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a b s t r a c t 

A novel double-microextraction approach, combining dispersive liquid-liquid microextraction (DLLME) 

and vortex-assisted micro-solid-phase extraction (VA-μ-SPE) was developed. The procedure was applied 

to extract endocrine disrupting chemicals (EDCs) consisting of three phthalate esters (PEs) and bisphe- 

nol A (BPA) associated with PM 2.5 (airborne particulate matter with aerodynamic diameter ≤ 2.5 μm). 

Gas chromatography–tandem mass spectrometry (GC–MS/MS) was used for determination of the ana- 

lytes. These analytes were first ultrasonically desorbed from PM 2.5 in a 10% acetone aqueous solution. 

DLLME was used to first preconcentrate the analytes; the sample solution, still in the same vial, was 

then subjected to VA-μ-SPE. The synergistic effects provided by the combination of the microextraction 

techniques provided advantages such as high enrichment factors and good cleanup performance. Various 

extraction parameters such as type and volume of extractant solvent (for DLLME), and type of sorbent, 

extraction time, desorption solvent, volume of desorption solvent and desorption time (for μ-SPE) were 

evaluated. Multi-walled carbon nanotubes were found to be the most suitable sorbent. This procedure 

achieved good precision with intra- and inter-day relative standard deviations of between 1.93 and 9.95%. 

Good linearity ranges (0.3-100 ng/mL and 0.5-100 ng/mL, depending on analytes), and limits of detection 

(LODs) of between 0.07 and 0.15 ng/mL were obtained. The method was used to determine the levels of 

PEs and BPA in ambient air, with concentrations ranging between below the limits of quantification and 

0.48 ng/m 

3 . DLLME–VA-μ-SPE-GC–MS/MS was demonstrated to be suitable for the determination of these 

EDCs present in PM 2.5 . 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Atmospheric particulate matter (PM) comprises an assortment 

f solid and aqueous species, emitted via anthropogenic and nat- 

ral routes, with a range of morphological, physical and chemi- 

al properties. The consequences of PM discharging into the atmo- 

phere includes poor air quality, reduced visibility, adverse climate 

hange, and harmful impacts on human health and natural ecosys- 

ems [1-3] . PM comprises particles with aerodynamic diameters 

f ≤ 10 μm (PM 10 ), and those of ≤ 5 μm (PM 2.5 ). The respirable

ractions, (i) between PM 2.5 and PM 10 , and (ii) below PM 2.5 , are 

onsidered the most hazardous to human health. The regulatory 
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oncern today is thus focused on these particles small enough to 

reach the human thoracic region [4] . 

Endocrine disrupting chemicals (EDCs) such as phthalate esters 

PEs), bisphenol A (BPA) and polychlorinated biphenyls, have been 

xtensively studied in relation to their presence in the environ- 

ent. EDCs have adverse effects on animals and humans, includ- 

ng, as their name indicates, interfering with reproductive and im- 

une systems [5-7] . EDCs may be toxic to the humans when in- 

aled directly even at trace levels. It has been reported that these 

ompounds are one of the major components of organic aerosols 

8] . Among EDCs, PEs and BPA are two main categories which are 

biquitous in the environment like water, soil, sediment, air and 

ood [ 9 , 10 ], as they are extensively involved in the daily lives of hu-

an beings [11] . PEs are widely used as plasticizers for polymeric 

aterials for improving flexibility and workability whereas BPA are 

ound in epoxy resins, polycarbonates, and other polymers. Vari- 

https://doi.org/10.1016/j.chroma.2020.461828
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2020.461828&domain=pdf
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us studies have confirmed that these organics can cause male re- 

roductive disorders and medical problems such as infertility, de- 

reased sperm counts and prostate cancer, etc. [12-14] . 

The concentrations of the EDCs in the atmosphere are very 

ow. Thus, sample preparation plays a crucial role as part of an 

nalytical methodology to determine trace levels of EDCs in at- 

ospheric PM. Solvent extraction is usually used to extract or- 

anic compounds associated with PM collected on filters by vac- 

um. The most common contemporary extraction methods are 

ltrasonic-assisted extraction (UAE) [15] , microwave-assisted ex- 

raction (MAE) [16] and pressurized liquid extraction (PLE) [17] . 

his is normally followed additional cleanup steps (if needed) be- 

ore chromatographic separation and analysis with a variety of de- 

ection approaches. 

