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Azole antifungals in soil are of increasing concern. In this work, a stable,
sensitive and reliable method was developed and validated for extraction of azole antifungal pharmaceuticals (clotrimazole, econazole,
ketoconazole, and miconazole) and biocides (propiconazole and
tebuconazole) in various soils. Ultrasound-assisted extraction using
ammoniﬁed methanol was used to extract the azole antifungals from
soils, which were then quantiﬁed by ultra-high-performance liquid
chromatography-mass spectrometry. The total organic carbon content
of soil was correlated with extraction eﬃciency. The extraction mechanism of azole antifungals in soils was also preliminarily illustrated. The
presence of amino groups in the methanol extractant was important for
eﬃcient extraction. Recoveries ranged from 81.1% to 119.0% with
relative standard deviations within 10%. The method quantiﬁcation
limits were in the range of 0.1–0.2 ng g1 (dry weight) in soils. The
method was successfully applied to a batch determination of azole
antifungals in soils with good recoveries of the surrogate standard
ranging from 80.2% to 110.6%, with an average of 95.1% and relative
standard deviations within 8.7%. Miconazole, econazole, tebuconazole
and propiconazole were occasionally detected at several ng g1 (dry
weight). This method is a valuable tool for investigating the occurrence,
behavior, transport, and fate of azole antifungals in soil environments.

1. Introduction
Azole substances are widely used as active ingredients in human
and veterinary medicine, agricultural biocides and fungicides,1,2
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and include imidazoles and triazoles. Eco-environmental issues
of azole antifungals are of increasing concern because of their
potentially adverse impacts on endocrine systems of organisms2,3 as well as their wide presence in environmental
matrices.4–11 Imidazole antifungals, having a planar
5-membered ring consisting of three carbon atoms and two
nitrogen atoms, are an important group of azole antifungals
mostly used as human and veterinary medicines. They usually
have relatively high lipophilicity (log Kow > 4) ensuring curing
eﬀects12 and are consequently likely to partition to and accumulate in solid matrices.8 Clotrimazole, ketoconazole and
miconazole have been identied as bioaccumulative and
persistent organics in the environment.13 Triazole antifungals,
having a ve-membered ring consisting of two carbon atoms
and three nitrogen atoms, are another important group of azole
antifungals mostly used as common agricultural biocides, with
substantial potential to remain in soils.
Azole antifungals (i.e., ketoconazole, itraconazole, miconazole, clotrimazole, propiconazole, tebuconazole, econazole and
epoxiconazole) have been detected in surface water, groundwater, wastewater and sewage sludge around the world.4–9,14–17
Azole antifungals can easily be introduced into soil environments by wastewater irrigation and biosolid/sludge amendment.
However, investigations on the detection of azole antifungals in
soil or other environments are limited. Some azoles have been
detected in biosolid–soil mixtures.18–20 The fate of clotrimazole in
spiked agricultural soils was investigated using laboratory
incubations.21 However, data about their occurrence and
behavior in regional and various real soil environments are still
missing, especially for imidazoles in soils with diﬀerent properties (e.g., physicochemical characteristics and mineral
composition). This is possibly related to the lack of a reliable
extraction method for determination of azoles in various soil
matrices.22 Exploration of extraction mechanisms is the most
important step to solve the problem of unstable and uncontrollable recoveries during extraction in various soil matrices.23
Liquid chromatography interfaced with ultraviolet detection,21 mass spectrometry24,25 and tandem mass spectrometry15
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have been employed in determination of azole antifungals to
ensure acceptable sensitivity and selectivity. Since azole antifungals are typically present in the environment at trace
levels,8,15,26–28 extraction and concentration are imperative prior
to instrumental detection. Rotary evaporation and nitrogenblowing were usually performed to concentrate the extracts
before instrumental detection. Ultrasound-assisted extraction
(USE),15,19,28 accelerated solvent extraction (ASE)29 and matrix
solid-phase dispersion30 have been employed to extract the azoles
in sludge (or sludge-amended soil) and sediment. Mechanical
shaking extraction was applied to extract clotrimazole spiked in
soils, obtaining recoveries of approximately 65% with uctuations among test batches.21 The discordance observed between
extraction eﬃciencies in diﬀerent soils was attributable to the
varying strength of sorption of clotrimazole into soils with
varying soil pH, organic matter and clay content.21 However, the
extraction mechanism was not illustrated and the extraction
method was retained because the variations within each experimental batch using the same soil were acceptable for the dissipation test.21 Azole antifungals in soils have been screened using
ASE and USE followed by ultra-high-performance liquid
chromatography-mass spectrometry; however, these methods
resulted in relatively low and unstable recoveries.25 As far as we
know, the extraction mechanism of azole antifungals in various
soils is still unknown and, consequently, there is no optimized
extraction method for these compounds.

