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Abstract: In this study, a sensitive and reliable analytical method was established for the simultane-
ous determination of gaseous and particulate benzotriazole ultraviolet absorbers (BUVs) in ambient
air. The target analytes included four common BUVs: UV-320, UV-326, UV-327, and UV-
328. Specifically, a high-volume air sampler was used to collect gaseous and particulate BUVs sepa-
rately, with quartz fiber filters (QFF) for particulate phase and polyurethane foam (PUF)/XAD-2 res-
in for gaseous phase. Air samples were extracted by accelerated solvent extraction, purified by silica
cartridges, and analyzed by gas chromatography—triple quadrupole mass spectrometry. Method vali-
dation experiments were carried out to evaluate the performance of the established method, and the
results showed that the four target compounds exhibited a good linear relationship in the concentration
range of 1-200 ng/mL, with correlation coefficients(r) all greater than 0. 999. The method detection
limits ranged from 0.4 to 0.5 pg/m’, and the quantitation limits ranged from 1.6 to 2.0 ng/m’,
which was sufficiently low to detect trace levels of BUVs in ambient air. The recoveries of the target

analytes in QFF, PUF, and XAD-2 samples were 83. 0%-103%, 74.9%-108%, 83.4%-96. 0%,
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and the relative standard deviations (RSDs) were less than 10% for all target analytes, respectively.
The method was used to monitor BUVs in ambient air samples of Beijing, and UV-326 and UV-328
were detected with concentration range of 0. 9-6. 8 pg/m’, while UV-320 and UV-327 were not de-
tected in any samples. The established method is highly sensitive and accurate, which can fully meet
the monitoring requirements for trace BUVs in the ambient atmosphere. It not only provides a reliable
analytical tool for further in-depth research on the environmental behavior and ecological risks of BU-
Vs in the atmospheric environment but also lays a solid foundation for the environmental monitoring
and risk control of BUVs.

Key words: benzotriazole; ultraviolet absorbers; air monitoring; gas chromatography—triple quad-

rupole mass spectrometry; accelerated solvent extraction
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LI 1), WA 280~400 nm B EXRISEANE S, ST o
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320, UV-326, UV-327, UV-328 &) iZfdi i BUVs, HASE
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327 SFIAZA S A R L ERE R

F1 EIH4AFBUVSER

Table 1  Information on four common types of BUVs

Compound Abbreviation CAS No. Chemical formula
2-(Benzotriazol-2-yl)-4, 6-di-tert-butylphenol Uv-320 3846-71-7 C,,H,5N,0
(2-(27-934E-3", 5"-ZAUT HASL ) IR TF k)
2-(2-Hydroxy-3-tert-butyl-5-methylphenyl )-5-chloro-2H-benzotriazole Uv-326 3896-11-5 C,,H ,CIN,0
(2-(2"-FFE-3" U T 2E-5"- R ) -5- AR F =)
2, 4-Di-tert-butyl-6-(5-chlorobenzotriazol-2-yl) phenol Uv-327 3864-99-1 C,,H,,CIN,0
(2-(2"-F80E-3", 5"- T SRS ) -5-GURATT =)
2-(2H-benzotriazol-2-yl)-4, 6-di-tert-pentylphenol Uv-328 25973-55-1 C,,H,N,0

(2-(2'-F84k-3", 5'-TORURSEATL) - =)

AR, MHRWRTESL 7K. 3. DB, ENKRA . EWEELS RN B BUVs AL R 5
SIRTIE T TR b, AR N SOMAS[E Y BT BUVs (5% B AFEFI IR A T S5 0 Je 79T . W
PRAE S TIACEE 7 VA AL AR AR RCH . AR . WA . A0 BRI AR . TR R RS
PRAE S TIAL B AR IR RS . DIV R AL (ASE) &1, 4 F A BUARIUIE A s . 2B a
ARV HEE . - ECEE(] 0 D8 ST 7 A AR A A - Bl ik (GC-MS) ™ | AtH
ol - = DUARAT B REk (GC-MS/MS) ™| 4 S AH A RS - RATH BB RE B FH 7 (GCXGC-TOF-MS) |
B RO AR A RS (HPLC) ™ | WA (i — H R (LC-MS/MS ) %

