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cal performance of
photoionization ion mobility spectrometry for the
rapid detection of organophosphorus pesticides
using K0 patterns with multiple reactant ions

Qinghua Zhou,a Bin Wang,a Jia Li,b Zanhui Jin,a Haiyang Li*c and Jinyuan Chen *a

Ion mobility spectrometry (IMS) has become a potential technique for the rapid detection of

organophosphorus pesticides (OPPs). However, using only the commonly-used reactant ion

(Ac)2H
+(H2O)n, some OPPs are difficult to distinguish due to their severely overlapping ion peaks. In this

study, the switching of reactant ions ((Ac)2H
+(H2O)n, O2

�(H2O)n and Cl�(H2O)n) in a stand-alone

photoionization ion mobility spectrometer was realized by on-line switching the polarity of high voltage

and dopant species. Multiple reactant ions were employed to establish the characteristic K0 patterns for

the tested OPPs, including fenthion, dursban, dimethoate, malathion, fenitrothion, imidan and

isocarbophos. The tested OPPs were represented on a heat map and a three-dimensional coordinate

system based on the K0 patterns, from which they could be readily identified. Under optimal conditions,

the limits of detection (LODs) of the tested OPPs were evaluated to be 0.3–2.7 ng, and satisfactory

repeatability was demonstrated by the obtained relative standard deviations (RSDs) of 4.8% to 14.7%.

Finally, Chinese cabbage extract spiked with dursban and malathion was detected by the proposed ion

mobility spectrometer, demonstrating its applicability for the simultaneous identification of coexisting

OPPs in real samples.
1. Introduction

Organophosphorus pesticides (OPPs) have been extensively
used in agriculture due to their relatively low price and excellent
ability to control pests and diseases. However, excess usage of
OPPs has led to increasing residues in various environmental
matrices, causing adverse effects on human health and the
ecosystem.1–3 Therefore, developing rapid, simple and sensitive
analytical methods for the detection of OPPs in different
matrices is of great importance.

So far, chromatographic methods have beenmost commonly
used for the detection of OPPs, such as gas chromatography
(GC) and high performance liquid chromatography (HPLC) with
different detectors,4–9 due to their high sensitivity and selec-
tivity. However, these methods are known to be expensive, time-
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consuming and laborious, preventing their application in the
rapid eld-screening of OPPs.

Ion mobility spectrometry (IMS), an instrumental technique
in chemical analysis, has been applied in the rapid eld-
screening of explosives and illicit drugs in practice10–14 due to
its attractive features, such as high sensitivity, fast analysis and
good portability. Furthermore, in recent years, IMS has been
increasingly used as a potential method for the rapid detection
of OPPs.15–20 However, the resolving power of stand-alone IMS is
relatively low, resulting in the overlapping ion peaks of some
OPPs on ion mobility spectra, such as diazinon, parathion,
fenthion and dursban20 as well as imidan, phosphamidon and
isocarbophos.21 To overcome this problem, different strategies
have been proposed to improve the identication of target
OPPs.17,20,21 Saraji et al.20 designed a gas chromatography-corona
discharge ionmobility spectrometry (GC-IMS) detection system,
realizing the accurate identication of diazinon, parathion and
fenthion; nevertheless, a dozen minutes were usually required
for GC separation, suggesting that GC-IMS was not practical for
the rapid eld-screening of OPPs. Moreover, in our previous
research,21 acetone was used as a dopant to boost the selectivity
of positive photoionization IMS for OPP detection, accom-
plishing the selective detection of dimethoate and phospha-
midon; however, this method failed to identify coexisting OPPs
simultaneously. Therefore, it was still desirable to develop
RSC Adv., 2018, 8, 18067–18073 | 18067
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a simple and rapid method to improve the analytical perfor-
mance of IMS for the identication of OPPs.

