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Photodegradation of organophosphates in face masks

SU Zihan' YUAN Ruiyu" WANG Can' ZHOU Xue' HE Mingjing? ™
(1. College of Resources and Environment, Southwest University, Chongqing , 400715, China; 2. Chongqing Key Laboratory of
Agricultural Resources and Environment, Chongging, 400716, China)

Abstract In this study, we analyzed the photodegradation behavior of several OPEs in face masks.
Medical surgical masks and N95 masks were selected to studied under both non- humidified and
humidified (simulated wearing) conditions by analyzing the content of OPEs as well as the fragments
of OPEs using UPLC-Q-TOF-MS to explore the degradation pathways. The results showed that the
photodegradation of OPEs in masks under the non-humidified condition was in accordance with the
primary kinetic reaction, and the OPEs degraded faster and with shorter half-lives in the medical-
surgical mask matrix compared with the N95 masks. The degradation rates of trim ethylene
phosphate (TCP), 2-ethylhexyl diphenyl phosphate (EHDPP), tri-n-butyl phosphate (TNBP), tris(2-
butoxyethyl) phosphate (TBEP), and tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), in disposable
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medical masks increased by 7.02%, 8.32%, 39.1%, 83.6% and 257%, respectively, compared with
those in N95 masks. OPEs selectively absorbed light at different wavelengths, and they can absorb
more photons in the UVC wavelength band of light. The application of UV light significantly
increased the rate of degradation of OPEs, and the longer the light exposure time was, the more
energy was absorbed by OPEs and the more they were degraded. The degradation products of four
monomers, TBEP, TCEP, TCIPP and TDCIPP, were identified by secondary mass spectrometry
fragment ion analysis. The degradation pathways of TBEP included hydroxylation, oxidation and
hydrolysis reactions, and the degradation pathways of TCEP, TCIPP and TDCIPP were all hydrolysis
reactions.

Keywords face masks, organophosphate esters, photodegradation, degradation pathway.

A P2 TE (organophosphate esters, OPEs ) f&— R L 78 (g A7 LA BELA 7], 88 5 A Ay BELJA 351 34 9 741
K FHAEGFARE BRI . T8 DA S KB R UL S ARk, Bifi 4 22 V5L B 2R ik (PBDES) #% 51
AFEAMEAT LTS YL (POPs) 44 B2, {f) PBDEs &= B0 i i) OPEs (1) 77 it 7 tH L9 il N 72 A 2 1.
2007 4F, F[E OPEs 4-Md IR 290 7 J7 t, I LA 15% AR KRR B4,

ST s, B e 15 300 fe) 4= BR 1 BE e kB4 H 1290 /240 v R 4Bk i KRG 11 B A R
5 L gt SR 90% 1 H A 70% 1Y H AR | EEL OB ORFT R 3 TR A
b ), H R o Bk B R S, AN AR BE R XU, IR ST e IR BT MR R P 4 4 Oceans
Asia B9— 3R oR, R FEAY 0 BT 400—500 454 AT LI SR, A B 05825 o 3R 3 1k
AN T IKIE R G I A b Wil 1 AR ) 5 1 AR AT 2020 4R, A 15.6 {2 T EREEL %
JE TR AHEPE, 1S A AR ] BE2x i 1 2R Wt SARS-CoV-2, I HE AN ki, WA X A B B 1A i
SR 3 8™ B 5 T . T b, R 3 B A A RO B R A B n e s B R R R E RS e i e
B T ] N A2 38 5 T I AR L,

H X5 Y 3 1SR LR ) A4 T R 588 J LTI 45 (1, A AR5 k80 1B b () B A SR A1k
(UV) & T BB K f AF 5% 3 W1 O 3% i 2 24 5 2 5 v 25 B A MLt IR T ) — i A s A 10 19,
Cristale 55"V BF5¥ & R, W[ 7K 1 ) OPEs BE7F B2k A A7 76 B & A= JER . Sun 451 B 5% & B, K A5
H TCP A77E B BOGAR B S, I H NO,FI Fer T LASEE H A, J8 7 1 WU 2 300 ) HL A (RIS, A AR o
H1 OPEs fE7E TiO, /41 ™ A 5% M, I ELRRff R 5 -OH 5 £ 22 IE AHC UL EAb, Yu S5 & 30,
TCPP 7E UV/H,0, &4 F #%-OH Y i Hid s iy P—O BRI S8 Y C—CI 8, Fe & i 42 i PO, CI,
H'Ml CO,"™. 4 5 OPEs [ M58 K 22 4 v F oK AR L5, X 11 B8 3L 5 v OPEs MM FE iR AR /DL A i,

