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Solvent demulsification-dispersive
liquid-liquid microextraction

based on solidification of

floating organic drop coupled

with ultra-high-performance

liquid chromatography-

tandem mass spectrometry for
simultaneous determination of 13
organophosphate esters in aqueous
samples

Qing Luo?, Shiyu Wang?', Muhammad Adeel?, Yue Shan?, Hui Wang? & Li-na Sun!

This study developed a novel method for the determination of 13 organophosphate esters (OPEs)

in aqueous samples through the optimization of solvent demulsification-dispersive liquid-liquid
microextraction based on solidification of floating organic drop procedure coupled with ultra-high-
performance liquid chromatography-tandem mass spectrometry. The proposed method was rapid

and accurate and could be used in field applications. Under the most suitable conditions, the limit of
detection and limit of quantification ranged from 0.16 ng/L to 20.0 ng/L and from 0.55 ng/L to 66.7 ng/L,
respectively. The enrichment factors (EFs) ranged from 30 to 46. The relative standard deviations were
less than 15%. The spiked recoveries ranged between 68.2% and 97.7% in the analysis of actual aqueous
samples. The proposed method was convenient, environment friendly, and time and solvent saving and
could be used in field applications compared with other methods. Various concentrations and types of
OPEs were detected in tap water, river water, and effluent of sewage treatment plant. Effluent samples
had the highest detected levels and types of OPEs.

Organophosphate esters (OPEs) are extensively applied in textile, electronics, plastics, and other industries as
flame retardants or plasticizers!. Generally, OPEs are added to the final product rather than chemically bonded.
This process allows OPEs to be easily released to the surrounding environment®. Recently, OPEs have been
detected in different environmental media, such as wastewater?, sludge*, surface water®”7, sediment®-1?, soil'!-3,
indoor and outdoor air, airborne particulate matter, and dust'*-2!. OPEs have potential adverse effects on the
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Figure 1. The eficiency of different extraction solvents on the extraction of OPEs from aqueous samples
(n=3).

ecosystem and human health. For instance, chlorinated OPEs, such as tricresyl phosphate (TCrP) and tributyl
phosphate (TnBP), are potential human carcinogens and may have reproductive toxicity?>?.

Generally, the concentrations of OPEs are low in environmental media; thus, an efficient pretreatment
approach is usually required for the determination of OPEs. Different pretreatment techniques, including
liquid-liquid extraction (LLE), solid-phase extraction (SPE), solid-phase microextraction (SPME), disper-
sive liquid-liquid microextraction (DLLME), and DLLME based on solidification of floating organic drop
(DLLME-SFQ), have been applied for the evaluation of OPEs in aqueous samples?*-*2. However, these methods
have different disadvantages. For example, LLE usually requires a large volume of samples and toxic organic sol-
vents. SPE also requires a large volume of samples and is prone to clogging. SPME usually consumes considerable
time, and the fibers are fragile. DLLME is an effective method that only requires small amounts of samples and
solvents. However, it frequently uses halohydrocarbons as the extractant, which are highly toxic and environmen-
tally harmful. DLLME-SFO is a modified DLLME that uses solvents with low density, proper melting point, and
low toxicity as the extractant. However, it requires centrifugation to separate organic and aqueous phases. Solvent
demulsification-DLLME-SFO (SD-DLLME-SFO) is an improved method that can avoid these drawbacks. It uses
demulsifiers rather than centrifugation to separate organic and aqueous phases, which makes it suitable in field
analysis®. SD-DLLME-SFO has been successfully used in the analysis of organic compounds, including organo-
chlorine pesticides, polycyclic aromatic hydrocarbons, and sulfonylurea herbicides®*-*. However, it has not been
applied for the determination of OPEs.

In this study, SD-DLLME-SFO coupled with ultra-high-performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) was developed for the determination of OPEs in aqueous samples. Three water
samples collected from different sources were selected to evaluate the efficiency of the proposed method and
analyze the concentrations of OPEs in real samples.

