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Abstract
The authors describe a zinc-based metal-organic framework/polyethersulfone nanocomposite (TMU-4/PES) coating deposited
on a stainless steel wire via a single-phase inversion method. The nanocomposite represents a novel fiber coating for headspace
solid-phase microextraction of organophosphorous pesticides (OPPs) from environmental water and soil samples. The synergistic effects of the high surface area and unique porous structure of TMU-4 as well as the rich π electron stacking and mechanical
attributes of the PES polymer result in a high affinity of the composite for OPPs. Following thermal desorption, the OPPS were
quantified by gas chromatography with a nitrogen-phosphorus detector. The preparation of the coating is simple, and the coated
fiber is highly stable and reusable in that it can be used in about 100 consecutive extractions/desorption cycles. A central
composite design was used for assessing the effect of the experimental parameters on the extraction process. Under optimized
conditions, the limits of detection are in the 5–8 ng mL−1 range for the OPPs diazinon, fenitrothion, malathion and chlorpyrifos.
The average repeatability and fiber-to-fiber reproducibility are 6.5% and 8.7%, respectively. The method was applied to the trace
determination of OPPs in (spiked) water and soil samples where it gave good recovery (88–108%) and satisfactory reproducibility (5.9–10.1%).
Keywords Sample preparation . Gas chromatography . Nitrogen-phosphorus detector . Water . Soil . Central composite design

Introduction
Organophosphorous pesticides are a class of pesticides
frequently used to control pests and prevent diseases
that affect various fruits and vegetables [1]. The
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extensive or inappropriate use of OPPs can result in
the contamination of the atmosphere, water, soil, and
agricultural products [2]. Therefore, it is of great importance to develop a sensitive and reliable analytical
method for screening OPPs residues in environmental
samples to prevent their detrimental effects on environmental pollution and human health.
Since its introduction by Pawliszyn and co-workers
in 1990 [3], solid phase microextraction (SPME) has
demonstrated unquestionable advantages as an efficient
sample preparation technique for several applications
over traditional methods in more than the last two decades. This technique offers numerous benefits such as
minimum solvent use, integration of sampling and sample preparation steps, high sensitivity, simple operation,
low cost, easy coupling with chromatographic techniques, and the possibility of an on-line analytical procedure [4, 5]. In SPME, the type and properties of the
coating material is the most important key to improving
its extraction efficiency (i.e., sensitivity, selectivity,
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repeatability, and reproducibility) [6]. Although during
the last years several different commercial SPME fibers
have been supplied to the market. Unfortunately, they
have some drawbacks such as fragility, significant
batch-to-batch variation, and limited sorption capacity.
Thus, many researchers have focused on developing
various novel home-made SPME fiber coatings with
high extraction efficiency, high thermal and chemical
stability, and low cost using novel preparation procedures and new sorbent materials. Most of the sorbents