YT, ARTFSTRRL T LA WA HLBEA TS (OPEs) 76 158 35 i v iy G R MR AT R, I3 3o 48 2 sl
AR AT ] % (UPLC-Q-TOF-MS) 4] [T ¥5 tf OPEs & f& I i i H 8 T oA T B f i A2 . A
5T 45 5 & OPEs 7 M1 B 3 i vp i 3R 5517 S H: OPEs 7E3REE A5 i 42 0L T S Ak 4.

1 MBS (Materials and methods)

1.1 FRECREE

ARSI T BT 1 B SE [ 2 b, 43 1 E LA B AR ETER (S 1) T N9S BE R B 3 B (NT).
SRR 58 T Y 2 WD S T VR i B T AN 28 Ja B A48, A7 T & IR PR R .
1.2 SRR

FRUE S : 8 B OPEs #R1fEW) i (W52 — % £, TCEP. ik = IF T ik TNBP. ##ik = T % £ Mg TBEP.
R — (2-% N 5L ) g TCIPP. iR — (1,3-—4(-2-N 3% ) i TDCIPP, B2 — <& TPhP. Bk — H K [g
TCP #1 2-& 55 O 5 R LW W2 is EHDPP) 2414 [ 35 [§] Accustandard 23 7). OPEs N 454 it ( TNBP-d,,
TCEP-d,,, TCIPP-d,g #1 TPhP-d,5) ]Il [ Ji1 %= K Toronto Research Chemicals 23 ).
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KA R CHE . VB, S H BEFNIE O be S5 7135 o g 4l (HPLC) 29, B 4 L, I T 36 1. T.
Baker 2\ ], (5% 4l S 206 49K A 8 Merck 23 7.

A s ST T FH B B A LR — Y R FH T R B . U B LE e Rk k.

o o B 2R O L) BC ) OPEs AYYR A bl . FREL OPEs [ A BAAR 0.0050 g, % T 10 mL H i o ol 1l
500 ug'mL™" OPEs {45, P H BT 38 A e, B 2155 10 pg-mL ™ AUTR A RFE, SRS B BC i1 b i,
Fritli 1 6 bR S 4, BRI E N 10, 50, 100, 500, 1000, 2000 ng-mL™", AR E H 1 ng-mL™",
FHIBEE 25 2 200 pL, TUKARR %R 2 (20 °C) RmE BB P R A7 4 .
1.3 [ OPEs f)G AR S2
1.3.1 SGREAR 5

AT 0 R AN E R R SE B0 2% B AN 1 TR, [N g A B R R BB i UV e, UV R KA
254 nm LR AT (Philips-TUV 8 W), KL FF 48 HT Al A 30 min LAGRIESE LR E 9L IR 4R 5. 4 EE 7
A LA B LA SR 2% N A8 SR ER, AR B TE . S0 40 R AR IR L A 4, 4 O g
BNk N ROV, LAASAEL 171 ER A S R RSO B R, I A 0 B I E 85%—95%.

CEMA Vents

. {88} Hygrometer

. P4YEHR Light shield

. 332 Petri dish

. O B4 Mask samples
1 L EEHMT UV lamps

3 ‘ // 4 . 7k 2 Water mist

= g = 1 LB NNEES Air humidifier
on

B 1 OGRS
138 XU Vents; 2: ¥2J%¥ 11 Hygrometer; 3: #4564 Light shield; 4: 55310 Petri dish; 5: 11 EAE ) Mask samples;
6: 524MT UV lamps; 7: /K55 Water mist; 8: 25 S NTEAS Air humidifier

