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ABSTRACT: Full evaporative vacuum extraction (FEVE) was L
developed in this work for analysis of a broad range of semivolatile  j [Desorb Cntr'lﬁii_l Split Ctri]
organic compounds (SVOCs) in drinking water and surface water. h H Pt 2% ]‘nll ( -

Sorbent pens are used in a two-stage process that first evaporates
I e @Column1
l | l

the sample matrix through sorbent beds under vacuum to recover

the lighter SVOCs, followed by the application of a higher
temperature and stronger vacuum to the sample vial to recover the
remaining heavier SVOCs once the matrix has evaporated. After
extraction, the sorbent pens are desorbed into a GC—MS using a '

uniquely designed “splitless” delivery system to maximize g MS
sensitivity. Critical extraction and desorption parameters that affect

the method performance were optimized. After FEVE, the sorbent

pens can be stored for 7—10 days at room temperature while maintaining a less than 15% loss in analyte recovery. As a proof of
concept, 10 drinking water and surface water samples were analyzed using this method. 69 analytes were detected in these water
samples, with the highest concentration of 1986 ng/L for bromacil. Heptachlor epoxide, chlorpyrifos, metolachlor, butachlor, and
2,3',4,5-tetrachlorobiphenyl were detected in four samples. None of the analytes were above the health and safety thresholds set by
California Proposition 68.
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B INTRODUCTION and relatively poor recoveries for compounds with low
volatility.*~”

SBSE, first introduced in 1999, is a polymer-coated stir-bar
technique that was designed to address some of the
shortcomings of SPME.” It offers advantages such as low
detection limits, high recoveries for low-volatility compounds,
and improved robustness.”*”'® Nevertheless, this technique

For decades, extractions of semivolatile organic compounds
(SVOCs) in aqueous matrices have been performed by liquid—
liquid extraction and solid-phase extraction (SPE). These
conventional extraction techniques have been applied in
analytical laboratories worldwide and proven to be effective

for routine water analysis. Nonetheless, with the development also has limitations. For example, it is generally not effective for
of new extraction techniques such as solid-phase micro- extraction of relatively polar compounds due to the non-polar
extraction (SPME) and stir-bar sorptive extraction (SBSE) in nature of polydimethylsiloxane (PDMS) coating, although
the 1990s, these conventional extraction methods have been alterations to the coating or samples matrix can be performed
critically challenged in sensitivity, efficiency, and environ- to increase recovery of certain polar compounds.'* SBSE
mental friendliness."” recoveries are also subject to matrix effects, especially for

SPME was first introduced in 1990 to address the growing samples with high organic matter, where adsorption of the
need for rapid and solvent-free sample preparation.’ This analytes onto the organic matter can compete with the stir bars
technique provides simultaneous separation and preconcentra- during the extraction.'® Furthermore, operations like removing
tion for volatile analytes in complex sample matrices. It has the stir bars from the sample vial, rinsing, and drying are

been considered an advanced technique over SPE due to usually performed manually, which is laborious and can

generally shorter analysis time, simpler operation, and

compatibility with automation. SPME’s green features such Received: August S, 2022
as reusable devices with an immobilized sorbent phase and the Accepted: January 23, 2023
reduced generation of chemical wastes have also been Published: February 7, 2023

welcomed by laboratories. However, this technique has
limitations such as fragility of the needle and fiber, low
chemical and temperature resistance, low extraction capacity,
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introduce errors.” In addition, a multiple-step solvent soaking
and high-temperature heating are required for clean-up of the
stir bars.'®

Vacuum-assisted sorbent extraction (VASE), a sorbent-
based extraction technique recently developed, has been
applied in various matrices as an alternative approach to
SPME and SBSE."’™"” VASE utilizes sorbent-containing
devices called Sorbent Pens (Entech Instruments, Simi Valley,
CA) to perform headspace extraction under a vacuum
condition. Each sorbent pen is packed with 100 mg of sorbent
materials, which has a surface area approximately 10,000 times
that of an SPME fiber.'” To accelerate the extraction kinetics,
reduce the sampling time, and extend the range of analytes, the
in-vial extraction is performed in a vacuum environment.'’
After extraction, the sorbent pens are thermally desorbed using
a specialized desorption system into a gas chromatography-
mass spectrometer (GC-MS). Compared with SBSE and
SPME, VASE has advantages such as higher durability,
improved sensitivity due to larger sorbent surface area,
reduced matrix interferences, and ability to use a series of
sorbents in the sorbent pens to recover a wider range of
compounds ranging from volatile to semivolatile and from
polar to nonpolar.

In this work, full evaporative vacuum extraction (FEVE), an
alternative to VASE, has been developed to speed up the
extraction process and maximize method sensitivity specifically
for samples containing low-suspended solids in a primarily
volatile matrix such as water. FEVE employs similar sorbent
devices to those used in VASE, but rather than maintaining a
closed system during extraction, FEVE volatilizes the entire
matrix through the sorbent beds to a vacuum pump. During
water evaporation, the more volatile analytes are trapped by a
stronger sorbent that is positioned behind a weaker sorbent.
Once the water is fully evaporated, heat is applied to the
sample vial to transfer less-volatile analytes into the vapor
phase for capture predominantly by the weaker sorbent of the
sorbent pen. This combination of vacuum evaporation,
secondary heating, and multi-bed sorbent design enables
extraction and preconcentration of a wide range of SVOCs in a
single analysis. Unlike VASE and other extraction techniques,
FEVE completely removes the liquid matrix in the sample and
then heats the vial under vacuum to recover compounds that
exhibit low volatility or high affinity to the sample matrix. As
the matrix phase is eliminated from the system, the sorbents do
not need to compete with the sample matrix for the analytes,
thus reducing the matrix effect and enabling high recovery of a
broad range of SVOCs. After extraction, the sorbent pens are
sequenced for automated thermal desorption (TD) into a
GC—MS for analysis.