developed for SPME include liquid/polymeric ionic liquids [7, 8], metal/metal oxide nanoparticles [9, 10],
carbon-based nanomaterials (e.g., carbon nanotubes and
graphene) [11, 12], conducting polymers [13], and molecularly imprinted polymers [14]. Also, to obtain a robust and uniform coating with a controllable thickness,
different coating techniques, such as physical coating,
sol-gel technique, chemical bonding and electrochemical
procedures, have been successfully employed for the
preparation of SPME fiber coatings [15–19].
Metal-organic frameworks (MOFs), which are composed of metal ions and organic linkers, are an intriguing
class of hybrid materials that have received great attention
owing to their impressive structural properties. The most
remarkable structural features of MOFs are the ultrahigh
porosity (up to 90% free volume) and extremely high
surface area (up to more than 5000 m2 g−1), which play
an important role in functional applications, typically in
hydrogen storage, gas separation, sensing, and catalysis
[20]. Also, these unusual features have made MOFs an
attractive choice for being applied to adsorption, especially in sample pretreatments [21–23]. Despite the remarkable advances in MOFs, the main issue in their application as the sorbent phase in SPME is associated with the
coating procedure where the preparation of MOFs on fiber
and conditioning of SPME fiber are time-consuming.
Here, a quick phase inversion process was applied to
prepare the composite coating involving zinc metalorganic framework (TMU-4) and polyethersulfone on
the unbreakable metallic substrate. Typically, this technique provides a useful approach for coating the polyethersulfone polymer/nanoparticles composites as the sorbent material for SPME directly on the SS wire. In
addition, the method offers the advantages of a quick
way for the preparation of fibers because the coating
process is only based on physical phase inversion method and involves no chemical reaction. Furthermore, the
composite film surrounding the SS wire is slightly
shrunk during the drying process, resulting in a coating
that covers the fiber tightly. The prepared SPME coating
was applied for the extraction of ultra-trace amounts of
organophosphorous pesticides from water and soil
samples.
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Experimental
Reagents and materials
Zinc acetate (Zn(OAc) 2) and 4,4′-oxybis(benzoic acid)
(H2oba) were obtained from Merck Company (Darmstadt,
Germany, www.merckmillipore.com). The ligand 4-bpdb
(1,4-bis(4-pyridyl)-2,3-diaza-1,3- butadiene) was prepared
by the reported method [24]. The OPPs standards of diazinon,
fenitrothion, malathion, and chlorpyrifos were purchased from
Sigma-Aldrich (St. Louis, MO, USA, www.sigmaaldrich.
com). Polyethersulfone (PES) was purchased from BASF
(Ludwigshafen, Germany, www.basf.com). All of the
organic solvents such as methanol and acetone were of
HPLC-grade and obtained from Sigma-Aldrich. The ultrapure water was prepared by a model Aqua Max-Ultra
Youngling ultra-pure water purification system (Dongan-gu,
South Korea, eng.younglin.com). 5 mg of each analyte
(OPPs) was dissolved in 5.0 mL HPLC grade methanol to
prepare a standard solution of 1000 mg L−1 and working standard solutions were prepared daily by appropriately diluting
the stock solution in methanol. All solutions were stored at
4 °C protected from light.

