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Abstract: Organophosphate triesters (tri-OPEs) are synthetic phosphate derivatives that are pri-
marily used as flame retardants and plasticizers. Tri-OPEs have become significant aquatic con-

taminants owing to their large production volumes and wide range of applications. Organophosphate
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diesters (di-OPEs) are closely related to tri-OPEs. Aside from emissions resulting from the production
and usage of di-OPEs themselves, tri-OPEs can become transformed into di-OPEs, which also
provides a significant source of this environmental contaminant. The physicochemical properties of
a di-OPE depend significantly on its structure, which provides challenges for their detection and
analysis, including low extraction efficiencies, chromatographic separation difficulties, and a lack
of highly sensitive quantitative methods for their analysis. An increasing number of studies have found
that di-OPEs are present in industrial/domestic wastewater, surface water, and drinking water, with
some concentrations in surface water and tap water close to or even higher than those of the
corresponding tri-OPEs. Additionally, certain di-OPEs are somewhat more toxic than the corre-
sponding tri-OPEs; hence, awareness that di-OPEs are present in aquatic environments has raised
widespread concern. This review first systematically outlines the physicochemical properties of
common di-OPEs and their potential sources based on previous research into di-OPEs in water
matrices. In addition, the use of solid phase extraction (SPE) technology to extract, enrich, and
purify di-OPEs from water matrices is summarized, while the advantages and limitations of SPE
methodologies are critically evaluated. Furthermore, the use and distinctive features of reverse-phase
chromatography, ion-pair reverse-phase chromatography, and hydrophilic interaction liquid
chromatography (HILIC) for the chromatographic separation of di-OPEs are comprehensively
summarized and compared. At the same time, advances in the quantitative analysis of di-OPEs using
liquid chromatography-tandem triple quadrupole mass spectrometry (LC-MS/MS) and liquid
chromatography-high-resolution mass spectrometry (LC-HRMS) are reviewed. Finally, in terms of
efficient collection of water samples and high-throughput pretreatment of di-OPEs in water matrices,
the prospect of developing novel sampling and on-site enrichment technologies for new pollutants
in water matrices based on the principle of dispersed solid phase extraction is proposed. Addi-
tionally, the prospect of using liquid chromatography tandem high-resolution mass spectrometry for
high-throughput screening and high-sensitivity detection of di-OPEs and unknown transformation
products of tri-OPEs has been proposed.

Key words: organophosphate diester; sample pre-treatment; solid phase extraction (SPE) ;

chromatographic separation; mass spectrometry detection
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Table 1 Physical and chemical properties of common organophosphate diesters (di-OPEs)

Compound Abbreviation M, H/(Pam’/mol)  S/(mg/L) logK,  logK, BCF/(L/kg)
Dimethylphosphate DMP 126.1 7.9x107° 3.5x10° -0.7 0.7 3.2
Diethyl phosphate DEP 154.1 1.4x10™ 3.8x10* 0.3 1.2 3.2
Dipropyl phosphate DPrP 182.2 2.5x107 4.1x10° 1.3 1.8 0.5
Diisobutyl phosphate DiBP 210.2 4.3x107™* 574.3 2.1 2.2 1.8
Dibutyl phosphate DnBP 210.2 4.3%x107* 430.1 2.3 2.3 2.3
Bis(2-chloroethyl) hydrogen phosphate BCEP 223.0 1.7x107° 6.5%10° 0.8 1.5 3.2
Diphenyl phosphate DPHP 250.2 1.1x107° 82.4 2.9 2.3 5.5
Bis-( 1-chloro-2-propyl) phosphate BCIPP 251.1 3.0x107° 878.8 1.7 2.0 0.9
Dibenzyl phosphate DBzP 278.3 5.1x1077 72.4 2.8 2.2 4.6
Di-o-tolyl phosphate DoCP 278.3 1.3x107° 6.7 4.0 2.9 29.0
Di-m-tolyl phosphate DmCP 278.3 1.3x107° 6.7 4.0 2.9 29.0
Di-p-tolyl phosphate DpCP 278.3 1.3x107° 6.7 4.0 2.9 29.0
Phosphoric acid, (1-methylethyl) phe- ip-PPP 292.3 2.1x10°° 2.7 4.3 3.1 50.2
nyl phenyl ester
Bis(2-butoxyethyl) phosphate BBOEP 298.3 1.0x107 410.1 1.7 1.8 1.0
Bis(1,3-dichloro-2-propyl) phosphate BDCIPP 319.9 3.7x10°° 130 2.2 2.2 1.9
Bis(2-ethylhexyl) phosphate BEHP 322.4 4.1x107° 5.9x107? 6.1 4.4 29.7
Bis(2,4-di-tert-butylphenylphosphate B2,4DtBPP 474.6 4.7x107™* 1.1x10°° 10.5 6.5 37.7