56 6 6
—8

e B I Y R S R

Fig.1 Photodegradation reaction device

1.3.2 FEARFE G 0 5

SR R T ERAY ST NT PR, 1 BEAG I 2 B R B L A B SRR T R, I AN S AN BY
JIBY i/ (3 mm x 3 mm) . K R e rE B BEAR B9 S ug-mL ' OPEs JR A% H 784312 12, 60 min f5 B,
BT IOOCIEE A XU P AT, 98 T AR AR L AT G IR SIS AR LI A T B .
1.3.3 UV F#fR 25

B LA HPLC 9B B . & H e . IE CObeR Ui vE 3 i, R WL ) 58 4% & 5 FEH T D
R RES . AR IR LA R 6 B KT A 1 B, R AT T ST B RIRE 55 57 LA R 0 26
FE W HURE CR IR 4 0, 6, 12, 24, 36, 48 h; JIN{E41: 0. 2, 4, 6. 8 h). FEAHUH J5 I8 1A 4R 14 U
(-20 C)PRAFRFIN, BURE IS 1925 BRI e PR B h EAT. TG B (] s 250k 4E 3 AT HE.
1.4 B OPEs Fiffb BN &5 53 B i

FRILZ) 1.0 g KAt Jo B RE b O 00T U 19 2R DU 9 £ 45 (PTFE) B 048 T, A 40 pL 5 pg-mL™ AR
¥ (TNBP-d,;. TCEP-d;,. TCIPP-d. TPhP-d;5) )&, FH 15 mL — 5 W ke AE O ke (1:1, V/V) IR 4V W
P 30 min, EE 3 KRGS SRR TE R 28 R A8 4 229 2 mL, RN 2 mL 5 B FiIE
O e dE AT PRI 7 38 3, e, F N BRI 24 0.1 mL, FHE T 200 pL FEE A, F—20 C A7

OPEs 1)l 2 {#i F§ Waters Xevo G2QTOF # = 250 W AH (335 A% - AT 8] B 3% X 2%, 545 BESI 1E & 1
P, LU & B i (MSE) #5856 5 SR AT 75800 47 19 2 P4 A & 43 #r. R ACQUITY BEH C18
(100 mm x 2.1 mm i.d, 1.7 um, Waters, USA) &% 45432 OPEs HAnib &%), i sh Al A N O 0E, W sh Al
B M 0.1% R AY 22 B K. R sh AR AL 43 B FE T 4: 0—1.0 min, 5% A; 1—4.0 min, 5% A—30%A;
4.0—6.0 min, 30% A—70%A; 6.0—10.0 min, 70% A—80% A; 10.0—13.0 min, 100% A; 13.0—15.0 min,
5% A, Jitif R 0.4 mL-min ', AR IEHITE 40 °C, FEFEF S EN 1 uL.



43 %

i

ke

3

4014 578

1.5 OPEs MR f#ah J125 0 XK 321
i — 2% 8h J1 2405 R 48l & OPEs MUfR & &bl UV GRS K AR fB 1 0L, A =0T

C
In—= = —K xt (D
Ilcﬂ0

Hodr, ¢, Fl €, 435l # 7k OPEs BUKRR A ] Ry 0 F1 ¢ B 2 AU MR I, K Fe/n R H 8L, 2= W0 In2/K.
2 75 5318 (Results and discussion)

2.1 OPEs YRR 8 T2 X =

IR P AR C1 BRI 5 OPEs 1Y G RE if FH i — 24 sl 1 A LA 45 R an &l 2 TR, In(C/Cy) 5 it
[B] ) R A2 56 R B UV RS 11 B L 5 KBB4 OPEs J& 445 & 1 — U b 8l F12% 19 (R%: 0.86—0.99,
SF-H4{E 0.92) . i Jin 82 41 5 Fh 11 EE 3 5 o OPEs B G [ fife FH o — 9 3h 1 “# B L& SR 39 1R 25 (R
0.04—0.87, {8 0.42), Bk PEATERIT. W R 10 B 3L i b OPEs B fift BR8] (1,0, h) W3 1.
OPEs HL{A7F 17 ¥ 3L 57 v i) B e 5 300 45 R A ], B4R i TDCIPP /& #i: K, TCP #e/IN. Bk TPhP 4b,
OPEs HLiAR 78 S1 [T E8 5L i vh 4 [ i W K02 R F N1 2R /0 F NI X3 5 N1JE AT T,
OPEs 7£ S1 & Jifi v 33k [ ff 75 55 Pt #H%¢ F N1, TCP, EHDPP., TNBP. TBEP F TDCIPP 7£ S1 H )[4
fif R R AT T 7.02%. 8.32%. 39.1%. 83.6% Fll 257%.