Apparatus
Gas chromatographic measurements were performed on
Varian CP-3800 gas chromatograph equipped with a nitrogen
phosphorus detector and a split/splitless injector. The CP-Sil
8CB Varian wall coated fused silica capillary column (30 m ×
0.25 mm i.d., film thickness 1.0 μm) was used for all chromatographic separations. The injector was operated in the
splitless mode and was maintained at 220 °C. The detector
temperature was held at 300 °C. High purity nitrogen (≥
99.999%) was used as the carrier gas at the constant flow rate
of 1.2 mL min−1. The oven temperature was initially set at
70 °C for 2 min, ramped at 5 °C min−1 to 200 °C, and then
increased by 10 °C min−1 to 280 °C, at which it was held for
10 min. The flow rate of the makeup gas (nitrogen) was 25 mL
min−1 for NPD. AVarian Workstation 5 software was used for
data collection and processing. Scanning electron microscope
(SEM) model Mira3 LM Tescan (Brno, Czech Republic) was
used to evaluate the surface morphology of the nanocomposite
fiber coatings. The thermal behavior of the coatings was measured on a TGA-STA 1500, from Rheometric Scientific STA
(Los Angeles, CF, USA) at a rate of 10 °C min−1 in a static
atmosphere of argon.

Fabrication of TMU-4/PES nanocomposite coated
SPME fiber
TMU-4 ({[Zn2(oba)2(4-bpdb)].2DMF}n) was synthesized
according to previously reported method [24]. Briefly, it
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was prepared by sono-chemical reaction of a mixture of
Zn(OAc)2·2H2O, H2oba and N-donor ligand 4-bpdb for
60 min. Comparison between the simulated and experimental (resulting from the sono-chemical powder) powder X-ray diffraction (PXRD) pattern revealed that
TMU-4 was successfully synthesized via sono-chemical
reaction (Fig. S1). The TMU-4/PES nanocomposite
coating was prepared via the phase inversion method.
0.1 g PES powder was first dissolved in 1.0 mL
dimethylformamide (DMF) and stirred for 2 h at room
temperature to obtain a solution containing 10 wt%
PES. Then, 100 mg of TMU-4 powder was added to
the above solution and it was sonicated until the suspension became completely dispersed and homogeneous.
The SS wires with a length of 5.0 cm were used to
fabricate the SPME fibers. Prior to coating, the SS wire
was washed sequentially with acetone, methanol, and
then gently with ultrapure water, and dried in the air.
The TMU-4/PES suspension was then cast on the SS
wire by dipping the tip 1.0 cm segment of the SS wire
into the suspension. Afterwards, the coating was precipitated by immersing it into a coagulation bath of distilled water at room temperature for 2 h. The fiber was
dried at room temperature. The coating thickness obtained after described coating procedure was around 30 μm.
Then, the fiber was installed into the SPME device and
was conditioned in the GC injection port under nitrogen
flow at 220 °C until a stable GC baseline was obtained.

Headspace solid phase microextraction procedure
All SPME experiments were performed at the mode of headspace in the aqueous samples. To perform the extraction,
10 mL of a sample solution containing 30% w/v NaCl was
placed in the 15-mL glass sample vial. Magnetic stirring with
a Teflon-coated stir bar was used to stir the solution at the
maximum rate (1200 rpm). The vial was sealed with a
Teflon-faced septum and its temperature was adjusted to 75
± 1 °C. A thermostatic water bath was used to control the
extraction temperature. The needle of the SPME holder was
passed through the septum and the nanocomposite coated
SPME fiber was pushed to be exposed to the headspace above
the sample solution. After 40 min extraction, the fiber was
removed from the vial and immediately inserted in to the
GC inlet for thermal desorption at 220 °C in the splitless mode
for 6 min.

Sample preparation
Water samples including well and farm waters were collected
from Tehran farmlands. These samples were analyzed immediately after sampling without any pretreatment process. Soil
samples were collected from a farmland. For the extraction of

OPPs from soil samples, the following procedure was performed: after being air-dried at room temperature, 1.0 g of
the soil sample was accurately weighed and placed into a
centrifuge tube and was extracted with 2.0 mL of methanol
for 20 min using a sonicator. Then, the mixture was centrifuged at 3000 rpm for 5 min. The supernatant liquid was
filtered by PTFE syringe filter (13 mm, 0.22 μm) to remove
particles and was evaporated to dryness under nitrogen flow.
Afterwards, the dry residue was re-dissolved in 100 μL of
methanol and diluted with 10 mL of water and, then, the
HS-SPME process was followed according to the method
used for the water samples.

Data analysis and statistical methods
Response surface methodology (RSM) is a remarkably effective and efficient design of experimental technique for
analyzing more than one factor at a time [25]. Many studies have indicated that it is useful for developing, improving and optimizing processes. Thus, here, the response surface methodology based on CCD was employed to simultaneously optimize the effective variables in extraction efficiency of the HS-SPME method. CCD consists of factorial points, star or axial points (α) and center points.
Therefore, the total number of design points needed (N)
is determined by the following equation:
N ¼ 2 f þ 2 f þ Cp
Where f is the number of significant factors, 2f, 2f, and Cp
are the number of the factorial points, axial points and center
points, respectively. Here, a CCD consisting of an eightfactorial design with six star points positioned at ± α from
the center of the experimental domain was performed. Also,
the analysis of variances (ANOVA) was used to assess the
influence of the main parameter and the interaction effects
between them. To this end, design generation and statistical
analyses were performed by means of the Design-Expert software 8.0.6 trial version (Stat-Ease Inc., MN, USA).

