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Abstract

A green, sensitive and accurate dispersive liquid-liquid microextraction (DLLME) method was used to preconcentrate four
selected pesticides in dam lake water samples for determination by gas chromatography—mass spectrometry (GC-MS).
Conditions of the DLLME method were comprehensively investigated and optimized according to type/volume of extraction
solvent, type/volume of dispersive solvent, and type/period of mixing. The developed method was validated according to
the limits of detection and quantitation, accuracy, precision and linearity. Under the optimum conditions, limit of detection
values calculated for alachlor, acetochlor, metolachlor and fenthion were 1.7, 1.7, 0.2 and 7.8 pg/kg (mass based), respec-
tively. The method recorded 202, 104, 275 and 165 folds improvement in detection power values for acetochlor, alachlor,
metolachlor and fenthion, respectively, when compared with direct GC-MS measurements. In order to evaluate the accuracy
of the developed method, real sample application with spiking experiments was performed on dam lake water samples, and
satisfactory percent recovery results in the range of 81%—120% were obtained.
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In the past few decades, investigation of micropollutants
in environmental samples has been widely conducted in
attempt to enhance the detection power of analytical instru-
ments to allow trace level determinations. Micropollutants
consist mainly of anthropogenic chemicals such as personal
care products, illicit drugs, pharmaceuticals and pesticides
(Noguera-Oviedo and Aga 2016). Pesticides are considered
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according to their properties such as persistence in the envi-
ronment, toxicity, chemical structure and usage. Generally,
they are categorized as three main groups according to target
organism, namely, herbicides, insecticides and fungicides
(Nasiri et al. 2020). Application of pesticides in agricul-
tural fields has been a superior control system to decrease
the loss of crops, improve crop quality, increase yields and
extend postharvest life by controlling fungi, weeds, insects
and other unwanted pests (Al-Nasir et al. 2020). After appli-
cation, pesticides may remain on the surface of crops, leach
down the soil into groundwater, or be transported with run-
off water into other water bodies. Contaminated water bodies
have the tendency to cause negative effects on aquatic life
and human health (Yuan et al. 2020).

Alachlor, acetochlor and metolachlor are obsolete herbi-
cides widely used to improve the crop yields by controlling
broadleaf weeds and annual grasses on farmlands (Wang
et al. 2019; Lou et al. 2020; Sun et al. 2020). Fenthion is
an obsolete organophosphate insecticide employed against
biting and sucking pests such as Eurygaster cereal bugs,
stem borers, mosquitoes and fruit flies (Kyriakidis et al.
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2005). These pesticides are obsolete because of their harm-
ful effects. Thus, sensitive methods are required to monitor
environmental and food samples to ensure that they are not
being applied illegally. Their persistence in the environment
also requires monitoring even after their usage is stopped
(Shah and Devkota 2009).

Surplus usage of these pesticides poses a threat to
human health as chronic exposure could lead to neurologi-
cal effects, cancer tumors, birth defects and allergic reac-
tions (Kanashina et al. 2020). In recent years, attention has
been drawn to water contamination, especially in surface
and groundwater sources (Hoff et al. 2019). Thus, it is of
great importance to develop highly sensitive and accurate
analytical methods to determine these contaminants in water
samples.

There are many reported techniques for the determina-
tion of pesticides in water samples such as liquid chroma-
tography—mass spectrometry (LC-MS) (Pic6 et al. 2004),
gas chromatography—mass spectrometry (GC-MS) (Alder
et al. 2006) and high-performance liquid chromatography
(HPLC) (Aulakh et al. 2005). For example, a study reported
by Chen and Da (2006) aimed to develop a dynamic hollow
fiber-protected liquid-phase microextraction method coupled
with gas chromatography—mass spectrometry (GC-MS) to
detect ethoprop, diazinon, disulfoton and fenthion in lake
water samples. An automated solid phase extraction (SPE)
GC-MS method for the determination of acetochlor in rea-
gent water, surface water, and groundwater samples was
reported by Lindley et al. (1996). In another study, Brooks
et al (1989) reported a SPE method for the simultaneous
determination of alachlor, atrazine and metolachlor in
groundwater samples.

