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ABSTRACT: Liquid—liquid extraction based on surface nanodroplets can [Capillarywall | m
be a green and sustainable technique to extract and concentrate analytes 5
from a sample flow. However, because of the extremely small volume of each
droplet (<10 fL, tens of micrometers in base radius and a few or less than 1 T

pum in height), only a few in situ analytical techniques, such as surface-
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enhanced Raman spectroscopy, were applicable for the online detection and zz : paom 28

analysis based on nanodroplet extraction. To demonstrate the versatility of 8 1’5 | se107M 20

surface nanodroplet-based extraction, in this work, the formation of octanol é 1:0 | o A

surface nanodroplets and extraction were performed inside a 3 m Teflon g /T S0 | < 1

capillary tube. After extraction, surface nanodroplets were collected by = = 1x10°M 05 R?> 0.99
injecting air into the tube, by which the contact line of surface droplets was ! ' 00

collected by the capillary force. As the capillary allows for the formation of 20 28°W332|°eng;2:’nm)3“° 30 TR f’uM) LA

~10" surface nanodroplets on the capillary wall, >2 mL of octanol can be
collected after extraction. The volume of the collected octanol was enough
for the analysis of offline analytical techniques such as UV—vis, GC-MS, and others. Coupled with UV—vis, reliable extraction and
detection of two common water pollutants, triclosan and chlorpyrifos, was shown by a linear relationship between the analyte
concentration in the sample solution and UV—vis absorbance. Moreover, the limit of detection (LOD) as low as 2 X 107 M for
triclosan (~0.58 pug/L) and 3 X 10~ M for chlorpyrifos (~1.0S ug/L) could be achieved. The collected surface droplets were also
analyzed via gas chromatography (GC) and fluorescence microscopy. Our work shows that surface nanodroplet extraction may
potentially streamline the process in sample pretreatment for sensitive chemical detection and quantification by using common
analytic tools.

Bl INTRODUCTION analyte."” Because of the high partition coefficient of the
extractant, target analytes are extracted from the aqueous phase
to the extractant droplets. The droplets are separated and
collected from the bulk phase and analyzed by sensitive
analytical techniques such as gas chromatography—mass
spectrometry (GC-MS),""*® high-performance liquid chroma-
tography (HPLC),”"** ultraviolet—visible spectroscopy (UV—
vis),”> and atomic absorption spectrometry.” Despite the
excellent extraction performance and simplicity, DLLME often
uses environmentally harmful extractants such as chloroben-
zene, chloroform, and carbon tetrachloride and consumes lots

Reliable detection and analysis of chemicals is crucial in many
areas including water pollutant detection,"” air quality
monitoring,™* analysis of drugs and pharmaceuticals,”® bio-
logical sensing,”® and food quality control.”~"" To enhance the
detection sensitivity, the compounds of interest are often
preconcentrated by using an extractant material. Liquid—liquid
microextraction has been widely used to achieve this purpose.
In a liquid—liquid microextraction, a small volume of
nonsoluble extractant droplet is exposed to the sample to

selectively extract the target chemicals by chemical partition-

12 . . of dispersive solvents, such as ethanol and acetone.'”***
ing.”” The high surface area-to-volume ratio of the extractant - )
. Additionally, emulsion droplets need to be separated and
droplet allows eflicient mass transfer across the droplet— . . )
. 13,14 collected from the bulk by using separation equipment.
sample interface.

. L . . 15-18
Among various liquid-phase microextraction processes,

dispersive liquid—liquid microextraction (DLLME) is one of Received: May 18, 2022
the most widely used methods for sample preconcentration Revised:  August 21, 2022
because of its simplicity and high extraction efficiency.'®"” In a Published: September 6, 2022

typical process of DLLME, emulsion droplets are sponta-
neously formed upon mixing of a water-immiscible extractant,

a dispersive cosolvent, and an aqueous solution of the target
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Surface nanodroplets serve as an effective platform to
address several drawbacks of liquid—liquid extraction. Surface
nanodroplets are femtoliter droplets formed on a solid surface
by the solvent exchange method in which a ternary mixture of
solvent, antisolvent, and oil (i.e.,, extractant) is replaced with
fresh antisolvent. As the fresh antisolvent replaces the ternary
mixture, the oil becomes oversaturated which leads to
nucleation and growth of the surface nanodroplets on a target
substrate.”® The solvent exchange method enables controlled
formation of the nanodroplets over a large area that has led to
applications in various fields such as chemical reaction,””**
chemical analysis,29 and optics, to name but a few.>" Recently,
the capability of surface nanodroplets to extract target analytes
from various samples’' was leveraged for the quantification of
acids in beverages’** as well as for the detection fluorescent
compounds from dense suspensions.>