There have been several recent studies of EDCs in atmospheric 

M. Li and Wang reported the compositions, size distributions 

nd seasonal variations of EDCs in two mega-cities in China 

7] . The extraction of PM 2.5 and PM 10 collected on quartz mi- 

rofiber filters was carried out by ultrasonication with a mixture 

f dichloromethane (DCM) and methanol (MeOH). Subsequently, 

vaporation, elution and derivatization were conducted before the 

nalytes were determined by gas chromatography–mass spectrom- 

try (GC–MS). In another study, eight PEs associated with PM 10 

nd PM 2.5 were collected in a heavily populated area of Mexico 

ity, Mexico [18] . The PEs were extracted by dry ultrasonication 

hich dislodged the particles mechanically, followed by elution us- 

ng toluene for determination with GC–tandem MS (MS/MS). An 

ssessment of lung exposure to these contaminants was made. 

easonal variations of the total amounts of eight PEs in PM 2.5 col- 

ected in Shenzhen, China, in dry and wet seasons were studied by 

u et al. [19] . PM 2.5 -entrained quartz fiber filters were ultrasoni- 

ated in a mixture of hexane and acetone to extract the PEs. After 

entrifugation, drying under nitrogen gas and reconstitution with 

exane, extracts were analysed by GC–MS. In Northwest Spain, 

hirteen PM 2.5 -bound estrogenic EDCs were determined in indus- 

rial, urban and non-polluted suburban areas [20] . The PM 2.5 was 

ollected on quartz microfiber filters and extracted by PLE over 

hree cycles using MeOH (100 %) as extraction solvent. The extract 

as concentrated in a nitrogen gas flow, then dried in an evapora- 

or, and reconstituted with MeOH. Determination was carried out 

sing LC–MS/MS. 

Miniaturized sample preparation procedures have attracted im- 

ense attention since the early 1990s due to their efficiency, ease 

f handling and operation, use of much lower quantities of sam- 

les, solvents, reagents and sorbents, and generation of minimal 

aste [21] . Liquid-phase microextraction (LPME) is an example of a 

iniaturized sample preparation technique. It is now considered to 

e a generic term for a multitude of equilibrium-based microscale 

olvent extraction procedures characterized by their use of micro- 

iter volumes of solvents. Dispersive-liquid-liquid microextraction 

DLLME) is a mode of LPME [22] in which a small volume of an

rganic extractant solvent is dispersed in an aqueous sample to 

xtract target analytes and is then isolated for analysis. In gen- 

ral, a dispersive solvent is often used in DLLME to facilitate this 

ispersion that is manifested by the formation of a cloudy solu- 

ion. This increases enormously the surface area between the or- 

anic droplets and the bulk aqueous solution, facilitating extrac- 

ion. Whether a dispersive solvent is needed is dependent on the 

xtractant used. For example, for 1-octanol, a dispersive solvent is 

ot required since effective dispersion of droplets can be enabled 

y vortex agitation [23] . 

An example of a miniaturized sorption-based extraction ap- 

roach is membrane-protected micro-solid-phase extraction (μ- 

PE). In this procedure, a polypropylene (PP) membrane bag hous- 

ng a sorbent is simply placed in an aqueous sample solution to 

dsorb the analytes [24] . The PP bag protects the sorbent from the 
2 
nterfering effects of a complex liquid matrix. The major advantage 

njoyed by μ-SPE is that cleanup and preconcentration take place 

oncurrently. 

Successful applications of μ-SPE in PM 2.5 research have been 

eported. One example is a study of MAE-μ-SPE with high- 

erformance liquid chromatography–ultraviolet detection (HPLC–

V) which was applied to quantify the levels of EDCs in total sus- 

ended PM [1] . The μ-SPE sorbent was copper II isonicotinate. An- 

ther μ-SPE study reported the extraction of glyoxal and methyl- 

lyoxal with on-sorbent derivatization by 2,4-diphenylhydrazine 

25] . 

One of the first studies of combined DLLME and μ-SPE (disper- 

ive mode) was reported by Shi and Lee [23] . The appeal of the 

ombined DLLME-μ-SPE approach is that there is no necessity of 

xtract retrieval in the first step, which high enrichment capability 

s taken advantage. The membrane device is then directly added 

o the same vial for μ-SPE. This combined microextraction tech- 

ique, with GC-MS/MS, were applied to the determination of PAHs 

n PM 2.5 [26] . On the other hand, Guo and Lee reversed the order 

f the procedures (i.e., μ-SPE-DLLME) to extract and enrich PEs in 

ater [27] . Finally, Majedi and Lee also applied a combined extrac- 

ion method for aliphatic amines associated with PM 2.5 [28] ; how- 

ver, the second step after the DLLME part was classical dispersive 

PE, not μ-SPE. 

When the aforementioned microextraction procedures are ap- 

lied to PM, it should be noted that the particulates have to be 

rst taken into solution of an organic solvent-aqueous mixture to 

esorb the associated contaminants [ 25 , 26 ]. This approach is less 

arsh than MAE or PLE, another attractive feature of the use of 

icroextraction for PM sample processing. 

In this work, a method consisting of combined DLLME-VA-μ-SPE 

nd GC-MS/MS was developed to determine the levels of four EDCs 

three PEs and BPA) in atmospheric PM 2.5 for the first time. Prior 

o the extraction and preconcentration of the analytes by DLLME- 

A-μ-SPE, the PM 2.5 was rendered into solution form by ultrason- 

cation with an organic-aqueous solvent. The method was applied 

o the analysis of the PEs and BPA in genuine atmospheric PM 2.5 . 