Among these, GC—MS has been widely used for volatile
organic species, and it distinguishes between compounds
based on their different retention times and ion fragmenta-
tions (mass to charge ratio, m/z). In addition, SIM (specific
m/z) and Scan (defined range of m/z) modes of data acqui-
sition can be performed for the determination of specific
or selected compounds, respectively (Bulgurcuoglu et al.
2018). However, this technique lacks the proper sensitivity
to determine most organic species at relatively low concen-
tration levels. Therefore, GC-MS is combined with sample
pretreatment methods to further improve its sensitivity.

The conventional liquid-liquid extraction (LLE)
(Holadova and Hajslova 1995) and solid phase extraction
(SPE) (Rodriguez et al. 2000) methods have several draw-
backs such as being time consuming, expensive, labor-
intensive and they involve the consumption of large organic
solvent volumes. Researches in recent years have focused on
the development of economical, efficient and miniaturized
sample pretreatment techniques in order to overcome the set-
backs of the conventional methods (Xue et al. 2020). In this
regard, liquid phase microextraction (LPME) (Vidal et al.

2010), solid-phase microextraction (SPME) (Negreira et al.
2009) and hollow fiber liquid phase microextraction (HF-
LPME) (Ge and Lee 2012) methods have been developed.
Dispersive liquid-liquid microextraction (DLLME) method
is a very trending eco-friendly sample pretreatment method
for various metal ions and organic compounds due to its
advantages such as simplicity, cheapness, quick operation,
high output and being environmentally friendly (Mashayekhi
et al. 2010). This method is based on the dispersion phenom-
enon, where the extraction solvent is dispersed in the aque-
ous solution with the help of a disperser solvent (Zari et al.
2020). Fine microdroplets of extraction solvent is formed
throughout the aqueous solution by rapid injection with the
disperser solvent, leading to an enhanced contact surface
area between the aqueous solution and extraction solvent.
This allows the rapid mass transfer of the target analytes to
the extractor phase (Xue et al. 2020).

Herein, a DLLME method was developed to preconcen-
trate alachlor, acetochlor, metolachlor and fenthion from
dam lake water samples for determination by GC-MS at
trace levels with high accuracy. In order to determine the
optimum conditions for selected pesticides, effecting param-
eters on GC-MS instrument and DLLME method were
tested; and the optimal combination of parameters was
determined.

Materials and Methods

Acetochlor (>95.0%, purity), fenthion (>95.0%, purity)
and metolachlor (>95.0%, purity) standards were attained
from Sigma-Aldrich (Darmstadt — Germany). Alachlor
(99.99%) and bisphenol A-d16 (98.0%) standards were
purchased from Dr. Ehrenstorfer GmbH (Augsburg — Ger-
many). Chloroform, dichloromethane, 1-2 dichloroethane,
methanol, ethanol, isopropyl alcohol, acetone and acetoni-
trile were all purchased from Merck (Germany, Darmstadt)
and used for developing the DLLME method. Main stock
solutions of acetochlor, fenthion, metolachlor and alachlor
were gravimetrically prepared in acetonitrile. Mixed stand-
ard solution (100.0 mg/kg) of the four analytes was gravi-
metrically prepared in acetonitrile and diluted to prepare
working and calibration standards gravimetric preparation
has higher accuracy than volumetric preparation and also
possess traceability. Preparation of aqueous standards and
washing purposes were done with deionized water obtained
from an Elga Flex 3 Water Purification System (Resistivity
18.2 Q.cm).

A gas chromatograph (Agilent, HP 6890) system with a
capillary column (HP-5MS: 30 m length X 0.25 mm internal
diameter X 250 nm film thickness) was used for chromato-
graphic separation of the analytes. The gas chromatography
system was equipped with a mass spectrometry (Agilent, HP
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5973) detector for qualitative and quantitative determination
of the analytes. Helium was employed as mobile phase with
a constant flow rate of 2.60 mL/min. Temperature of the inlet
port was set at 280°C, and 1.0 pL volume of sample/standard
was injected in the spitless mode. The oven temperature was
programmed to increase from 70 to 240°C (30°C/min), then
to 260°C (120°C/min) and a final ramp to 300°C (30°C/
min). Temperature/energy of ionization source, temperature
of quadrupole and transfer line were 230°C/70 eV, 150°C
and 280°C, respectively. The retention time, mass to charge
ratio (m/z) of qualifier fragmentations and quantifier ions
(underlined values) for acetochlor, alachlor, metolachlor and
fenthion are summarized in Table 1.

