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Abstract
The authors describe a method for the extraction of the herbicide 2-methyl-4-chlorophenoxyacetic acid (MCPA) from agricultural
products. The metal organic framework (MOF) HKUST-1 (a copper(II) benzene-1,3,5-tricarboxylate) was used as a sorbent for
efficient clean-up and preconcentration of MCPA. The effects of pH value, stirring time, amount of sorbent on extraction were
optimized by central composite design. Ultrasonic waves were used for desorption procedure and its advantage was demonstrated
for an increase in extraction recovery. Corona discharge ion mobility spectrometry (IMS) was then applied for fast and sensitive
determination of MCPA. The method was validated in terms of sensitivity, recovery and reproducibility. Under the optimum
conditions the calibration plot is linear between 0.035–0.200 μg. L−1. The detection limit is 10 ng L−1, with relative standard
deviations of <5%. Real samples (water, soil and agricultural product) were spiked and then analyzed by this method, and the
results revealed efficient solid phase extraction and recovery.
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Introduction

The widespread utilization of herbicides in agriculture can
change the nature of surface and ground waters, and of soil.
In addition, residuals of these components in food samples are
toxicity and have harmful effects on human and animal health
[1]. These concerns are the most important reason of the re-
searcher for studying and developing different analytical
methods for the analysis of residues of these compounds in
the plant, animal, environmental matrices and drinking water
in order to periodically monitor food and water safety.

2-Methyl-4-chlorophenoxyacetic acid (MCPA), one of the
organochlorine herbicide, is widely used in agriculture to con-
trol weeds in cereals, grasses and orchards [2]. It is a Restricted
Use Pesticide used extensively in agriculture due to its relative-
ly low cost and high efficiency even at low concentrations [3].
High solubility of this compound in water causes its entrance in
surface water and leads to increase water pollutant and toxicity;
therefore, monitoring possible herbicide contamination is an
essential task in environmental protection.

Only few papers reported the residue determination of
MCPA in water and food samples [2, 4, 5] using HPLC and
LC–MS–MS performed after carrying out a solid phase ex-
traction step (SPE) by an efficient sorbent as a solid phase.
These methods required skilled operators and are, generally,
time consuming; so, a reduced number of samples can be
analyzed in a working day. Thus, it would be desirable to
develop a novel analytical tool to perform rapid and selective
screening of MCPA in food samples to increase the number of
analyzed samples in a day. Ion mobility spectrometry (IMS) is
a fast technique based on the ionization of analytes under an
electric field at ambient pressure and the gas-phase separation
by their ion mobility into the drift gas [6]. This technique has
significant advantages, including low detection limit, fast
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response (within milliseconds and the whole analysis
time is usually less than 1 min per sample), simplicity
and relative low cost. In addition, sample pretreatment
and preconcentration such as solid phase microextraction
(SPME) [7] or liquid-liquid microextraction (LLME) [8] can
improve the capability of IMS for determination of toxins
[9–11], fungicides [12] and pharmaceuticals [13, 14] in very
complex matrices.

Various sorbents have been investigated for MCPA adsorp-
tion, removing and extraction, including silica-bonded sorbent
C18 [15], polymeric resins [16, 17] and divinylbenzene poly-
mers (SDB and Oasis HLB) [18, 19]. Among these, metal
organic frameworks (MOFs) have been investigated because
of their high surface area, porosity and thermal and moisture
stability that is used in this study for the first time.

Cu-BTC framework, i.e. copper benzene-1,3,5-
tricarboxylate or HKUST-1 [20] is one of the most studied
MOFs as sorbent in a variety of extraction methods to adsorb
organic compounds due to its high surface area (normally in a
range of 200–7000 m2. g−1) [21], large pore volume (ca.
0.70 cm3. g−1) [22] and good thermal stability (thermally sta-
ble up to 350 °C) [23]. These features are very important
aspect for a good sorbent to use in different media and espe-
cially in thermal desorption based techniques such as IMS.
However, there is little information about HKUST-1 as adsor-
bent for herbicide preconcentration [24–26].

An efficient method for the extraction and preconcentration
of MCPA from water, soil and agriculture products using
HKUST-1 prior to their rapid determination by IMS was
introduced.