. Experimental 

.1. Chemicals and materials 

Pure diethyl phthalate (DEPH), dibutyl phthalate (DBPH), di (2- 

thylhexyl) phthalate (DEHPH), BPA and 1-octanol were obtained 

rom Sigma Aldrich (St. Louis, MO, USA). Graphene oxide (GO), 

educed graphene oxide (r-GO) and activated carbon (AC) were 

upplied by Daejung Chemicals and Metals Co., Ltd (Gyeonggi-do, 

hiheung-city, Korea) and multi-walled carbon nanotubes (MWC- 

Ts) (10–20 nm in diameter, specific surface area 90–120 m 

2 g −1 ) 

ere obtained from Shenzhen Nanotech Port Co., Ltd. (Guang- 

ong, Shenzhen, China). HPLC-grade acetone, acetonitrile (ACN), 

eOH, DCM, ethyl acetate (EA) and chloroform were purchased 

rom Thermo Fischer Scientific (Waltham, MA, USA). Ultrapure wa- 

er was prepared on an Evoqua Ultra Clear purification system 

Evoqua Water Technologies, Pittsburgh, PA, USA). Q3/2 Accurel 2E 

F (RP) PP sheet membrane (~157-μm thickness, 0.2 μm pore size) 

as supplied by 3M Deutschland (Wuppertal, Germany). 

Individual stock solutions of PEs and BPA were prepared in ACN 

t 20 0 0 mg/L. Mixed standard solutions were prepared at 100 mg/L 

nd 1 mg/L concentrations from the stock solutions by dilution 

ith ACN. All stock solutions and calibration standards were stored 

n the dark and kept at 4 °C. Subsequent working solutions used 

or the optimisation procedure were prepared in ultrapure water 

rom 1 mg/L mixed standard solution. The working solutions were 

djusted to pH 5 with 1M hydrochloric acid or sodium hydroxide 

olution. 
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Table 1 

Retention times, MRM transitions and collision energy of analytes 

Analyte 

Retention time 

(min) 

MRM transition 

(m/z) 

Collision energy 

(eV) 

MRM transition 

(m/z) 

Collision energy 

(eV) 

MRM transition 

(m/z) 

Collision energy 

(eV) 

DEPH 5.98 149.0 > 65.1 21 149.0 > 93.1 15 149.0 > 121.1 9 

DBPH 8.96 149.0 > 65.1 21 149.0 > 93.2 15 149.0 > 121.1 12 

BPA 11.54 213.0 > 119.1 12 213.0 > 91.1 27 119.0 > 91.1 9 

DEHPH 15.37 167.0 > 149.0 9 149.0 > 65.1 24 149.0 > 93.0 18 
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.2. Instrumentation 

Analysis was performed using Shimadzu (Kyoto, Japan) Model 

040 GC–triple quadrupole MS/MS system equipped with a Shi- 

adzu AOC-20i autosampler and DB-5MS (J&W Scientific, Folsom, 

A, USA) fused silica capillary column (30 m x 0.025 mm (i.d), 

.025 μm film thickness). Helium (purity 99.9999%) was employed 

s the carrier gas at a flow rate of 1.3 mL/min. Samples were in-

ected into the GC under splitless mode. The injector and inter- 

ace temperature were set at 230 °C. The GC oven temperature was 

rogrammed as follows: Initial temperature of 105 °C for 1 min, 

ncreased to 200 °C at 20 °C/min and held for 1 min, followed by 

n increase to 220 °C at 10 °C /min and held for 2 min, and then

ncreased to 300 °C at 10 °C/min and held for 2 min. The temper-

ture of the electron impact ion source, operated at 70 eV, was 

et at 230 °C. The standard solutions and real sample extract were 

nalysed in multiple reaction monitoring (MRM) mode. The masses 

onitored by the detector were set as follows: DEPH, mass-to- 

harge ratio m/z 65, 149; DBPH, m/z 65, 149; BPA, m/z 119, 213; 

nd DEHPH, m/z 149, 167. All GC–MS/MS analyses were performed 

n triplicate. The retention times, MRM transitions and collision en- 

rgies of the analytes are shown in Table 1 . 

.3. Extraction of analytes 

.3.1. Preparation of μ-SPE device 

The μ-SPE device was prepared, following a procedure previ- 

usly reported by Basheer et al. [24] . In brief, a piece of PP mem-

rane (ca. 2.5 cm x 2 cm) was folded in half along its longer length,

nd heat-sealed along two of the edges to create an envelope or 

ag with an opening. Three milligrams of sorbent were loaded into 

he bag via the opening that was then heat-sealed to secure the 

ontents [29] . The final dimension of the PP bag was ca. 1.5 cm x

 cm. The μ-SPE device was conditioned by ultrasonication in ace- 

one for 10 min and stored in the same solvent until use. 