Results and discussion
Choice of materials
To utilize a material as a sorbent in SPME, it should be
stable under extraction conditions, capable of interacting
with target analytes through different mechanisms, robust, and of high thermal stability for GC applications.
Most of the reported MOFs in the literature have not the
mentioned features. Zn-based MOF (TMU-4) not only is
stable at high temperatures and in most solvents but also
it showed outstanding extraction efficiency due to rich
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π-π stacking interactions. In the coating, Zn-based MOF
is the main adsorptive material and PES is used for adhesion of the coating on the SS substrate. Besides, PES
can contribute to the extraction of the analytes due to
π-π stacking interactions.

Optimization of composition and characterization
of fiber coating
The extraction ability of the TMU-4/PES composite coating
was preliminarily evaluated in comparison with the PES coating under the same operation conditions. The coatings thickness was around 30 μm. As shown in Fig. 1, the extraction
efficiency of the composite coating is much higher than that of
PES, and it can be attributed to the high surface area and
unique porous structure of TMU-4 and the rich π electron
stacking of PES. In the next step, the ratio of MOF and PES
concentrations during the nanocomposite preparation process
was optimized to achieve the maximum extraction efficiency
of the SPME fiber towards OPPs. Therefore, various concentrations of the PES solution including 5, 10, 15, and 20 wt%
were prepared in 1 mL DMF. Then, 100 mg of the MOF
powder was dispersed into these solutions and the coating
process was followed according to the procedure described
in section 2. 3. As can be seen in Fig. S2, the peak areas of
OPPs rose up to 10 wt% PES. Thus, 10 wt% PES have a
beneficial effect on the extraction of the analytes.
Consequently, the synergistic effect of MOF and PES causes
an increase in the response. The thermal gravimetric analysis
shows that the coating is stable at temperatures below 310 °C
(Fig. S3). The SEM images of the coating are shown in Fig. 2.
The fiber surfaces became porous after coating, and the morphologies of the coatings on the fibers were relatively
homogeneous.

Fig. 2 Scanning electron micrographs of coated SPME fiber

Optimization of HS-SPME procedure
There are various parameters that potentially affect the
extraction performance of the HS-SPME-GC-NPD method. Based on OPPs properties and the literature regarding the improvement of the extraction efficiency of the
analytes, variables such as extraction temperature, extraction time, salt addition (extraction parameters), and
desorption temperature and time (desorption parameters)
were selected as the most critical ones. Respective data
and Figures (Fig. S4 and S5) are given in the Electronic
Supporting Material. The following experimental conditions were found to give best results: (a) Extraction
temperature of 75 ± 1 °C; (b) Extraction time of
40 min; (c) NaCl addition of 30% w/v; (d) desorption
temperature of 220 °C; (e) desorption time of 6 min.
Total peak area ¼ þ1:935  107 −1:272  106 A þ 3:026
 106 B þ 1:709  106 C þ 1:087
 106 AB þ 22177:42AC−6:431
 105 BC−7:433  105 A2 −1:214
 106 B2

Evaluation of method performance

Fig. 1 Comparison of the extraction performance for OPPs between PES
coated fiber and TMU-4/PES coated fiber. Conditions: Extraction
temperature, 70 °C; extraction time, 20 min; salt, 20% w/v; stirring rate
1200 rpm, desorption temperature, 220 °C

The analytical evaluation parameters for HS-SPME of
OPPs using the TMU-4/PES nanocomposite coated fiber
including linear range with correlation coefficient (R2),
limit of detection (LOD), limit of quantitation (LOQ), single fiber repeatability and fiber-to-fiber reproducibility
were examined under the optimized conditions.
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Table 1 Analytical
characteristics of the HS-SPMEGC-NPD method for extraction
and determination of OPPs

Compound

LODa
(μg L−1)

LOQb
(μg L−1)

LRc (μg L−1)

R2

One fiber
repeatability
(RSDd % n = 5)