Experimental

Materials and instruments

Chemicals were purchased fromMerck (Darmstadt, Germany,
www.merck-chemicals.com) and Sigma-Aldrich (Missouri,
United States, www.sigmaaldrich.com) chemical companies.
The stock solution of MCPA (at a concentration of
100 μg. L−1) was prepared in double distilled water
(DDW) with specific conductivity of 1 μS.cm−1 and was
stored in a fridge at 4 °C. Working solutions were prepared
by diluting with DDWat different concentrations.

The mobility measurement was carried out by ion mobility
spectrometer (IMS-300) designed and constructed by TOF
Tech. Pars (Iran, www.toftech.ir). A universal ultrasonic
cleaner water bath with the heating system (Transonic TI-H-
5, Elma, Singen, Germany, www.elma-ultrasonic.com) was
utilized for the ultrasound-assisted desorption procedure.
A Metrohm Model 827 pH lab (Herisau, Switzerland,
www.metrohm.com) pH-meter with a combined glass
electrode was utilized for pH measurements. The phase

separation was assisted with PIT320R centrifuge machine
(Pole Ideal Tajhiz, Tehran, Iran, www.medpit.com). For
characterization of the prepared MOF, X-ray powder dif-
fraction (XRD) measurements were performed using a
Philips X’pert diffractometer with mono chromated Cu-Kα
radiation (Malvern Panalytical, United Kingdom, www.
malvernpanalytical.com). FT-IR spectra (4000–400 cm−1)
in KBr pellet were obtained on Equinox55 BRUKER
model infrared spectrophotometer (Bruker optics,
Karlsruhe, Germany, www.bruker.com).

Dispersive solid phase extraction experiments

The following procedure was applied for the dispersive solid
phase extraction (d-SPE) and preconcentration ofMCPA from
real samples: an aliquant of aqueous solution of MCPA (with
concentration of 0.10 μg. L−1) in 50 mL of DDW was pre-
pared and 10 mL of the solution was transferred into a 25 mL
beaker. The initial pH of the solutions was adjusted to 4.0–
10.0 by the drop wise addition of 1.0 mol L−1 sodium hydrox-
ide and 1.0 mol L−1 hydrochloric acid. 0.10–1.0 mg of sorbent
were added to the solution. The mixture was stirred for 2 min
and HKUST-1 containing extracted MCPA settled down for
2 min. The solution was transferred into a conical centrifuge
tube for separation of sorbent. The supernatant aqueous phase
was separated and discarded. In the next step, the residue solid
phase was evaporated and then the dry extract exposed by an
ultrasound bath at different time intervals (30.0–180.0 S) in
25 °C and subsequently eluted by 0.5 mL methanol.

Afterwards, the eluent was separated by centrifuging for
5 min and the supernatant filtered through a 0.45 m Mem
(Whatman, Maidstone, UK) to introduce to IMS injection
port. Solutions with different concentrations were prepared
based on this procedure and finally, 1 μL of each sample
was directly injected into the IMS system in order to deter-
mine the amount of MCPA. The dispersive SPE procedure is
schematically shown in Scheme 1.

The remaining sorbent was washed with 5 mL distilled
water, reconditioned by 5 mL methanol and reused for the
remaining experiments.

IMS analysis

Identification and quantification of MCPAwere carried out by
the IMS. The IMS cell is comprised of two parts, an ionization
region followed by a drift tube. The ionization region is
equipped with a corona discharge ionization source operating
in both negative and positive modes. Zero air is used as both
the carrier and the drift gas to transfer the sample into the
ionization region and to clean the cell. H3O

+ and NH4
+ are

the main reactant ions in the positive mode which can ionize
the analytes via proton transfer reactions [27]. The generated
ions separate in the electric field and have different mobility
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due to their size, shape and electrical properties. The intensity
of formed product ions is depended on analyte concentration.

Direct determination of MCPA was done by injecting of
1 μL of the sample to the IMS cell. Carrier gas transfer and
carry the analyte into the drift cell for ionization. To achieve
the best ion mobility signal, different parameters such as volt-
age, flow rate, temperature and pulse width were optimized.
The optimized operating conditions of IMS are summarized in
Table S1 (electronic supporting information).

Preparation of real samples

Well water samples were collected fromAlzahra University in
plastic flasks and filtered in the lab.

