Uk, A BOR 2 FE LR K
I HCBD ()[R R AE 51. 3% ~ 119% 4 Bl fa] , — 35
A 5 A 2 8 R M DL R AE K OF B B
78S [E BE SR ] 10. 34 MPa 1 100 C 451} ASE
2, FEBUAFN 12 (RBUEL) B9 ER AIE & Be iR &
VTR, T E A E] 5 min, i EAGIUELS R, S —T0
ik HCBD RN SIS 1 5 i 2a o 0 $
T ASE JE /7, 13. 34 MPa 100 °C  F#Z5m}E] 10
min FIFFE IR REL 3 A, ZEBUE R 11 (K
FELE) YRR FIE O e TR &, 2tk 5 kil
%5 1% HCBD 4 ISRk 94% , A4 W58 ¥ 36
% BURE 08 B TR ARG, @57 T ASE
LG T 2 @RS W T AL B 7 vk
H HCBD 1 [8] W R 7E 76. 1% ~ 81. 5% 2 ], R4
ASE WL HA BT B 2 A rp 25 5 H B
SEUREBH ZE A5 T8 S s, O 4% FIC 1 B AR DA S 41
B, B AT AL

UAE 75 5 BUH R e, 38 ] DA [R) s Ak B 22 2 A
ORTTRERVE N TR AV N e S S a5 N PO
ASE JEEAR , A LI ) 2 R0 FE At () AR X 2R 4 ik
B BER T R L T2, W
H Rl DU B 02 [ 4 OFD 6 44 H 4 5 HCBD 1A
LI KR A3 4 M 9 B8R T T UAE 2, 2 B4 75—
PR G e | I O e | PR R SRS R A TR A TR
AEPEANKTF 2 g HORE S I G A BUA R FH & 10~ 30
mL, 2 A B[] 78 30 min Z2 45, 2F 2 #) 3
BT R H AR R DL BB i 3 T
AT, SRR 75 A M L A A AR, — 0 X
TKIKAT T HCBD Al H S8R S 7S SR 1 7 ik 24 A
FES AR T B S, AE 30 C S T E 200 W
AR, AP B AR BUR B L 15 mL/g
PR BEYK 15 min B AT 38454045 () HCBD [l S0R
(64.0%~69.4%) . SR ML i BE SE PR b L AsoE T
Rl 32 o TR S K B Tt B 7 R )
K& FEOKIRM L 3 E IR, Wm0 IR T RE S
S8—E A HCBD WA HLIE FI % 4, AR T
HCBD W3 AT, 534, CIKR G ib #)5 K o ¢

M4 L FR , HCBD R Ze i A W i $ iy, 45 28 4
THErw K HAE S 5 IAZS [5G, Iz or
FHIF RO IR B, A, M 75 A A 1t 2L Fif
GRS EN AT AR, X 10 g R TR E
LA K AGYIRE S b A ALSEA 25 HCBD, >R 1
TOARFRER ) B IE O o F — 580 FF o TR A5 1 7518 7 2K B
PR (30 min/IR) , B IR A BOK A i 30 mL (3L 60
mL) , ZHE AL 5 AR R, HCBD A a1 g 26 1] 35
78.2% 7