It is well-known that the reactant ions play an important role
in the formation of product ions in IMS. Different reactant ions
usually lead to different ionization channels and produce
different product ions.22,23 For instance, when using the reactant
ion O2

�(H2O)n, three product ions (M � H)�, M$O2
� and (M2 �

H)� were observed for propofol; meanwhile, the use of an
alternative reactant ion, Cl�, resulted in the formation of one
product ion, M$Cl�.22 These observations suggested that
a combination of multiple reactant ions would provide more
spectral information, which was a benet for improving the
identication of target analytes. Dopants, including ammonia,
ketones and halogenated hydrocarbons, are usually employed
in IMS to produce various reactant ions.24,25 Therefore in this
study, the formation of the reactant ions (Ac)2H

+(H2O)n,
O2

�(H2O)n and Cl�(H2O)n in a stand-alone photoionization ion
mobility spectrometer was realized by on-line switching the
polarity of high voltage and dopant species. Using multiple
reactant ions, the reduced mobility (K0) patterns of the tested
OPPs were established. The main aim of this study was to
identify the tested OPPs based on their K0 patterns, using the
heat map and three-dimensional coordinate system. Finally, the
capability of the proposed method for real samples was
demonstrated by the simultaneous identication of coexisting
dursban and malathion in Chinese cabbage extract.
2. Material and methods
2.1. Reagents

The dopants, acetone and dichloromethane, were of analytical
grade and purchased from Tianjin Kermel Chemical Reagent
Co., Ltd. (Tianjin, China). Standard solutions of 1000 mg L�1
Fig. 1 Schematic diagram of the polarity-switchable photoionization io

18068 | RSC Adv., 2018, 8, 18067–18073
fenthion, imidan, dursban, dimethoate and malathion and
100 mg L�1 isocarbophos and fenitrothion were purchased
from AccuStandard, Inc. (New Haven, CT, USA). Lower
concentrations of the OPPs were obtained by the successive
dilution of standard solutions with methanol.

2.2. Apparatus

In this study, homemade stand-alone polarity-switchable
photoionization ion mobility spectrometry (PSP-IMS) appa-
ratus was built, which is schematically shown in Fig. 1. The
primary dopant, approximately 30 ppmv acetone, was continu-
ously introduced into the IMS cell. In the ionization region, the
acetone molecules were ionized under ultraviolet irradiation by
a commercial low-pressure dc-discharge Kr lamp, producing an
abundance of (Ac)2H

+(H2O)n and low-energy electrons. When
the IMS cell was operated in the positive mode, (Ac)2H

+(H2O)n
was employed as the reactant ions. When the polarity of the IMS
was switched to negative, the reactant ions O2

�(H2O)n were
formed via the molecule–ion reactions between O2 and the low-
energy electrons.23 Furthermore, in negative mode, the reactant
ions O2

�(H2O)n could be transformed to Cl�(H2O)n when 20
ppmv dichloromethane was introduced as the secondary
dopant. As shown in Fig. 1, when valve 1 and valve 2 were
opened (power-on), the dichloromethane dopant was intro-
duced into the IMS cell by dopant gas; when these two valves
were closed (power-off), the gas circuit of the dichloromethane
dopant was cut off. The switching of reactant ions could be
accomplished within 1 min.

Compressed air, puried using activated carbon, silica gel and
13�molecular sieve traps, was used as the dopant gas, carrier gas
and dri gas, with ow rates of 100, 300 and 400 mL min�1,
respectively. Moisture levels were kept below 1 ppmv. The IMS cell
was run under an electric eld of 351 V cm�1 at 100 �C.
n mobility spectrometry (PSP-IMS) with multiple reactant ions.

This journal is © The Royal Society of Chemistry 2018
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The OPP samples were introduced into the proposed IMS
apparatus using a thermal desorber. The operation details have
been described in our previous work.21 The chemical analysis
was accomplished within 5 s.

2.3. Calculation

As described in previous publications,21,22 the K0 values for
unknown ion peaks were calculated with 1,2,4-trinitrotoluene
(in negative mode) and dimethyl methylphosphonate (in posi-
tive mode) as the chemical standards.