A mixture of dichloromethane (300 pL) and methanol
(1.5 mL) was rapidly injected into 8.0 mL of standard/sam-
ple solution in a 15 mL centrifuge tube. The cloudy solu-
tion obtained after the injection was placed on a mechanical
shaker and mixed for 45 s to augment interactions between
the analytes and extraction solvent. After the mixing process,
the solution was centrifuged for 2.0 min at 3461 g to separate
the aqueous and organic phases from each other. The upper
phase (aqueous solutions) was advertently transferred into
a waste container and lower organic phase (approximately
100 pL) was taken into an insert vial sent to the instrument
for the determination of the analytes.

Water samples were collected from Altinapa Dam, which
is supplying drinking water for the City of Konya, and the
effluent from the Konya Drinking Water Treatment Facil-
ity. The water sampled from the lake (Altinapa dam) and
treated water were labelled as influent sample (InSa) and
effluent sample (EfSa). All samples were kept into polyeth-
ylene terephthalate containers, which were thoroughly rinsed
with the respective samples. Blank analysis was performed
for the samples and spike recovery experiments were used
to validate the accuracy of the method.

Results and Discussions

Two main optimization experiments were performed in
this study: instrumental optimization and DLLME method
optimization. Temperature program and carrier gas flow
rate were optimized to obtain symmetrical peak signals.

Table 1 Retention times and major ion fragments (m/z) of the ana-
lytes

Analyte Retention time, min  m/z of fragmentations
Acetochlor 5.87 59, 146, 162, 132, 223
Alachlor 5.93 45, 160, 188, 146, 77

Metolachlor 6.17 162, 238, 45, 240, 146
Fenthion 6.18 278, 125, 109, 169, 79
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The univariate optimization approach was utilized for the
DLLME method to augment the signal to noise ratio and
boost extraction yield for the analytes. Tukey’s method based
post hoc comparisons were applied to evaluate the differ-
ence in pairwise comparisons in all optimization studies.
Lower-case letters such as a, b, ¢, d were used to represent
the difference between the variables.

Different temperature programs and carrier gas flow rates
were tested to obtain good chromatographic separation and
symmetrical signals for the analytes. In the first step, a sin-
gle ramp temperature program (70-300°C, 5.0°C/min) and
1.0 mL/min of carrier gas flow rate were tested. While ace-
tochlor and alachlor were well-separated from each other,
metolachlor and fenthion produced overlapping peaks.
Moreover, a broad peak signal was obtained for fenthion
with this temperature program. Peak signals of metolachlor
and fenthion did not interfere with each other when selected
ion monitoring (SIM) mode was used to acquire data. When
the temperature program and helium flow rate explained in
Instrumental Section was used, better symmetrical signals
and higher signal to noise ratios were obtained for all ana-
lytes. Total ion and extracted ion chromatograms taken from
GC-MS ChemStation Software are presented in Fig. 1.

The basic requirements of an ideal extraction solvent in
DLLME are immiscibility with aqueous solution, miscibility
with disperser solvent, to have different density from aque-
ous solution, and to have good solubility for the analyte
(Chormey and Bakirdere 2018). For this reason, chloroform,
dichloromethane and 1-2 dichloroethane were tested to find
the most efficient extraction solvent. Dichloromethane gave
the highest peak area values for all four analytes as presented
in Fig. 2, therefore; dichloromethane was chosen as optimum
extraction solvent. In addition, there was also a significant
difference between dichloromethane and other extraction
solvents with respect to statistical test.

Extraction solvent volume is an important parameter in
this extraction protocol since it directly affects the precon-
centration factor of the analytes. Hence, dichloromethane
volumes were tested in the range of 250-350 uL to investi-
gate the effect of these volumes on preconcentration factor.
Phase separation was not observed for the 250 uL volume
because of complete solubility of dichloromethane in water
(13,200 mg/L at 25°C) by reason of dispersion with metha-
nol (Yalkowsky et al. 2016). The highest peak area values
were recorded for 300 pL of dichloromethane (Figure S1),
and it was selected as optimum one.