Results and Discussion

Optimization of SD-DLLME-SFO conditions. Variables affecting the extraction performance, including
the type and volume of extractant, dispersant, and demulsifier; extraction time; and pH of samples, were inves-
tigated to obtain the suitable extraction efficiency. Ionic strength influences the extraction efficiency, and salt
deposited on the transfer line affects the analysis results of UHPLC-MS/MS. Suitable extraction temperature can
enhance the extraction efficiency. However, the extraction temperature is difficult to accurately control in DLLME
because of the short extraction time. Thus, ionic strength and extraction temperature were not investigated in
this study.

In SD-DLLME-SFO, the extraction solvent is the primary factor that affects extraction efficiency. It has
lower density than water, melting point near room temperature, low solubility in water, and good extraction
capacity for the analytes. In this study, the extraction efficiencies of 1-undecanol, 1-dodecanol, n-hexadecane,
n-nonanoic acid, and n-octanoic acid were compared. The results are shown in Fig. 1. The difference in extraction
efficiency of five extraction solvents was small for most OPEs. The extraction efficiencies of n-hexadecane for
triphenylphosphine oxide (TPPO), tripropyl phosphate (TPrP), and tris-(1-chloro-2-propyl)phosphate (TCPP)
were significantly lower compared with those of the other four extraction solvents. The extraction efficiencies of
1-undecanol for triethyl phosphate (TEP) and tris-(2-chloroethyl)phosphate (TCEP) were better than those of
the other four extraction solvents, which was probably because TEP and TCEP can effectively transfer from water
to 1-undecanol. Thus, 1-undecanol was used as the extractant to extract OPEs in aqueous samples.

The volume of extractant should be determined to achieve the best extraction efficiency. Few extractants
cannot efficiently extract the analytes, whereas a considerable amount of extractants can increase the extraction
amount but impair the enrichment of analytes. In addition, the appropriate volume ratio of extractant and dis-
perser is conducive to form a fine cloudy dispersion of microdroplets. In this study, the volume of 1-undecanol
was investigated in the range of 25-125 L, as presented in Fig. 2. As shown in the figure, the extraction efficiency
increased with the increase of extraction volume. The best extraction efficiency was obtained when the extraction
volume increased to 75 pL. However, when the extraction volume was further increased, the extraction efficiency
decreased. The reason may be because considerable amounts of extraction solvents extracted many analytes but
lowered their concentration in the final extract. Thus, 75uL of 1-undecanol was adopted in this study.
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Figure 2. The efficiency of different extractant volumes on the extraction of OPEs from aqueous samples
(n=3).
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Figure 3. The efficiency of different dispersive solvents on the extraction of OPEs from aqueous samples
(n=3).
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Figure 4. The efficiency of different dispersant volumes on the extraction of OPEs from aqueous samples
(n=3).

In SD-DLLME-SFO, the dispersive solvent should have good solubility in the extractant and water phase to
promote the formation of microdroplets of the extractant. In this study, methanol, acetonitrile, and acetone were
evaluated, as presented in Fig. 3. The difference in extraction efficiency of the three dispersive solvents was small
for most OPEs. The extraction efficiencies of methanol for TEP and TPrP were significantly lower compared
with those of acetonitrile and acetone. However, acetonitrile showed better results for TCEP and tris[2-chloro-
1-(chloromethyl) ethyl]phosphate (TDCP) compared with methanol and acetone. The reason may be because
acetonitrile can promote the dispersion of 1-undecanol in water, increase the contact between 1-undecanol and
OPEs, and facilitate the transfer of OPEs from aqueous phase to organic phase. Therefore, acetonitrile was used
as the dispersive solvent in this study.