However, although the surface nanodroplets are highly
efficient for extraction, the fact that they are pinned on a
substrate and that the volume of each nanodroplet is on the
femtoliter scale make the collection of these nanodroplets
extremely challenging by conventional methods such as
centrifugation. While in situ analytical techniques such as
surface-enhanced Raman spectroscopy (SERS)”' or optical
microscopy33 can be employed for analysis during extraction, a
method to collect the droplets would greatly expand the
applicability of surface nanodroplet-based extraction method as
it would enable the use of offline analytical techniques such as
GC-MS, HPLC, UV—vis, and others.

In this work, the formation of surface nanodroplets and
droplet extraction were performed in a 3 m hydrophobic
capillary tube. After extraction, enough surface nanodroplets
(total volume >2 ul.) were collected from the capillary and
analyzed by UV-—vis. The extraction performance was
evaluated by using two common pollutants, e.g., triclosan
and chlorpyrifos, and optimized by varying the total volume of
the sample solution and for submilliliter samples. The process
of droplet formation and extraction were sped up by increasing
the sample flow rate. The flexibility of the method was also
tested by coupling with GC and fluorescence microscopy. The
approach reported in our work is environmentally friendly, as
no harmful or toxic solvent is required and a limited quantity
of solvents are needed during the entire process of droplet
formation, nanoextraction, and droplet collection. Although
the extraction in microfluidic devices is already known and
studied extensively, the novelty of our method is stationary
nanodroplets immobilized on the inner wall, which allows
extraction of an analyte from a large volume of the sample
solution and enables highly efficient extraction and enrich-
ment.

B METHODOLOGY

Chemicals and Materials. Ethanol (>89%, Fisher
Scientific) was used as the cosolvent for droplet formation.
1-Octanol (>99%, Fisher Scientific) was selected as the
droplet liquid/extractant. Triclosan (>98%, TCI America),
chlorpyrifos (AR, Sigma-Aldrich), and Nile red (>99%, Acros
Organics) were selected as the analytes for droplet extraction.
All chemicals were used as received without any further
purification. Water (18.2 MQ-cm) was obtained from a Milli-Q_
purification unit (MilliporeSigma).

Droplet formation and extraction were performed in a 3 m
Teflon capillary tube (MilliporeSigma) with an inner diameter
(ID) of 0.8 mm and an outer diameter (OD) of 1.58 mm.

Before use, water and ethanol were successively injected into
the capillary tube for cleaning. After cleaning, the capillary tube
was dried by injecting a stream of air.

Droplet Formation and Nanoextraction. Surface nano-
droplets were produced on the inner wall of the Teflon
capillary by the solvent exchange process. Figure 1A sketches
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Figure 1. (A) Schematic of the experimental setup for droplet
formation and extraction. (B) Schematic of the droplet formation on
the inner wall of a Teflon capillary tube by the solvent exchange
process. (C) An optical image of octanol droplets on the inner wall of
a capillary tube. (D) A sketch showing the extraction process of
analytes into a surface droplet by flowing the sample solution in the
capillary tube. (E) Schematic of octanol collected by the capillary
force between water and air. (F) Image of octanol collected in the
capillary tube.

the setup in which two shut-off valves and a T-junction were
used to connect the tube and the syringe. The valves and T-
junction were used to prevent trapping air and guarantee the
mixing of two solutions. The solutions were injected into the
tube with a constant flow rate by a syringe pump (New Era,
NE-1000). When injecting solutions into the tube, only the
valve to the tube was open. If the air was trapped during the
exchange of the syringes, the valve to the tube was closed and
the valve to the waste was opened to remove the air.