5 g of soil sample was weighed into a 250 mL beaker, and
10 mL of 0.01 M sodium hydroxide was added. After 30 min
the alkaline extracts were centrifuged at 2000 rpm (380 rcf)
for 20 min to separate the soil supernatant. The separated
solution was filtered through 0.45 mm filters. Filtered extract
was diluted up to 100 mLwith DDW. The solution was spiked
with MCPA of different concentration levels and the pH of
solution was adjusted to optimized value.

Agriculture products (rice and tomato) were purchased
from a local supermarket. The samples were chopped and
homogenized by a blender. 2.0 g of the homogenized sample
was spiked with MCPA. 4 mL of water was added into the
samples and placed in a water bath at 45 °C for 20 min, and
finally centrifuged for 10 min at 4000 rpm (1520 rcf). The
clear supernatant was collected and diluted (1:2) with water
to reduce the matrix effect and kept in a refrigerator before
dispersive solid phase extraction [28].

Experimental design methodology

In order to investigate the effect of the experimental variables
on the extraction efficiency, the central composite design
(CCD) approach was used. In this work the Design-Expert
statistical software program (8.0.6 trial version, Stat-Ease
Minneapolis, USA, www.statease.com) was used for the
analysis of the experimental design data and calculating the
predicted responses.

Result and discussion

Ion mobility spectra and MCPA determination

MCPA ion mobility spectra and background were obtained
under optimum conditions of the instrument (Table S1) and
are shown in Fig. 1. MCPA shows one peak at 8.02 ms with
respect to the ammonium peak at 4.04 ms at 200 °C.

In IMS, ion drift times are often reported as reduced mo-
bility constants. This parameter is used for comparison of
results in different environmental and instrumental conditions.
Reduced mobility is normalized to a standard pressure
(760 Torr) and temperature (273 K) and calculated using
Eq. 1:

K0 MCPAð Þ ¼ K0 standardð Þ �
td standardð Þ
td MCPAð Þ

ð1Þ

where K0 is the reduced mobility with the units of
(cm2 V−1 s−1), and td is the drift time for external standard

Scheme 1 Schematic illustration of the d-SPE process
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and MCPA. Ammonium (NH4
+) was used as the external stan-

dard to calibrate the reduced mobility scale [29]. Based on
ammonium reduced mobility (K0) equal to 3.24 cm2 V−1 s−1

at 200 °C and eq. 1, the K0 value of MCPAwas calculated as
1.63 cm2 V−1 s−1. The relative drift times and reduced mobility
values for the MCPA are given in Table S2 (electronic
supporting information).

However, based on the structure of MCPA and its func-
tional group (Fig. 1 inset) it can be concluded that the
most typical ion is characterized by the proton transfer
between the MCPA and reactant ions and might be due
to the formation of protonated form of MCPA (MCPA…
H+) in drift cell.

Based on Fig. 1, the height of the peak with a drift time of
8.02 ms increase by addition of MCPA concentration, there-
fore this signal was employed as an analytical response for
determination of concentration.

Choice of HKUST-1 as a sorbent

Generally, porous materials are good candidates to host
other molecules due to porous characteristics. Among
these materials, MOFs attracts great attention due to flex-
ible, tunable and highly permanent nanoscale pore struc-
ture. The shape and size of the pores lead to selectivity
towards the guest molecules that may be adsorbed. These
properties make HKUST-1 as one of the ideal sorbent to
host herbicides [26]. The structural diversity of MOFs can
expand the application scope to related detection schemes.

Characterization of HKUST-1

Porous HKUST-1 was prepared according to the previously
reported procedure using a hydrothermal method [30] (the
detailed procedure and HKUST-1 structure in ESM).
HKUST-1 was characterized by FT-IR and XRD. FTIR was
used to assess the quality of HKUST-1 before and after using
as solid phase (Fig. 2a). In the mid-IR frequency range, the
spectra of the prepared sample are dominated by the vibration-
al mode of BTC ligand. The wide band attributed to O–H
stretching modes appeared in the region of 3550–3200 cm−1.
The IR absorption bands in the 1700–1500 and 1500–
1300 cm−1 ranges are due to υasym (C −O2) and υsym (C −
O2) stretching modes, respectively which is in good agree-
ment with published sources [31]. IR bands around
700 cm−1 are due to υ (C −H) bending mode (Fig. 2a).

In order to investigate the phase purity of the prepared
HKUST-1, powder X-ray diffraction (PXRD) was carried
out. Figure 2b shows acceptable matches between the simu-
lated XRD pattern (blue) and as the prepared sample (red).
The intensive peaks shown in Fig. 2 appeared at small 2θ
angles are characteristics of micro-porous materials, which
possess numerous tiny pores or cavities that are in accordance
with published data [30, 32].