= TNBP AN = — .
-4« TDCIPP ANy -4 TDCIPP AN
» TPhP . A TPhP AN
5| vTce AN 5| vTCP N
+ TBEP N\ + TBEP AN
< EHDPP < EHDPP N
6 1 1 1 | 6 1 1 1 L
0 12 24 36 48 0 12 24 36 48
t/ t/h

B2 UV RS S1 R N1 1 OPEs [k —2 8l 12 (R Inig4l)
Fig.2 Quasi-first-order kinetics of UV degradation of OPEs in S1 and N1 (unhumidified group)

F 1 ARIBHEE UV B S1 A1 N1 h OPEs 9251 (15, h)
Table 1 Degradation of OPEs in S1 and N1 by UV in unhumidified environment (¢, h)

s
ﬁJ‘ﬁ TNBP TDCIPP TPhP TCP TBEP EHDPP
Mask matrix
S1 8.316 27.62 10.96 5.50 9.36 12.11
N1 29.71 38.40 10.53 5.89 17.18 13.11

22 JEREREZ N

T A W B RSO [ 1 9 0, SR A I8 38 A5 0 R DG I A A AR KR ). SR 58 40
A3 66 BETH R I 46 K JLFP OPEs [ WG R B, & BLAE 190—600 nm I < 1 [ P9, 4l K A 5T A Y
OPEs JL-P- ARSI+ KT 230 nm A6 R BICO B & B, FBEAE VS FAIRT, Y5 3R B4 77 DBDPE 1
B RO AE 245—255 nm A2 A7, R 58 R W, 7€ 200—300 nm i [F 4, OPEs 1M 5t B S AR
fi, {H TCIPP Al TDCIPP #£ 200—220 nm P4 32 Lt AR X4 i85 A W S B2 [R A, OPEs £ 7 — 28 B AR R
F PR, 76 & FPE T 5 DBDPE A S8 2 4b, HAHFSE M58 5L 5 o OPEs 11935 et 2 F H A
VRSN, R, ASBIFSR 2 UVC JEBE(200—280 nm) 4 S8 AN 1R R ' Ak 12 i 6 BB B G U5

S SR FH PR 5 1E G B FREAT X L, LAWFSY 1 B8 3L rf OPEs 78 A I R g #4440 F 1%
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RGO (& 3 A 4). 255 o, BRmE X HR AL rh, 48 h i 2240 OPEs SR B B M R A T 10%, A4
S BB T 30%, 33X 18 W R I 25 11X OPEs PRI ik (1 52 M 5 /1 T AE 288G BRZH vy, OPEs 1Y R figk 2
R E B, BB R A OPEs W I G R Y D' F Ji5 D 3 S I [ A, L I 25 6 A RS ) A% 84
OPEs W fe i £, Bk 2.

SI+UV —e— SI( i) Dark) —&— NI+UV  —v— N1(#¥ Dark)
TCP

TPhP 12

12 24 36 48

B3 AIEF SR OPEs #/h B B2 D' I i A2 b CRANEZH)

Fig.3 Variation of OPEs monomer concentration in different mask substrates with light exposure (unhumidified group)

SIHUV e SIGEY Dark) 4 NI+UV  —v— N1 Dark)
- TPhP r TCP

1.0 1.0 NN % E
0.8F 08}
_ 06} _06}
oA )
0.4+ 04}
02t
| 0 1 1 1 1 ]
0 2 4 6 8
h
= EHDPP
1.0 %“’ %—<§Q§
08F
§
“ 06t
041
04 1 L L 1 Il 1 1 1 L
0 2 4 3 8 02, 2 4 6 8
h h

