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Summary 

Application of Ion Mobility Spectrometry (IMS) in analytical chemistry as a fast, sensitive 

and low-cost and simple technique for the determination of explosives, pharmaceuticals 

and, environmental samples such as surface water has been introduced in the last three 

decades. Implementation of IMS for the analysis of pesticides in real water samples is 

under challenge due to the interfering of water clusters during detection, complexity of 

surface water matrix, and trace amounts of pesticides existed in real water samples. On 

the other hand, the use of a simple and fast technique (analysis time < 1 min) is required 

for the detection of contaminants discharged into the drinking water sources.  

In the presented thesis, direct immersion-solid phase microextraction Arrow coupled with 

a drift tube IMS (DT-IMS) was investigated to overcome the limitation of this analytical 

instrument in the determination of pesticide contaminants in real water samples. The 

extraction optimization procedure of SPME Arrow was performed using a modified IMS 

injection port which is compatible with the Arrow device. The optimization of the SPME 

Arrow procedure was performed by using GC-Mass spectrometry. 

The theoretical study of ionization of the target pesticides dichlorovos, cybutryne, 

terbutryn and quinoxyfen in the positive mode of corona discharge ionization source of 

the IMS was investigated using density functional theory and B3LYP method as well as 

Gaussian09® software. With the help of computational chemistry, assigning the peak in 

IMS spectrum was possible with respect to the selected pesticides.  

The detection limits were calculated to 13-124 µg L-1, RSD from 5.2-7.5%, average 

recoveries ranged from 88-107% for the detection of the selected pesticides in surface 

water by SPME Arrow – DT-IMS. In conclusion, the SPME-Arrow as a simple sample 

preparation method coupled with the DT-IMS can be introduced as a low-time consuming, 

inexpensive and simple method for the determination of selected pesticides at 

concentration levels of µg L-1 in surface water.  



2  Introduction 

1 Introduction 

The monitoring of environmental water quality including sampling, screening, and 

detection techniques is recommended for the control of chemical and ecological 

contamination of water resources and safeguarding of drinking water [1,2]. Water pollution 

is a serious issue worldwide that urgently requires the development of monitoring 

techniques and implementation programs. Currently, more than 700 emerging pollutants, 

metabolites, and their transformation products are listed in Europe's aquatic environments 

[3]. One of the key issues in Europe is the protection of the aquatic environment, unique 

and valuable habitats, and drinking water resources. 

The EU Water Framework Directive (WFD) includes new substances belonging to the 

classes of active substances for plant protection and biocidal products, industrial 

chemicals, and by-products of combustion processes, in addition to the existing priority 

and priority hazardous substances listed in 2013. The EU member states have to ensure 

the achievement of a suitable chemical status for surface water in terms of the listed 

substances through additional measures and monitoring programs, that is, a list of limiting 

values of hazardous substances must be complied till 2027. This requires sensitive and 

fast analytical methods, which can allow direct on-site assessment of the surface water 

chemistry [4]. 

 Pesticides are chemical or biological substances that prevent or destroy organisms 

ranging from insects (macroscopic) to microorganisms (microscopic). Annually, more than 

2.5 billion tons of pesticides are used worldwide without or with limited measures to control 

their exposure. A United States agricultural health study found that approximately 50 

million people in the United States have access to water through groundwater, which is 

contaminated by the pesticides [5]. In 2000, the German Federal Environmental Agency 

(UBA) concluded that approximately 30 tons of different pesticides enter the surface water 

annually [6]. Additionally, the overuse of pesticides leads to some potentially persistent 

effects in the rural areas due to excess pesticides in water sources [7].  

 During the last decade, different alternative methods have been introduced for the 

detection and quantification of pesticides in liquid and solid samples. Gas chromatography 

(GC) coupled with mass spectrometry (MS), capillary electrophoresis, and liquid 

chromatography are useful techniques for the analysis of pesticides in water samples [1]. 

The detection and quantification of pesticides in water samples, which are complex 

matrices, require suitable sample preparation methods to afford acceptable analytical 

results. Traditional methods such as liquid–liquid extraction (LLE) and solid-phase 

extraction (SPE) are commonly used for the sample preparation for pesticide analysis in 

water samples. LLE and SPE methods combined with chromatographic separation and 

MS have been used to quantify 101 pesticides in water [2]. 
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Analytical techniques such as high-performance liquid chromatography (HPLC), GC, 

enzyme-linked immunosorbent assays (ELISA), liquid and gas chromatography coupled 

to mass spectrometry (LC-MS/ GC-MS), and dispersive liquid–liquid microextraction 

(DLLME) have been used to quantify pesticides in aqueous matrices [8,9]. These 

analytical techniques are time-consuming and require solvents for analyte extraction. 