A dispersive solvent should be miscible with both aque-
ous solution and extraction solvent. Generally, mid polarity
solvents are selected as disperser solvent because of their
high solubility in both aqueous and organic solvents. This
makes them efficient in distributing extraction solvents as
nano/micro particles throughout the whole aqueous solution
for high surface area contact (Chormey and Bakirdere 2018).
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Fig.2 Optimization of extraction solvent type (lower-case letters pre-
sent significant difference at p <0.05 for n=3)

In this optimization step, five solvents including methanol,
ethanol, isopropyl alcohol, acetone and acetonitrile were
employed as disperser solvent to evaluate their effects on
extraction efficiency for the analytes. Dichloromethane was
dispersed more efficiently in aqueous solution by metha-
nol for all analytes as shown in Fig. 3, and it was therefore
selected as optimum disperser solvent.

Three different volumes (1.0, 1.5 and 2.0 mL) of disper-
sive solvent were tested to determine optimum methanol

Time, min

= Methanol =Ethanol = Isopropyl alcohol = Acetone ® Acetonitrile

1800000

1400000

Peak Area

Metolachlor
Analyte

Fenthion

Fig.3 Optimization of disperser solvent type (lower-case letters pre-
sent significant difference at p <0.05 for n=3)

volume. Although the 2.0 mL methanol volume provided
higher peak area results than the other volumes (for all
analytes except fenthion), the organic phase formed after
the centrifugation process was very low. Collection of the
organic phase for instrumental reading was very challenging
even for ultrapure deionized water, and this was expected
to be more difficult for real samples. Although there was
no significant difference between results of 1.0 and 1.5 mL
methanol, 1.5 mL of methanol provided better results than
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1.0 mL of methanol for all analytes except metolachlor (Fig-
ure S2). Thus, it was selected as the optimum value.

In the DLLME protocol, sample agitation could have a
positive effect on mass transfer of an analyte(s) from aqueous
solution into an organic phase. Agitation further enhances
the extraction of the analyte(s) by increasing the movement
of the extraction solvent through the aqueous solution, thus,
enhancing the pickup of the desired analytes. Therefore,
hand shaking (up-down), mechanical shaking (left-right),
ultrasonication and vortex were tested to examine effects on
mass transfer of the analytes. There was no significant dif-
ference between the results of hand shaking and mechanical
shaking for acetochlor and alachlor, but mechanical shaking
made an important impact on the results of metolachlor and
fenthion as shown in Fig. 4. For this reason, mechanical
shaking was selected as optimum mixing type.

The final optimization of this study was period of
mechanical shaking, and periods between 15 and 60 s were
tested and compared to an experiment performed without
mixing (0.0 s). The highest result was obtained for 45 s of
mechanical shaking period (Figure S3), and it was chosen
as optimum value.

A series of mixed standard solutions (in acetonitrile) pre-
pared in the range of 0.25-100.00 mg/kg (ten different con-
centrations) were directly sent to the GC-MS to evaluate the
analytical performance of the system. Six replicate measure-
ments were carried out for each standard solution under the
optimum chromatographic conditions. The limit of detection
(LOD) and limit of quantification (LOQ) for the analytes were
calculated in the range of 0.07-1.28 and 0.22-4.27 mg/kg,
respectively. In addition to the LOD and LOQ values, linear
range, percent relative standard deviation (%RSD) and coef-
ficient of determination (R%) were used to validate the GC-MS
system as summarized in Table 2.

Mixed standard solutions were prepared in the range of
0.25-500 pg/kg (eleven different concentrations) and analyzed
under optimum conditions to determine analytical performance
values of the DLLME-GC-MS system. In addition, 250 ug/kg
bisphenol A-d16 as internal standard was added to all calibra-
tion standard solutions to eliminate errors arising from the
extraction procedure and GC-MS measurement. Calibration
plots for each analyte were constructed utilizing concentra-
tion versus the ratio of analyte peak area to internal standard
peak area. LOD and LOQ values for the developed system
were determined in the ranges of 0.24-7.8 and 0.82-26 ug/
kg, respectively. The detection power of the GC-MS system
was enhanced by 104-275 folds (Table 2) for the analytes.