US Environmental Protection Agency (EPA) Method 525
determines levels of SVOCs in drinking water, including
polycyclic aromatic hydrocarbons (PAHs), organochlorine
pesticides (OCPs), organophosphate pesticides (OPPs),
organosulfur pesticides (OSPs), organonitrogen pesticides
(ONPs), polychlorinated biphenyls (PCBs), phthalates, and
others.”® These chemicals have been extensively applied,
recognized as high-priority organic pollutants, and have raised
serious environmental and human health concerns world-
wide.”' 7 An efficient and green method that can provide
accurate, precise, sensitive, and quantitative measurements of
these pollutants is needed. In this study, an FEVE-TD—-GC—
MS method was developed to analyze all of the more than 120
SVOCs listed by EPA Method 525 in drinking water and

3960

surface water. This list of analytes covers a wide range of
SVOCs from lighter organophosphate chemicals such as
diisopropyl methylphosphonate to heavier six-ring PAHs
such as benzo[ghi]perylene.

B EXPERIMENTAL SECTION

Design of FEVE. The FEVE sorbent pen (FSP) has a
special design that extends into the neck of 2 mL FEVE sample
vials to ensure recovery of heavy SVOCs. To capture a broad
range of SVOCs, the sorbent bed consists of two sorbents in
series: first, PDMS-coated glass beads and then 35/60 mesh
Tenax TA. This FSP design is shown in Figure 1. PDMS-

Figure 1. Photograph (a) and cross-section (b) of an FSP showing
the internal sorbent beds: PDMS-coated glass beads (red) and Tenax
(white). The FSPs are stored in a sleeve when not in use (c).

coated glass beads were chosen as a first bed to minimize the
desorption heat needed to recover the heavier and the more
thermally labile compounds, thereby optimizing their recov-
eries. For analysis of more volatile compounds, a stronger third
sorbent like Carboxen or Carbosieve can be added in the FSP
to capture these lighter compounds. However, for the suite of
SVOC:s in this study, a third sorbent was not necessary.

As shown in Figure 2, a 2 mL sample vial with 1 mL of the
water sample was attached to an FEVE vacuum sleeve, and
then, an FSP was inserted. A silicone O-ring was placed
between the top of the sample vial and the bottom of the
vacuum sleeve to create a leak-tight seal. The FEVE assemblies
were placed into the extraction module shown in Figure 3. A
top plate was used to compress the two upper vacuum sleeve
O-rings against the vacuum manifold to ensure a leak-tight seal.
The multi-position design of the manifold allows for up to 30
samples to be extracted simultaneously.

The FEVE process consists of four major steps: vacuum
verification, matrix evaporation, high-vacuum dehydration, and
high-temperature diffusive desorption. During vacuum ver-
ification, the FEVE instrument is pumped down through the
low-vac valve to reach a target vacuum pressure. Then, the
valve is turned off, and the rate of pressure increase is used to
determine whether the system is leak-tight. After the vacuum

https://doi.org/10.1021/acs.analchem.2c03414
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Figure 2. Components comprising the FEVE sample assembly,
including 2 mL sample vial with 1 mL of the water sample (a), FEVE
vacuum sleeve with a vial nut and silicone O-rings (b), and FSP (c).
Photograph (d) and cross-section of the completed assembly showing
the entrance of the FSP extending into the vial to ensure recovery of
heavy SVOCs (e).
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Figure 3. Front cross-section view of the FEVE module during
extraction of multiple water samples (a). Top-down view of the FEVE
top plate, FSP cooling fan, vacuum output, and 30 FEVE sample
assemblies in place (b).