3. Results and discussion
3.1. Overlapping ion peaks of OPPs

Using the commonly-used reactant ion (Ac)2H
+(H2O)n,15,16,21,25

the tested OPPs including fenthion, imidan, dursban, dimeth-
oate, isocarbophos, malathion and fenitrothion were detected.
The determined K0 values are presented in Table 1, from which
we can see that the product ions of each pesticide (except
fenitrothion) could be detected. However, as depicted in Fig. 2,
the ion peaks of dursban (K0 ¼ 1.18 cm2 V�1 s�1) and malathion
(K0 ¼ 1.17 cm2 V�1 s�1) fully overlapped, and the peaks of
imidan (K0¼ 1.23 cm2 V�1 s�1), fenthion (K0¼ 1.26 cm2 V�1 s�1)
and isocarbophos (K0 ¼ 1.29 cm2 V�1 s�1) were extremely close
to each other. It was tough to distinguish these OPPs using only
(Ac)2H

+(H2O)n as the reactant ions. Therefore, this study was
Table 1 Reduced mobility (K0) values of the tested OPPs with the
reactant ions (Ac)2H

+(H2O)n, O2
�(H2O)n and Cl�(H2O)n

Analyte

K0 (cm
2 V�1 s�1)

(Ac)2H
+(H2O)n O2

�(H2O)n Cl�(H2O)n

Dursban 1.18 1.66, 1.22 1.66
Dimethoate 1.43 1.51 1.36
Fenthion 1.26 1.28 —
Fenitrothion — 1.82, 1.72, 1.34 1.34
Malathion 1.17 1.76 1.20
Imidan 1.23 1.76 1.76
Isocarbophos 1.29 1.27 1.19

Fig. 2 Ion mobility spectra of dursban, malathion, imidan, fenthion and
dursban (K0 ¼ 1.18 cm2 V�1 s�1) and malathion (K0 ¼ 1.17 cm2 V�1 s�1) full
(K0 ¼ 1.26 cm2 V�1 s�1) and isocarbophos (K0 ¼ 1.29 cm2 V�1 s�1) were

This journal is © The Royal Society of Chemistry 2018
carried out to generate multiple reactant ions ((Ac)2H
+(H2O)n,

O2
�(H2O)n and Cl�(H2O)n) in a stand-alone PSP-IMS, aiming to

improve the identication of OPPs by establishing their reduced
mobility (K0) patterns.
3.2. Switching of the reactant ions (Ac)2H
+(H2O)n, O2

�(H2O)n
and Cl�(H2O)n

The reactant ions (Ac)2H
+(H2O)n, O2

�(H2O)n and Cl�(H2O)nwere
on-line switchable via the following mechanisms:

when the applied high voltage was positive, the reactant ions
(Ac)2H

+(H2O)n were produced via the photoionization of the
acetone dopant,26 and then the OPP molecules were ionized by
proton transfer reactions with (Ac)2H

+(H2O)n, as described in
reactions (1) and (2).

2Ac + hv + nH2O / (Ac)2H
+(H2O)n + e� (1)

X + (Ac)2H
+(H2O)n / XH+(H2O)n�m + 2Ac + mH2O (2)

X ¼ OPP molecules
When the polarity of high voltage was switched to negative,

the reactant ions O2
�(H2O)n were formed via reaction (3).23 The

OPP molecules were ionized by molecule–ion reactions with
O2

�(H2O)n, as described in reaction (4).

e� + O2 + nH2O + M / O2
�(H2O)n + M (3)

M ¼ N2, O2, H2O etc.

X + O2
�(H2O)n / XO2

�(H2O)n�m or

(X–H)�(H2O)n�m or X�(H2O)n�m + mH2O (4)

Meanwhile, in negative mode, the reactant ions O2
�(H2O)n

were further transformed to Cl�(H2O)n by introducing
dichloromethane as the secondary dopant, and then the OPP
molecules were ionized by molecule–ion reactions with
Cl�(H2O)n, as described in reactions (5) and (6).

O2
�(H2O)n + CH2Cl2 / Cl�(H2O)n + O2 (5)

Cl�(H2O)n + X / XCl�(H2O)n�m + mH2O (6)
isocarbophos with the reactant ions (Ac)2H
+(H2O)n. The ion peaks of

y-overlapped, and the peaks of imidan (K0 ¼ 1.23 cm2 V�1 s�1), fenthion
extremely close to each other.