Table 1

The objective of this work was to develop a reliable extraction
and determination method of azole antifungals (i.e., ketoconazole, econazole, miconazole, clotrimazole, propiconazole,
and tebuconazole) in various soils, based on a preliminary
exploration of the extraction mechanism. Diﬀerent kinds of
extractant additives used during USE were selectively investigated. The target compounds were nally qualied and quantied by ultra-high-performance liquid chromatography-mass
spectrometry (UPLC-MS). The method was validated and
applied to the analysis of a batch of soils collected from the
Pearl River Delta, China.

2.

Experimental

2.1. Reagents and standards
Clotrimazole (CTZ), econazole nitrate (ECZ), ketoconazole (KCZ,
98% purity), miconazole nitrate (MCZ), propiconazole (PCZ),
and tebuconazole (TCZ) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Clotrimazole-d5 (CTZ-d5), ketoconazole-d8
(KCZ-d8) and miconazole-d5 (MCZ-d5, as nitrate) as internal
standards were bought from Toronto Research Chemicals Inc.
(TRC, Canada). All standards were obtained in solid form. Their
key physicochemical parameters and structures are summarized in Table 1.
High-performance liquid chromatography grade methanol,
acetonitrile, formic acid, ammonium hydroxide (NH4OH, 25%
m/v in water) and ammonium acetate (NH4Ac) were purchased

Physicochemical characteristics of the azole antifungals

Type (usage)

CAS no.

Solution in water
(25  C, mg l1)

log Kow

pKa

Hc (25  C,
atm m3 mole1)

Clotrimazole (CTZ)

23593-75-1

0.5d/0.0101a

4.1, 6.3d

6.12e

3.12  108

Econazole (ECZ)

24169-02-6

1.5d

5.5d

6.6d

No data

Ketoconazole (KCZ)

65277-42-1

0.0866a

4.31b

6.51/2.94f

5.59  1020

Miconazole (MCZ)

22916-47-8

0.01d

6.1d

6.7f

2.45  109

Tebuconazole (TCZ)

107534-96-3

36d

3.7d

No data

No data

Propiconazole (PCZ)

60207-90-1

150d

3.7d

1.09g

4.12  109

Name (Ab.)

Chemical
structure

Imidazoles (human and
veterinary medicine)

Triazoles
(agricultural biocide)

a
Available at http://www.drugbank.ca/. b Available at http://www.druginfosys.com/index.aspx. c Available at http://www.syrres.com/what-we-do/
databaseforms.aspx?id¼386. d Ref. 8. e http://www.ospar.org/documents/dbase/publications/p00199_BD%20on%20clotrimazole.pdf. f Ref. 1.
g
http://ecb.jrc.ec.europa.eu/documents/Biocides/ANNEX_I/ASSESSMENT_REPORTS/AnnexI_AR_60207-90-1_PT08_en.pdf.

5266 | Anal. Methods, 2018, 10, 5265–5272

This journal is © The Royal Society of Chemistry 2018

View Article Online

Published on 05 October 2018. Downloaded by Jinan University Library on 3/1/2019 4:20:21 AM.