verification standard is met, the matrix evaporation starts. The
low-vac valve is left on to help slowly remove the water matrix
under vacuum. When the pressure of the instrument drops
below 10 Torr, the process advances to high-vacuum
dehydration, where the high-vac valve is turned on to provide
a stronger vacuum, pulling the remaining volatile matrix in the
vial through the FSP sorbents to the pump. When the pressure
drops to 1 Torr, the sample vials are heated at 200 °C for 7.5
min. This step helps transfer the heavier SVOCs from the vials
to the sorbents. An FSP cooling fan is turned on at this stage to
keep the FSP sorbent cool to maximize its adsorption capacity.
After the vial heater is cooled down, the FSPs are ready for
TD—GC—MS analysis. The entire FEVE process takes 4—6 h,
depending on the number of samples extracted simultaneously.
Extraction of 30 samples in 6 h equates to an average time of
12 min per sample. As this is approximately half the time of a
standard GC cycle, one FEVE system can provide maximum
throughput for two GC—MS systems.
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TD and GC—MS. After completion of the FEVE extraction
process, the FSPs were loaded into a 30-position sorbent pen
sample tray. The sample handling was performed using an
SPR40 sample preparation rail (Entech Instruments) with full
automation. The 5800-SPDU Sorbent Pen Desorption Unit
(Entech Instruments) was used as the TD system to deliver the
analytes to the GC—MS. A 7890B/5977C GC—MS (Agilent
Technologies, Santa Clara, CA) was used for optimization of
the extraction and desorption parameters. A Trace 1310/ISQ
7000 GC—MS (Thermo Fisher Scientific, Waltham, MA) with
an advanced electron impact ion source operating in the
selected ion monitoring mode was utilized to further optimize
the detection limits of the method, evaluate the method, and
analyze the water samples. A UAC-IMS precolumn (5 m X
0.53 mm X 0.15 um, methylpolysiloxane; Quadrex Corp,
Bethany, CT) was used to collect the SVOCs during sample
desorption while using a 7—8 mL/min flow rate, with excess
flow eliminated through a split tee positioned at the junction
between the precolumn and the analytical column. The
analytical column used for GC separation was an Agilent
HP-SMS (30 m X 0.25 mm X 0.5 pum, S5%-phenyl-
methylpolysiloxane). The carrier gas was helium, at a flow
rate of 1.2 mL/min.

Figure 4 shows the configuration of the 5800-SPDU, the
precolumn (column 1), the analytical column (column 2), and

GC Split Control

GCEPC
Inj1 or Inj2

Desorb

Column 1

GC Oven

MS

Figure 4. Configuration of the 5800-SPDU, two column design, and
split control of the TD—GC—MS system. Column 1: Quadrex UAC-
IMS (5§ m X 0.53 mm X 0.15 ym). Column 2: Agilent HP-SMS (30
m X 0.25 mm X 0.5 ym).

the flow and split control. This design of the instrument
enables sorbent pen pre-purging and pre-heating, desorption,
GC delivery, split control, and residual backflushing during the
analysis of each sample. After an FSP is inserted into the
desorption unit, valves 2 and 4 are turned on during
preheating, thereby bypassing the FSP. Once the desorption
starts, valves 1 and 4 are turned on, enabling desorption flow
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Figure S. Recovery of terbacil, cyanazine, mevinphos, phosphamidon, chlorfenvinphos, and tetrachlorvinphos using five different brands of sample

vials (n = 3, 95% CI).

through the FSP to deliver SVOCs to column 1. During
desorption, compounds more volatile than the lightest analyte
of interest are split out through valve 4. After desorption,
valves 1 and 3 are tuned on, allowing the analytes to proceed
splitlessly to column 2. By using a thicker film on column 2
than that on column 1, the analytes dynamically refocus on
column 2, resulting in narrower chromatographic peaks. In
practice, column 2 with a film thickness of 0.25 or 0.5 ym is
recommended, while column 1 is 0.15 gm. The length of
column 1 can be greater than 5 m if longer desorption time is
needed. During transfer of the analytes in the two columns, the
desorption unit is baked at 260 °C to eliminate potential
carryover in the FSP. After the heaviest analyte of interest is
eluted out from column 1 and starts separating on column 2,
valves 2 and 3 are turned on to backflush unwanted heavy
compounds out through the entrance of column 1. Finally, the
desorption unit cools down and returns to the idle status where
valves 2 and 4 are on and ready for the next sample. The valve
controls and flow directions of each stage are shown in Figure
S2 in the Supporting Information. The GC oven temperature
was held at 40 °C for 3 min during sample desorption, ramped
at 12 °C/min to 160 °C, then ramped at 8 °C/min to 320 °C,
and held for 1 min until the end of the run. Data acquisition
and analysis were performed using Agilent MassHunter
Workstation, Thermo Chromeleon, Entech SPRINT software,
and Microsoft Excel.

Reagents and Chemicals. MS-grade acetone was
obtained from Sigma-Aldrich (St. Louis, MO). Standards of
the SVOC analytes and surrogates were obtained from
AccuStandard (New Haven, CT). These standards were
diluted to a concentration of 20 mg/L with acetone and
stored in a freezer (—20 °C). Before analysis, these standards
were further diluted with acetone to a 400 or 4 ug/L mix as
working standards. The chemical information and the GC—MS
parameters of these analytes are listed in Table SI in the
Supporting Information.

B RESULTS AND DISCUSSION

Optimization of Desorption Temperature. The de-
sorption time was optimized to achieve maximum recovery for
both the lighter and heavier target analytes. An ideal
desorption period allows all the heavier compounds to be
released from the FSPs and, in the meantime, prevents the
lighter ones from reaching the end of the precolumn where
they would split out through valve 4. When desorbed at 260
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°C, 3 min of desorption time was found to provide optimal
results. Therefore, the desorption time was set at 3 min when
optimizing the desorption temperature. A 1 uL working
standard mix was spiked into 1 mL of deionized water in a 2
mL glass sample vial. After extraction, the FSPs were desorbed
at varied temperatures.