During the solvent exchange, a solution of the droplet liquid
(solution A) in the capillary tube was displaced by a water
sample with dissolved analytes (solution B) which should be a
poor solvent for the droplet liquid. In our experiments,
solution A was 3.5 vol % octanol in water/ethanol mixture
(1:1, v/v). Solution B was the water sample with 0.04 vol %
octanol and the dissolved analytes. For samples with
chlorpyrifos as solution B, the solutions also contain 0.05 vol
% ethanol. As sketched in Figure 1B, octanol surface
nanodroplets nucleated out and grew on the inner wall of
the capillary due to the solubility gap of octanol in solution A
and solution B. Figure 1C demonstrates an optical image of
octanol surface nanodroplets formed on the capillary wall
(Nikon H600L, 4X objective lens).
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Figure 2. (A) UV—vis absorbance spectrum of collected octanol droplets. The droplets were from samples with analyte (triclosan) concentration
C, of 107°=5 X 107# M. The volume flow rate Q and the total volume of the sample solution V were 10 mL/h and 1.6 mL. (B) Zoom-in of UV—vis
absorbance in (A). (C) Absorbance at 283 nm A,g; as a function of C,. The error bars (standard deviation) are from three replicates.

Figure 1D illustrates the extraction of analytes from solution
B into the octanol surface nanodroplet, at the same time as
droplet formation by the solvent exchange process was taking
place. Because of the pinning effect of surface droplets on the
capillary wall, the nanodroplets were stable and could not be
removed by the flow of solution B. After injecting ~1.6 mL of
solution B into the tube, most of the ethanol was removed, and
the solvent exchange was almost finished that droplets would
not grow further. At this point, the injection of sample solution
can be stopped or continued for further extraction.

Sample Collection and Instrumentation. After the
extraction of analytes from the sample solution, air was slowly
introduced into the capillary tube by the syringe pump. The
flow rate of the air was kept at S mL/h. Because of the capillary
force, octanol droplets with the extracted analytes can be
collected between water (i.e., solution B) and air, as illustrated
in Figure 1E. Figure 1F shows an image of collected octanol
between air and water sample. With Nile red extracted from
the water sample, the collected octanol appeared in red in the
screenshot.

After all of the water sample was pushed out by air, >2 uL of
the octanol sample containing the analytes could be collected
for analysis. A microvolume ultraviolet—visible (UV—vis)
spectrophotometer (Nanodrop 2000c, Thermo Fisher) was
used for the detection of triclosan and chlorpyrifos. The UV—
vis spectrum of octanol standards containing target analytes
was used to establish a calibration curve from the Beer—
Lambert law. The calibration curve was then used to determine
the concentration of the target analyte in extractant droplets
Cg4. The limit of detection was roughly estimated by reducing
analyte concentration C, in controlled experiments. The
existence of the analyte was confirmed by three replicates
with positive absorbance compared with the blank group. The
shifted contaminant peak, which is a result of the superposition
of the absorbance from the background and analytes, was taken
as another necessary feature to confirm the presence of
analytes.

Instrumental analysis was also performed on a gas
chromatograph/mass spectrometer (Agilent 6890 with 5975B
MSD) for the octanol sample with triclosan. The procedure is
based on a previously published method.”* Briefly, a HP-SMS
GC column was used for the separation. The GC/MS injector
and the transfer line temperature were set to 280 and 300 °C,
respectively. The temperature program was initiated with 75
°C for 1 min, increased to 230 °C at 10 °C, then to 280 °C at
20 °C/min, and held for 15 min. The droplet sample was
diluted in dichloromethane (DCM), and the sample injection

volume was 2 pL. The mobile phase is helium, and the flow
rate is 1.2 mL/min. The presence of Nile red in octanol was
determined by an optical microscope (Nikon H600L, 4x
objective lens).

B RESULTS AND DISCUSSION

Performance of Triclosan Extraction. As a commonly
used antibacterial and antifungal agent,g's’36 triclosan in the
water sample was taken as the model compound. The volume
flow rate Q and total volume V of the sample solution were 10
mL/h and 1.6 mL.