The volume of dispersive solvent has a major impact on SD-DLLME-SFO. Low amount of dispersive solvent
hardly forms microdroplets of the extractant, whereas excess amount of dispersive solvent increases extract-
ant solubility in aqueous samples, reducing the extraction efficiency. In this study, the volume of acetonitrile
was investigated in the range of 500-1500 pL. Figure 4 shows that the extraction efficiency increased with the
increase of dispersant volume. The best extraction efficiency was obtained when the dispersant volume increased
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Figure 5. The efficiency of different pH on the extraction of OPEs from aqueous samples (n=3).
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Figure 6. The efficiency of different extraction time on the extraction of OPEs from aqueous samples (n=3).

to 1000 pL. However, when the extraction volume further increased, the extraction efficiency decreased. The
reason may be that an appropriate amount of dispersant can promote the dispersion of extractants and form
many microdroplets, increasing the extraction efficiency. However, excessive amount of dispersant can lead to
the dissolution of extractant in aqueous samples, decreasing the extraction efficiency. Thus, the dispersant volume
should be appropriate, and 1000 L of acetonitrile was adopted in this study.

The pH of samples can also influence the solubility of analytes in aqueous samples. Most triesters are stable
in neutral and acidic media but can hydrolyze in alkaline media**?’. Thus, the pH value was optimized in the
range of 2-7 in this study. As shown in Fig. 5, the extraction efficiency for most OPEs had a distinct enhancement
when the pH of aqueous samples was adjusted from 2 to 3. However, when the pH was 3, 4, or 5, the difference
in extraction efficiency was small. The extraction efficiency improved when the pH was adjusted to 6. However,
when the pH increased to 7, the extraction efficiency decreased. The reason may be that under weak acid condi-
tion, the solubility of OPEs in organic solvent increased. Thus, the pH of aqueous samples was adjusted to 6 in
this study.

SD-DLLME-SFO is a time-saving sample pretreatment method. The extraction equilibrium of analytes in
aqueous samples and extractant can be rapidly obtained. In this study, the extraction time was investigated in the
range of 1-5min. As shown in Fig. 6, the extraction efficiency had a distinct enhancement when the extraction
time increased from 1 min to 3 min. However, when the extraction time was further increased, the extraction
efficiency showed slight changes. This condition indicated that the extraction achieved equilibrium when the
extraction time was 3 min. Thus, the extraction time was set to 3 min in this study.

In SD-DLLME-SFO, demulsifiers were used to break the emulsification system, which accelerated the sepa-
ration of organic and aqueous phases. In this study, methanol, acetonitrile, and acetone were utilized. Figure 7
shows that the difference in extraction efficiency of the three demulsifiers was very low. The extraction efficiency
of acetone was relatively better than those of others. The reason may be because methanol and acetonitrile
increased the solubility of OPEs in water. Thus, acetone was used as demulsifier in this study.

The volume of demulsifier also has a significant impact on SD-DLLME-SFO. On the one hand, the demulsifica-
tion effect is poor when the demulsifier dosage is insufficient. This condition leads to the low recovery of extractant
and decreases the extraction efficiency. On the other hand, excessive demulsifier dosage has dispersive solvent effect,
increases the solubility of analytes in aqueous phase, and reduces the extraction efficiency. In this study, the vol-
ume of acetone was investigated in the range of 500-1500 pL. The extraction efficiency had a distinct enhancement
when the demulsifier volume increased from 500pL to 750 uL. The extraction efficiency was the highest at 750 pL.
However, when the demulsifier volume was further increased, the extraction efficiency decreased (Fig. 8). The rea-
son may be that excessive demulsifier volume can increase the solubility of extractant and analyte in the aqueous
phase. In particular, when the demulsifier volume was 1500 pL, the demulsification effect was poor, leading to small
amounts of extractant collected. Thus, 750 pL of acetone was adopted in this study.
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Figure 7. The efficiency of different demulsifiers on the extraction of OPEs from aqueous samples (n = 3).
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Figure 8. The efficiency of different demulsifier volumes on the extraction of OPEs from aqueous samples