A new SPE technique, solid-phase microextraction (SPME), was developed by Pawliszyn 

et al. [10]. The advantages of this method include the integration of sampling, extraction, 

concentration, and sample introduction steps, as well as a short preparation time [11]. 

SPME coupled to GC-MS (SPME-GC-MS) or electron capture detector (SPME-GC-ECD) 

as a solvent-free method was used for the analysis of different classes of pesticides in 

water and other liquid samples [11-13].  As mentioned above, the conventional analysis 

of pesticides in water samples requires expensive devices as well as time-consuming 

sample preparation steps. 

A promising alternative is the use of ion mobility spectrometry (IMS). IMS has been a well-

established technique in the field of gas analysis since its introduction in late 1960s [14]. 

The detection of explosives, chemical warfare agents, and illegal drugs in gaseous 

samples has been successfully accomplished in routine procedures in the military and air 

traffic sector because of the possibility of rapid on-site analysis in combination with high 

sensitivity [15-17]. Furthermore, applications such as the detection of odor pollution from 

natural gas, determination of air composition, and detection of bacterial metabolites have 

been reported [18-21]. IMS is the method of choice when quick decisions have to be made 

regarding the presence of contaminants in the environment. In the field of water analysis, 

these features can be useful for various applications. 

 

1.1 Sample preparation 

 Theory of SPME 

In an analytical method, sample preparation is a key step among other procedures. 

Analysis of organic pollutants in the environment typically requires the preconcentration 

of the desired analytes using LLE and other techniques involving high solvent 

consumption and lengthy procedures. For example, the time required to extract 

chlorinated pesticides from environmental or other samples is 4–18 h and 1–2 h using the 

LLE and SPE techniques, respectively [19]. Approximately 60% of the time and cost 

required for the determination of compounds using a specific analytical method is 

attributed to the sample preparation procedure [20].To overcome these limitations, SPME 

was developed by Pawliszyn et al. (1989), which is a sample preparation technique 

commonly used to extract organic compounds from gaseous and liquid matrices [21].This 

is a rapid and simple sample preparation technique that is solvent-free, thereby minimizing 

the use of extraction devices. 
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These features enhance the capability of SPME to preconcentrate the analytes both in 

the laboratory and field settings. ʺTypically, the microextraction process is considered 

complete when the analyte concentration reaches equilibrium in the sample matrix and 

fiber coatingʺ [22]. 

In a two-phase system comprising the sample matrix and fiber coating, the amount of 

analyte absorbed by the coating at equilibrium is calculated using Equation (1-1), 

considering mass conservation [23].  

Figure 1.1 shows the schematic of sample preparation with SPME. In SPME, the 

extracting phase (solid sorbent, liquid polymer, or combination of both) is exposed to a 

small portion of the sample for a predetermined extraction time. The amount of analyte 

extracted under optimum conditions is important for the quantification of the target analyte 

[24].  

 

                                                                              Eq. (1-1)                                                                             

  

Here, n is the desired extracted analyte from the sample, C0 is the initial concentration of 

the analyte in the sample, Kfs is the distribution coefficient of the analyte between the fiber 

coating (f) and sample (s), and Vs and Vf are the sample and fiber coating volumes, 

respectively. As shown in Equation (1-1), the analyte extracted onto the coated fiber (n) 

is proportional to the concentration of the target analyte (C0) in the sample matrix. At a 

high sample volume (Vs ˃˃ KfsVf), the above equation can be simplified to Equation (1-2). 

This indicates that the sample volume has no significant effect on the extraction efficiency 

of the analyte in the sample when the sample volume is very large, such as in field 

sampling.  

 

                                                                                            Eq. (1-2) 
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In addition, Equation (1-2) shows the advantage of the equilibrium extraction technique 

because the analytical process can be shortened owing to the elimination of the sampling 

step [24]. 

 

 

 

 

 

Figure 1.1 Schematic of sample preparation for SPME [23]. 

 

  Direct versus headspace sampling mode 

During the sampling of an aqueous sample, two SPME sampling modes are commonly 

used for adsorption of an analyte on the SPME coating phase. The first method involves 

sampling from the headspace (HS) over the sample, where the mass transfer of the 

analyte occurs after exposure to the vapor phase above the solution. The second 

sampling mode includes the direct immersion (DI) of the SPME fiber into the liquid phase 

of the sample, where the analyte directly adheres to the SPME fiber (Figure 1.2) [20-25]. 