H A AR H BUVs IIRFFEE L, Maceira 5575 DRI 70 X -SMH (0 3% B ity 1 PO BE AP 3
AT 2 A Tl e X PM, H1 ) UV=-320, UV-326, UV-327, UV-328, J7iEtHBBR A 1.0~6.8 pg/m®,
25 VB HE DIAR WO A 969%6~119%., W 557 it FH i 7 A B VAR £ 1% — R DR ISV 20 BT 1 32 B 22 aF
& R b XA URL iy v 28 FR R WER, Ho 9 R BUVs AOAS HE B 24 0. 03~2. 28 pg/m®, B Sy 79%~
104%. Shunthirasingham %" SR EE T ISR 2 MK IR 2 SN, RS NIEE FIZEEL, i H GC-
MS/MS J5E o $RBUNFR UV-328-D, 25 B KR ISR g 75%~155%, 25 JENEAE S BUVS B [l 5
75%~125%, SRZBRIEAA XAD-2 REFEFE S H BUVs B IR K 809%~155%, ARERSZSE T 1T KA A0
B UV-320 28 15 P AL SRR GC-MS/MS i, KR4 0. 01~1 pe/m®, JEFMIAEEINE
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72.5%~133%. Zhou % {ii F HI i/ A R B PM,, JEBS ) UV-320, UV-327 F1UV-328, R EIK
E £ 3% — 3 BT RS v o T L AE A R T AS R 2T AR B 43 A, () e 356 I W 3 S AR 5 o fe o XL
P

H A W5 2 R T RSP BURLA BUVs,  BURLAHRISA BUVS [ 2007 1) SR G o0 17548 A B
Zo N TRREPARFEMZSBUVs IR K . KIE S IER B, BRERBUVs EEORIE, R
SEUERR . OTEE L B BEA)BRE 4SS URLAH 5 A BUVSs I W U ik . AREFSTLL UV-320, UV-326.,
UV-327 flUV-328  HARAL Sy, T ASE/GC-MS/MS i, it RE AL AL PR, @7 &b
FIEEZ SR & BUVs 43 HT BRI 7 %

1 K&

1.1 KFEEH

4 ¥ HAREE Y (UV-320, UV-326., UV-327, UV-328)RUEIR SN (100 pg/mL, HEE) . $%
AR UV-326-D, 2 #5F1 UV-328-D , I &1 (344 100 pg/mL, M), ¥ H KHFREERHATRR
o)y HEFENARIUREE (TR FR D-bi, 1000 wg/mL, PIEI)IEH LR S EMPHEAA R AR, LR LHE
CREEZR) . WEE(RFER) . VI(aikat, >99.9%), A b ig2eik scob B B AR 2w .

A G - = HE DU AR AT BT RE I FA (TQ-8050, HARBHAT]) ;s K &4 SR MRS (HV-700F, H
ARGEHAT]) 5 MR RZIUL (ASE-300, EEBLAR); &l S PRGN (ERER DA
PR w])) 5 WAHARECRE B (321 Supelco 24 H]) 5 MK 4R (3€[E Organomation Associates 2YH])

A YELFLEIERE (QFF, 203 mmx254 mm) I H & PALL Life Sciences 23], i FHi{E 600 “C T4t
AhJEE TP AR, BEEOE(PUF, 90 mmx50 mm) W E HALEH AR, {4 H w7 bk 2% G
e U HEYE, Wi Ko G IR 24 h s A FISE B0 2080, s swie 5o =00,
AW F N, ABGR R 100 'C, ZHE LA 10,3 MPa, FRASABUN ]2 5 min, JEIR3K, &
VoS BT e Se I =l KU N, SR T S N R AR R T A P XAD-2 5 B b
M2 SCIR R By A BR 2 =), A A P 2R R B 18 b, $RIUS B ik v S0 = XU P B T
FHERTH AL G2 N B R T P B (1 g/6 mL) A B i 2l SER BHE B A A BR 23 7
1.2 FREREEH

53 MBGE 100 pe/mL 470 HFRAL S PIFRETR G5 . 100 pe/mL 2 Fpd B BRI 25 2 1 000
pg/mL BEFEPIRRIC S, /0o DA RGBS, BT S i B M 1 pg/m L B il F R