(n=3).
Linear range MDL | MQL | Intra-day precision | Inter-day precision | Enrichment Factor
Compounds | (ug/L) R (ng/L) | (ng/L) | (RSD%,n=7) (RSD%, n=7) (mean+SD,n=7)
TEP 0.01-10 0.9937 | 1.76 5.88 8.09 12.6 37+£3
TCEP 0.1-100 0.9901 | 19.8 65.9 7.77 14.8 31£2
TPPO 0.01-10 0.9966 | 0.35 1.17 5.74 8.96 46+3
TPrP 0.01-10 0.9969 | 0.55 1.84 6.93 11.1 37£3
TCPP 0.01-10 0.9961 | 3.26 10.9 9.71 12.7 39+4
TDCP 0.1-100 0.9987 |20.0 66.7 12.2 4.81 30+4
TPhP 0.01-10 0.9998 | 1.14 3.79 11.9 6.35 38+£5
TiBP 0.01-10 0.9952 | 0.18 0.61 6.29 4.32 40£3
TnBP 0.01-10 0.9958 | 0.16 0.55 9.32 11.2 36+3
TBEP 0.01-10 0.9941 | 0.64 2.13 5.64 13.6 35+2
TCrP 0.01-10 0.9922 | 0.96 3.19 8.92 10.5 33+3
EHDPP 0.01-10 0.9919 | 0.61 2.03 13.7 8.02 39+£5
TEHP 0.01-10 0.9965 | 0.90 3.00 10.8 12.2 42+5

Table 1. The linear range, correlation coeflicient, MDL, MQL, recovery and repeatability for 13 OPEs.

Method evaluation. A series of aqueous samples containing various concentrations of analytes was pre-
pared and extracted three times for each concentration under the most suitable experimental conditions. The
working curves were made and are shown in Table 1. The results showed that the linearity of analytes was better in
certain concentration range, and the correlation coeflicient (R) ranged from 0.9901 to 0.9998. By constantly dilut-
ing the concentration of analytes in aqueous samples, the limit of detection (LOD, signal-to-noise ratio (S/N) = 3)
and limit of quantification (LOQ, S/N =10) were 0.16-20.0 and 0.55-66.7 ng/L, respectively. The precision (rel-
ative standard deviation, RSD) and enrichment factor (EF) were determined by performing seven repetitions for
spiked aqueous samples (1 pug/L). The intraday and interday RSDs were less than 15%. The EFs ranged from 30 to
46. The UHPLC-MS/MS chromatogram of 13 OPEs obtained for the spiked aqueous samples (1 ug/L) is shown
in Fig. 9.
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Figure 9. UHPLC-MS/MS chromatograms of 13 OPEs obtained for the spiked aqueous samples (1 pg/L) using
the SD-DLLME-SFO method.

Analysis of real samples. To verify the accuracy and practicability of the proposed method, three dif-
ferent aqueous samples (tap water, river water, and effluent of sewage treatment plant) were selected for
SD-DLLME-SFO coupled with UHPLC-MS/MS analysis. The effluent of sewage treatment plant, which has
a complex matrix, was used to evaluate the matrix effect of the proposed method. The results are shown in
Table 2. The matrix effects ranged from 84.7% to 97.9%, indicating that the matrix effect was acceptable in
this study. The spiked recoveries (two different spiked concentrations) from tap water, river water, and effluent
of sewage treatment plant were 68.2-95.2%, 76.8-93.9%, and 68.5-97.7%, respectively. Their RSDs were less
than 15%.

In tap water, TEP, TCPD, tri-iso-butyl phosphate (TiBP), and TnBP were detected, and their concentrations
were 24.2, 27.3, 22.5, and 13.6 ng/L, respectively. TCEP, TPrP, triphenyl phosphate (TPhP), and tri-butoxyethyl
phosphate (TBEP) were found in tap water, but their levels were lower than the LOQ. Other OPEs were not found
in the tested samples. In river water, the results were similar to those of tap water, except that TPPO was detected
and TBEP was quantified. The concentrations of detected OPEs ranged from 11.3ng/L to 52.3 ng/L. In short,
some OPEs were detected at low concentrations in tap water and river water. For the effluent of sewage treatment
plant, 13 OPEs were detected, and their concentrations ranged from 10.9 ng/L to 456.3 ng/L. Among them, the
concentrations of TBP (TiBP and TnBP) and chlorinated alkyl OPEs (TCEP, TCPP, and TDCP) were the highest.
These findings indicated that the current technology has a limited effect to remove OPEs. The sewage treatment
plant should be improved.