e Rl AR S R R ZE I B AR e, A A
T B — 2L Al 2 BR B R AR TR 5 ) el S
PRALNE , $i e A R AR, I B 1k €0 B A 8 - U A
IER AT Z 5 e H AR 2T 5 S R i
H HCBD 114 3 2 A1 33450 435 W BT 43 B A A BUCHERHL,
68 FHT %) 31 S AR SEORE 32 B A A R MR | 9B % B A
+ AR REE Ty 3 TS TR
DA 5 7K A PR35 e A it AL 3 s 5 i A A R
By demi T AR — B 0.9~1. 5
cm AR MBEIEAT , O ZE FE & (JLZE 2L
TL) RAG L AR A0 A LT A e SR b AL
RIS ARG (o ZARAS [ DR 2 A . — 3¢
FAa 40 Z R0 e 5 Y AT T 7 (R i A6 B
WG Zead — MR IR PE RE AR BR AR Al — R EE e B 5 (1
ji% ( gel permeation chromatography, GPC) f+#f17
ik, i HCBD it R 0.2 ng/g B, 5 —
T T 24U V5 Je ik 5 ) A T — MR Rk
REIEAE FI— AR 9% 7K 2 3% AL AL 40 AR v AL AR 5, 42
K, HCBD (A HBR M 1.0 ng/g {8, £ 280K
AN T3z, s % Bk +  aER A1 JoK
TRERENE A HE T PM, (AR & B0 AL AR B | 4E 4k
BR RERSFNJCOK B R A 2 A FE ek T3 DL S )
FESTT TEACAR AT oh 2 HLRE 4 AR AR | R T R
J AN TE /K B R A 1) 22 2 5 A kv Vs K Ab B
ORCHY =S TR N Bi- ¥ DO/ & SR '
JLLAR A RIS AR R o B L RE i RCR
oL, M L RE R A 3R B HLRE + B AR, A — 3R W HLRE
OB R AR 2, v e TR P HLRE £
KA R i 2R BB A AL BT i A s AP
2 Y e R (S5 I N T e PO B R v <6
VEMGACRAAT 2200, A I e R YR B HCBD 1y
[N (93% ) 2 T 1E L Joe SN TR] e ] B4 1 2 Jog Al —
A BEHTR A IR DE M ROR (75% ~83% ) . i MF5E
I R IR AS U SR P SRR T A 5 A 2 T I A SR
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T RIS, FLAREIE i 2 B it 25k, )
i FHBES 7e s

FEEMT TSR IE R s BT B A il . — I
FEXTINZE R FG R E B YA T 25 POPs 1Y
WS 2R A B 40 BEOAE 50 mL 3 :2 (FRFHEL) /Y
EB%%:%@%@A%W¢1®WH¢MANQ
FRPERERE AN 2 mL T-be, X 28R A W bE Jm il o A
P P Ak e AN JC /K B R P B B T < A 0, 48 3 -2 (4R
FUEL) B IE O e A1 — 580 FF e TR 6 VA VRO G, I 299
e 5 AL ZS A HCBD 77 ¥ 46 4 bR 75
0.01~0.03 ng/g M ELHE N, A, SPE /ML #
FH 21 [ AR B B AARE S A A b B — BB 4
LG SE R AL B 91 2 BLRE + SPE /MR B IE AR i i
SPE /MERN I FE N KA WHRTIERY  CEPE
oY TR S AT AR ER S A B
B 15 g B BAE A 10 g TOKBFRENIE AR 24

e
2 BT S

*2 7 HCBD 1Y% FIALES R 7 i, 78
SEBRR A, HCBD # 5 HAth H ARtk 59— & 4504,
R TR I RR I ZE o 75 2 S 6035 (GC) 73 B 5 A
R (L7l AR A 4%, ECD) o5 5 3 kG ) 4%
(MS) ) K, fe 245 B P it e BT 2R, o,
S ARG 22 2R FHAE R 5555 0 P 1 B4 A, W
() B 40% H: A5 40 #5 DB-5MS ,DB-624 . HP-1 HP-
5 \HP—SMS \ZB—SMS %[9,11,12,14,16—18,20,36—38,43—46,52,56] .
2.1 SEGIE-BFHEEN