The UV-—vis absorbance spectrum of collected octanol
nanodroplets after extraction of triclosan is shown in Figure
2A. The absorbance peak at 283 nm was found to increase with
increasing triclosan concentration in the sample. This is
consistent with the characteristic triclosan absorbance peak
reported in the literature.”” Figure 2B shows a zoomed-in view
of the absorbance spectrum from samples with C,, below 107¢
M, plotted together with a blank group without triclosan in
sample solution. C,, is the analyte concentration in the sample.
The characteristic peak for triclosan is still detectable even
from the sample with C, of 1077 M and can be easily
distinguished from a wide background peak spanning between
270 and 280 nm present in the blank group. Overlap of the
background peak and the characteristic peak at the C,, of 1077
M leads to the highest absorbance appearing at 280 nm. C,,
below 1077 M leads to indistinguishable absorbance from the
background and the analyte. The absorbance at 283 nm (A,g;)
is plotted as a function of C,, in Figure 2C. A linear relationship
was found between C,, and A,g;, as demonstrated by the fitting
in Figure 2C. Ayg; contributed from the background was
corrected by subtracting A,g; in the blank group.

To quantify the concentration of triclosan in octanol
nanodroplets (C;), the UV—vis spectra of triclosan in octanol
standard solutions were obtained as shown in Figure 3A. From
the Beer—Lambert law, C; and A,g; are linearly correlated as
shown in Figure 3B. With the linear relationship between Cy4
and A,g;, Cy of collected octanol droplets in experiments can
be calculated as a function of C,, as shown in Figure 3C. The
extraction method was further optimized by varying the sample
flow rate and sample volume in the following sections.

The enrichment factor (EF) defined as C4/C,, was calculated
from Figure 3C and plotted as a function of C, in Figure 3D.
For the sample concentration C,, of 107°—5 X 107® M, the EF
fluctuated in a small range from 350 to 430. As the volume of
collected octanol was ~3 uL for the extraction from the 1.6 mL
sample, the recovery of triclosan was estimated to be between
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A 25 ; B 20 collected nanodroplets obtained by using various flow rates.
2.0 [ i 164 The characteristic peak of triclosan at 283 nm remained similar
8 15 | L ) as Q increased from 10 to 50 mL/h. As Figure 4B shows, A,g;

S0 ——5.0x10*M g only slightly decreases with the increase of Q.
2 05 <os From results of standard solutions in Figure 3A,B, C; and EF
< 04 were estimated and plotted as the functions of Q in Figure
001 : ' R?>0.999 4C,D. The influence from Q on extraction performance are
B P A P y 7 T 1 found to be negligible. Thus, increasing Q can be an effective
Wavelength (nm) C, (mM) method to speed up the extraction process without much
c ¢ D 800 compromise of the extraction performance. Take the extraction
from Q = 10 mL/h and Q = 50 mL/h, for instance, the time
Y 6001 spent for nanodroplet formation and extraction was reduced
f% ) L 400 h\{r’i/l\l\— from ~10 to ~2 min, while A,g; and EF only decreased ~13%.
& The independence of enrichment factor on flow rate is
1 200 related to the consistent droplet sizes in the capillary tube. In a
R?=0.998 previously published work, the size distribution of surface
R ey S T R T T nanodroplets formed by the solvent exchange was also found
C, (uM) C, (uM) to be irrelevant to the flow rate in the capillau'y.33 This is in

Figure 3. (A) UV—vis absorbance spectrum of triclosan in octanol
standard solutions. The concentration of triclosan in octanol solutions
are from 107 to 3.6 X 107> M. (B) A,g; as a function of triclosan
concentration in octanol droplets C;. (C) C as a function of C,. (D)
Enrichment factor (EF) as a function of C,.

66% and 77%, which could be because we only collected a
portion of octanol droplets, not all the octanol droplets on the
inner wall of the tube. At the same time, the standard deviation
of EF calculated from three replicates also increased with the
decrease of C4 As the quantification of triclosan below S X
1077 M may not be accurate, these data are not included in
Figure 3D.

Effects from Volume Flow Rate Q on the Extraction.
The high reproducibility of the nanodroplet extraction was
confirmed at different flow rates of sample solution. A triclosan
solution (4 X 107° M) with 1.6 mL of volume was used. The
flow rate Q of the sample solution was varied from 10 to 50
mL/h. Figure 4A plots the UV—vis absorbance spectrum of the
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Figure 4. (A) UV-—vis absorbance spectrum of collected octanol
droplets. The droplets were from extractions with Q from 10 to S0
mL/h. C,, and V of the samples were 4 X 107 M and 1.6 mL. (B)
Ayg; as a function of Q. (C) Cy4 as a function of C,. (D) EF as a
function of C,.

contrast to results on a flat substrate in a flow chamber, in
which droplets tend to be larger at a higher flow rate.”® The
geometry confinement in the capillary blocks the effect from
the external flow on the mass transfer of the surface droplets,
which contributes to the trivial dependence of the extraction
performance on the flow rate.”