MR LIRS 1 ng/mL HRPrbriEiR & HE R 1. 2. 5. 10, 20, 50, 100, 200 ng/mL
HIBRIEIEI, N1 pg/mLBRBO bR A 1 ue/mL BEFEPI AR I 50 pl, B T-20 CF {17,
1.3 #H@m%E

SRAE Hb A B R ERES AT O (LSO B TURAE -6, BEMIE 230 mo SR R B2 50K
BOREFRIAF SRS BUVs, 1 QFF REEWRIAFESL, FEPIBL PUF M) E 15~20 ¢ XAD-2 ¥ 5 (PUF/
XAD-2/PUF ) RAESHEN . SREFISTH) A 24 h, JHE R 500 L/min, FENCREEMRTRZH 720 m*, [HBidsR
KRR . RED . IRESEE . RAEG QFF Al PUF/XAD-2/PUF ffi 48 M 5 & T % # Rh
-20 C N RFE R
1.4 FEMmETALIE

F£ QFF . PUF A1 XAD-2 4 i 43 B 0 50 wL B R R 1 we/mL 2P bR I (UV-326-D,
FUV-328-D,,), 5l H ASE I, REBUAFI ARG KIS E SR e, EBURE N
100 °C, ZKHUEJ129°0710. 3 MPa, EASAEHETEIA S min, JEER3 K. MG AEBOEH PATIRGEIOR G £ L)
0.5 mL, frgk,

FETEEL: e TR CERVEAIRBUA R, WA FEAERI2 K, FRPEIEHE 30 min, $2£HL
WIRIRZ W YE . Wb, BIR, mAERZE 1 mLAE, KGRI DR OEAIRBUER], &L i
B16~18 h, $RBURZHEFFRAWAE . B, BRAAAR)E, EA2 1 mLAR, R X FEP
BRI ZS A SEEy, SR EX NIRRT 5E 2 — S AT R RE , T H AR T,
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i AR SR AR S, ZAMER 10 mL ZBR BT, EAFE 10 mL ZTR S BRVERE . e 2K
WA <1 mL, MIAS50 WL BRI R 1 pg/mL BRI FRE I (D-bi), E&ZE 1 mLEN,
1.5 DW&EH

AR RE S5 . A3 AE A DB-5 UL(30 mX0. 25 mmx0. 25 pm, 2EE 22454 T)) ; JEFE O
280 C; A MHAS(HEH99.999%), i 1.0 mL/min; A2 UERE, FEFEE R 1.0 pl, FHEREFE:
WITAIRE 120 °C, LL30 ‘C/min FFE 200 °C, {#4% 1 min, HLL4 C/min F+ZE 280 °C, {31 min, HGLL
30 “C/min F+ 2 300 CH{445 5 min,

Jon St HELREE 280 °C; B FIRIRE 230 °C; ML AN, WMERER 70 eV B
FUSER B8] 2 ming 5 22 58 W5 (MRM) B
2 #R5ITE
2.1 FBUE&Hmme

IR GRS 3T BT R 1) SIMAS RIS T = S DUARAT BT i i) MRM ASCHES T T e, 40 il FH ST A%
ORI MRM AR 52 b ifle fh 28 70 18036 B (50 ng/m L) 8 B ARSIy bR & 60 B, (i nE 2 Brk. MRM
P ML AP0 S S, 355 PP ae /D B b g 28 1 SIM AR, PR i 45 MRM B
BUVs, HFMEEWOREEINE] . & 881X, Evhe Frr . RiSRE SR 2,

A D-bi
1.00
& 0754
7 050 UV-328
5 UV-320 yy_3 Uv-327
025+ UV-326-D,
UV-328-D
. T T T T JI &
14.0 16.0 18.0 20.0 22.0 24.0
Time/min
B D-bi
1.254
5
=
£ 0754
g 0.75 UV-320
[ Uv-326 Uv-328
UV-326-D Uv-327
0.25 j ) UV—BZS—%
I m Al
T T T T T T
10.0 12.0 14.0 16.0 18.0 20.0
Time/min

2 SIM(A)FIMRM(B)#EAT 50 ng/mL BUVs I {4335 5]
Fig. 2 Chromatograms of BUVs(50 ng/mL) under SIM(A) and MRM(B) modes

2 HbMESYR RN E RS, VS SREERE

Table 2 Retention time, quantitative ion pairs, qualitative ion pairs and collision energies of target compounds