wHand shaking wMechanical shaking = Ultrasonication = Vortex .
2000000 Enhancement was calculated by comparing LOD values of
1800000 2 B the GC-MS system to the DLLME-GC-MS method. LOD,
1600000 ab LOQ, dynamic range, %RSD and R? for DLLME-GC-MS
1400000 I .
$ 1200000 4 il system are presented in Table 2. LOD and LOQ values were
% 1000000 amm] a calculated using the following equations;
T 300000 &
& faza SD
600000
o0 | 2224 T LoD =3 —I (1)
200000 J
0 | . .
Acetochlor Alachlor Metolachlor Fenthion SD
LC
Analyte LOQ =10- @)
Fig.4 Optimization of mixing type (lower-case letters present signifi-
cant difference at p <0.05 for n=3)
Table2 Analytical performance 5.1 System LOD, ug/ke LOQ, pg/kg RSD% Dynamic range R EDP
values of GC-MS and
?]LLM?GC—MS systems for Acetochlor ~ GC-MS 355.7 1118.9 12.9 1.10-50.0 mg/kg  0.9999 202
the analytes DLLME-GC-MS 1.7 55 70 5.91-504.7 pg/kg 0.9998
Alachlor GC-MS 178 594 7.5 0.55-50.0 mg/kg 0.9998 104
DLLME-GC-MS 1.7 5.7 34 5.92-505.1 pg/kg 0.9999
Metolachlor GC-MS 67.2 224 9.4 0.26-5.25 mg/kg 0.9996 275
DLLME-GC-MS 0.2 0.8 54 0.62-517.5 pg/kg 0.9995
Fenthion GC-MS 1280 4265 10.8 4.84-47.2 mg/kg 0.9999 165
DLLME-GC-MS 7.8 259 7.5 25.6-476.6 ug/lkg  0.9999

LOD limit of detection, LOQ limit of quantification, RSD% percent relative standard deviation, EDP
enhancement in detection power, GC-MS gas chromatography—mass spectrometry, DLLME-GC-MS dis-
persive liquid—liquid microextraction-gas chromatography—mass spectrometry

@ Springer



Bulletin of Environmental Contamination and Toxicology (2020) 105:460-467

465

where SD; (- is standard deviation (six measurements) of the
lowest concentration in linear range, m is calibration plot
slope.

The developed method is comparable with the literature
findings in terms of limit of detection and sample pre-treat-
ment procedures. For instance, in a study, a method for the
determination of 251 pesticide and degradation product
residues in vegetables and fruit samples by gas chroma-
tography—mass spectrometry (GC-MS) and by liquid chro-
matography fluorescence detection (solid phase extraction)
was reported. The LOD values obtained for iron fenthion,
alachlor and metolachlor were 30, 20 and 20 pg/L, respec-
tively (Fillion et al. 2000). A DLLME method combined
with gas chromatography-flame ionization detection (GC-
FID) was developed for the determination of multiclass
pesticides in tomato and cucumber samples and the detec-
tion limits were found to be 3.0 pg/L for both alachlor
and fenthion (Khor and Chai 2014). In another study,
LOD values of 0.01, 0.02 and 0.03 pg/L were obtained for
acetochlor, alachlor and metolachlor, respectively by gas
chromatography-electron capture detector (GC-ECD) after
solid phase extraction (SPE) using multiwalled carbon
nanotubes as adsorbents (Dong et al. 2009). The detection
limit values reported for acetochlor, alachlor, and metola-
chlor using solid-phase microextraction coupled with gas
chromatography—mass spectrometry (SPME-GC-MS)
were found to be 0.25 pg/L (Rocha et al. 2008). In a study,
metolachlor, acetochlor, alachlor and dimethenamid were
extracted using C-18 solid-phase extraction (SPE) column
before their determinations by liquid chromatography/
electrospray ionization-tandem mass spectrometry (LC/
ESI-MS/MS) (Yokley et al. 2002). Determination of corn
herbicides (atrazine, alachlor, metolachlor, and pendimeth-
alin) by GC-MS and GC-NPD in soil and water samples
were performed in another study (Sanchez-Brunete et al.
1994). If the developed method in this study is compared
with literature studies, it offers a simple and time sav-
ing extraction procedure and mitigates the long sample
pre-treatment processes with high sample volume and
toxic organic solvent usage. A green extraction method
can be applied to complex matrices without the need for
highly toxic organic solvents with the presented method. It
also provides low detection limits with low %RSD values
which indicates high precision. A solid phase microextrac-
tion (SPME) method was applied for the determination of
priority pesticides in river samples by gas chromatogra-
phy with flame thermionic detection (GC-FTD) and the
mean detected concentrations for alachlor and fenthion
were found to be 0.08 and 0.02 pg/L, respectively (Albanis
et al. 2003). Detected concentration values are lower than
the LOD values obtained with the presented method in
this study. However, the detection limits can be further
improved by using gas chromatography-tandem mass

spectrometry (GC-MS/MS) and gas chromatography-
high-resolution mass spectrometry (GC-HRMS).