Fiber to fiber
reproducibility
(RSD % n = 3)

Diazinon

0.005

0.015

0.015–50

0.9963

6.0

8.1

Fenitrothion

0.006

0.020

0.02–50

0.9943

7.3

9.1

Malathion

0.008

0.025

0.025–50

0.9960

6.4

8.5

Chlorpyrifos

0.008

0.025

0.025–50

0.9918

6.1

9.0

a

Limit of detection

b

Limit of quantitation

c

Linear range

d

Relative standard deviation

Calibration curves were plotted using eight spiking levels
of the target compounds at concentrations ranging from
0.015–50 μg L −1. As can be seen in Table 1, the HSSPME-GC-NPD method showed satisfactory linearity for
all the tested analytes from the LOQs to 50 μg L−1, with
correlation coefficients above 0.9918. LODs and LOQs
defined respectively as three and ten times the signal-tonoise-ratio were assayed by extracting an aqueous solution
spiked at different levels. The values of LODs and LOQs
were varying from 0.005 to 0.008 μg L−1 and 0.015 to
0.025 μg L−1, respectively, which are satisfactory for the
trace determination of analytes in the real samples. The
repeatability of the method using the single nanocomposite
coated fiber (run-to-run RSD), investigated by five replicate analyses, varied between 6.0 and 7.1%. The fiber construction reproducibility (fiber-to-fiber RSD) was also
evaluated applying three different fibers prepared using
the same way, and was found in the range of 8.1–9.1%.
These results proved that the repeatability of the HSSPME-GC method and also reproducibility of the fiber
construction are reliable. The lifetime of the coating over
time is an important factor in the SPME technique, which
can affect the precision and accuracy of the analysis. To
evaluate the endurance and reusability of the TMU-4/PES
coated fiber, a single fiber was subjected to a series of

Table 2

Diazinon

The reliability and versatility of the HS-SPME methodology coupled to the GC-NPD system using the TMU-4/
PES nanocomposite coated fiber was evaluated by determining OPPS in water and soil samples collected from
various sources. The analytical results and the typical
chromatograms are shown in Table 2 and Fig. 3, respectively. As results show, no target OPPs were detected in
the well water sample. However, diazinon was found in
the farm water sample at a concentration of 0.9 μg L−1.
To evaluate the accuracy of the method, the recoveries of
the OPPs were investigated by spiking the standard solution of the OPPs into the water samples at the concentrations of 2.0 and 5.0 μg L−1. For each concentration
level, five replicate experiments were performed. No target OPPs were detected in the soil sample. In order to

Farm water

C
Added 2 μg L−1
initial
Recovery RSD
(%)
(%)
ND a 95

Fenitrothion ND
Malathion

Real sample analysis

Analytical results for determination of OPPs in real samples
Well water

Compound

consecutive extractions for OPPs from aqueous solutions.
The results showed that a single fiber can be used up to 100
headspace extraction/desorption cycles without any significant loss of its extraction performance (Fig. S6). Hence,
100 extraction/desorption cycles were assumed as the admissible lifetime of the fiber, which indicates the coating
property is quite stable and robust.

105

Added 5 μg L−1
Recovery
(%)

RSD
(%)

Soil

C
Added 2 μg L−1
initial
Recovery RSD
(%)
(%)

Added 5 μg L−1
Recovery
(%)

RSD
(%)

C
Added 5 μg Kg−1
initial
Recovery RSD
(%)
(%)

Added 10 μg Kg−1
Recovery
(%)

RSD
(%)

6.7

93

8.3

0.9

95

7.7

93

6.6

ND

90

10.1

88

9.9

6.1

103

7.3

ND

92

5.9

108

7.8

ND

93

8.4

92

9.2

ND

94

5.9

95

9.1

ND

93

8.0

95

7.7

ND

92

7.9

90

9.7

Chlorpyrifos ND

92

8.4

91

6.8

ND

97

9.1

94

9.0

ND

91

8.8

94

8.9

a

Not detected
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Comparison of the HS-SPME-GC-NPD method
with other reported approaches