RSC Adv., 2018, 8, 18067–18073 | 18069
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Fig. 3 Ion mobility spectra of the individual OPPs and their mixture with the reactant ions (Ac)2H
+(H2O)n, O2

�(H2O)n and Cl�(H2O)n. The ion
peaks of someOPPs were adjacent to each other, leading to overlapping ion peaks when they were in amixture. It was tough to distinguish these
OPPs using a sole reactant ion.
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3.3. Identication of tested OPPs using K0 patterns

As shown in Fig. 3, the tested OPPs were detected using the
proposed PSP-IMS with multiple reactant ions ((Ac)2H

+(H2O)n,
O2

�(H2O)n and Cl�(H2O)n). The determined K0 values are
summarized in Table 1. As depicted in Fig. 4, the multiple K0
Fig. 4 The heat map for multiple K0 values of tested OPPs with the
reactant ions (Ac)2H

+(H2O)n, O2
�(H2O)n and Cl�(H2O)n. Each pesticide

could be characterized using a K0 pattern. The color differences of the
K0 patterns were readily observed.

18070 | RSC Adv., 2018, 8, 18067–18073
values are represented in a heat map. In this gure, each
pesticide was characterized by a K0 pattern with ve colori-
metric elements. The color differences of the K0 patterns were
readily observed, promising the simultaneous identication of
Fig. 5 3D-separation of tested OPPs based on their K0 patterns. The
three axes indicate the K0 values with the reactant ions (Ac)2H

+(H2O)n,
O2

�(H2O)n and Cl�(H2O)n. The excellent 3D-separation of testedOPPs
demonstrates the applicability of K0 patterns to improve the identifi-
cation of OPPs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The effect of thermal desorption temperature on the signal
intensity of tested OPPs. An optimal temperature of 160 �C was
selected to ensure satisfying sensitivity for all target OPPs.

Table 2 Analytical characteristics of the proposed methoda

Analyte Linear range/ng Linear equation g LODs/ng

Dursban 2.0–50.0 y ¼ 2.08x � 4.48 0.997 0.6
Dimethoate 2.0–50.0 y ¼ 3.97x � 6.83 0.996 0.3
Fenthion 2.0–50.0 y ¼ 1.86x � 1.28 0.998 0.5
Fenitrothion 10.0–200.0 y ¼ 0.20x + 1.82 0.988 2.7
Malathion 2.0–100.0 y ¼ 2.25x + 3.52 0.999 0.5
Imidan 5.0–200.0 y ¼ 0.34x + 1.40 0.999 1.4
Isocarbophos 2.0–100.0 y ¼ 3.07x + 12.30 0.995 0.5

a In this section, fenitrothion was detected with the reactant ion
O2

�(H2O)n, while the other OPPs were detected with the reactant ion
(Ac)2H

+(H2O)n.

Fig. 7 Ion mobility spectra of Chinese cabbage extract spiked with 5
(Ac)2H

+(H2O)n and (b) O2
�(H2O)n as the reactant ions. When using the re

observed for the two target OPPs. When using the reactant ion O2
�(H

malathion (K0 ¼ 1.76 cm2 V�1 s�1) were observed.

This journal is © The Royal Society of Chemistry 2018
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tested OPPs. For instance, based on the K0 patterns of dimeth-
oate, dursban, fenitrothion andmalathion in Fig. 4, dimethoate
could be identied by the colorimetric elements of (Ac)2-
H+(H2O)n, dursban and fenitrothion could be identied by
those of O2

�(H2O)n and malathion could be identied by those
of Cl�(H2O)n, demonstrating the capability of K0 patterns to
simultaneously identify the tested OPPs.

As shown in Fig. 5, the tested OPPs are presented in a three-
dimensional coordinate system based on their K0 patterns,
where the three axes indicate the K0 values with the reactant
ions (Ac)2H

+(H2O)n, O2
�(H2O)n and Cl�(H2O)n, respectively.

This shows an excellent 3D-separation of the tested OPPs,
demonstrating the applicability of K0 patterns to improve the
identication of OPPs.