Desorption temperatures of 170, 200, 230, and 260 °C were
used and compared for each SVOC category. The recoveries of
these categories using different desorption temperatures are
shown in Figure S3 in the Supporting Information. For OCPs,
phthalates, and PCBs, the recoveries plateaued at 200 °C.
These recoveries varied within 4% from 200 to 260 °C. For
ONPs, OPPs, OSPs, and PAHs, the recoveries increased with
rising desorption temperature from 170 to 260 °C, although
the difference was not significant from 200 to 260 °C. At 260
°C, the recoveries of all categories reached a range of 91.4—
106%. Another factor to consider was the degradation of
Tenax, one of the packed sorbents in the FSPs. The breakdown
products of Tenax generally do not affect the analysis of the
analytes of interest. Nevertheless, a fast degradation may
shorten the lifespan of the FSPs. It was found that the
breakdown products of Tenax significantly increased when
desorbed at a temperature higher than 260 °C. Therefore, a
desorption temperature higher than 260 °C is not advised.
With all these factors considered, 260 °C was selected as the
optimal desorption temperature for all the analytes of interest.

Selection of Sample Vials. Glass vials are known to
contain silanol active sites on their surface, which can interact
with certain analytes and lead to declined recoveries.”’ ~** As
the FEVE completely removes the sample matrix for maximum
recovery of the analytes, sample vial inertness can have
substantial impacts on the recoveries. Five different brands of 2
mL sample vials were tested and compared. Brands A, B, C,
and D are 11 mm crimp-top 2 mL glass vials from different
manufacturers. Brand E is deactivated Silonite-coated glass
vials developed by Entech Instruments. This treatment aims to
cover free silanols on the inside wall surface of the glass vials
and thus minimizes the potential interactions between the
analytes and the silanol groups.

Recoveries of PCBs, PAHs, and phthalates were not
significantly affected by different vials. Nonetheless, for
OCPs and OSPs, the mean recoveries using vials A—D were
82.6 and 82.1%, respectively, while using vial E were 98.2 and
94.3%, respectively. ONPs and OPPs appeared to be even
more interactive with the silanol sites on the surface of the
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Figure 6. Recovery of OCPs, ONPs, OPPs, OSPs, phthalates and others, PAHs, and PCBs with different FEVE high-temperature diffusive

desorption times at 170 (a), 200 (b), 230 (c), and 260 °C (d), n = 3.

untreated glass vials. ONPs had a mean recovery of 67.3% with
vials A—D, whereas it was improved to 92.6% with vial E. For
OPPs, the recoveries using vials A—D were 45.7, 49.3, 39.9,
and 48.7%, respectively. However, when using vial E, a 91.2%
recovery was achieved. Several ONPs and OPPs had
significantly low recoveries with vials A—D, namely, terbacil,
cyanazine, mevinphos, phosphamidon, chlorfenvinphos, and
tetrachlorvinphos. The recoveries of these compounds were on
average 8.86, 21.0, 26.1, 3.33, 6.62, and 4.02%, respectively,
using vials A—D. However, when using vial E, these recoveries
increased to 77.1, 86.6, 97.0, 66.9, 91.7, and 80.7%,
respectively. The recoveries of these analytes using vials A—E
are shown in Figure 5.

Optimization of FEVE High-Temperature Diffusive
Desorption. The time and temperature of the FEVE high-
temperature diffusive desorption are also essential parameters
to optimize. Recoveries of OCPs, ONPs, OPPs, OSPs,
phthalates, PAHs, and PCBs with different FEVE high-
temperature diffusive desorption times and temperatures are
shown in Figure 6. Extraction times of 2.5, 5, 7.5, and 10 min
were investigated with temperatures of 170, 200, 230, and 260
°C. At 170 °C, for most categories, the recoveries kept
increasing as the extraction time became longer. When
extracted for 10 min, all categories had recoveries over 90%.
At 200 °C, most categories reached maximum recoveries at 7.5
min. Among these categories, OPPs appeared to have stronger
bonding interactions with the sample vials. When extracted at
these lower temperatures, it took longer for these compounds
to be released from the vials and captured by the sorbents.
When extracted at 230 and 260 °C, similar trends were
observed. The recoveries of all categories plateaued at 5 min, in
a range of 91.9—105%. For all categories, no significant
difference was observed when the high-temperature diftusive
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desorption was 200 °C, from 7.5 to 10 min or at 230—260 °C,
from S to 10 min. However, a higher heating temperature can
shorten the lifespan of the O-rings, create a higher level of
siloxanes, and may cause breakdown of nano-plastic particles
that have become ubiquitous. Thus, extracting for 7.5 min at
200 °C, an extraction condition with a relatively shorter time
and lower temperature was selected.

Method Performance Evaluation. Table 1 shows the
limits of detection (LODs), calibration curve information,
recoveries, and relative standard deviations (RSDs) of 123
target analytes listed in EPA Method 525. The method showed
good linearity (+* > 0.9900 for all analytes) and high sensitivity.
LODs of most target analytes were in a range of 0.3—20 ng/L.
Compared with those of SPME and SBSE methods using GC—
quadrupole MS (QMS),* " these LODs were approximately
1-2 orders of magnitude lower. Analytes such as diethyl
phthalate and dibutyl phthalate had higher LODs due to their
high signal response in the blanks. Improved cleaning of O-
rings and vacuum sleeves are being investigated to reduce the
background levels. Analytes like phosphamidon and profenofos
also had higher LODs due to relatively low response compared
with those of the other compounds. Approaches such as
further deactivation of the sample vials and the bottom of the
FSPs and further removal of the moisture before heating
during the FEVE process will be explored to further lower the
LODs. GC—MS/MS systems capable of selected reaction
monitoring can also be used to further investigate the
minimum LOD levels achievable using the FEVE technique.
Examples of the chromatography obtained for the analytes are
shown in Figures S5 and S6 in the Supporting Information.