.3.2. Processing of PM 2.5 -entrained filters 

A polytetrafluoroethylene (PTFE)-coated glass filter (GP 47 P; 

7mm diameter) (Pall Corporation, Ann Arbor, MI, USA) was first 

reated with 5% nitric acid, then with MeOH/tetrahydrofuran (1:1) 

nd subsequently n-hexane for cleaning prior to collection of 

M 2.5 . The PM was collected through a cyclone air sampler (URG- 

0 0 0-30FG, University Research Glass, Chapel Hill, NC, USA) at a 

owrate of 16.7 L/min for 24 h in Oct 2018 at the National Univer-

ity of Singapore (total volume of air sampled: 24.048 m 

3 ). After- 

ards, the filter was wrapped in an aluminium foil and stored at 

 °C until further use. 

A filter on which genuine atmospheric PM 2.5 was collected was 

ivided into quarters. One quarter-piece was processed by placing 

t into a beaker containing 30 mL of an aqueous solution contain- 

ng 10% acetone. The contents were ultrasonicated for 15 min, after 

hich the sample solution was used for DLLME-VA-μ-SPE (Section 

.3.3), which was also applied to a similarly treated blank filter to 

uantify its background characteristics, and to determine the an- 

lytical figures of merit (i.e., limits of detection (LODs), limits of 

uantification (LOQs), etc). Blank and sampled filters onto which 
3 
he analytes were directly spiked at 1 ng/mL and 5 ng/mL were 

lso processed by DLLME-VA-μ-SPE similarly to determine relative 

ecoveries (%RRs). Filtration or any other pre-treatment was not 

pplied to the genuine filter sample solutions to prevent possible 

oss of analytes. 

.3.3. DLLME-VA-μ-SPE 

For each extraction experiment, 8 mL of aqueous solution (pre- 

djusted to pH 5) spiked with standard analytes to give a final 

oncentration of 50 ng/mL of each EDC, was added into a 10 mL 

lear glass vial. In the DLLME step, a mixture of 400 μL of acetone 

dispersive solvent) and 70 μL of chloroform (extractant solvent) 

as rapidly injected into the solution using a syringe. This was 

o achieve dispersion (indicated by a cloudy solution consisting of 

iny droplets) to create a large surface area for efficient extraction 

f analytes in the aqueous solution). After 2 min, the μ-SPE de- 

ice was added to the solution, and the contents were vortexed 

fter the vial was capped, for 10 min of μ-SPE. Here, the EDCs 

ere first extracted into chloroform (DLLME), and then adsorbed 

n the MWCNTs (μ-SPE). Upon completion of extraction, the μ-SPE 

evice was retrieved with a pair of tweezers, washed with ultra- 

ure water and dabbed dry using lint-free tissue paper. It was then 

laced into a microcentrifuge tube for solvent desorption in 100 

L acetone by ultrasonication for 10 min. One microlitre of the ex- 

ract was injected into the GC–MS/MS system for analysis. After 

esorption, the used μ-SPE device was regenerated by ultrasoni- 

ation with MeOH, and then acetone separately. Fig. 1 shows the 

chematic of the DLLME–VA-μ-SPE procedure. 

The same combined extraction procedure was also applied to 

he solutions obtained from the processing of the blank filter, and 

enuine PM 2.5 -entrained filters. Most of the microextraction pro- 

edures are equilibrium-based with their use of small volumes of 

xtractant solvent relative to the volumes of the sample solution 

30] . To determine the effectiveness of microextraction techniques, 

wo parameters, %RR and enrichment factors (EFs), are usually cal- 

ulated. 

The %RR can be measured using the following relationship: 

RR = [( C ss –C s )/ C sw 

] x 100 

here C ss , C s and C sw 

refer to the analyte concentrations found in 

he sample after spiking with standards, the analyte concentrations 

etermined in the genuine sample, and the analyte concentrations 

n a spiked aqueous standard solution, respectively. 

The EF enabled by an extraction method with respect to an an- 

lyte can be calculated using 

F = C f /C i 

here C f is the final concentrations of an analyte in the organic 

xtractant, and C i the initial concentration of the analyte in the 

tandard sample solution. 
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Fig. 1. Schematic of DLLME–VA-μ-SPE–GC–MS/MS. 
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. Results and discussion 

.1. Evaluation of extraction conditions 

.1.1. Type of extractant solvent 

The extractant solvent is one of the most important parameters 

o be optimised in the DLLME procedure. The criteria for a pre- 

erred extractant solvent include: low water miscibility and low 

iscosity to form an emulsion effectively, good extraction capa- 

ility of target analytes, good chromatographic performance, and 

ompatibility with the μ-SPE membrane material, it is able to dif- 

use expeditiously through the pores to adsorb on the sorbent 

31] . 

Fig. 2 . shows that chloroform is the most favorable extrac- 

ant solvent for all target analytes. As this solvent is hydrophobic 

nd halogenated [32] , it has good affinity with the target analytes 

hrough hydrophobic interactions with respect to the ‘like dissolves 

ike’ principle. It was also observed that chloroform was the only 

olvent that could effectively extract BPA. This may be due to the 

igher solubility of BPA in chloroform, while the relatively inferior 

esult for DCM was conceivably due to the lower solubility in this 

olvent [33] . 