M. : relative molecular mass; H: Henry’s law constant (25 C); S: solubility (25 C); K, : octanol-water partition coefficient; K :

organic carbon-water partition coefficient; BCF: bioconcentration factor.
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Fig.1 Relationships between theoretical predictions of

physical and chemical properties of di-OPEs and M

a. correlation between solubility and M ; b. correlation be-
tween log K and M ; c. correlation between log K _and M.

The shaded area represents the confidence interval, the solid
circles represent di-OPEs, the hollow circles represent di-OPEs
containing ether bonds, the shaded circles represent di-OPEs
containing halogen atoms.
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i, GC-MS I LC-MS & 46 I 3857 75 Y2 ¥ 14
AR KL% di-OPEs & JF #5 & 1k F1 3% 1
PERIE A8, T GC 8 GC-MS & H T/ #r b 18 %
S ME R TS e 4l 43 9 It di-OPEs 38 % & fif 4=
R J5 75 T 38 3 GC- kO B R T 2% 1 GC-MS
X A E LR T GC 4 A di-OPEs (1) 3% 58 1 .
5 GC M, LC HiE P Anfae A5k
FB A 5 1 75 G 20 43, T H LC-MS/MS 4 AR JC
HEAT A A B B AT BB 4G I KRR rp 35 e g H Al
SAFTEAL A W i 43 B DRI M R 35 5 000 A R M2
T AF K, LC-MS/MS # Bk B 2 #b )i 1 T di-OPEs
1 K D 43 A, 3% 2 EVE5 T KA di-OPEs 1) LC-
MS/MS 4 B PR {5 2. -