Communication

from Merck (Darmstadt, Germany). Ultra-pure water was
generated by a Milli-Q ultra-pure water system (Millipore, Billerica, MA, USA). NH4Ac solution was prepared in ultra-pure
water at a concentration of 1 mol l1 (M) and kept at 0–4  C.
Individual stock standard solutions were prepared in methanol at a concentration of 1 mg ml1 for the target compounds
and 0.4 mg ml1 for the deuterated standards. A standard
solution mixture containing all the target compounds was then
prepared in methanol at 10 mg ml1. Working standard solutions were obtained by further diluting from the standard
solution mixture. All the standard solutions were stored in
amber glass vials and kept at 20  C in a freezer.
2.2. Sample collection and preparation
Soil samples were collected in the upper 20 cm layer of garden
lands and farmlands from the Pearl River Delta, China, which has
been substantially aﬀected by human activities. Soil samples were
collected by mixing ve sub-samples using a stainless-steel shovel,
wrapped with clean aluminum foil, and subsequently sealed in
polyethylene bags. All the samples were kept on ice during
transport to the laboratory. The soils were all lyophilized,
homogenized and sieved with a 100-mesh (147 mm particle size)
sieve and were nally stored at 20  C before extraction.
2.3. Analysis of physicochemical characteristics and mineral
composition of the soils
The pH of the soils was measured using a glass electrode.31 The
total organic carbon (TOC) content of the soils was analyzed
using an elemental analyzer (Elementar, Vario EL III, Germany).
The mineral composition of the soils was determined by X-ray
Diﬀraction (XRD; Bruker D8 Advance, Germany). The XRD
parameters were as follows: voltage, 40 kV; electric current,
30 mA; scan range 2q ¼ 3–85 ; slit, 1 mm; scan speed, 4 min1.
2.4. Ultrasound assisted extraction
The ultrasound assisted extraction (USE) procedure has mostly
been detailed in a previous study15 with minor modications.
Briey, a lyophilized and homogenized soil sample (1.000 g) was
accurately weighed into a 10 ml glass centrifuge tube and spiked
with surrogate standards (or standards of each compound
during method development) at 100 ng g1 dry weight (dw).
Four ml of extractant was added. The optimized extractant was
methanol containing 20 mM NH4Ac. Other extractants tested
during method development were pure methanol, methanol
containing 0.1% (v/v) formic acid, methanol containing
0.05–10% (v/v) ammonium hydroxide and methanol containing
0.5–100 mM ammonium acetate. The slurry was successively
vortex oscillated for 2 min, and extracted in an ultrasonic bath
(YJ-5200D Ultrasonic Cleaner, 40 kHz, 400 W, Ningbo, China)
for 15 min. The tube was then centrifuged (Feige Centrifuge,
Shanghai, China) at 5000 rpm for 5 min at room temperature.
The clear supernatant was collected into an amber glass bottle.
The extraction procedure above was repeated two times for
a total of three extractions. The supernatants were combined
and then concentrated to 0.2 ml under a gentle ow of high
purity nitrogen before UPLC-MS determination.