Retention time/  Quantitative ion  Collision en- Qualitative ion Collision en- Qualitative ion Collision en-
Compound . . . .
min pair(m/z) ergy/eV pair 1(m/z) ergleV pair 2(m/z) ergy/eV

Uv-320 16.91 308. 0/57.2 24 308. 0/252.2 9 308.0/133. 1 18
Uv-326 18.24 300. 0/119. 1 18 300. 0/147.2 9 300.0/91.2 36
Uv-328 20. 12 322.0/252.2 9 322.0/71.2 18 322.0/133. 1 18
uv-327 20. 24 342.0/57.2 24 342.0/286. 1 9 342.0/133.2 18
D-bi 11.05 212.0/208. 1 33 212.0/210.2 24 212.0/158. 1 39
UV-326-D, 18.18 303.0/122. 1 18 303. 0/150. 1 12 303.0/126.0 18
UV-328-D,, 19.95 333.0/257.0 12 333.0/93.0 33 333.0/77.0 18

2.2 REAXML
ARG T ASE . F FCPREBUCRER A 3R E 3 Fh 7 %5 PUF . XAD-2 J2 QFF 75 1 ] 25 1 AR A i
AR R BOR . 25 bRFES R, 450 B PR bR 24 50 ngo
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F3AIRFW], ASE A AL Rt H AR, T 7 e BRORI 2 R4 BUAY 23 RE il rp m A Y
e AR o G HREL: 0. 1~0. 5 ng; RIHEL: 0.2~3.9ng) . 45 AKEH AT HEAR R A R) 2 72
PS5 MR FE TNy TR, ICREE SRR . ASE B RICER 4 83. 0%~101%,  AHNFrRife
WZZ(RSD) A 2. 3%~8. 0%, FEHUSEFaE HAL Y, MR s BAH . RS R G
B [T WS 3 31 Sk 116%~144% F 133%~145%, RSD 43 A1 4 2. 5%~9. 6% Fl 2. 1%~10%, [ 2R & F ASE,
FEFEE W RERE QFF . PUF J2 XAD-2 BA m R AR, & FCHR B I a) [l 3 15768 R i e e & 5 I\
REFEFIESEYy, ERN R P2 A S W, SR G . ZRE%E, ASE Bl & 2 FLRHHF
FHO EFRTERC, IR ASE /R i &3 BT,

3 ARHREUT T2 RS EINARI A, R

Table 3 Test results of blank and blank spiked under different extraction methods

Sampling Blank concentration/ng Recovery/% RSD/%
media Compound ASE Ultrasonic ~ Soxhlet ex- ASE Ultrasonic ~ Soxhlet ex- ASE Ultrasonic ~ Soxhlet ex-
extraction extraction traction extraction extraction traction extraction extraction traction

QFF Uv-320 = - - 92.2 132 141 5.8 2.6 4.0

Uv-326 - 0.3 0.4 86.0 129 143 3.4 7.7 5.7

Uv-328 - - - 83.0 144 135 6.2 2.5 3.2

uv-327 - - - 86.9 143 133 3.2 2.5 10

PUF Uv-320 - - 1.8 92.3 116 133 4.3 5.8 5.2

Uv-326 - 0.5 3.9 101 133 138 5.4 3.8 2.2

Uv-328 - - - 97.0 125 142 3.3 6.5 3.8

uv-327 - 0.2 2.6 93.2 128 138 8.0 9.6 4.6

XAD-2 Uv-320 - - - 90. 6 117 137 2.3 3.7 5.5

Uv-326 - 0.1 1.1 92. 4 133 139 4.6 4.6 3.4

UvV-328 - 0.3 0.2 94.2 130 139 5.0 3.5 2.1

uv-327 - - 0.3 92.5 125 145 2.6 3.6 3.6

*not detected

2.3 PUFTisbEANiERE

SRS PUF W B 2% 00 43 BT 8 4, SRASE AT W] {5 FH PR ) A0 R ) e 5 ) B b 7 X% PUF
WEATIEVETIALER, ASBFIE X PIFIE D7 AT T 6 .