O 58 T B F di-OPEs 8 3% 43 B 11 f2, 3% 4 £
T RO A B AR C18 (53 4 (40 UPLC BEH
C18 .Eclipse Plus C18.Luna C18 Fl XSelect HSS T3) .
%34T (Luna phenyl-hexy #1 pursuit XRs 3 diphenyl)
AL TR A 120 E 2 # (Acclaim Mixed-Mode HILIC-
D SRR ETERE(FR 2) . Yuan 555 [LASHFSE T Waters
ACQUITY UPLC BEH C18. % Shim-pack GISS-HP
C18 1 ACQUITY UPLC HSS T3(— Ik 25 & C18
[ 22 A L 7Y 100% KM 3 S A ) 5 3 Fi ik Ak Xt 7
Ff di-OPEs 1153 B3 15 00, 25 R 2 9] HSS T3 X} T 4
£ di-OPEs [ (4% % 8 1 4f , R HUE ¥ . Di-OPEs
R 14T S T R Sk AR AR R R | 3 e Lk DL AR AR
(1 C18 o % A rh i 2 52 A 43 B A 2k A 7 AR 4 1 €2 3%
PRERTS L HE kAR FNAR M, B dE A di-OPEs., —1F
TR SRy — Bl S R, O BRI T e SR 6 43
BT A aE LO-MS W 2 v R 1 07 A I i R 4R
PR E A HE T R AT P 1 (i AR 7 L O HLELA 48
FOFE R 1, RERS S FELIBE 25 HL ) MS 454 Quintana %5 '™
{#i A Luna Phenyl-Hexyl (% 4% , 76 7 sh A0 FP 1
mmoV/L [ TrBA 7] LR &b 53 25 30 2 7k 8 F di-
OPEs. T SAH o 1% % T4 M R P& 0 1 43
B ) R, 25 7K A/ FH 5% (hydrophilic interaction
liquid chromatography, HILIC ) 4% RAE Jy— Fh7 5 />
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Table 2 Pre-treatment and detection analysis techniques for di-OPEs in water
‘ Target Extraction/purification Chror.nato— Detection MDL/
Matrices graphic col- Recovery/% Ref.
compounds SPE column Eluent wmn method (ng/L)
Drinking water DnBP, BBOEP, Oasis WAX 10 mL MeOH XSelect® LC-MS/MS 0.50-1.00 62.0-73.0 [19]
(bottled, bar- BEHP, BCEP, containing 5% HSS T3 (ESI")
reled, and tap BCIPP, BDCIPP, NH,OH
water), lake ~ DPhP
and river water
Surface water DEP, DnBP, Oasis HLB 4 mL MeOHXx2 Eclipse Plus LC-MS/MS 0.04-0.20 68.0-84.0; [20]
(lake) BCIPP, BDCIPP, C18 (ESI) (DEP:
DPhP 25.0-28.0)
Wastewater, DnBP, BDCIPP, Oasis HLB 4 mL acetoni- Waters BEH LC-MS/MS 0.01-0.14 61.0-69.0; [21]
riverwater, tap DPhP trilex2 C18 (ESIN) (DnBP:
water 21.0-30.0)
Surface water, DnBP, BDCIPP, Oasis HLB 10 mL MeOH/wa- Pursuit XRs LC-MS/MS 0.60-1.30 60.0-135 [51]
tap water DPhP ter (1:99, v/v) 3 Diphenyl (ESI)
+10 mL MeOH
Ultrapure wa- DnBP, BEHP, Oasis MAX 3 mL MeOH con- Phenomenex LC-MS/MS 0.30-1.00 78.0-105 [49]
ter, river wa- DPhP taining 20 Luna C18 (ESI')
ter and urban mmol/L TBAHS
wastewater
Wastewater BDCIPP, DPhP Oasis HLB 3 mL MeOHX3 Betasil C18 LC-MS/MS 1.00 1105 92.3 [50]
(ESI)
Municipal DnBP, DiBP, LichrolutRP18 2 mL MeOHX2 Luna Phenyl- LC-MS/MS 7.00-14.0 71.0-112 [18]
wastewater DBzP, BBOEP, with ion pair Hexyl (ESI')
BEHP, BCEP, extraction
BCIPP, DPhP
Stormwater DnBP, BBOEP, Oasis HLB 12 mL MeOH Agilent LC-MS/MS 0.05 60.0-137 [52]
and sewage ef- BEHP, DPhP Eclipse Plus  (ESI")
fluent water C18
Drinking water DnBP, BBOEP, Oasis HLB 5 mL MeOH ACQUITY LC-MS/MS 0.01-0.08 74.7-107 [53,
(bottled and  BEHP, BCIPP, UPLC BEH (ESI') 54]
tap water) BDCIPP, DPhP, Cl18
DoCP
Wastewater BCEP, DnBP, Oasis HLB 3 mL MeOHx3 Hypersil LC-Q- 0.05-12.0 NA [55]
and river water DPhP GOLD™ C18  Orbitrap
MS
Purified water BCIPP, BDCIPP, Oasis HLB 5 mL MeOHXx2 Thermo Ac- LC-MS/MS 0.60-28.5 80.8-116 [56]
and tap water DEP, BBOEP, claim Mixed- (ESI")
DnBP, BEHP, Mode
DPhP, DoCP HILIC-1
River water DnBP, BCEP, Oasis HLB+Se- 6 mL MeOH/EA Waters BEH LC-Q- 0.04-0.30 73.6-111 [57]
DPhP, 40H- pra ZT-WCX+  (50:50, v/v) C18 Orbitrap
DPhP, DoCP, Sepra ZT- containing 0.5% MS
BBOEP, WAX+Isolute ammonia+3 mL
BDCIPP, BEHP, ENVI® MeOH/EA (50:

BDtBPP

50, v/v) contain-

ing 1.7% FA+ 2
mL MeOH

MDL: method detection limit; ACN: acetonitrile; MeOH: methanol; TBAHS: tetrabutylammonium hydrogen sulphate; EA: ethyl
acetate; FA: formic acid.

B H Alpert T 1990 4E42 1%, Acclaim Mixed-
Mode HILIC-1 J&— 3 HA 1R A58 =X [ 5 A 1) ik i
HFRMEHA T BRI aE , R iE e | R,

Forprgii K P b S e 3R S AR e EE A, (2 BESS A 1R AL
BWIROR B T A S 14 R AT U B ISR A EAR
TSR S W IRER . Fu S5 Bn R R T
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Acclaim Mixed-Mode HILIC-1 (&% %} 7K ip 8 F di-
OPEs(fuff 2 5t & di-OPEs A M, iy He A di-
OPEs) fil 1 #' mono-OPEs #1741 4> #r , 38158 T %
TP 0 B RN R R, Dy At BRI R 0.6~28.5 ng/LL.