4 ANJF]FEEEEST OPEs i 43 B Ay 2 B ' it ) 22 1 i 2)

Fig.4 Variation of OPEs monomer concentration in different mask substrates with light exposure (humidified group )
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KIMEL (F 3) v, SR S1 Y OPEs HUAR ) B 35 K F 90%, H TCP £ 48 h Hif 4= & fif
(C/ Cq=0), B 10% XF PR 20 r SR B i 2R 9 /N T 15%. N1 A TCP L 42 35 4 /% , TPhP & fi 5y 94%, T1fij
TBEP(83%) . EHDPP(86% ) [ fift R 35 /N T 90%, HLJF P 5 v B A8 Ak #4345 iy 0 28 AN [, i 190 o A fik ok
% i N (] 3 Jn A Wi sl /), T TBEP Al EHDPP (19 [ fiff 3 8 /2 7 Ul 12 5 3 D708 W R Ry 0 PR I 2 B
EHDPP 7E 48 h B R i 568 32% A, HoA B A A B 28 25/ IN T 15%, RTBE 2 PR A 2 18 PN 0 ik B B s R
P o] 228 K 77 s, ETNGE T N1 P EHDPP A AE R et e

I ZE (1] 4) v, N1 ZE 5T OPEs (R 2 Wt i3 T S1. G RERIERET (0—2 h), Fir A7 Aty 2 8 i
B [ AR, TR 2—8 h B A A T 2%, H N3R5 R 8K (C/ Co) (IR T S1 3L TR . Mg
Xf BN BRI (Cf Co) (AT 2 TE 0.82—1.1 IX[A] N3l 5 AR IR 20 AH AL, TCP 43/& OPEs i f7 {4 rh
W fi i3 i 2214, 8 h IS S1 HY TCP #(C/ Co) (BN 0.31, Hifth JLAN AR (B X KT 0.45. 1 76 i 41 fr f7
Hup v, TBEP B B 2 R A 5 /D 1Y), 53X 5 AR R AL T A SR R AT AR 22 38/ R ], AT R 2 PR Sk Jin e
2R B R, & AP R K % 2 BB RS R A E RN, /K5 TBEP 34+ I F, H TBEP a4
J7 K55, TSR i AR R R B
23 PRI EE

B T2 © 0F I A 3 2 R I 2H 3 2 IR 25, OPEs 7] LAFEAS [a] 11 B8 5 it v (R 48 A0 I AT & A W
fife, A4 Wang S5 (A5, OPEs HE SB[ fi (rh[B)) 74 1) 2 35 4 FH AT BE 23 ik TREA. BT LA, FSY 11 B
J5iH OPEs ¥ 75 G R = A8 Bh T S 4 1 1 fiff 11 25 b OPEs [ PR B iz A= 25 KU

2R 00 %) 53 - B RN E A 2R o0 A LA, 45 A — GO i K1, AR5 %8 T TBEP, TCIPP,
TCEP F1 TDCIPP 4 Flt OPEs L {A 1 [ fiff = 1 (3 2), Hi— 0 0T 1% 61 R 9 st i 61 43 3] DL AL 5 AL 6. 45
B Jx, TBEP A 4 v [a] /= 4. TBEP-299, TBEP-343, TBEP-413, TBEP-415; TCEP A5 2 . TCEP-
222, TCEP-160; TCIPP A 2 fi: TCIPP-251., TCIPP-174; TDCIPP 4 1 #fi: TDCIPP-318.

&2 OPEs MRS ™ W) ff B I a] | 231 3R L

Table 2 Retention time, molecular formula and mass-charge ratio of OPEs and their degradation products

e/ L4 B 5[] /min a1k X a
Compound R, Molecular formula m/z
TBEP 14.94 CygH300,P 399.2571
TBEP-415 10.88 C,3H3905P 415.2466
TBEP-413 14.81 C,gH3,04P 413.2308
TBEP-343 9.74 C,4H;,0,P 343.1908
TBEP-299 14.94 Cy,H,;,06P 299.1635
TCEP 8.59 CeH,,CL,0,4P 284.9622
TCEP-222 8.59 C4HoCL,0,4P 222.9689
TCEP-160 8.59 C,H,ClO,P 160.9766
TCIPP 11.11 CoH5C1;0,P 327.0089
TCIPP-251 11.11 CsH 3C1L,04P 251.0004
TCIPP-174 11.11 C;HgCIO,P 174.9937
TDCIPP 13.27 CoH,5ClcO,P 430.8872
TDCIPP-318 13.27 C¢H,,C1,0,P 318.9219
3 415.2466
< N-3176(10.877
g g 100 G l TBEP-415
% -,'; 0 1 b 1 1 1 1 1 1 1 J
~ _g' 200 400 600 800 1000
m/z
u§ 100 - N-3 240(14.813 A2l
£ g I: S TBEP-413
g = 0 I I I 1 1 I I | J
-§ 200 400 600 800 1000