Comparison with other methods. At present, various pretreatment methods have been used to extract
OPEs in aqueous samples, and their main parameters are shown in Table 3. LLE has good recoveries and relatively
low LOQs but requires considerable amounts of aqueous samples and consumes more organic solvents compared
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Tap water (n=3) River water (n=3) Effluent (n=3) Matrix effect (n=3)

Spiked Recovery | RSD Recovery | RSD Recovery | RSD
OPEs (ng/L) Found (ng/L) (%) (%) Found (ng/L) (%) (%) Found (ng/L) (%) (%) 5ng (%) 20ng (%)

0 2424197 — 8.13 36.71+4.47 - 12.2 62.3+5.03 — 8.07 85.1+£4.81 84.71+3.94
TEP 50 58.3+4.86 68.2 8.33 754+7.18 77.3 9.53 99.4+£7.81 74.2 7.86

200 175.1£11.5 75.5 6.56 1979+11.3 80.6 5.70 199.2£18.0 68.5 9.02

0 <LOQ — — <LOQ — — 125.64+10.8 — 8.57 92.7+5.46 91.1+5.98
TCEP 500 419.4+34.6 83.9 8.26 458.0£55.2 91.6 12.1 523.3+25.5 79.5 4.87

2000 1746.3+173.3 87.3 9.92 1693.0£151.2 84.7 8.93 1733.5+170.8 80.4 9.85

0 nd? — — 45.6+4.17 — 9.15 84.5+8.02 — 9.49 93.8+6.84 92.0£3.71
TPPO 50 441+4.20 88.2 9.52 89.4+10.0 87.7 11.2 124.948.72 80.8 6.98

200 181.74+10.6 90.9 5.85 233.3430.1 93.8 12.9 264.3+£19.3 89.9 7.30

0 <LOQ - - <LOQ - — 18.6 £0.42 — 2.27 86.2+£5.71 87.0+3.89
TPrP 50 43.5+2.55 86.9 5.87 43.242.04 86.3 4.72 63.5+8.26 89.8 13.0

200 183.4£9.37 91.7 5.11 181.2420.9 90.6 11.6 183.8£6.87 82.6 3.74

0 27.3+1.84 — 6.74 523+1.34 — 2.56 158.447.88 — 497 86.0+4.21 85.3+5.00
TCPP 50 70.0 £3.05 85.3 4.36 94.8+£9.13 84.9 9.64 202.5+9.67 88.2 4.78

200 190.7 £ 8.60 81.7 4.51 21244222 80.0 10.5 353.9+£46.0 97.7 13.0

0 nd — — nd — — 104.8+13.7 — 13.1 89.1+4.47 92.5+£6.43
TDCP 500 475.8£52.7 95.2 11.1 466.6 £42.8 93.3 9.17 539.7+£39.7 87.0 7.35

2000 1837.7 +248.5 91.9 13.5 1702.3+£190.6 85.1 11.2 1930.0 +186.8 91.3 9.68

0 <LOQ — — <LOQ — — 15.9+1.41 — 8.85 95.1+£2.57 90.2+£5.28
TPhP 50 44.1+3.04 88.2 6.88 42.8+1.09 85.6 2.56 63.1£6.59 94.4 10.4

200 184.1£16.1 92.0 8.77 183.4+12.0 91.7 6.53 193.9+£14.6 89.0 7.54

0 22.5+1.64 — 7.28 46.5+2.41 — 5.19 456.3+40.5 — 8.87 87.0+£1.39 91.2+5.15
TiBP 50 65.6 £4.54 86.2 6.92 86.11+5.74 79.3 6.67 497.6 £42.0 82.5 8.45

200 200.1£10.1 88.8 5.05 219.8+21.9 86.6 9.94 630.6£13.1 87.1 2.08

0 13.6+1.06 — 7.82 28.4+2.47 — 8.68 389.4+43.1 — 11.1 89.6 +3.56 94.6 £5.69
TnBP 50 56.5+£6.88 85.9 12.2 74.9+7.61 93.0 10.2 435.9+19.4 92.9 4.45