This journal is © The Royal Society of Chemistry 2018
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2.5. UPLC-MS determination
Azole antifungals were determined on a Shimadzu LCMS 2020
with electrospray ionization in positive mode (Japan) as detailed
previously,15 with some modications because of diﬀerent
instruments. An Agilent ZORBAX Eclipse XDB C18 rapid resolution high throughput narrow column (2.1 mm  50 mm, 1.8 mm
particle size) was used for separation of the azoles at a ow rate of
0.3 ml min1 at 25  C. A 4.0 mm  2.0 mm C18 guard column
(Phenomenex, Torrance, CA, USA) was pre-connected. The injection volume was 5 ml. The mobile phase consisted of ultra-pure
water with 5 mM ammonium acetate and 0.1% formic acid
(mobile phase A) and acetonitrile (mobile phase B). The elution
gradient started from 30% B and increased to 55% B within
0.3 min where it was held for 2.2 min; then it was increased
rapidly to 100% within 0.1 min, held for 2.0 min, and then
brought back to the initial conditions within 0.4 min. A post-time
of 5.0 min was set for column equilibration prior to the next
injection. The total run time, including the post-time, was 10 min.
Quasi-molecular ions ([M + H]+) were selected in scan mode
for each compound to ensure selectivity, except for CTZ and
CTZ-d5 that used a product ion of [M-azole + H]+, as reported
previously.15 The quadrupole MS parameters were optimized to
obtain the maximum signal and subsequently to increase
detection sensitivity by the AutoTune function of the instrument as follows. The source temperature was set at 350  C.
Nitrogen was used as the drying gas at 450  C with a ow of
15 l min1. The capillary voltage was set at 3.5 kV. MS data
acquisition was performed in Selected Ion Mode (SIM) with
quasi-molecular ions as quantiers for each analyte (Table 2).
Instrumental control and data acquisition were managed with
the LCMS 2020 Solution Workstation.
2.6. Method validation
Qualication assurance and qualication control (e.g., blanks,
recovery) were performed as described previously.15 The main
procedures are briey described below. Recovery tests were performed by spiking the analytes at diﬀerent concentrations in soils
to evaluate the precision and the accuracy of the methods. Absolute recovery was calculated during method development by the
external standard method, while relative recovery was calculated
by the internal standard method. Matrix eﬀects (ME, %) were
evaluated by spiking the analytes in the soil extracts before UPLCMS analysis.15 ME ¼ 0 means no matrix interference, while ME >
0 and ME < 0 represent signal suppression and enhancement,
respectively. The higher the absolute value of ME, the stronger the
matrix interference. The instrumental quantication limit (IQL)
was dened as the lowest concentration with signal-to-noise ratio
(S/N) $ 10 for each compound. The method quantication limit
(MQL) was estimated based on the IQL and recovery.

3.

Results and discussion

3.1. Extraction eﬃciency using methanol containing formic
acid
During a batch analysis for various soil samples from the Pearl
River Delta using methanol containing 0.1% formic acid as an
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Parameters of the azole antifungals using ultra-high-performance liquid chromatography-mass spectrometrya

No.

Compounds

Retention time
(min)

Quasi-molecular
ions (m/z)

Linear range
(mg l1)

r2

IQLs (pg on
column)

1
2
3
4
5
6
7
8
9

KCZ
CTZ
ECZ
MCZ
TCZ
PCZ
KCZ-d8
CTZ-d5
MCZ-d5

1.90
2.28
2.32
2.57
2.80
3.15
1.89
2.26
2.55

531.2
277.1
381.1
415.0
308.2
342.1
539.2
282.2
420.0

1–500
0.5–500
0.5–500
0.5–500
0.5–200
0.5–200

0.9998
0.9998
0.9997
0.9998
0.9991
0.9992

5.0
2.5
2.5
2.5
2.5
2.5

a

IQLs, instrumental quantication limits. See the full names of the compounds in Table 1.

extractant15 followed by UPLC-MS, recovery of the surrogate
standard CTZ-d5 was in the range of 0.4–77.4% (Fig. 1) with
a relative standard deviation (RSD) of up to 82% within the
batch, which was unacceptable for routine monitoring. The
results indicate that the extraction methods for sludge and soil
would be inconsistent, possibly because of the diﬀerences in
physicochemical characteristics and mineral composition.21,23
The adsorption–desorption mechanisms of the azole antifungals in sludge and soil would also be diﬀerent. Thus, the
extraction mechanism and method were investigated as
described below, to allow for future studies of the behavior of
azole antifungals in soils.
3.2. Inuences on extraction of azole antifungals in soils
The inuences on extraction of azole antifungals in various soils
were investigated in depth to optimize the extraction conditions. Nine representative soil samples were selected with
various recoveries of surrogate CTZ-d5 in the batch analysis