W 53 2 BFP 7 DS 0 PUF 28 RS L DIRRFE S (DIFR A 50 ng) , 452380, IRYAIEE
FERIE RN IE B G PUF B 4 B BUVs I IDISCE8 55 J01] A 86. 2%~107% 1 89. 2%-~95. 2%, £ N iR ifl
BYEG, 258 PUF Hr 45 BUVs BYIIE LS SRR 2. 0~21. 0 ng,  HAAGE & P AT I ARG, T 1 3 ) A5 B
BT B Res . SIEE O U, s A R B B 5 ST %% 2Bk PUF BT & 4%
AT Wi, EEENEE RO 206 PUF S & Ve L
2.4 HFmELAXRL

FERE AL T A ROEBRE AR T, $emnik RS . BIAWIR Y, Xing 557 F) R 78 €A1

FEG AL AE U 038 B K AR FE S, BEBGE R S A FE (ARG 1 2 1), Wu Sl AE R U8
PEREUE NN 30 mg C WEBR RIS IR BEDR 7 o 250020 i85 00 7 KOG FE S E 1At o Zhang 250 i P LA
FEFAL A BUG 5 IR FIDUR AL S, R0 SR SRR IE Cbe (RFRE 1 2 9) PRI, STk 200 Pl e A
WAk, AW RERFE R PRI RIS T Tk, IR [ 2 R S FE R v A 0 5 T AT
TR,
2.4.1 BEBBFIEE AWk, ECkE. WEIRZBR A NLIE G G ABUS Pl
. UV-320%5 BUVs 78 _LRIEFRIH ¥ BA RIS fRrE . o E QBN SRR, PIE A iR PR 57,
TSR TR LT A AR ] FERERCHE BRI 50 ng & BARAL A MObRIEIR L, A RIVERLE
FIVERE, AAEOFH R IECk(1 1), QWL « IECki(1 2 4), @WE : IECLE(S: 95), @
ZIREE  ECKE(L 1), OZBZES - EFCki(1 1 4). ©ZMZEE, WES B mblcE, mik
3PN, BRI RIS O ~©@W 4 Fh BUVs 8 IS 2853 511] 4 103%~106%., 95. 5%~103%. 95. 0%~98. 9%
94. 5%~101%. 103%~108%. 97. 6%~103%, AR FIGERLR IRz, ¥RESCHH bR A 350se
Wit s AR H TR SR BERE S e Beudedse b, basoim iy, PRINGRIR IR L BR1E MRS A R 7 o
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120
UV-320 B UV-326 @ UV-328 @ UV-327
110 108
106 106106
< 10341043 103 103 0| 103
& i I 98.9 98.1[7]
E 100 99 210] | 99.4
£ 100- 98.1 1 2[M198.0 97.6| 1
2 95.5 95.0 945
90
80 3 T T T T
Dichloromethane  Dichloromethane Acetone & Ethyl acetate & Ethyl acetate & Ethyl acetate
& n-Hexane & n-Hexane (1:4) n-Hexane n-Hexane (1:1) n-Hexane (1:1)
(1:1) (5:95)