The non-chlorinated solvents such as 1-octanol and EA were the 

oorest extractant solvents, probably caused by the inefficient for- 

ation of emulsion during the DLLME step of the extraction pro- 

ess due to their high viscosity and high aqueous solubility, respec- 

ively [ 31 , 34 , 35 ]. 

Although use of chloroform is usually not recommended due 

o its toxic properties, in the present case, its DLLME performance 

as far superior to that of the other solvents. The necessity of de- 

eloping a highly efficient extraction procedure took precedence, 

specially since only microliter volumes were needed. 
p

4 
.1.2. Volume of extractant solvent 

The volume of extractant solvent is crucial in determining the 

LLME efficiency as the EF depends on the volume ratio of the 

ample solution to the extraction phase [36] . Although a low ex- 

raction solvent volume contributes to a higher EF, its capacity for 

xtracting the analytes needs to be considered [30] . A range of sol- 

ent volumes (between 50 μL and 150 μL) was evaluated ( Fig. 3 ).

t can be seen that 70 μL was the most favorable volume that pro- 

ided the highest overall extraction efficiencies. Lower extraction 

fficiencies at volumes beyond 70 μL were most likely due to the 

ilution effect which predominated over extraction capacity [37] . 

.1.3. Selection of sorbent 

A comparison of the extraction efficiencies provided by four 

ommercial sorbents, MWCNTs, GO, rGO and AC, for μ-SPE was car- 

ied out. The results ( Fig. 4 ) showed that MWCNTs were the most 

ffective sorbent in extracting the target analytes since MWCNTs 

nteract favorably with organic molecules containing aromatic rings 

hrough π interactions [25] . Studies have shown that the mate- 

ial has excellent adsorption or extraction capability for both BPA- 

ype EDCs and PEs [ 38 , 27 ]. The adsorption mechanisms in respect

f both PEs and BPA on MWCNTs are due to compatibility of hy- 

rophobic character and π interaction between the aromatic rings, 

ith, for BPA, additional hydrogen bonding formation [ 38 , 39 ]. 

In contrast, GO and rGO exhibited lower extraction efficiencies 

han MWCNTs. Both materials displayed similar extraction capabil- 

ty. A possible reason for this observation is that whereas GO can 

orm stronger hydrogen bonding with PEs and BPA due to its larger 

umber of carbonyl and hydroxyl functional groups [40] , rGO has 

tronger hydrophobic interactions with these analytes [40-42] . The 

verall effect was that both had comparable observable extraction 

erformance. Lastly, granular AC, the pure carbon-based sorbent, 
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Fig. 2. Effects of extractant solvent on DLLME–VA-μ-SPE–GC–MS/MS. Analyte concentrations: 50 ng/mL of each; solvent volume: 100 μL; DLLME extraction time: 2 min; 

sorbent: MWCNTs; μ-SPE vortex (extraction) time: 10 min; desorption solvent: acetone; volume of desorption solvent: 100 μL; desorption (sonication) time: 10 min. 

Fig. 3. Effect of volume of extractant solvent on DLLME–VA-μ-SPE–GC–MS/MS. Analyte concentrations: 50 ng/mL of each; extractant solvent: chloroform; DLLME extraction 

time: 2 min; sorbent: MWCNTs; μ-SPE vortex (extraction) time: 10 min; desorption solvent: acetone; volume of desorption solvent: 100 μL; desorption (sonication) time: 10 

min. 
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s hydrophobic. AC preferentially binds to substances of low polar- 

ty with high molecular weights due to its large pore size and void 

olume [25] , resulting in this material having the lowest extraction 

apability. 

The hydrophobicity of MWCNTs and their ability to participate 

n π interactions as such, coupled with the high surface area they 

ould present to the analytes, allowed the effective enrichment of 

he analytes. Thus, it was surmised that they were the most suit- 

ble sorbent for PEs. 

.1.4. Extraction time 

Since the mass transfer of the analytes from the spiked aque- 

us solution to the μ-SPE device is a time-dependent process, the 

fficiency of extraction time (from 5 – 15 min) was evaluated. The 

esults indicated that 10 min was the most suitable time for the 

aximum adsorption of the analytes into the μ-SPE device ( Fig. 5 ). 

s μ-SPE is an equilibrium-based process, prolonged extraction 

ime could promote reverse partitioning of the analytes back into 

he solution [ 31 , 43 ], as indicated by the decrease in extraction ef-
5 
ciency over an extraction time of 15 min. It is noted that the ex- 

raction time of VA-μ-SPE was significantly shorter than conven- 

ional μ-SPE, which uses magnetic stirring for agitation that usually 

equired more than 30 min to extract similar analytes [ 25 , 44 ]. It is

lear that vortexing coupled with DLLME, can speed up the extrac- 

ion process as compared to conventional μ-SPE; this obviously has 

he advantage of increasing the sample throughput [ 25 , 31 ]. From 

he experiments, 10 min was thus chosen as the most favorable 

xtraction time. 