mentioned above. Physicochemical characteristics and mineral
composition of the 9 soil samples were analyzed (Table 3).
Pearson correlations of CTZ-d5 recovery to each parameter for
the nine soil samples showed a signicant positive correlation
between TOC and CTZ-d5 recovery of 0.962 with a signicance
level (2-tailed) of 0.0001. The positive correlation indicates that
low TOC content gives low recovery of CTZ-d5. No signicant
correlations were obtained between the other parameters and
CTZ-d5 recoveries. Consequently, it is reasonable that the
extraction eﬃciency of azole antifungals is mostly related to the
TOC content in soils. The inuence of TOC would be ascribed to
adsorption–desorption competition. During extraction in
methanol, the adsorption mechanism of some functional
components of TOC in soil matrices might be similar to that of
some functional groups of azole antifungals. With a certain
content of TOC in soil, azole antifungals might be desorbed and
easily extracted, possibly because the “adsorption vacancies” on
clays are occupied by some functional components of TOC
rather than some functional group of the azole antifungals. For
example, CTZ-d5 recovery was up to 77.4% in soil #5 with a TOC
content of 5.27% (Fig. 1). The dataset investigated in this study
was limited, and further investigation of the adsorption–
desorption mechanism during methanol extraction of azole
antifungals in soils is required. However, the extraction method
of azole antifungals in soils was developed and optimized in
this work as follows.

3.3. Development of USE of azole antifungals in soils

Absolute recoveries of surrogate standard clotrimazole-d5
(CTZ-d5) during a batch analysis (1.000 g for each extraction) of
various soil samples using methanol containing 0.1% formic acid as an
extractant. See the full names of the compounds in Table 1 and the soil
properties in Table 3.
Fig. 1
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The properties of the extractant are one of the most important
issues during extraction from soils.32 In this work, additives to
methanol as the candidate extractants were investigated for
method development based on a previous study.15 The extraction time, number of extraction cycles, volume of extraction
solvent, and extraction energy were set according to those
described previously during method development.15 Soil #1,
a blank sample, was taken as a target sample with the lowest
CTZ-d5 recovery of 0.4% in the batch analysis mentioned above.
All of the target compounds were spiked into the sample before
extraction. The extraction eﬃciency of each test was indicated
by absolute recoveries of the target compounds calculated using

This journal is © The Royal Society of Chemistry 2018
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Physicochemical characteristics and mineral composition of the soilsa
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Soil no. Type
#1
#2
#3
#4
#5
#6
#7
#8
#9

Analytical Methods

pH

Garden land 5.09
7.73
8.78
8.31
7.87
8.58
Farmland
6.84
6.75
6.78

Mineral composition by XRD (%)
TOC
(%) Quartz Feldspar Illite Smectite Kaolinite Calcspar Rock salt Gibbsite Chlorite Dolomite Hematite
0.11
0.48
1.41
1.55
5.27
4.02
1.25
0.56
1.43

34.6
10.4
33
30.3
42.8
32.4
76.8
92
76.1

12.4
/
8.1
5.4
4.8
6.6
/
/
/

12.8
5.7
17.9
15.6
16.1
17.2
7
/
7.8

7.7
4.4
7.3
7.1
10.2
5.6
6.4
8
5.8

32.5
76.5
26.7
19
20.3
29.9
9.9
/
10.4

/
0.6
1.4
5.6
5.9
4.3
/
/
/

/
/
5.6
4.9
/
/
/
/
/

/
2.5
/
/
/
/
/
/
/

/
/
/
10.3
/
/
/
/
/

/
/
/
/
/
4.1
/
/
/

/
/
/
1.9
/
/
/
/
/

TOC, total organic carbon. XRD, X-Ray Diﬀraction. “/”, not detected by XRD; it is replaced by “0” during statistical calculation. See the full names of
the compounds in Table 1.