Effects from Sample Volume V on the Extraction. The
extraction performance was further studied by varying the
sample volume (V). The sample flow rate (Q) and C,, were
kept at 10 mL/h and 1 X 107® M. After the injection of 1.6 mL
of triclosan sample solution, only water can be collected at the
outlet. All ethanol was removed from the capillary, so that
droplet formation stopped. The extraction performance was
tested from samples with V up to 10 mL, in which extraction
continued after droplet formation. A sample with V of 0.8 mL
was also tested, in which the extraction was finished before all
ethanol was removed from the capillary. The UV—vis spectrum
of the collected droplets is plotted in Figure SA, reflecting a
higher peak with the increase of the sample volume V. Figure
SB shows A,g; monotonically increases with V.

From results in Figure 5B, Cy4 and EF were calculated and
plotted as the functions of C,, in Figure SC,D. Increasing V/
clearly enhanced the extraction performance reflected by the
increase in EF from ~400 to ~2400 when V increased from 1.6
to 10 mL. As only ~2 uL of octanol was collected at V = 10
mL extraction, the recovery of triclosan was estimated to be
~48%. Moreover, signals from a low sample volume of V = 0.8
mL suggest that the droplet extraction in the capillary can also
be applied to submicroliter samples that are not sufficient to
finish the solvent exchange. As EF calculated from our
experiments is much smaller than the partition coefficient of
triclosan between octanol and water (pK,, = 4.76), C; in
droplets has not reached equilibrium with C, in the sample
solution even at the highest EF of 2400. Triclosan can be
continuously extracted from the sample flow if higher volume
is used.

We did not further increase the sample volume at the same
triclosan concentration, as the micro-UV—vis spectrometer we
used cannot detect very strong absorbance (>3). The
absorbance of all our samples was below this upper limit.
Instead, 100 mL samples with lower C,, were tested to further
enhance the LOD of the method. As droplets slowly dissolved
in the sample flow, we increased the octanol volume ratio in
solution A to 4 vol % to produce larger octanol droplets. Our
previous work has systematically investigated the influence of
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Figure S. (A) UV—vis absorbance spectrum of collected octanol droplets. The droplets were from extractions with V from 0.8 to 10 mL/h. Q and
C, were 10 mL/h and 1 X 107 M. (B) A,g; as a function of V. (C) Cy as a function of C,. (D) EF as a function of C,. (E) UV—vis spectrum of
droplets extracting 100 mL sample with C,, of 2 X 10~° M. (F) UV—vis spectrum of droplets extracting river water (North Saskatchewan River,
Edmonton) spiked with 1078 M triclosan. Q and V were 30 mL/h and 7 mL.

the solution A composition on the droplet size during solvent
exchange.‘%g’39 As in Figure SE, the LOD was found to be 2 X
10° M (~0.58 ug/L), which is comparable to previously
published works listed in Table 1. As the concentration of the

Table 1. Comparison of the Proposed Method with Other
Analytical Techniques”

LOD
analyte extraction method (ug/L) V(mL) T (min)

triclosan IL/IL-DLLME- 0.23-0.35 S 2.5-12.5
HPLC-MS/MS*

triclosan SSME-UV*! 0.28 s 2-10

triclosan DLLME-SFO* 0.1 5 1

triclosan SLLME-UV (this 0.58 0.8—10 2-10
work)

chlorpyrifos ~ WE-DLLME- 0.92 10 S
GCFID"

chlorpyrifos ~LLME-HPLC-UV*  0.1-0.35 10 4

chlorpyrifos ~ SLLME-UV (this 1.05 8 16
work)

“V: sample volume; #: extraction time IL: ionic liquid; SSME:

supramolecular microextraction; UV: ultraviolet; SFO: solidification
of floating organic droplet; SLLME: surface nanodroplet-based
liquid—liquid microextraction; WE: water emulsion; GCFID: gas
chromatography flame ionization detector.