In addition, it should be noted that when the reactant ions
were switched from (Ac)2H

+(H2O)n to O2
�(H2O)n or Cl�(H2O)n,

fenitrothion could be sensitively detected, indicating that the
use of multiple reactant ions could also be a potential method
for increasing the detectable species of OPPs in stand-alone
IMS.
3.4. Optimization of the thermal desorption temperature

The thermal desorption temperature was a critical parameter
for the procedure of sample introduction. In this study, the
thermal desorption temperature was optimized in a range from
100 to 220 �C. As shown in Fig. 6, with an increased desorption
temperature, the signal intensities of tested OPPs were
enhanced initially, and then reached a maximum; aer this the
signal intensities gradually decreased. Finally, an optimal
temperature of 160 �C was selected, which promised satisfying
sensitivity for all target OPPs.
3.5. Evaluation of method performance

Table 2 presents the analytical characteristics of the proposed
method, demonstrating its good linearity for the tested OPPs. In
this study, no pre-concentration procedures were employed
0 ng mL�1 dursban and malathion as well as blank extract, using (a)
actant ion (Ac)2H

+(H2O)n, a sole ion peak (K0 ¼ 1.18 cm2 V�1 s�1) was

2O)n, the ion peaks of dursban (K0 ¼ 1.66 and 1.22 cm2 V�1 s�1) and

RSC Adv., 2018, 8, 18067–18073 | 18071
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before IMS analysis, and the limits of detection (LODs, S/N ¼ 3)
of the tested OPPs were evaluated to be 0.3–2.7 ng. Therefore, it
is also desirable to develop a simple and rapid pre-
concentration method for PSP-IMS, so that a sensitivity of
sub-ng level for OPP analysis could be achieved. Moreover, the
repeatability of the proposed method was evaluated by ve
replicate measurements of 20 ng tested OPPs. The relative
standard deviations (RSD) ranged from 4.8% to 14.7%,
demonstrating satisfactory repeatability.
3.6. Application

To evaluate the applicability of the proposed method for real
samples, Chinese cabbage extract was obtained using the
method described in our previous work.21 Aer spiking with 50
ng mL�1 dursban and malathion, the extract sample was
detected by the proposed PSP-IMS with the reactant ions
(Ac)2H

+(H2O)n and O2
�(H2O)n, respectively. As shown in

Fig. 7(a), using the reactant ion (Ac)2H
+(H2O)n a sole ion peak

(K0 ¼ 1.18 cm2 V�1 s�1) was observed for two target OPPs.
Meanwhile, as shown in Fig. 7(b), when the reactant ion was
switched to O2

�(H2O)n, the characteristic ion peaks of dursban
(K0 ¼ 1.66 and 1.22 cm2 V�1 s�1) and malathion (K0 ¼ 1.76 cm2

V�1 s�1) were observed. Based on the comprehensive ion
mobility spectra, dursban and malathion in Chinese cabbage
extract were readily identied. The recoveries of malathion and
dursban were evaluated to be 84.1% and 81.9%, respectively. In
addition, the blank Chinese cabbage extract was tested as
a comparison. It was notable that few ion peaks were observed
for the blank extract, suggesting no signicant matrical inter-
ferences in the identication of the target OPPs. These results
demonstrated the applicability of the proposed method for the
simultaneous identication of coexistent OPPs in real samples.
4. Conclusions

In this study, the formation of the reactant ions (Ac)2H
+(H2O)n,

O2
�(H2O)n and Cl�(H2O)n was realized in a stand-alone polarity-

switchable photoionization ion mobility spectrometer by simply
switching the polarity of high voltage and dopant species. By
using multiple reactant ions, K0 patterns of the tested OPPs were
established. To the best of our knowledge, this is the rst time
that these K0 patterns have been represented in a heat map, from
which the differences could be readily observed, promising the
simultaneous identication of the tested OPPs. Additionally, the
tested OPPs exhibited excellent separation in a three-dimensional
coordinate system based on their K0 patterns, demonstrating the
capability of the K0 patterns to improve the identication of OPPs.
The applicability of the proposed IMS for the simultaneous
identication of coexisting OPPs in real samples was also
demonstrated. Furthermore, the application of multiple reactant
ions could also be a potential method for increasing the detect-
able species of OPPs in stand-alone IMS.
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C. L. P. Thomas, Analyst, 2012, 137, 1458–1465.
This journal is © The Royal Society of Chemistry 2018
25 E. Waraksa, U. Perycz, J. Namieśnik, M. Sillanpää,
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