a

the external standard method. Duplicate samples were included
in each extraction.
3.3.1. Extraction using acidied methanol as an extractant.
Pure methanol and acidied methanol (methanol containing
0.1% formic acid, pH 2.8) were used to extract the spiked azole
antifungals in soil #1. Samples of 0.100 g spiked with 200 ng
standard and 1.000 g spiked with 100 ng standard were tested to
conrm the extraction eﬃciencies and increasing trends of
absolute recoveries. The results are summarized in Fig. 2. Triazoles PCZ and TCZ were both extracted eﬃciently with absolute recoveries of higher than 90% using methanol and acidied
methanol for the 0.100 g sample spiked with 200 ng standard,
while the recoveries decreased to about 80% for the 1.000 g
sample spiked with 100 ng standard. These results indicated
that acidied methanol had little eﬀect on the extraction of PCZ
and TCZ relative to that of pure methanol. In contrast, the
imidazoles KCZ, CTZ, ECZ and MCZ gave diﬀering responses to
the two extractants. KCZ could not be extracted using either of
the two extractants. Absolute recoveries of CTZ, ECZ and MCZ
increased substantially when using acidied methanol rather
than pure methanol for the 0.100 g sample spiked with 200 ng,
while they decreased substantially for the 1.000 g sample spiked
with 100 ng standard, down to values similar to those using
pure methanol. It was shown that the extraction eﬃciencies of

Fig. 2 Comparison of extraction eﬃciency of azole antifungals spiked
into soil #1 with diﬀerent sample weights and spiking levels using
methanol or methanol + 0.1% (v/v) formic acid as an extractant. See
the full names of the compounds in Table 1 and the soil properties in
Table 3.

This journal is © The Royal Society of Chemistry 2018

imidazoles and triazoles were distinct, possibly because of
diﬀerent adsorption forces in the soil matrices related to the
diﬀerent functional groups of their ve-membered ring. Imidazoles have a ve-membered ring consisting of three carbon
atoms and two nitrogen atoms, while triazoles have a vemembered ring consisting of two carbon atoms and three
nitrogen atoms. Furthermore, various recoveries might also be
contributed to diﬀerent log Kow and pKa values of the diﬀerent
compounds. Acidied methanol showed some improvement
when compared with pure methanol for extraction of azoles in
soil. However, the low pH obtained with formic acid addition to
methanol might be a disadvantage for the following UPLC-MS
analysis. Thus, further study on the addition of formic acid to
methanol for improving recovery was not undertaken.
3.3.2. Extraction using alkalied methanol as an extractant. Pure methanol and alkalied methanol (methanol containing 0.05–1.0% NH4OH, pH 9.9–10.7) were used to extract the
spiked azole antifungals from 1.000 g soil #1 spiked with 100 ng
standard (Fig. 3a). Alkalied methanol improved the extraction
of azoles in soil when compared with pure methanol; the
recoveries of KCZ, CTZ, ECZ and MCZ increased substantially
even at the lowest concentration of NH4OH (0.05%) as an
extractant. The absolute recoveries tended to be stable when
methanol contained 0.2% or higher NH4OH. The recovery of
KCZ was relatively poor, and was similar to that in sludge
samples.15 PCZ and TCZ had acceptable recoveries of >80%;
however, the recovery was inconsistent when the methanol
contained <0.2% NH4OH. The results indicated that the
extraction eﬃciency might be related to the presence of the
amino group ([N^H3]) or hydroxyl group ([OH]) in alkalied
methanol. When compared with the eﬃciency of acidied
methanol with [H], the amino group was more important than
the hydroxyl group in the methanol extractant. Apparently, pH
was not a factor inuencing the extraction eﬃciency. Thus,
further investigation focused on the eﬀects of the amino group
on extraction eﬃciency.
3.3.3. Extraction using ammonied methanol as an
extractant. Pure methanol and ammonied methanol (methanol containing 0.5–100 mM NH4Ac, pH 6–7) were used to
extract the spiked azole antifungals from 1.000 g soil #1 spiked
with 100 ng standard. Recoveries increased with increasing
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Comparison of extraction eﬃciency of azole antifungals spiked into soil #1 (1.000 g for each extraction) spiked with 100 ng standard using
methanol + ammonium hydroxide (pH 9.9–10.7) (a) or methanol + ammonium acetate (pH 6–7) (b) as an extractant. See the full names of the
compounds in Table 1 and the soil properties in Table 3.