200 185.84+23.9 86.1 12.9 205.8+13.7 88.7 6.68 564.6 £57.0 87.6 10.1

0 <LOQ — — 11.3£0.55 — 4.88 89.6+8.70 — 9.71 91.7£1.90 97.9+£5.16
TBEP 50 46.6 £5.87 93.2 12.6 51.7+£2.39 80.7 4.62 132.44+17.7 85.6 13.4

200 170.54+24.8 85.3 14.5 184.1+18.9 86.4 10.3 2459+14.6 78.1 5.96

0 nd — — nd — — 14.5+1.63 — 11.2 87.1£6.01 93.0+5.20
TCrP 50 45.4+3.99 90.7 8.80 39.2+5.06 78.3 12.9 55.6+£5.98 82.2 10.8

200 167.1£10.6 83.6 6.34 175.449.83 87.7 5.61 196.3 £8.50 90.9 4.33

0 nd — — nd — — 21.3£0.98 — 4.60 93.3£6.53 89.01+4.21
EHDPP |50 39.8+3.34 79.7 8.37 38.4+3.50 76.8 9.13 66.3+7.27 90.1 11.0

200 170.34+10.3 85.1 6.06 187.9+7.42 93.9 3.95 209.9+16.7 94.3 7.94

0 nd — — nd — — 10.9£1.13 — 10.4 88.5+£3.93 97.7+£3.72
TEHP 50 42.5+1.60 85.0 3.76 38.4+3.40 76.8 8.85 53.0£5.00 84.2 9.43

200 157.54+14.9 78.7 9.46 174.9£8.05 87.4 4.60 187.0+£15.3 88.1 8.16

Table 2. The concentrations and recoveries of 13 OPEs in three different aqueous samples. >nd = not detected.
Sample | Extraction Solvent
Field volume | time Extraction volume | Separation LOD LOQ Recoveries OPE

Methods applicability | (mL) (min) solvent (mL) method (ng/L) (ng/L) (%) RSD (%) | numbers | Ref
LLE-LC-MS/MS Yes 800 — Dichloromethane | 35 — — 2.6-7.9 63-94 1.9-12 9 B
SPE-GC-MS No 1000 — Ethyl acetate 4 — 0.006-0.85 | 0.015-2.0 | 31.2-81.4 | 2.9-9.9 8 38
DI-SPME-GC-NPD Yes 22 40 — — — — 10-25 26.7-119.2 | <10 9 2
HS-SPME-GC-NPD Yes 10 40 — — — 1.4-135.6 | 4.7-452.0 | 76.4-112.4 | <9.8 9 »
DLLME-GC-NPD No 10 1 1-Trichloroethane | 0.02 Centrifugation | — 10-80 — <10 10 o
DLLME-SFO-LC-MS/MS No 8 2 1-Undecanol 0.4 Centrifugation | 20-70 - 48.7-113 | 3.2-123 |8 3
SD-DLLME-SFO-LC-MS/MS | Yes 10 3 1-Undecanol 0.075 Demulsification | 0.16-20 0.55-66.7 | 68.2-97.7 | <15 13 This study

Table 3. Comparison of the proposed method with other methods for determination of OPEs in aqueous
samples.
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Retention Collision
Compound | Time (min) | Transitions energy (V)
183.275 —99.000* 17.99
TEP 2.95 183.275—127.000 10.25

183.275 — 155.000 10.25
284.912 —222.835% 12.28
TCEP 4.86 284.912 —99.000 22.84
284.912 —160.889 15.21
279.005 — 200.946* 25.78

TPPO 8.52 279.005—172.929 33.11
279.005—171.018 37.46
225.355—99.000* 17.74
TPrP 8.90 225.355— 141.000 10.25

225.355—183.000 10.25
326.950 — 99.000* 22.13

TCPP 8.97 326.950 — 174.889 11.72
326.950 — 250.8.5 10.25
432.862 — 99.002* 25.67
TDCP 10.29 432.862 — 320.764 10.25

432.862 —322.706 10.25
327.005— 152.000* 37.2

TPhP 10.35 327.005— 214.875 25.98
327.005 — 250.857 26.23
267.085—99.000* 17.53
TiBP 10.99 267.085 — 154.946 10.25