A recovery test was used to evaluate accuracy and precision
of the method. Three groups of deionized water samples free
of analytes of interest were spiked with the working standard to
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Table 1. Chemical Name, LODs, Calibration Curve Information, Recoveries, and RSDs of 123 Target SVOCs in Fortified
Deionized Water Samples at Concentrations of 12, 60, and 300 ng/L (n = 7)

12 ng/L 60 ng/L 300 ng/L

LODL)(ng/ linear rirsge (ng/ E rec((;/(\:;ry I({:’Z? rec(t;/:)/)ery I({;)? rec(c;/:r)ery I(lOSA’?
DIMP 47.7 120—8000 0.9949 NA NA NA NA 115 13.0
isophorone 18.2 40.0—8000 0.9982 NA NA 107 5.07 103 8.21
dichlorvos 38.5 120-8000 0.9965 NA NA NA NA 108 6.10
HCCPD 15.4 40.0—8000 0.9949 NA NA 94.3 104 89.7 5.88
EPTC 11.0 40.0—8000 0.9960 NA NA 113 17.6 109 12.2
mevinphos 20.6 40.08000 0.9990 NA NA 81.7 28.7 78.0 28.7
butylate 12.9 40.0—8000 0.9941 NA NA 106 7.19 102 2.66
vernolate 19.0 40.0—8000 0.9985 NA NA 92.6 4.56 95.2 7.04
dimethyl phthalate 7.31 20.0—8000 0.9993 NA NA 114 4.99 101 2.97
2,6-dinitrotoluene 11.0 20.0—8000 0.9931 NA NA 118 14.9 108 119
etridiazole 13.6 20.0—8000 0.9985 NA NA 92.7 15.2 94.6 12.1
pebulate 15.3 40.0—8000 0.9992 NA NA 101 6.28 102 10.8
acenaphthylene 8.93 20.0—8000 0.9990 NA NA 107 4.31 98.8 4.75
chloroneb 18.9 40.0—8000 0.9978 NA NA 85.7 8.90 83.6 3.76
BHT 3.61 20.0—8000 0.9967 103 26.7 109 9.40 97.9 3.90
2-chlorobiphenyl 2.04 8.00—8000 0.9985 113 7.75 108 6.15 102 2.44
tebuthiuron 10.6 20.0—8000 0.9997 NA NA 89.6 133 87.2 15.7
2,4-dinitrotoluene 12.9 40.0—8000 0.9910 NA NA 123 26.8 102 16.6
molinate 1.19 8.00—8000 0.9973 NA NA 10S 16.2 106 13.0
DEET 16.8 40.0—8000 0.9996 NA NA 100 13.6 94.6 7.50
diethyl phthalate 78.3 120-8000 0.9939 NA NA NA NA 124 23.0
4-chlorobiphenyl 3.18 8.00—8000 0.9965 110 134 106 7.99 99.0 1.57
propachlor 204 20.0—8000 0.9973 NA NA 10S 12.6 100 8.05
fluorene 4.82 20.0—8000 0.9983 NA NA 98.2 5.07 97.0 2.02
ethoprop 17.5 40.0—8000 0.9952 NA NA 92.1 159 97.2 11.4
cycloate 12.4 40.0—8000 0.9973 NA NA 97.0 8.77 99.8 3.18
chlorpropham 16.0 40.0—8000 0.9964 NA NA 119 11.8 116 7.72
trifluralin 1.77 8.00—4000 0.9921 92.4 29.1 85.5 26.1 91.7 27.3
phorate 22.2 20.0—8000 0.9981 NA NA 98.5 14.0 95.3 4.86
a-HCH 9.38 20.0—8000 0.9948 NA NA 95.9 7.32 94.1 2.10
2,4’-dichlorobiphenyl 2.93 8.00—8000 0.9952 109 9.27 107 12.9 100 7.53
atraton 2.35 8.00—8000 0.9916 96.1 24.5 98.9 10.0 90.6 9.74
hexachlorobenzene 2.67 8.00—8000 0.9968 99.7 18.1 94.8 8.35 96.6 4.04
prometon 11.7 40.0—8000 0.9961 NA NA 103 3.50 102 5.98
simazine 9.46 20.0—8000 0.995S NA NA 92.3 7.02 91.1 S5.74
dimethipin 29.4 80.0—8000 0.9977 NA NA 87.0 14.2 86.4 9.47
atrazine 3.67 8.00—8000 0.9932 106 12.2 98.7 10.0 97.8 14.9
propazine 1.55 8.00—8000 0.9962 99.1 9.90 100 8.79 97.0 10.1
b-HCH 134 20.0—8000 0.9976 NA NA 96.4 8.15 90.5 6.25
pentachlorophenol 17.0 40.0—8000 0.9946 NA NA 91.0 12.0 88.9 13.9
d-HCH 7.88 20.0—8000 0.9963 NA NA 92.7 6.95 90.0 2.84
pronamide 15.0 40.0—8000 0.9971 NA NA 95.9 9.6 94.5 9.6
chlorothalonil 17.8 40.0—8000 0.9911 NA NA 83.5 22.2 86.9 4.28
2,2/,5-trichlorobiphenyl 1.16 8.00—8000 0.9983 104 17.1 102 8.63 96.7 7.13
terbacil 14.7 40.0—8000 0.9967 NA NA 81.3 19.3 83.5 16.9
disulfoton 3.69 8.00—8000 0.9991 86.9 16.9 98.5 10.6 94.2 9.48
phenanthrene 1.50 8.00—8000 0.9995 113 7.17 108 7.44 102 3.29
g-HCH 8.12 20.0—8000 0.9975 NA NA 93.1 8.81 914 7.93
anthracene 7.28 20.0—8000 0.9966 NA NA 106 7.36 101 5.88
phosphamidon 91.6 120—8000 0.9921 NA NA NA NA 63.3 33.5
acetochlor 2.83 8.00—8000 0.9956 91.5 26.3 87.3 13.5 91.2 44.5
vinclozolin 12.2 40.0—8000 0.9945 NA NA 744 15.0 77.5 10.6
2,4,4' -trichlorobiphenyl 0.371 8.00—8000 0.9959 99.0 15.1 98.7 7.27 95.9 3.36
simetryn 3.51 8.00—8000 0.9935 104 9.48 98.6 4.58 101 8.72
alachlor 3.26 8.00—8000 0.9965 96.1 24.8 98.2 10.9 90.1 8.94
ametryn 9.94 20.0—8000 0.9955 NA NA 102 7.72 97.3 13.5
parathion methyl 6.01 8.00—8000 0.9970 NA NA 83.8 7.47 87.4 8.73
prometryne 1.98 8.00—8000 0.9990 104 11.0 99.8 8.47 99.7 9.77
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Table 1. continued