P - Jof R I 252 A € S & A 5 2

—, HOO L AR M T B R R e g 3 T AT ik AR
BHALE Y, —T T KA HLY 43 7 ik i F

7% ¥1 % F GC-ECD #; il HCBD HY J5 ¥ 46 H FR

= en

o AR

FBCE A #l SPE /NEH T A LU PR A (0.003 pg/L) 2905 K H GC-MS A6l i A5 i} BR )
x2 AETZHENNSESRAE
Table 2 Methods of instrumental analysis for HCBD
Chromato- Injection Instrumental
Analytes Instrumental graphic Monitored ion for \::)]lume/ detection Ref.
method HCBD (m/z) L.
column L limit for HCBD *
HCBD, OCPs GC-ECD HP-5 NA 1-2 NA [9,12,17]
HCBD, 13 other compounds GC-ECD NA NA NA 30 ng/L [36]
HCBD, CBzs GC-MS DB-5MS 225, 260 1 0.001-0.9 wg/m3 [45]
HCBD, VOCs GC-MS DB-624 NA NA NA [14,34]
HCBD, VOCs GC-MS DB-VRX NA NA NA [35]
HCBD, CBzs GC-MS SGE-HTS 225, 223 1 NA [49-51]
HCBD, 19 other compounds GC-MS HP-5MS 225, 260, 227 1-2 NA [40]
HCBD, CBzs GC-MS HP-5MS 225, 260 2 NA [11]
HCBD, PCBs, OCPs GC-MS HP-5MS 260, 225, 190 2 NA [19]
HCBD, 7 other compounds GC-MS HP-1 260 2 3.9 ng/L [16]
HCBD, semi-VOCs GC-MS HP-1 225,223, 227 1 0.14ng/g  [46]
HCBD, CBzs, PBDEs GC-MS CPSil8 NA NA 1-6.25 pg/pL [25]
HCBD, OCPs PTV-LVI-GC-MS ZB-5MS 225, 223, 227 100 NA [41]
HCBD, CBzs GC-MS BP-5 225,223, 227 NA NA [47]
HCBD, 5 other compounds GC-EI-MS TG-5MS 260 1 1.79 pg/mL [43]
HCBD, 5 other compounds GC-EI-MS/MS TG-5MS 227, 192, 225, 190 1 0.41 pg/mL [43]
HCBD, 5 other compounds GC-PCI-MS/MS TG-5MS 227, 192, 225, 190 1 54.4 pg/mL [43]
HCBD, 5 other compounds GC-APCI-MS/MS TG-5MS 262, 227, 153 1 47.6 pg/mL [43]
HCBD, 56 other compounds GC-MS/MS VF-5MS 224.9, 189.8, 154.9, 152.7 4 0.09 ng/L [37]
HCBD, 58 other compounds GC-MS/MS ZB-5MS 225, 190, 118 2 0.01 pg [44]
HCBD, OCPs, PCBs GC-MS/MS DB-5MS 224.8,222.8, 189.9, 187.8 1 0.042 pg/pL  [33]
HCBD, OCPs GC-MS/MS HP-5MS 225, 260, 190 2 0.02 pg [18]
HCBD, 13 other compounds GC-HRMS 7ZB-5MS 224.844 , 222.841 1 0.225 ng/L [36]
HCBD, OCPs, PCBz, CBzs, PCP HRGC-HRMS DB-5MS 224.8413, 222.8443 1-10 NA [38,52]

CBzs: chlorobenzenes; OCPs: organochlorine pesticides; PCBs: polychlorinated biphenyls; VOCs: volatile organic compounds;

PCP. pentachlorophenol. NA: not available; ECD.

electron capture detector; PTV-LVI. programmable temperature vaporizer-large-

volume injection; EI. electron ionization source; PCI; positive chemical ionization source; APCI. atmospheric pressure chemical ioni-
zation source. * Instrument detection limit (IDL) ,the smallest value of the analyte detected by an analytical instrument, is generally

estimated based on a signal-to-noise ratio of 3.
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1/10 (0. 045 wg/L) , GC-ECD %% K iz 17 9 Ik,
I R 3t AH T vk Bk 2% 41 70 TR AR B T4,
ASRERTHEGE AT HERR 2 VRSB . B BFE
454 GC-MS F1 GC-ECD 43 J| %f HCBD 7£ N Y 21
FAHLEARZG AT 1 & PEFE 5= 934, %07 AR IR
UEAE PR3 BT ERf Y BT B2 R, B 1 = A i s R
AR
2.2 SRiAGE-FEGn

GC-MS EREMS1E —E R B EHERR T4 152
M) | 2 P 2t 43 B 4 SR T A AR, DRI R A 9 R
T GC-MS 4+ #f HCBD MHALA WL (£ 2) .
IR BT {0 SR A, 7R TR 55 451 F AR
[F) 2 20 g2 Y5 %F HCBD Al (1) 52 el , & B0 HL 35 5
i (electron ionization source, EI) %% 1F fk2F H B
JE ( positive chemical ionization source, PCI) L &
KA Ak L B R (atmospheric pressure chemi-
cal ionization source, APCI) H.f 5 & f) HCBD £
W R H AT B A I HCBD 42 %2R H EI
W R = b i W S U 2 e e L = )
HieA7 @ YA E &, % JH W HCBD %R 1E & 1 &
225,223,260 ,190 188 4 11020334500 " i FHEC [
f Z FRic Ay HCBD ( ®C,-HCBD) /E I N A5, HiE
AE R F %R 231 A 233, HCBD 22 & Al E
PER iR 225 12237 (H{EASEREM I, PC,-
HCBD KR B F-thA 225, B AR B B A, (025 0
A IBRIHR FE 32k v 7T B8 23 52 M A i R & HCBD 1Y
FIWr, — MR A TR SRR 1~ 10
pwL, B THE KA EE ( programmable temper-
ature vaporizer-large-volume injection, PTV-LVI)
RBA% 42 B R 5 A ALY B A B R . R
100 WL #EREIARFREY) PTV-LVI-GC-MS #&: 7K Fh A #L
SN, HCBD #9 E B FR (f5 8 1L 9) AR = 0.02
ng/L[4l] N