Fig. 3 Typical GC-NPD chromatograms obtained by the method for farm
water sample (a) blank sample (b) spiked sample with 2 μg L−1 of OPPs
and (c) spiked with 5 μg L−1 of OPPs. (1) Diazinon;(2) Fenitrothion; (3)
Malathion; (4) Chlorpyrifos

evaluate the accuracy of the method and potential matrix
effects, 5 mL standard methanol solution of 10 and
20 μg L−1 OPPs mixture was added to 10 g of the soils
to give a spiked level of 5 and 10 μg kg−1 for each of
the target compounds. Extractions were performed after
2 h to ensure the solvent had evaporated. The relative
recoveries of the method were expressed as the mean
ratios between the amounts found and the ones spiked.
As shown in Table 2, satisfactory recoveries ranging
from 88 to 108% were obtained by the TMU-4/PES coated fiber for all the studied analytes. The results showed
the feasibility of the TMU-4/PES fiber for the HS-SPME
of trace residues of OPPs in environmental samples.

Table 3 Comparison of the
new method with other extraction
and microextraction techniques
for determination of OPPs in
water samples

To evaluate the HS-SPME-GC-NPD method, it was compared
with other reported methods in the literature for the extraction
and determination of the organophosphorous pesticides. The
results of the comparison are shown in Table 3. The data illustrate that the current method has comparable linear ranges,
RSDs, relative recoveries, and extraction time with other reported methods and also the sensitivity of the current method is
better than or comparable with that of other reported techniques.
All of the results indicate that the procedure is a sensitive,
reliable, and practical method for monitoring the OPPs in environmental samples.

Conclusions
In summary, a new SPME coating (TMU-4/PES nanocomposite) was prepared by single-phase inversion on SS wire, and it
was used for the extraction and preconcentration of ultra-trace
amounts of organophosphorous pesticides from environmental
water and soil samples prior to GC-NPD detection. The coated
fiber showed high stability and reusability and can be used for
more than 100 replicate extractions without measurable performance loss. Low selectivity may be its limitation. The experimental results presented clearly that the TMU-4/PES coating
are suitable for the HS-SPME of OPPs. The combination of
HS-SPME using nanocomposite coating with GC-NPD can
achieve low LODs, and can be applied to determine OPPs
and other volatile or semi-volatile compounds in environmental
samples.

Extraction method

LOD (μg L−1)

Detection
method

HF-LPMEa

0.006-0.200

GC–MS

68.2–88.9

SPEb

0.05-0.13

GC–NPD

93.8–104.5%

LPME-SFOc

0.01-0.04

GC–FPD

96–104%

DLLMEd

0.003-0.02

GC–FPD

HS-SPMEe

0.02-0.03

GC–MS

f

Relative
recovery (%)

RSD%

Extr. time
(min)

Ref.

4.6–6.8

30

[26]

2.9–4.3

–

[27]

3.5–8.9

20

[28]

78.9–107

4.6–6.5

3

[29]

97–105

8.0–9.0

45

[30]

DI-SPME

0.016–0.021

GC–NPD

92–98

11.0–12.0

30

[31]

MSPEg

0.0010-0.0019

GC-ìECD

78–108

6.2–8.3

10

[32]

HS-SPME

0.01–0.09

GC-MS

101–106

4.3–9.2

60

[33]

HS-SPME

0.005–0.008

GC-NPD

88–108

5.9–10.1

40

This study

a

Hollow fiber liquid-phase microextraction

b

Solid-phase extraction

c

Liquid-phase microextraction based on solidification of a floating drop

d

Dispersive liquid-liquid microextraction

e

Headspace solid-phase microextraction

f

Direct immersion solid-phase microextraction

g

Magnetic solid-phase extraction
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