m/z
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Relative
abundance/%

Relative Relative Relative
abundance/% abundance/%

abundance/%

Relative
abundance/%

343.1908
100 —~ N-3 158(9.743)
F \ TBEP-343
0 | | | I I | | | |
200 400 600 800 1000
m/z
100 N-3 242(14.942) 399.2571 TBEP
F TBEP-299
0 | 1 A L L | | | |
200 400 600 800 1000
m/z
5 N-3139(8.587)284.9622 1cgp
|:TCEP-160 . l TCEP-222
0 v 232.9689 ) | I ! ! ! I
200 400 600 800 1000
m/z
N-3180(11.107)
TCIPP-174 327.0089 TCIPP
00 TCIPP-251
F 251.0004
0 h A | - ! ! | I I ! ]
200 400 600 800 1000
m/z
TDCIPP-318 430.8872 TDCIPP
‘OOF N-3 215(13.269)
v
0 I | T I I I I | I |
200 400 600 800 1000
m/z

Bl5 OPEs fuif K HLREfift ™ 1) (9 — 2 i 1]

Fig.5 Primary mass spectrum of OPEs monomer and its degradation products

TBEP— %R 5 it /&l
Primary mass spectra of TBEP

100 F N3 242(14.942) 399.2571

Relative
abundance/%

0 . Al 1 L I . . J
200 400 600 800 1000
m/z
TCEP— %8 JF ¥ |
Primary mass spectra of TCEP
0% 10013 284.9622
2 g 139(8.587)
ok 222.8689
2 8 i . . . . . |
= 200 400 600 800 1000
m/z
TCIPP—48 JF ¥ ]
Primary mass spectra of TCIPP
& N3 180(11.107) 327.0089
2 g 100
= g 251.0004
<
E g 0 el l L | L | L 1 1
2 200 400 600 800 1000
m/z
TDCIPP—4 JF i &l
Primary mass spectra of TDCIPP
=
N 430.8872
2 8100 - N3215(13.269)
& S 0 L Ll L L L L 1
= 200 400 600 800 1000
m/z
TBEP J H B 7 ) — R 1
Secondary mass spectra of TCEP and its degradation products
—-100.0887 0’
NI241(14016) -C,H,,0 S 399.2530
100 (14916) < 2500 1782 ~100.0895:

1990748 _C1,H,,0, 299.1635 —-CeH;,0

Relative
abundance/%

m/z

1 il J
0120 140 160 180 200 220 240 260 280300 320 340 360 380 400
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TCEP R KPR ¥ — R R g
Secondary mass spectra of TCEP and its degradation products <

N3 —61.9923 N
o 3 100 1388561 LS 22 B0 9933 Oy 2849622
z 2 160.9766 -123.9856 ~\_
£ 5 _—C,H;Cl
=3 P —Cy4HCl, #*
qu g 0 L L | 1 A A L | - L L | il | | ]
< 150 160 170 180 190 200 210 220 230 240 250 260 270 280
m/z
TCIPP [ H e fif 7= ) — R S ]
Secondary mass spectra of TCIPP and its degradation products >_/
s e 760085 7
» 100 1749937 ~C5HsCl 251.0004 0
2 2 N3 179(11.082) [<=7530152 - —GHCL L
=z L —CgHyCl, T 327.0089
~ 5 0 L L & I I I =T I I e | P |
2 120 140 160 180 200 220 240 260 280 300 320

m/z

TDCIPP Ji H: e fif 7= ) — R S i Il
Secondary mass spectra of TDCIPP and its degradation producés_/

N3 215(13.294) )
100 - 318.9219 ~111.9653374.3633 \)ii\f 430.8872
OF Al

\L —C3H,CL,

W L ! Ll ! ! ! ! N Iu
310 320 330 340 350 360 370 380 390 400 410 420 430
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Fig.6 Primary mass spectra of OPEs monomers and secondary mass spectra of their degradation products
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