.1.5. Desorption solvent 

After extraction, the analytes adsorbed on the μ-SPE sorbent 

ere desorbed by an organic solvent under ultrasonication. Sev- 

ral organic solvents were investigated for their desorption capa- 

ility. The results indicated that the highest desorption efficiency 

as achieved using acetone (Fig. S1). This is due to the polarity 

f the solvent which largely determines the solubility of analytes 

45] . Since acetone is the least polar solvent (partition coefficient, 

og P = -0.24), it can most effectively disrupt the interactions be- 
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Fig. 4. Selection of sorbent on DLLME–VA-μ-SPE–GC–MS/MS. Analyte concentrations: 50 ng/mL of each; extractant solvent: chloroform; volume of extractant solvent: 70 μL: 

DLLME extraction time: 2 min; μ-SPE vortex (extraction) time: 10 min; desorption solvent: acetone; volume of desorption solvent: 100 μL; desorption (sonication) time: 10 

min. 

Fig. 5. Effect of extraction (vortexing) time on DLLME–VA-μ-SPE–GC–MS/MS. Analyte concentrations: 50 ng/mL of each; extractant solvent: chloroform; sorbent: MWCNTs; 

volume of extractant solvent: 70 μL: DLLME extraction time: 2 min; desorption solvent: acetone; volume of desorption solvent: 100 μL; desorption (sonication) time: 10 min. 
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ween the slightly polar analytes and MWCNTs and can hence dis- 

lace the analytes from MWCNTs [ 31 , 46 ]. 

In comparison, MeOH which is the most polar solvent (log P = - 

.77) exhibited the lowest desorption efficiency. Mid-polar solvents 

uch as ACN and ethanol (log P = -0.34 and -0.31, respectively) 

ave similar polarities and therefore displayed comparable desorp- 

ion results. Acetone was thus chosen as the most suitable desorp- 

ion solvent. 

.1.6. Volume of desorption solvent 

In order to elute the target analytes from the μ-SPE device 

ompletely and reproducibly, sufficient desorption solvent was re- 

uired. However, this volume should be minimized to avoid dilu- 

ion of the analytes that would compromise the overall extraction 

fficiencies provided by DLLME–VA-μ-SPE. A range of desorption 

olumes (100, 150, 200 and 250 μL) were used to determine the 

ost favorable solvent volume. 
6 
The results indicated that 100 μL provides the maximum chro- 

atographic response of the analytes due to relatively high enrich- 

ent of analytes in this solvent volume (Fig. S2). The extraction 

fficiency decreases significantly beyond 100 μL, due to dilution 

aused by the use of larger volumes of acetone. One hundred mi- 

roliters were therefore adopted as the most favourable desorption 

olume. 

.1.7. Desorption time 

The effect of desorption time was examined over the range 3-15 

in. Similar to extraction, desorption is also an equilibrium-based 

rocess [31] . The results showed that desorption time of 10 min 

as sufficient to establish an equilibrium between the sorbent and 

esorption solvent, providing the highest peak areas of the ana- 

ytes (Fig. S3). Prolonged sonication of > 15 min caused a slight 

ecrease in desorption efficiency due to re-adsorption, which is a 

ommon observation reported in other μ-SPE studies [ 31 , 47 ]. 
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Table 2 

Analytical figures of merit of the procedure DLLME–VA–μ-SPE-GC-MS/MS 

Analyte 

Linearity range 

(ng/mL) 

Coefficient of 

determination 

(r 2 ) 

LOD 

(ng/mL) 

LOQ 

(ng/mL) %RSD (n = 3) EF a 

Intra-day Inter-day 

DEPH 0.3–100 0.998 0.07 0.22 4.66 2.39 23 

DBPH 0.5–100 0.998 0.13 0.44 6.40 1.93 86 

BPA 0.3–100 0.998 0.08 0.25 8.74 8.75 55 

DEHPH 0.5–100 0.995 0.15 0.50 9.95 6.45 62 

a Calculated based on 0.5 ng/mL of each analyte in ultrapure water sample 

Table 3 

Concentrations of EDCs in PM2.5 and relative recoveries (RRs) 

Analyte 

Concentration 

in PM 2.5 

(ng/m 

3 ) a 

%RR (n = 3) 

Spiked to 

concentration 

of 1 ng/mL %RSD 

Spiked to 

concentration 

of 5 ng/mL %RSD 

DEPH < LOQ 78.2 10.4 73.9 10.7 

DBPH 0.27 b 66.5 6.9 93.0 1.7 

BPA < LOQ 79.1 3.1 61.9 6.2 

DEHPH 0.48 c 70.9 2.8 95.8 8.4 

a Calculated based on PM 2.5 filter sampled at the flow rate of 16.7 L/min for 24 h 
b Value corresponds to 0.21 ng/mL 
c Value corresponds to 0.38 ng/mL 
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The reusability of μ-SPE device was evaluated. After one des- 

rption experiment, the μ-SPE device was washed with acetone 

o remove potential residual analytes, and then reused. No carry- 

ver effects were observed. A decrease in extraction efficiency was 

ecorded only after the same μ-SPE device was used more than 10 

imes. This may be due to the blockage of the membrane pores af- 

er repeated usage of the μ-SPE device [45] . Also, prolonged and 

ontinual sonication could have deformed the MWCNT structure 

ver time [48] , leading to reduced surface area available for ex- 

raction of the analytes. Thus, a single device was reusable up to 

0 times without impacting on its extraction performance nega- 

ively. 