analyte was maintained constant, the maximum extractable
amount of analyte is expected to increase with the increase of
sample volume. However, the exact maximum extractable
amount of analyte from the sample is hard to predict. We did
not further increase the sample volume to improve the
extraction performance, as a small enhancement consumes
much more sample and extraction time. Additionally, the
droplet dissolution from a higher sample volume makes it
difficult to collect enough droplets or get reliable results.
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It is worth noting that the standard deviation of C4 and EF
calculated from three replicates was found to be comparable to
the average when Cg4 is low. The large deviation prevents the
sensitive detection and precise quantification of samples at a
lower concentration C,,. On the basis of results from standard
solutions in Figure 3A,B, the measurement of the equipment
did not account for the large deviation of A,g;. Moreover, as
the scale of deviation did not increase monotonically with C,
and Cg, the real concentration of triclosan in droplets Cy4 was
not the only contributor of the deviation of A,g;. The
background also contributed to the large deviation of Cy and
EF in results. An additional blank group with V' = 10 mL was
tested, showing A,g; from the background is not relevant to V.
The background peak at 283 nm was not from contaminants in
the sample solution. Figure S1 compares the UV—vis spectrum
from blank groups with V' = 1.6 mL and V = 10 mL. A,g; from
the blank group can be applied for the correction of Cy in
experiments with different V.

The droplet extraction was also performed with river water
(North Saskatchewan River, Edmonton) spiked with 107 M
triclosan. Q and V were kept at 30 mL/h and 7 mL. Figure SF
compares the UV—vis absorbance of collected octanol droplets
from a spiked river sample, an unspiked river sample, and a
blank water sample.

Performance of Chlorpyrifos Extraction. The organo-
phosphate pesticide chlorpyrifos was taken as the second
model compound for droplet extraction in the capillary.*~*
The flow rate Q and sample volume V were 30 mL/h and 8
mL, respectively. The concentration of chlorpyrifos in samples
C,, was from 107 to 2 X 10® M. Figure 6A shows the UV—vis
spectra of collected nanodroplets, in which the peaks at 230
and 292 nm were identified as characteristic peaks of
chlorpyrifos for quantitative analysis. As the background
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Figure 6. (A) UV—vis absorbance spectrum of collected octanol droplets. The concentrations of chlorpyrifos in samples were from 2 X 107% to
107° M. Q and V were 30 mL/h and 8 mL. (B) Ay, as the functions of C,,. (C) UV—vis absorbance spectrum of chlorpyrifos in octanol standard
solutions. The concentration of triclosan in the standard solutions is from 5 X 1075 to 1.4 X 107> M. (D) A, as the functions of C;. (E) C; as a

function of C,. (F) EF as a function of C,.

signals at 230 nm was above 0.2, the quantitative analysis was
only performed for the absorbance at 292 nm.

The absorbance at 292 nm (A,y,) is plotted as a function of
C, in Figure 6B, which is found to increase monotonically with
C,- Similar to the results in Figure 2A, superposition of the
absorbance from the background and chlorpyrifos at a low C,,
leads to the highest absorbance moving to a lower wavelength.
The highest absorbance shifted to 288 nm in the group of C,, =
1077 M and to 286 nm in the group of C, = 2 X 107 M.
Further reducing C, may contribute to indistinguishable
absorbance from the background and the analyte.

Figure 6C shows the UV—vis spectrum of chlorpyrifos in
octanol standard solutions with Cy from 107 to 9 X 107 M.
From the spectrum of standard solutions, A,y, was plotted as a
function of Cy in Figure 6D. From the Beer—Lambert law, Cy
and EF were respectively calculated and plotted in Figure 6E,F.
Similar to results in Figure 3D, the enrichment factor
fluctuated in a small range from 1400 to 1900 at above 3 X
1077 M. As the quantification of triclosan below 3 X 107/ M
may not be accurate, these data were not included in Figure
6F. The recovery of triclosan was estimated to be between 33
and 40%. The purpose of using chlorpyrifos is to confirm the
quantitative analysis of our method was not limited by
triclosan. The study of the influence of sample volume and
sample flow rate can be repeated for chlorpyrifos or any other
analytes of interest.