heptachlor

bromacil

terbutryn

dibutyl phthalate
2,2',5,5'-tetrachlorobiphenyl
cyanazine

chlorpyrifos

metolachlor

dacthal

triadimefon
2,2',3,5'-tetrachlorobiphenyl
parathion

aldrin

diphenamid

MGK264(a)

MGK264(b)

chlorfenvinphos

heptachlor epoxide
2,3’,4,5-tetrachlorobiphenyl
tetrachlorvinphos
trans-chlordane

butachlor

cis-chlordane

pyrene

profenofos

endosulfan 1

napropamide

trans-nonachlor

tribufos

4,4'-DDE
2,3,3’,4’,6-pentachlorobiphenyl
dieldrin

nitrofen

oxyfluorfen
2,2,3,4',5'6-hexachlorobiphenyl
chlorobenzilate

endrin
2,3,4,4',5-pentachlorobiphenyl
ethion

endosulfan 1T

4,4'-DDD
2,2',4,4',5,5'-hexachlorobiphenyl
norflurazon

butyl benzyl phthalate
endosulfan sulfate

4,4'-DDT

hexazinone
2,2,3,4,4',5'-hexachlorobiphenyl
di(2-ethylhexyl)adipate
tebuconazole

methoxychlor
benzo[a]anthracene

chrysene
2,2,3,4,4',5,5'-heptachlorobiphenyl
di(2-ethylhexyl)phthalate
fenarimol

cis-permethrin
trans-permethrin

benzo[b]fluorancene

LOD (ng/ linear range (ng/
L) L)

0.993
16.5
3.11
21.6
0.757
16.3
15.6
1.38
0.309
18.2
0.563
5.76
3.58
7.05
12.5
13.9
16.3
1.87
0.841
11.1
0.885
6.65
0.987
2.83
81.9
17.8
1.57
1.97
20.2
1.98
0.603
13.5
222
4.02
0.893
122
3.21
0.532
1.65
16.1
123
0.668
3.92
3.39
9.06
3.57
16.3
0.706
12.5
9.44
1.90
3.42
3.23
1.03
17.6
17.4
2.45
1.96
2.73

8.00—8000
40.0—8000
8.00—8000
120—8000
8.00—8000
40.0—8000
40.0—8000
8.00—8000
8.00—8000
40.0—4000
8.00—8000
8.00—8000
8.00—8000
20.0—8000
20.0—8000
20.0—8000
40.0—8000
8.00—8000
8.00—8000
20.0—8000
8.00—8000
20.0—8000
8.00—8000
8.00—8000
120—8000
40.0—8000
8.00—8000
8.00—8000
40.0—8000
8.00—8000
8.00—8000
40.0—8000
40.0—8000
8.00—8000
8.00—8000
20.0—8000
8.00—8000
8.00—8000
8.00—8000
40.0—8000
8.00—8000
8.00—8000
8.00—8000
8.00—8000
20.0—8000
8.00—8000
40.0—8000
8.00—8000
20.0—8000
20.0—8000
8.00—8000
8.00—8000
8.00—8000
8.00—8000
40.0—8000
8.00—8000
8.08—8000
8.00—8000
8.00—8000