Fig. 3

content of NH4Ac ([N^H3]), especially for the four imidazoles
KCZ, CTZ, ECZ and MCZ (Fig. 3b). The recoveries tended to be
stable when methanol contained 10–20 mM NH4Ac ([N^H3]).
The nal recoveries of all azoles were similar to those in
sludge.15
When the results for alkalied methanol and ammonied
methanol as extractants were compared, the presence of the
amino group in the methanol extractant was the most important factor in the desorption and extraction of azoles in soils,
especially for imidazoles. Ammonia as an additive in the
extractant has been suggested for extraction of some antibiotics
in soils,33,34 although there has been no exploration of the
mechanism. Methanol containing 0.1–0.2% NH4OH is the
equivalent of 13.4–26.8 mM amino group; within this range,
the recoveries tended to be stable. The results at these
concentrations were similar to those obtained with methanol
containing 10–20 mM NH4Ac ([N^H3]). Small diﬀerences might
be attributed to the presence of hydroxyl when using alkalied
methanol as an extractant, which might be unfavorable for
extraction because acidied methanol was more eﬀective than
alkalied methanol. The most likely extraction mechanism
using alkalied or ammonied methanol as an extractant was
that the “adsorpstion vacancies” were occupied by amino
groups rather than the ve-membered rings of the azoles during
extraction. The “adsorpstion force” was substantially stronger
for imidazoles than for triazoles. However, elucidation of the

adsorption–desorption mechanisms during extraction with
amino groups in the extractant for azole antifungals in soils
requires further research. Consequently, methanol containing
20 mM NH4Ac was chosen as the optimized extractant for the
following method validation and application.
3.4. Method validation
Recovery testing was performed by spiking 20 ng, 50 ng and
100 ng of the standard into soils #2 and #7 (1.000 g) using the
optimized method. Three parallel samples were tested for each
extraction. The internal standard method was used to calculate
the relative recoveries, ranging from 81.1% to 119.0% with RSDs
of <10% (Table 4). When compared with those in a previous
study,21 the recoveries of CTZ from soils in this work were a little
higher. The recoveries of KCZ, CTZ and MCZ from soils were
substantially higher, while the recoveries of TCZ and PCZ were
a little higher than those in a screening method.25 The
comparison of results indicates that this work has provided
a valuable extraction and determination method for azole
antifungals in soils, especially for imidazoles. Matrix eﬀects
were in the range of 4.4–12.7%, showing little signal suppression (Fig. 4); accordingly, further clean-up (e.g., solid phase
extraction) would not generally be required. SIM chromatograms of the azoles in a standard solution, one real soil sample
with <MQL results and one real soil sample with MCZ detected
are presented in Fig. 5, showing good resolution and intensity of

Table 4 Relative recoveries of azole antifungals using optimized ultrasound-assisted extraction followed by ultra-high-performance liquid

chromatography-mass spectrometry by the internal standard methoda
Recovery  SD (%, n ¼ 3)
Soil no.

Spike (ng)

KCZ

#2

20.0
50.0
100.0
20.0
50.0
100.0

83.0
83.5
104.0
81.1
98.4
103.1

#7

a

 4.9
 2.8
 5.2
 0.5
 5.1
 1.6

CTZ

ECZ

MCZ

92.7  0.9
98.6  3.2
101.4  4.9
87.6  2.9
94.1  1.5
96.4  0.3

111.8  1.4
106.7  2.7
101.0  9.7
119.0  8.3
109.7  4
96.2  0.6

110.6 
107.3 
99.6 
110.1 
101.8 
91.5 

0.9
0.8
8.2
3.5
3.6
0.4

TCZ

PCZ

93.0  0.6
88.3  4.5
81.2  2.8
84.3  4.2
88.9  0.9
96.0  1.1

89.5  2.1
94.9  5.9
82.1  4.4
95.7  3.8
108.6  7.2
104.7  2.9

See the full names of the compounds in Table 1.
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detection by UPLC-MS. IQLs were 2.5–5 pg on column for the
investigated azole antifungals (Table 2). MQLs were estimated
to be 0.1 ng g1 (dry weight) except for KCZ with an MQL of
0.2 ng g1 (dry weight) in soils. Quantication limits were not
evaluated or provided in previous studies.21,25
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3.5. Batch determination of the azole antifungals in soils