To explore the reusability of the solid phase XRD pattern
was recorded after extraction. The result shows that HKUST-1
retains its structure after extraction and thus can be proposed
as a stable solid phase.

HKUST-1, a Cu-BTC framework was used as a sorbent for
dispersive solid phase extraction of the MCPA from complex

Fig. 1 The ion mobility spectra of
blank and MCPA in different
concentration 0.05–0.20 μg. L−1
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real samples. A standard solution of MCPAwas prepared and
after addition of sorbent, the SPE procedure was carried out
based on section BDispersive solid phase extraction
experiments^. After elution of HKUST-1 by methanol, the
extracted MCPA was injected into the IMS drift cell and its
mobility spectra were recorded. The same procedure was
employed for real samples such as agriculture products and
the results were evaluated. The use of HKUST-1 extrac-
tion provided a high sensitivity for MCPA due to
preconcentration procedure and selectivity because of
the analyte extraction from the complex matrix of real
samples. Thus, the use of a MOF-SPE was proposed in
order to: i) preconcentrate the MCPA for trace analysis, and
ii). increase the selectivity that led to IMS signal which is free
of matrix interferent compounds.

Optimization of method

The following parameters were optimized: (a) sample pH val-
ue; (b) sorbent dosage; (c) sorption time; (d) desorption

conditions (elution solvent, desorption time and ultrasonic ir-
radiation). Respective data and Figures are given in the
Electronic Supporting Material (Table S3 and S4, Fig. S2
and S3). The following experimental conditions were found
to give the best results: (a) sample pH value: 9; (b) sorbent
amount: 0.61 mg; (c) sorption time: 2 min; and (d) desorption
conditions: elution solvent: 0.5 mLmethanol; desorption time,
3 min by ultrasonic irradiation.

Analytical parameters and performance
of the method (evaluation of SPE procedure)

The figures of merits, including limit of detection (LOD), limit
of quantification (LOQ), dynamic range, and precision were
calculated under optimized conditions for evaluating the cur-
rent SPE method. The dynamic range was linear in the range
of 0.035 to 0.20 μg. L−1 with good correlation coefficient,
0.997. The LOD and LOQ were calculated based on
signal-to-noise ratio of 3:1 and 10:1, respectively. The
LOD and LOQ were 0.01 and 0.035. μg. L−1, respective-
ly. The pre-concentration factor which was obtained by
comparing the slopes of the calibration plots before and
after the preconcentration, was 20. Extraction recoveries
(ER%) were calculated by the following equation and
were in the range 98.0–104.0%.

ER %ð Þ ¼ ni:final
ni:initial

� 100 ¼ Ve

Vi

� �
� Ce:final

Ce:initial

� �
� 100 ð2Þ

Where ni,initial is the initial analyte moles present in the
sample solution and ni,final is the analyte moles in the
eluting solution at the end of the extraction process. Ve

and Vi are the volumes of the eluting solution and the
sample solution volume, respectively. Ci,initial is the ini-
tial concentration of the analyte in the sample solution;
and Ce,final is the final concentration of the analyte in
the eluting solution that was calculated from the calibra-
tion plot of the analyte after the extraction. For the intra
and inter day precision, the relative standard deviations
were calculated for 0.1 μg. L−1 of analyte (n = 3) and
obtained 1.38 and 5.04%, respectively, (Table 1).

Effect of the potentially interfering species

Selectivity of the method was studied by performing the pro-
cedure in the presence of different co-existing compounds that
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Fig. 2 a The IR spectra of (top) synthesized of HKUST-1, (down) after
the extraction ofMCPA and (b) XRD pattern of simulated, as-synthesized
of HKUST-1 and after the extraction of MCPA

Table 1 Figures of merit for the
determination of MCPA from
water

Calibibration range
(μg L−1)

R2 LOQ
(μg L−1)

LOD
(μg L−1)

RSD (%) (n = 3)
for 0.1 μg L−1

PF ER (%)

0.035–0.200 0.997 0.035 0.010 1.38 20 98–104
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may be present in the real samples. The tolerance limit
defined as the largest concentration of the interfering
species that decrease the recovery of the analyte to less
than 95%. 1000-fold excess of K+, Na+, Ca2+, Mg2+,
Ba2+, Cd2+, Ni2+, Al3+, Cl−, F−, S2−, CO3

2−, HCO3
−

and Cu2+, NO3
−, Pb2+, Hg2+ did not interfere with the

determination of MCPA.
In addition, the interference of some other pesticides such as

N,N ′-dimethyl-4,4 ′-bipyridinium dichloride, 2,4-
dichlorophenoxy acetic acid, lindane, permethrin and
cypermethrine on the IMS measurements was examined. The
obtained results indicate that a 50-fold excess of them had no
effect on the signal intensity of MCPA. However, the applica-
bility of this method for other pesticides is still understudy.