2

0.9972
0.9955
0.9931
0.9989
0.9961
0.9966
0.9942
0.9996
0.9947
0.9975
0.9993
0.9948
0.9972
0.9958
0.9946
0.9970
0.9920
0.9934
0.9988
0.9980
0.9922
0.9929
0.9961
0.9990
0.9995
0.9975
0.9957
0.9936
0.9917
0.9995
0.9952
0.9987
0.9951
0.9940
0.9995
0.9990
0.9936
0.9950
0.9985
0.9939
0.9961
0.9953
0.9946
0.9978
0.9939
0.9975
0.9978
0.9951
0.9966
0.9939
0.9919
0.9978
0.9983
0.9939
0.9962
0.9984
0.9906
0.9967
0.9986
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12 ng/L 60 ng/L 300 ng/L
recovery RSD recovery RSD recovery RSD
(%) (%) (%) (%) (%) (%)
102 19.8 100 12.1 97.7 13.6
NA NA 85.4 11.2 82.0 4.78
94.2 9.50 92.8 6.04 91.4 10.7
NA NA NA NA 122 12.5
92.6 10.0 95.0 6.21 93.5 3.17
NA NA 84.6 19.5 81.7 12.6
NA NA 103 14.7 101 11.7
96.3 15.2 96.9 7.78 92.6 10.2
101 12.2 96.6 6.57 93.2 7.07
NA NA 98.6 9.25 101 9.81
97.2 7.59 97.3 7.37 92.5 323
NA NA 90.5 5.22 91.9 5.03
92.3 213 96.5 9.85 923 5.36
NA NA 98.1 7.67 96.1 2.66
NA NA 85.1 13.1 84.4 11.0
NA NA 82.5 9.48 79.9 9.96
NA NA 74.8 12.7 76.6 14.5
91.0 17.6 84.3 9.07 86.0 11.8
102 5.47 99.9 591 94.9 12.1
NA NA 82.8 25.0 81.1 22.0
105 6.95 98.9 9.99 96.7 10.0
NA NA 106 6.34 99.9 15.9
89.5 S5.47 94.9 9.53 93.3 6.22
112 4.28 116 9.62 94.9 5.59
NA NA NA NA 81.1 9.23
NA NA 86.4 10.5 87.1 7.76
84.2 9.62 88.1 9.22 84.8 5.20
103 S.70 96.0 8.99 94.2 5.14
NA NA 90.1 5.50 86.3 12.2
100 2.52 96.6 7.61 96.1 5.36
94.2 7.34 97.8 748 99.9 5.00
NA NA 102 7.04 107 6.14
NA NA 76.6 16.7 80.9 8.86
77.8 14.6 842 9.35 83.6 8.45
98.4 4.63 96.0 10.0 91.2 7.70
NA NA 87.7 10.7 90.0 823
81.0 17.9 85.7 13.8 80.7 14.1
94.8 3.60 100 9.56 93.1 4.91
73.9 29.8 80.2 17.7 83.4 18.6
NA NA 86.8 153 91.1 7.58
96.5 17.8 100 19.3 104 10.9
95.6 3.32 98.5 9.83 94.2 7.64
834 15.1 93.5 134 90.1 6.53
113 283 110 13.2 103 6.11
NA NA 85.6 11.9 81.3 7.61
87.8 254 98.6 23.5 81.8 10.4
NA NA 80.1 10.5 85.7 6.97
94.2 3.15 929 8.16 924 5.74
NA NA 102 154 101 182
NA NA 100 8.68 95.9 3.92
77.8 19.6 815 11.1 77.3 16.1
89.4 12.0 94.9 17.4 93.8 10.3
95.7 15.9 96.1 13.0 93.9 8.48
89.3 7.81 96.5 18.1 97.6 14.8
NA NA 116 20.7 119 229
NA NA 88.5 7.11 90.9 9.79
104 272 96.3 11.1 94.4 8.88
87.7 253 98.7 142 94.9 13.9
87.0 18.5 96.0 14.1 89.3 104
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Table 1. continued

LOD (ng/ linear range (ng/
L) L)

3.21
3.84
16.2
3.21
1.33
2.78

8.00—8000
8.00—8000
8.00—8000
8.00—8000
8.00—8000
8.00—8000

benzo[k]fluorancene
fluridone
benzo[a]pyrene
dibenzo[a,h]anthracene
indeno[1,2,3-c,d]pyrene
benzo[gh,i]perylene

2

0.9963
0.9983
0.9984
0.9960
0.888S
0.9910

12 ng/L 60 ng/L 300 ng/L
recovery RSD recovery RSD recovery RSD
(%) (%) (%) (%) (%) (%)
85.0 17.0 94.9 20.0 91.2 15.0
70.9 264 77.0 14.3 76.8 15.9
NA NA 90.9 15.3 86.9 7.83
83.0 24.0 91.0 6.27 84.7 10.5
87.5 11.0 84.1 10.1 85.6 11.6
9S.1 10.3 101 13.3 98.1 10.9