Spike recovery experiments were performed with InSa
and EfSa samples to check the accuracy and applicability
of the DLLME method. Blank analysis using the optimized
method did not produce signals at the retention times of
the analytes, indicting the analytes were absent or below
the specified LOD values. The samples were then spiked at
different concentrations, taking into consideration acetoni-
trile content of the aqueous standard solutions. All samples
and standards were prepared to contain 1.0% acetonitrile, to
obtain an equal effect from acetonitrile as a disperser sol-
vent. The standard solutions were prepared between 50.0
and 500 pg/kg and spiked with 250 pg/kg of bisphenol A-16.
The external calibration method was used to calculate the
concentration of the analytes in the spiked samples. Relative
recovery results for the spiked influent and effluent samples
were found to be in the range of 81%—120% (Table 3) and
80%—115% (Table 4), respectively. Relative recovery results
were calculated by employing the following equation;

Cr
Recovery% = — - 100 3)
Cr

Cg: experimental concentration of the analyte.

C;: theoretical concentration of the analyte.

In this study, a DLLME method was proposed for simul-
taneous preconcentration of acetochlor, alachlor, metola-
chlor and fenthion for the determination by GC-MS system.

Table 3 Relative recovery results and standard deviation values for
influent dam lake water samples

Analyte Theoretical Experimental ~ Recovery% +SD*
concentration,  concentration,
pgrkg pgrkg
Acetochlor 50.5 48.4 95.9 6.2
84.4 97.1 115.0 6.0
234.3 247.1 105.4 8.0
446.8 365.4 81.8 7.6
Alachlor 50.5 45.9 90.8 5.7
84.5 101.5 120.2 5.0
234.5 2539 108.3 7.0
447.1 382.6 85.6 6.5
Metolachlor  51.8 47.6 91.7 4.1
86.5 101.4 117.2 3.6
240.2 2335 87.2 32
458.0 393.0 85.8 53
Fenthion 47.7 43.5 91.3 5.0
79.7 83.7 105.0 9.0
221.3 204.5 92.4 29
421.8 390.4 92.6 6.9

*Uncertainties (+): standard deviation for n=4
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Table 4 Relative recovery results and standard deviation values for
effluent dam lake water samples

Analyte Theoretical Experimental ~ Recovery% =+ SD?*
concentration,  concentration,
pgrkg ugrkg

Acetochlor 52.4 46.0 87.8 5.2
122.4 111.6 91.2 5.8
226.5 210.1 92.8 5.0
360.3 378.4 105.0 7.3

Alachlor 52.4 42.5 81.2 7.2
122.5 114.6 93.6 9.3
226.6 210.2 92.7 6.7
360.5 413.3 114.6 5.5

Metolachlor  53.7 43.3 80.7 3.7
125.5 126.8 101.0 10.3
232.2 198.2 85.3 7.8
369.4 417.0 112.9 9.3

Fenthion 47.7 43.7 91.3 5.0
79.7 107.8 105.0 9.0
221.3 199.9 92.4 29
421.8 391.8 92.6 6.9

#Uncertainties (+): standard deviation for n=4

Variable parameters of the DLLME method such as type/
volume of extraction solvent, type/volume of disperser sol-
vent, and mixing type/period were successfully optimized
to enhance the signal to noise ratio of the analytes. After
the optimization steps, system analytical performance was
evaluated, and a good linearity was attained for all analytes.
The LOD values for acetochlor, alachlor, metolachlor and
fenthion were found to be 1.7, 1.7, 0.2 and 7.8 pg/kg, respec-
tively. The analytes were determined at trace levels because
high enhancement in detection power values (104—275 folds)
were obtain employing the DLLME method for the analytes
prior to GC-MS system. Spiking experiments were used
to check applicability/accuracy of the proposed DLLME
method. The results obtained certified that the developed
method could be conveniently used to determine the analytes
at trace level in lake water samples with high accuracy.
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