The results demonstrated that the presence of large
amounts of species commonly present in water and vegetable
samples has no significant effect on the SPE of MCPA not
only due to high adsorption capacity of the sorbent but also
because of the selectivity of the IMS.

Application of the method for real samples

In order to validate the applicability of the method in real
samples with different matrices such as water, soil and agri-
culture product samples (rice and tomato) were spiked by two
different concentrations of MCPA and were analyzed under
optimum conditions. To validate the accuracy of the method,
the spiking recoveries were calculated and are listed in
Table 2.

The recovery values more than 90% show a non-
significant matrix effect in the real samples analysis by
the method. Good recoveries and low RSDs demonstrate
the capability of the method for the fast analysis of MCPA
in real samples.

Comparison of the method with previously reported
methods

Table 3 provides a comparison between the characteristics of
this method with other SPE methods that were reported in the
literature for determination of MCPA. It is shown that along
with its simplicity, this method demonstrated a good linearity
range and an acceptable reproducibility which is comparable
with existing methods. Moreover, LOD of this method is bet-
ter than those of other works presented in Table 3. The speed
of preconcentration and determination steps ares the
most important advantage of this method. In addition,
the consumption of organic solvent in this method is
minimized compared with conventional SPE. Moreover,
the proposed sorbent is successfully synthesized via hy-
drothermal synthesis as a convenient, rapid, low cost
and green process showing high stability in experimental
conditions.

Conclusion

Dispersive solid phase extraction and preconcetration step
(using an efficient sorbent) followed by IMS provides fast
detection of MCPA at ultra-trace level (ng. L−1). HKUST-1

Table 2 Addition and recovery of MCPA from water and soil and
agriculture product samples

Sample MCPA added
(μg. L−1)

MCPA founded
(μg. L−1)

% Recovery

Water 0 ND –

0.075 0.072a ± 0.002b 96

0.125 0.126 ± 0.005 100

Soil 0 ND –

0.075 0.071 ± 0.002 94

0.125 0.121 ± 0.006 96

Tomato 0

0.075 0.073 ± 0.011 98

0.125 0.126 ± 0.014 100

Rice 0 ND –

0.075 0.043 ± 0.001 57

0.125 0.076 ± 0.002 60

aMean of three determination
b Standard deviation for three determination

Table 3 Comparison of the current method characteristics for extraction and determination of MCPAwith those of other methods

Extraction method Instrument Recovery% LDRa

(μg. L−1)
LOD
(μg. L−1)

RSD (%) Ref.

SPE LC/GC-MS 88 10.00–100.00 380.00 4.18–3.85 [33]

– Electrochemical sensor 94–105 2006.20–100,031.00 212.60 4.80–1.72 [34]

SPE LC-UV/MS 73 0.01–2.00 0.30 1.00 [35]

SPE LC-MS 90–91 0.02–1.00 0.006 8.00 [36]

d-SPEb IMS 94-104 0.035-0.200 0.010 1.39–5.04 this method

a Linear Dynamic Range
bDispersive SPE

495 Page 6 of 8 Microchim Acta (2018) 185: 495



with high surface area has been utilized as a proficient sorbent
in d-SPE of MCPA from different samples, including water,
soil and agriculture products for the first time. The sorbent
showed high stability and reusability and can be used for
several times without measurable performance loss.

The important advantages of this method are low sample
amount, environmentally friendly method, due to low amount
of HKUST-1 required and organic solvent, adequate timing
(10 min for the overall extraction step and 1 min for the IMS
determination, more less than chromatographic methods such
as LC and GC), low operational costs, ease of use, and not
required skilled operators, etc. However, the current method
has some limitations for relatively large molecular structure
due to their difficult ionization in the IMS drift cell.
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