UTAE SR oy P RE AN 85 A JR Uk | AR £33 - R IR
Jit 3% ( gas chromatography-tandem mass spec-
trometry, GC-MS/MS ) Hl <A (& 3%- 5 73 Ht ot 1%
(gas chromatography high-resolution mass spec-
trometry, GC-HRMS) 1 i F & 4% 5 K R &
HCBD ryfil #4737 75 ik, g% 1 2 2 % HCBD
Rl i) 7 SR R ER M, — 56 T 5 B b HCBD
H oMo S B, GC-MS/MS % HCBD HJ{#%
K BR l GC-MS J5 ik — D& R Ll b K=
0.02 pg. 3 PHIIIC T PG HEAF 15 K A BT HE R K

Hr B Z2 R0 LTS G A 55 ) oL FHAS TR AG: T 45
193] T RLI451E , GC-MS/MS X} HCBD 463 52
HORE e (0. 09 ng/L) , Hik iy GC-HRMS (0. 225
ng/L) , X A 25 24 T GC-ECD (30 ng/L) .
TiAh, BRAE g SR 3 AR A e, i AOM
( high-resolution gas chromatography, HRGC) #+
[ A VAR [P R AR P BE TR J s O A 38 SR 3R
U RERSAHAS 4 BEROR Py . KA 9 Fh 2 IREER
Bk 7 Fh 2 @B FN 20 Mo HLE AR 25 (5
HCBD) ™| fafic v = SR Wl S TR ER T b oS
S HCBD LA AW 2 IR OR Bk | 2 SR Al
TSR e G et DL i HCBD
ZHEBH NAR LR R M2 A E B
HRGC-HRMS 7% #| 1 43 & W %, ¥ ., HRGC-
HRMS 534 FI T K E =AML E DRI 4T

3 EREERE

ARICEGE T 2 Fh A i HCBD /R S iy b 2
AR 75 S LA Ek & . HCBD AAE Ak 28
FEAFE 1) BRI ) S B AR IS S
Rl v 70 2K B, Horh SIP-PAS Jo 7 FHL il 42 200K
BT 5 2) WA 4E 75 | LLE 3% 8% SPE %48 BUK {&
Hir¥y, K SPE g8 [7) 0 50 9w 42 fn4lifb, (2
PEAT UM AR A T T AR PR A B 5Bk 3) R IGHE
Bk ASE 155( UAE i $2 B [ 28 B [ 284 b rh
HAr e +E 2T %25k, SR ENrHE I £
EEAHEBETIRY AR, HCBD H{E
M F 8 GC 432§ J5 ECD 5% MS K],

H1 T HCBD £ PR i o 9 A7 7K ST 5 i 458
1%, & Jre v A3 s BE B 19 HCBD 43 Mt 7 1547
&Kok HCBD WFFE M H s 2 — . TR M BHE
TG E Ay B T E R B B B vTAR
P HCBD 14 B AL PR T, 0t il 4 H T 0 85 & £
HCBD H#T AU BE R L, 2257 HCBD (A i b
BT vk o AR AR R I Ty T, ok BB AN AR U GC-
MS/MS .GC-HRMS L X HRGC-HRMS fiE % i % [%
i HCBD A4t R, 76 HCBD 5 HiAth 9y o 2 [543 #7
B A BOR RN Y ) (AR — 20K 5T . IeAh A
YR504 v HCBD (55 2 43 A J& ifF 58 HCBD
T AE PR AT R 1 R A R MR A G, R
LN, Hofth A= W 20 2O RN 35 B DA R I 45 A S5t
H HCBD 1) 53 8T J5 ¥ 1 R 2 37, X 0k o 4 5
HCBD 43 At 58 i —A>Ji [l
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