267.085—211.000 10.25
294.250 — 101.986* 19.86

TnBP-d,, 11.00 294.250 — 230.040 10.25
294.250 — 166.000 10.25
267.085—99.000* 17.74
TnBP 11.11 267.085— 154.929 10.25

267.085—211.000 10.25
399.145 —299.000* 11.92

TBEP 11.45 399.145 — 198.946 14.9
399.145—45.373 21.33
369.035 — 164.986* 44.13

TCrP 12.03 369.035 — 165.982 29.31

369.035 — 243.250 27.39
363.075 — 250.889* 10.25

EHDPP 12.52 363.075—151.986 41.15
363.075 — 214.889 31.79
435.268 —99.000* 17.03
TEHP 16.53 435.268 —210.929 10.25

435.268 — 323.040 10.25

Table 4. The UHPLC-ESIT-MS/MS detection parameters. *Transitions for quantification.

with other methods®. SPE has low LOD and LOQ and good recoveries for most OPEs but also requires more
aqueous samples than other methods®. SPME does not consume organic solvent, requires small amounts of
aqueous samples, and has good recoveries and relatively low LOQs. However, it is time-consuming. The commer-
cialized SPME fiber can be only extracted by approximately 50 times and is very fragile. A homemade SPME fiber
has longer service life and better stability but requires a cumbersome preparation process?®**. DLLME requires
small amounts of aqueous samples and organic solvents and has relatively high recoveries and low LOD and LOQ.
However, the traditional DLLME uses highly toxic chlorinated solvents, such as trichloroethane, as the extract-
ant*. DLLME-SFO uses less toxic organic solvents, such as undecanol, as the extractant but requires centrifu-
gation to separate the extractant from aqueous samples, making it unsuitable in field applications®'. Compared
with the above methods, SD-DLLME-SFO requires small amounts of aqueous samples and has shorter extrac-
tion time; environment friendly extraction solvent; and reasonable recoveries, LOD, LOQ, and RSDs. Therefore,
SD-DLLME-SFO is a suitable method to detect OPEs in aqueous samples.
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Experimental

Reagents and materials. The name, abbreviation, and CAS number of the 13 OPEs are as follows: triethyl
phosphate (TEP, 78-40-0), tripropyl phosphate (TPrP, 513-08-6), tri-iso-butyl phosphate (TiBP, 126-71-6), tribu-
tyl phosphate (TnBP, 126-73-8), tris-(2-chloroethyl)phosphate (TCEP, 115-96-8), tris-(1-chloro-2-propyl)phos-
phate (TCPP, 13674-84-5), tris[2-chloro-1-(chloromethyl) ethyl]phosphate (TDCP, 13674-87-8), tri-butoxyethyl
phosphate (TBEP, 78-51-3), triphenyl phosphate (TPhP, 115-86-6), 2-ethylhexyl diphenyl phosphate (EHDPP,
1241-94-7), tri(2-ethylhexyl) phosphate (TEHP, 78-42-2), triphenylphosphine oxide (TPPO, 791-28-6), and tric-
resyl phosphate (TCrP, 1330-78-5). TEP, TPrP, TnBP, TCEP, TCPP, TDCP, TBEP, TPhP, EHDPP, TEHP, and TCrP
were all purchased from Dr. Ehrenstorfer (Augsburg, Germany). TiBP and TPPO were purchased from Toronto
Research Chemicals (Toronto, Canada). The deuterated surrogate, TnBP-d,,, was obtained from C/D/N Isotopes
Inc. (Pointe-Claire, QC, Canada). Acetonitrile, methanol, and acetone were purchased from Fisher Scientific
(Shanghai, China). 1-Undecanol, 1-dodecanol, n-hexadecane, n-nonanoic acid, and n-octanoic acid were pur-
chased from CNW Technologies (Diisseldorf, Germany). All organic solvents were chromatographic grade. HCI
and NaOH were purchased from Sinopharm (Shanghai, China), which were reagent grade. Ultra-pure water
(18.25 MQ) was obtained from a Milli-Q Gradient system (Millipore, Bedford, USA) in our laboratory.