.2. Comparison of DLLME–VA-μ-SPE, DLLME and VA-μ-SPE 

A preliminary comparative evaluation of DLLME–VA-μ-SPE, 

LLME and VA-μ-SPE was first carried out using aqueous EDC stan- 

ard solutions containing 50 ng/mL of each analyte. For μ-SPE, the 

orbent used was MWCNTs. As usual, peak areas from the GC- 

S/MS analyses were taken to represent the relative performances 

f the extraction procedures (Fig. S4). The experiments revealed 

he superior extraction capability of DLLME–VA-μ-SPE, compared 

o the individual procedures separately, especially towards the less 

ydrophobic analytes DEPH and BPA. This highlighted the impor- 

ance of the role DLLME played in enhancing extraction before the 

roplets containing the analytes diffused into the membrane bag, 

o be adsorbed by the MWCNTs, μ-SPE sorbent. 

.3. Method validation of DLLME–VA-μ-SPE-GC-MS/MS 

Under the most favorable conditions, the analytical performance 

f the proposed method was assessed by evaluating its calibration 

inear range, LODs, LOQs, EFs, and intra- and inter-day precision 

n terms of percent relative standard deviations (%RSDs), as sum- 

arised in Table 2 . 

The linearity range was from 0.3 to 100 ng/mL for DEPH and 

PA, and 0.5 to 100 ng/mL for DBPH and DEHPH. The LODs were 

n the range of between 0.07 and 0.15 ng/mL while the LOQs were 

rom 0.22–0.50 ng/mL. Intra-day repeatability in terms of RSDs was 

etermined to be from 4.66 to 9.95%, whereas inter-day repro- 

ucibility was between 1.93 and 8.75%. The EFs, which are defined 
7 
s the ratios of analyte concentrations in the extracts to those in 

he samples, were calculated to be between 23 and 86. 

.4. Analysis of PM 2.5 sample 

The developed procedure was subsequently applied to genuine 

ir samples (PM 2.5 -entrained filter) for the quantification of PEs 

nd BPA associated with them. Spiked quarter-portions of sampled 

lters (at concentrations 1 ng/mL, and 5 ng/mL of each analyte) 

rocessed to investigate matrix effects (by measuring %RRs). The 

alculated %RRs, %RSDs and the levels of the target analytes in am- 

ient air are shown in Table 3 . The gas chromatograms of extracts 

f unspiked, and spiked real samples (at 5 ng/mL of each analyte) 

re also shown in Fig. S5. The peaks were identified based on their 

hromatographic retention times and mass spectra ratios. The un- 

nown peak at ca. 8.1 min is possibly an artefact. Since it did not 

nterfere with the analysis, no attempt was made to identify it. 

The environmental concentrations of the four EDCs were in the 

ange of < LOQ - 0.48 ng/m 

3 . The levels of those detected, DBPH 

nd DEHPH, were 0.27 and 0.48 ng/m 

3 , respectively. This is compa- 

able with the concentration ranges reported for these compounds 

n airborne PM in other studies [ 1 , 19 , 20 ] in different regions. The

evels of the same EDCs (DEPH, DBPH, DEHPH and BPA) as stud- 

ed in present work associated with total suspended PM in ur- 

an, business centre and industrial sites of Dongguan, China, have 

een reported to be in the range of N.D.-68.8 ng/m 

3 [1] , 1.64-59.9 

g/m 

3 in PM 2.5 (for three of the EDCs; DEPH, DBPH and DEHPH) 

n Shenzhen, China [19] , and N.D.-54.7 ng/m 

3 in PM 2.5 (for DEPH, 

BPH, DEHPH and BPA) in industrial, urban and suburban areas of 

. Coruña (Northwest Spain) [20] . 

The values of RRs calculated after extraction and analysis of 

piked filters were between 61.9 and 95.8%, indicating that there 

ere some matrix interferences involved, which could be at- 

ributed to the DLLME part of the procedure. This shows that the 

se of μ-SPE, where the PP membrane bag acted as a protective 

arrier, as the second extraction step, was unable to fully overcome 

he limitation of DLLME in eliminating matrix effects. Nonetheless, 

-SPE still effectively reduced the severity of the matrix effects 

hile taking advantage of DLLME in providing high EFs, there- 
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Table 4 

Comparative data of current and other methods 

Analytes a 
Extraction 

method b Sample matrix 

Detection 

method 

Total volume of 

solvent (μL); 

solvent type 

Total 

extraction 

time (min) %RR LOD (ng/mL) %RSD Ref. 