The extraction was performed with 80 mL samples to
enhance the LOD of the method. The octanol volume ratio in
solution A was increased to 4 vol %. Solution B was saturated
with octanol before spiked with chlorpyrifos. As in Figure 7A,
the LOD was enhanced to 3 X 107 M (~1.05 ug/L), which is
comparable to previously published works listed in Table 1.
The combinative extraction of triclosan and chlorpyrifos was
performed by spiking solution B with two model compounds
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Figure 7. (A) UV—vis spectrum of droplets extracting 80 mL sample
with chlorpyrifos of 3 X 107 M. (B) Comparing UV—vis spectra from
the combinative extraction of triclosan and chlorpyrifos and single-
component extraction.

both at a C,, of 107 M. The sample volume V and the volume
flow rate Q were 7 and 30 mL/h. In Figure 7B, the UV—vis
absorbance of the combinative extraction was compared with
the spectra from single-component extraction. The combina-
tion of the characteristic peaks of triclosan at 283 nm and
chlorpyrifos at 292 nm leads to a wide peak at 287 nm,
demonstrating that multicomponents from the sample can be
extracted at the same time.

GC-MS and Fluorescence Analysis of the Collected
Drop. Nanoextraction by surface droplets can be applied in
tandem with many common analytic tools for sensitive
detection. The extraction of triclosan from water samples (7
X 107 M) was also confirmed by coupling with GC-MS. The
peak appeared at 16.9 min in Figure 8A was identified to be
triclosan.

As the final example, a fluorescent dye, Nile red was
extracted from a pure water sample and a river water sample.
C,, Q and V of the sample were 10™° M, 30 mL/h, and 8 mL,
respectively. After extraction, a > 2 uL octanol droplet was
collected, as in Figure 8B,C. An optical microscope with
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Figure 8. (A) GC results of the triclosan extracted by octanol
droplets. (B—D) One drop (>2 uL) of octanol collected from the
extraction of (B) a pure water sample with the Nile red (107° M), (C)
a river water sample with the Nile red (107 M), (D) a pure water
sample without the Nile red, and their images from a fluorescence
microscope. (E) One drop of pure water sample with the Nile red
(107 M) and the image from a fluorescence microscope.

excitation lasers was used to test the fluorescent intensity of the
droplet. As shown by the screenshot in Figure 8B,C, the
maximum light intensity I, of the drops were ~110 and
~100.

As a blank group, the same extraction process was performed
for pure water (without Nile red). The fluorescence intensity
of the collected octanol drop in the blank (Figure 8D) was less
than 8. Therefore, the light intensity of ~110 was mainly
attributed to the extracted dye. Figure 8E show a drop of the
pure water sample with a C, of 107 M. The fluorescence
intensity of the drop was less than 6. The extraction by surface
droplets in the capillary tubes can also be used for the
detection of fluorescent components in water samples.

The extractant is not limited to octanol for the surface
nanodroplet-based extraction. The solvent exchange process
can be used to produce a wide range of droplets based on the
ouzo effect.'® Surface nanodroplets consisting of other types of
oils (oleic acid, EDGMEA) were also reported for extraction in
previous work.*®

B CONCLUSION

In summary, we demonstrated a cost-saving extraction
approach for concentrating and detecting trace amounts of
chemical compounds using octanol surface nanodroplets
formed inside a long capillary tube. The nanodroplets were
produced by solvent exchange by using the sample solution as
the second fluid. After extraction, nanodroplets could be
collected by blowing a gentle stream of air. Because of the
small volume and pinning effect, extraction based on surface
nanodroplets in previous literature was limited to only a few
online analytical techniques such as SERS and fluorescence
microscope with limited model compounds. The collection of
enough nanodroplets from a long capillary in this work enables
offline analysis such as UV—vis and GC-MS.

The collected nanodroplets were analyzed by UV—vis
spectrometry, which revealed a limit of detection of ~107°
M and a linear range above 2 X 10”7 M for two representative
micropollutants, triclosan and chlorpyrifos, in water samples.
Introducing the sample solution with a higher flow rate Q was
found to speed up the process of droplet formation and
extraction without compromising the extraction performance.
Nanoextraction in the capillary was also confirmed to be
compatible with other common analytical techniques including
GC-MS and fluorescence microscopy. The method shown here
is powerful for rapid extraction, quantification, and sensitive
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