SD-DLLME-SFO procedure. A 10mL filtered water sample was poured in a glass tube; its pH was adjusted
to 6.0 by adding 1 mol/L HCL Then, 10 pL of TnBP-d,, (1 mg/L) was spiked as the surrogate into the aqueous
samples. After mixing, a mixture of acetonitrile (1000 uL) and 1-undecanol (75pL) was rapidly injected into the
aqueous samples by using a syringe. Then, the samples were extracted under ambient temperature for 3 min. After
extraction, 750 pL of acetone was injected as demulsifier into the aqueous samples to separate the organic solvent
and aqueous samples. Then, the glass tube was transferred to an ice bath for 5 min, and the extractant was solidi-
fied and transferred to an EP tube and redissolved in 100 pL of methanol. Ten microliters of the final solution were
injected into the UHPLC-MS/MS system.

UHPLC-MS/MS analysis. A UHPLC system (Ultimate 3000, Thermo Scientific, USA) coupled with a triple
quadrupole mass spectrometer (TSQ Endura, Thermo Scientific, USA) was used for the analysis of OPEs. The
LC column was a Hypersil GOLD C18 column (2.1 mm X 100 mm, 1.9 pm). The column temperature was 40 °C.
Mobile phase A was an aqueous solution of 0.1% formic acid, and phase B was methanol. The flow rate was
0.3 mL/min. Gradient elution was set as follows: 0 min, 40% B; 5 min, 40% B; 14.5 min, 90% B; 20.5 min, 90% B;
20.6 min, 40% B; 23.5min, 40% B. Electrospray ionization was selected and run in positive ion mode. The peak
width resolution was 0.7 m/z, spray voltage was 3500V, sheath gas pressure was 30 arbitrary unit (Arb), auxil-
iary gas pressure was 7 Arb, ion transfer tube temperature was 350 °C, vaporizer temperature was 300 °C, and
collision-induced dissociation gas pressure was 2 mTorr. The selective reaction monitoring transitions are listed
in Table 4.

Quantification and quality control. Procedural blanks were analyzed to determine possible contamina-
tion during extraction. The results showed that the background pollution of the proposed method was low. The
main background contamination was TiBP (0.42 4+ 0.05ng/L) and TnBP (0.39 & 0.04 ng/L), which was lower than
the LOQ. TPPO, TPhP, TCPP, TDCP, and TEHP were lower than the LOD. During analysis, the background
concentrations were deducted from aqueous samples. Actual aqueous samples were extracted under the most
suitable conditions to determine the matrix effect. Before UHPLC-MS/MS analysis, the analytes (13 target OPEs
and 1 surrogate standard) were added to the extracts. The added amount was 5 and 20 ng for each target OPE. The
matrix effect was calculated using the following equation*!:

_ Peak area of post — extraction spike — Peak area of real sample

Matrix effect (%) = X 100

Peak area of standard

During analysis, each sample was analyzed in three replicates. Each batch of 10 samples was added with one
procedural blank to monitor the potential contamination.

Conclusion

In this study, a novel SD-DLLME-SFO pretreatment method coupled with UHPLC-MS/MS was developed for the
determination of 13 OPEs in aqueous samples. The SD-DLLME-SFO process was optimized, including the type
and volume of extractant, dispersant and demulsifier, extraction time, and pH of samples. Using the proposed
method, the LOD and LOQ were 0.16-20.0 and 0.55-66.7 ng/L, respectively. The EFs ranged from 30 to 46. RSDs
were less than 15%. The recoveries ranged from 68.2% to 97.7% in the analysis of actual aqueous samples. Effluent
samples had the highest detected concentrations and types of OPEs compared with tap water and river water.

Data Availability
The datasets generated and/or analysed during this study are available from the corresponding author on reason-
able request.
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