13 R R bl e
Fig. 3 Recovery results of spiked samples after elution with different solvents
2.4.2 BHEELAFRERMY QFF. PUFFIXAD-2WE42S A IIFREE SR 2 A Flg AL o () 0 28 4%
WIR, XTQFFFIPUF KRG, ARZGALIY 4T H AP a8 55 14 72. 6%~89. 7% 89. 8%~99. 2%, 2
FhER B bR U2 45 514 82. 2% 86. 7% F1190. 8%, 95. 1%; ZHEMIALIG, QFF FIPUF £ 4
i H bR (4 1l WS 2245 50 47 78. 4%~92. 2% . 92. 4%~102%, 2 Fhdi B AR 4 [l Wie 28 43 31 47 83. 0%, 86. 9%
F91.9%. 95.7%, Ltk SREEAFERM MR R 2SS, (HPUF MBI AER 2 o+
Wy, KL TSR AR LR, ST XAD-2WHEFES:, TRBURAIR Y G 515 & 217 ki
Yy, RiEEBEAREEHEN, SR G R A % 2505, 450 B ARt [ R 5 90. 6%~
92. 8%, 2 FPHRE BRI IR S 94 92. 5% F194. 2%, B WX T AN 2RI KRS, REICAE Ak T &
PRz, MRS, B GPmeERe 2R, TR H BUVs 24T,
2.5 FHikiER
2.5.1 tREMEREMTEE HIMIBREHIERE S 1, 2, 10, 20, 50, 100, 200 ng/mL
BIPRUEIIE, RANAREA TG . DAL G P BT R R PR (v) , DL & Wi A1 5 N bR
T AR AR AL KR (v ) 22 bRt TAEIN 2R, % H PRS0 7E 1~200 ng/mLIEHE N R R IF, HHRRE >
0.999,
2.5.2 MHER EFEIRHKERRER I (1 ng/mL) EENE 7K, LI E S5 RARME W 2200 3 65 8 H R
DL 4 AR R A B TR . 24 SRR A 720 mPiF, 4 Fh B BRI A HBE 47 0. 4~0. 5 pg/m’, E& FIEH
1. 6~2. 0 pg/m’, Maceira %" i i Il HE 7 44 R B 45 5 GC-MS Il € KR i) UV-320, UV-326,
UV-327 f1UV-328, KitHBR A 1. 0~6. 8 pg/m’, Wu 25" i i 8 75 AL B -LC/MS/MS 125 ) %€ ks 4 vh
LUNRIRICR), UV=320. UV-326. UV-328F1UV-329 A4 B 47 0. 04~0. 33 pg/m’s A J71E 5 FRBF
JU 0 R R DR WA P S AR S AR WM AR 22 5, (H3 il R ATk,
2.5.3 RBEEMERE NHELSMITIETEENE, EHA A QFF., PUF M XAD-2 8, 43l
20 pL 100 ng/mL. 50 pL 1 wg/mLA1200 wL 1 pg/mLBTR-SFRED T, HHEMFRECRFIRSD, 4550
#4, QFF, PUFFIXAD-2 4 Fh B AR A I Z 55 710k 83. 0%~103%., 74. 9%~108%. 83. 4%~96. 0%,
RSD 2351141 3. 2%~9. 7%, 3. 0%~9. 4%, 2.3%-~7. 8%, FHHJ71EEAT B A i S,
Fed  BUVs B MR EIBCR AR bR i 2200 0 45 SR

Table 4 Determination results of spiked recoveries and relative standard deviations (RSD) for BUVs
QFF PUF XAD-2
Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%

Compound  Added/ng

Uv-320 2, 50, 200 88.9, 92.2, 90.8 7.8, 5.8, 5.6 74.9, 92.3, 83.6 7.6, 4.3, 3.3 85.4, 90.6, 85.0 4.5, 2.3, 5.8
Uv-326 2, 50, 200 94.8, 86.0, 103 3.4, 3.4, 7.5 108, 101, 105 3.7, 5.4, 6.2 96.0, 92.4, 93.6 6.1, 4.6, 3.4
Uv-328 2, 50, 200 92.0, 83.0, 94.7 8.7, 6.2, 6.9 91.5, 97.0, 8.6 7.0, 3.3, 4.5 89.1, 94.2, 83.4 3.4, 5.0, 7.8
Uv-327 2, 50, 200 86.7, 86.9, 96.9 6.8, 3.2, 9.7 76.5, 93.2, 87.9 9.4, 8.0, 3.0 85.1, 92.5, 83.5 3.7, 2.6, 6.9

2.5.4 SEERESNE 3% QFF, PUF A XAD-2BRESERRAES, . SEBREES bR (%% H bR ks 2k
50 ng) Bl 2s A O TR L g b AT IEE FIZEER, St tb 5o, g as Ay, & i
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Table 5 Comparison of BUVs in ambient samples with other studies (pg/m’)

Sampling area Sampling media UV-320 UV-326 Uv-327 UV-328 Reference
Tarragona City, Spain Constanti QFF ND~39 ND ND~68 ND~43 [21]
Tarragona harbour QFF ND~7.2 ND ND 6.5~21
Chicago, USA QFF - ND - ND~12.5 [27]
Canada QFF - ND~11  ND~1.78 ND~220 [28]
Beijing QFF 0.1~0.3 - - 0.1~2.0 [5]
Shijiazhuang QFF ND~7. 47(ng/m*) - ND~0.90  ND~2.07 [29]
(ng/m*) (ng/m*)
Beijing QFF ND 3.1 ND 6.8 This study
PUF ND 0.9 ND ND
XAD-2 ND ND ND ND

ND: not detected
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