16 J 3% 46 0 77 1 , di-OPEs 43 #7 K £2 3 1+ W A
8 3% - = F PO A AT T RS AE R WS g5 R B IR B R T
(EST )BT #E 47, DA BE#E S 1 W i 45 =X (SRM) 5k
2 [ N W A 5 (MRM) SR 4R 46 & W 1) — 9 F — 2%
{5 B (% 2) . SRM/MRM $% A ¥ £ 4 W di-
OPE Hu{A () #F 5 7 (MS") 247 hilf 158 5 5 i 125 9% i %
N F B (MS?) |, AR 48 T8 B0 4 2 25 1 X (MS'/
MS?) #EAT BTG5 5 1R 4R T LAV B H Al & 4 2
T T4, JE S EAE N di-OPEs (19 4f 54 | R
ORI 43 A B B 5T LC-MS/MS U7 &
W 7K #E Y di-OPEs, £ 1 BR AT Ik %2 0.01 ng/L.
Wil 5 O B B B R A P K S S R, — SR 5T
4 AL BT B €2 3% - DU AR AT - 2 20 B o 0 B
XPAKHE Y di-OPEs #4717 4G I 43 Bt , 57 3% 46 )
T LIS 55 HL B U O /6 B R B A ST 54T DA
TEHE B 1 W I (SIMD) B AR R AL G Ty — i (R
B 2) o T o BB 0% 1 BT 4 B R R
HEW Y il di-OPEs 1Y — 2% [ 2% & 1 A0 RS B i
A5 EI AT S A M Y 1k S AT, & A BESE R
3~ 9 Ff di-OPEs #F47 T &2 43 87 , 75 v K Hh BR AT A%
% 0.04 ng/L5

5 Zit5RE

A VWAL TE BT LA A 2 IO/ AT X K iR
t di-OPEs #F47 48 B & 4 v b 1wy b 31 05 7%
YRR €8 335 - J50 33 %ok G R AT v 22 SRS 00 1 0 7 5 9 o
M T b R K AR K o di-OPEs A9 B 38 # 4b T
AR AKSE (40 ng/L) , BLA di-OPEs #F 58 18 75 K 4
REIKFE(L ~ 4 LAEAF TR O ERER T, 2K
TR 2 A% A S5 3 R A L JT T 48 h N 58 LT b
HOKHERRE SRAMMAEFEHEREADS
EUR o R U R O R K AR T TS G W R R A R
Y REOR DL R BRI BRI A . I Ah T
AR G5 2R di-OPEs #9 BEALE 5 22 S8 K, B
— S AU [ AH AL BN B E L 4 T e R BUK Hh £
204> di-OPEs; I H.—4% di-OPEs 7 /K 1 & B4 5
(4 TR P R | A% 0 56 T OAH 68335 70 B8 IR B Y C 18
035 A XE DAAR 4F b 53 25 43 B K Hh 2 4143 di-OPEs.
FE 4R BORORAR I 0] 8, — SR B R EFRT £

G H I 52 A T AR AE ORI B 1 X 70 4 Bk A [ AR
A TS5 1 Ak B AT DA RO K 2 4L di-
OPEs UK . Kk Xt F/KFEd di-OPEs 1Y |ij
Ab 3 Al AT DL R T 43 I AR 2R IR R f R W)
R B R B R R AT 41 A, T SE B K R di-
OPEs (1 & %) 1% A B o BF X 235 4 3 A 2 1Y )
L, — BE R 5Y o 223 T B 0 AR 0BG Y B A € 3
L R A A5 2 11 5 A0 A 5% 7K 1R T 63 it 2 41 4y
di-OPEs 19 €435 73 85, 3K A% T B4 14 43 25 R I 2%
Fo — SO ST Il A € 1% - DU AR R -2 T LA
BE 5 43 Bt i 3% (LC-Q-Orbitrap HRMS) JF & T JK &
Ay M OT S K di-OPEs (4 /8 R 8 5E . Kok,
B 5 1o o3 R T B R 00 R R, LA ORIE 5 T ) B
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