DEPH, 

DBPH, 

BPA, 

DEHPH 

DLLME–VA-μ- 

SPE 

PM 2.5 extract GC–MS/MS 170; Chloroform 

(DLLME), Acetone 

(μ-SPE) 

22 61.9-95.8 0.07-0.15 < 10 This work 

DEPH, 

DBPH, 

BPA, 

DEHPH 

MAE–μ-SPE Suspended air PM HPLC–UV 102.5; n-Hexane 40 81.2-119.2 2.0-8.5 ng/L < 10 [1] 

DEPH, 

DBPH, 

DEHPH 

UAE PM 2.5 extract GC–MS 11 mL; n-Hexane: 

Acetone 

40 76.4-110 0.11-0.43 

ng/m 

3 

- [19] 

DEPH, 

DBPH, 

BPA, 

DEHPH 

PLE PM 2.5 extract LC–MS/MS -; MeOH 24 88-121 2.0-12 pg/m 

3 < 15 [20] 

DEPH, 

DBPH, 

BPA 

EE-SPME Sea water GC–MS - 20 73.9-93.4 0.004-0.15 < 5 [48] 

DEPH, 

DBPH, 

BPA, 

DEHPH 

SB-DLLME Mineral and tap 

water 

GC–IT/MS 200; n-Hexane 21 93.4-104.5 1-5 < 9.3 [49] 

DEPH, 

DBPH, 

DEHPH 

VA-μ-SPE–LDS- 

DLLME 

River water GC–MS 380; ACN (μ-SPE), 

n-Hexane (DLLME) 

17 89.5-102.3 0.006-0.01 < 9.7 [27] 

a Only analytes identical to those in the present work are listed and compared. 
b EE: Electro-enhanced; SB: Solvent-based; LDS: Low-density solvent; IT; Ion trap 

f

n

3

v

i

e

[  

a

t

a

t

a

n

m

i

m

[  

b

o

4

t

e

a

A

c

i

I

a

r

D

h

a

I

i

l

P

e

d

r

s

b

w

m

v

c

d

v

p

D

C

e

H

A

E

4

1  

Y

ore demonstrating the benefit of the double-microextraction tech- 

ique. 

.5. Comparison with other methods 

Table 4 shows comparative data amongst the present and pre- 

iously reported methods for analysing EDCs in airborne PM. There 

s no doubt that MAE or PLE, for example, are highly efficient 

xtraction methods for PEs and BPA in suspended airborne PM 

 1 , 18 , 19 ]. Nevertheless, they are more sophisticated, expensive, and

ggressive extraction modes than the present DLLME–VA-μ-SPE 

echnique. Together with GC-MS/MS, DLLME–VA-μ-SPE gave good 

nalytical performance. In this method, the analytes adsorbed on 

he filter samples were taken into aqueous solution using 3 mL of 

cetone with ultrasonication. Only 100 μL of the same solvent were 

eeded for analyte desorption. Therefore, overall, there was mini- 

al consumption of organic solvent with generation of little waste 

n the present method. 

DLLME–VA-μ-SPE–GC–MS/MS was also compared with other 

ethods for the analysis of EDCs in various water samples 

 27 , 4 8 , 4 9 ]. The details are also summarized in Table 4 . As can

e seen, the present technique also compared very well with the 

ther techniques. 

. Conclusion 

With the widespread use of plastic products, human exposure 

o plasticizers and their release into the environment has been in- 

vitable. In particular, PEs and BPA are common plasticizers that 

re known to cause adverse effects in animals and human beings. 

lthough studies have reported that PM containing these analytes 

ould pose an exposure hazard by inhalation, there has been lim- 

ted work on the determination of PEs and BPA present in the air. 

t is thus important to develop analytical methodologies for these 

nalytes present in atmospheric particulate matter that are simple, 

apid and provide high efficiency. 

In the present work, the combined microextraction technique, 

LLME-VA-μ-SPE, was demonstrated to be relatively fast, and has 
8 
igh enrichment factors, good repeatability and reproducibility, 

nd sensitivity for the GC-MS/MS analysis of PEs and BPA in PM 2.5 . 

n summary, the combined techniques worked synergistically, giv- 

ng rise to advantages such as high preconcentration of the ana- 

ytes and good clean-up efficiency, for the GC-MS/MS detection of 

Es and BPA present in PM 2.5 samples. 

It is believed that this proposed method can be subsequently 

xpanded to be applied to a wider range of analytes by adopting 

ifferent solvents and sorbents to tune its selectivity. There is cur- 

ently a wide variety of sorbents being explored in sorbent-based 

ample preparation, including μ-SPE, such as polymers, carbon- 

ased materials, zeolites and metal-organic frameworks, all of 

hich are garnering attention in extraction applications. 

In addition, future work can include the combinations of other 

icroextraction techniques, or those of microextraction and con- 

entional extraction procedures. As far as μ-SPE is concerned, a 

urrent disadvantage is that automation remains challenging. Ad- 

itional research efforts by our laboratory will be expended in de- 

eloping a method to fully automate μ-SPE, and hence explore the 

ossibility of automating double-microextraction techniques. 
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