achieve concentrations of 12, 60, and 300 ng/L, respectively.
These fortified water samples were then analyzed with the
optimized method. Recovery of the surrogates was in a range
of 80—120% to verify that the extraction and desorption
occurred properly for each sample. Recoveries and RSDs of
each analyte of interest were calculated at each fortified
concentration. For those compounds detectable at 12 ng/L,
the mean recovery was 95.7%, with an RSD of 15.3%. As 12
ng/L is close to the LODs of some analytes, relatively higher
RSDs were expected. For example, 4,4"-dichlorodiphenyltri-
chloroethane (4,4'-DDT), acetochlor, butylated hydroxyto-
luene (BHT), butyl benzyl phthalate, cis-permethrin, ethion,
Fluridone, and trifluralin had greater than 25% RSDs at this
low concentration level. However, none of them had RSDs
over 30%. At 60 and 300 ng/L, the mean recovery for the
analytes was 95.9% and 93.1%, respectively, with RSDs of 11.3
and 9.50%, respectively. 117 of the 123 target compounds were
quantifiable at 60 ng/L. Recoveries of most analytes were in a
range of 80—120%. Phosphamidon was the only analyte that
had a recovery lower than 70% and an RSD higher than 30%.
As discussed earlier, further approaches will be investigated to
improve the results of these compounds. The detailed results
are shown in Table 1. A comparison of figures of merit of
previous studies using SPME and SBSE coupled with GC—
QMS is provided in Table S2 in the Supporting Information.
A room-temperature storage stability test was performed
with a holding time of 1, 4, 7, and 10 days after the samples
were extracted with FEVE and stored in the FSPs with sleeves.
The recoveries of OCPs, ONPs, OPPs, OSPs, phthalates and
others, PAHs, and PCBs at day 1, day 4, day 7, and day 10
were compared with those at day O, where the FSPs were
analyzed immediately after the extraction. These relative
recoveries are shown in Figure S4 in the Supporting
Information. At day 1, all categories had recoveries over
97%, relative to those at day 0. The recoveries started declining
as the storage time increased. Nevertheless, all categories were
still able to hold at least 90% recovery at day 7. At day 10,
OCPs, PAHs, and PCBs dropped to between 85 and 89%, and
the other categories were in a range of 91—95%. Overall, all the
analytes showed adequate storage stabilities when stored in
sleeve-isolated FSPs after FEVE. This result opens up the
potential for this technique to be utilized in extraction stations
or laboratories with no access to GC—MS instruments, where
FEVE can be performed off-line, and after extraction, the FSPs
with sleeves can be shipped nationally or even internationally
to analytical laboratories for TD—GC—MS analysis.
Analysis of Drinking Water and Surface Water
Samples. After method development, the FEVE—TD—-GC—
MS method was employed to analyze 10 drinking water and
surface water samples. Samples A, B, C, and D were four
different brands of commercially available bottled water
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obtained from local supermarkets in Simi Valley, CA. Sample
E was tap water; F, G, and I were creek water samples; and H
and J were lake water samples. All these sampling sites are
located in Ventura County and Los Angeles County, CA.
Overall, more target analytes were found in the surface water
samples than in the drinking water samples. Creek water F had
38 analytes of interest detected, which was the most among all
the samples. 23 out of 123 target compounds were detected in
bottled water D, which was the highest number among all the
drinking water samples. Heptachlor epoxide, chlorpyrifos,
metolachlor, butachlor, and 2,3',4’,5-tetrachlorobiphenyl were
the most frequently detected compounds. They were found in
4 out of the 10 water samples. The highest concentration of all
compounds detected was that of bromacil at 1986 ng/L in
creek water G. It was noticed that significantly more analytes
were found in creek water samples than in drinking water or
lake water samples. The average number of analytes detected
in creek water, drinking water, and lake water samples was 30,
10, and 7, respectively. Bottled water A was found to contain
2,6-dinitrotoluene, at a concentration of 135 ng/L. Heptachlor
epoxide was detected in bottled water B and D, at
concentrations of 60.7 and 87.5 ng/L, respectively. Bottled
water D also contained endrin, atrazine, propazine, g-HCH,
and chrysene, in a concentration range of 72.0—180 ng/L.
Bottled water C had dibutyl phthalate, chlorpyrifos, and
nitrofen detected, at concentrations of 899, 82.4, and 314 ng/
L, respectively. These chemicals are listed in California
Proposition 65 for potential cancer, developmental, and
reproductive toxicity. However, none of these compounds
detected exceeded the maximum allowable dose level set by
the existing regulations. The detailed results are provided in
Table S4 in the Supporting Information.

B CONCLUSIONS

In this work, FEVE, a quantitative and green approach, was
designed, developed, evaluated, and applied to analysis of 123
SVOCs in drinking water and surface water samples. This
method enables quantification of a broad range of semivolatile
compounds simultaneously, meanwhile providing a high level
of sensitivity, accuracy, and precision. The extraction and
analysis process is highly automated, enabling a simple and
efficient workflow for analytical laboratories, and completely
eliminates the use of solvents during sampling, analysis, and
cleanup. Besides drinking water and surface water, FEVE also
has the potential to be applied to other matrices. For example,
for analysis of more complex environmental, biological, and
foodstuff samples, after a simple pre-extraction to remove
suspendid solids in the samples, a mixture of water and extract
can be analyzed using FEVE. A 6 mL version of the FEVE
technology will also be available to analyze up to 5 mL of the
sample, which can further lower the detection limits.
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