Matrix eﬀects of azole antifungals using optimized ultrasoundassisted extraction followed by ultra-high-performance liquid chromatography-mass spectrometry. See the full names of the
compounds in Table 1.

Fig. 4

The optimized method was applied to determine the investigated azole antifungals in 120 soil samples collected from the
Pearl River Delta, South China. An instrumental blank and
calibration solutions at 10, 50, and 200 ng ml1 were run at the
beginning, aer every 10 samples, and at the end of each run
sequence to check the instrumental performance and potential
cross-contamination during UPLC-MS analysis. Ten percent of
procedural blank samples using quartz sand were analysed in
the batch and resulted in no target compounds being detected,

Fig. 5 Selected ion mode chromatograms of azole antifungals obtained by ultra-high-performance liquid chromatography-mass spectrometry
in a standard solution at 50 mg l1 (a), a real soil sample with <MQL results (b) and a real soil sample with MCZ detected (c). See the full names of
the compounds in Table 1.

This journal is © The Royal Society of Chemistry 2018
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indicating no laboratory or cross contamination. Recoveries of
the surrogate standard CTZ-d5 were in the range of 80.2–
110.6%, with an average of 95.1% and RSD of 8.7%. MCZ, ECZ,
TCZ and PCZ were occasionally detected at concentrations up to
4.7, 3.7, 11.1 and 9.1 ng g1 (dry weight), respectively. KCZ and
CTZ were not detected. The results showed that irrigating using
polluted water resulted in the transfer of antifungals from
surface waters into soils. The method was found to be stable
and sensitive enough for routine analysis.

4. Conclusion
In this study, a reliable and sensitive extraction method has been
developed and validated for determination of azole antifungals in
soils using ultrasound-assisted extraction followed by UPLC-MS.
Ammonied methanol with amino groups was used as an eﬃcient extractant. Soil TOC content was correlated with extraction
eﬃciency. This study provided a preliminary investigation of the
mechanism of ultrasound-assisted extraction of azole antifungals
in soils. The method has been successfully applied to a batch
determination of azole antifungals in 120 soil samples with good
recoveries of the surrogate standard. MCZ, ECZ, TCZ and PCZ
were occasionally detected at several ng g1 (dry weight) possibly
because of wastewater irrigation. The results indicate that azole
antifungals might be transported from wastewater or sludge into
soils because of human activities. The developed method is
a valuable tool for investigating the occurrence, behavior, transport, and fate of azole antifungals in soil environments. However,
the adsorption–desorption mechanism of the azole antifungals in
soils needs further study to provide insight into their environmental migration, transportation and transformation.
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29 A. K. Wluka, H. Rüdel, K. Pohl and J. Schwarzbauer, Environ.
Sci. Pollut. Res., 2016, 23, 21894.
30 G. Castro, M. Roca, I. Rodrı́guez, M. Ramil and R. Cela,
J. Chromatogr. A, 2016, 1476, 69.
31 M. Wang, C. Nan, Z. Wang and F. Chen, NY/T 1377,
Determination of pH in soil, Agricultural Standards of the
People's Republic of China, 2007.
32 Y. L. Zhang, S. S. Lin, C. M. Dai, L. Shi and X. F. Zhou,
Environ. Sci. Pollut. Res., 2014, 21, 5827.
33 E. Turiel, A. Martı́n-Esteban and J. L. Tadeo, Anal. Chim. Acta,
2006, 562, 30.
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