 

 

 

 

 

Figure 1.2 Head space and direct immersion SPME sampling mode [25]. 
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The SPME device is recommended to attain a fast equilibrium between the sample matrix 

and SPME coating phase. After the equilibrium is attained, long-time exposure of the 

coating fiber to the sample containing the target analyte has no effect on improving the 

extraction efficiency [25-26]. 

 

 Types of SPME coatings 

Numerous types of SPME fibers and coatings are commercially available and are 

employed in a wide range of applications for the analyses of different classes of 

compounds [27-29]. Currently, SPME fibers with different film thicknesses and various 

stationary phases for the extraction of different target analytes are commercially produced 

[30]. 

SPME is a fast sample preparation technique because of the decreased sample handling 

and extraction time as well as solvent-free processes. These advantages make it the best 

choice for sample preparation in environmental and other fields. Despite the typical 

advantages of the classical SPME fibers, these are fragile and have low mechanical 

stabilities as well as low sorption phase volumes (Figure 1.3) [31]. 

To address these limitations of the classical SPME fibers, the SPME fiber, named “SPME 

Arrow,” was developed. This novel extraction device shows a higher physical durability 

and longer lifetime than the classical (traditional SPME) fiber owing to its shape (arrow-

shaped tips) and geometric design. Additionally, it includes a sorbent material with a large 

volume and high surface area, resulting in high sensitivity of the method [32].  

 

 

Figure 1.3 Graphical illustration of SPME Arrow (top) and SPME classical fiber 

(bottom) [33]. 
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As shown in Table 1.1, SPE extraction methods coupled with GC-MS or LC-MS have 

been used for the detection of target pesticides in water samples. Although the analytical 

methods proposed in the literature have acceptable low limits of detection (LODs), their 

application is complex and time-consuming. Table 1.1 includes an overview of the analysis 

of target pesticides in water samples using different extraction methods reported in the 

literature. 

 

Table 1.1 Methods described in the literature for the analysis of compounds in water 

samples. 

*MQL: Minimum quantification limit (Height/noise ratio of 10)  

Owing to the simplicity of use of the Arrow tools and fast response of the IMS detector, a 

fast and sensitive method for the detection of pesticides in real water samples can be 

practically introduced into the water quality management. 

 

 

Compounds Extraction  Analysis LOD (LOQ) Reference 

Dichlorovos SPE 
SPE 

GC with N and P 
detector  
GC-ion-trap-MS-
MS 

9 ng L-1 
Not reported 

[34] 
[35] 

Terbutryn SPE 
SPE 
SBSE 
Direct 
injection 
On-line SPE 
SBSE 

GC-MS 
GC-MS 
GC-MS 
UHPLC-MS-MS 
LC-MS-MS 
GC×GC-TOF-MS 

LOQ: 3 ng L-1 
LOQ: 30 ng L-1 
LOQ: 1.8 ng L-1 
5 ng. L-1 
LOQ: 6 ng L-1 
MQL*: 0.5 ng L-

1 

[36] 
[37] 
[38] 
[39] 
[40] 
[41] 

 

Cybutryne SPE 
On-line SPE 
SPE 
LLE 
SPE 
SPE 
SPE 
LLE 
On-line SPE 
SPE 

GC-MS 
HPLC–APCI–MS 
LC–ESI-MS–MS 
GC-MS 
GC-MS 
LC-MS 
GC-MS 
GC-MS 
LC-MS-MS 
LC-MS-MS 

Not reported 
5 ng L-1 
0.2 ng L-1 
1 ng L-1 
1 ng L-1 
0.2 ng L-1 
3.1 ng L-1 
0.6 ng L-1 
LOQ: 6 ng L-1 
LOQ: 0.3 ng L-1 

[42] 
[43] 
[44] 
[45] 
[46] 
[47] 
[48] 
[49] 
[40] 
[50] 

Quinoxyfen Direct 
injection 

LC-MS-MS 0.02 µg L-1 [51] 
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1.2 Introduction to IMS 

IMS is a sensitive, simple, and rapid analytical technique that was originally used for the 

detection of explosives and warfare agents. The historically established name of this 

method was “plasma chromatography” [52]. Traditionally, it has been used in the security 

sector for the detection of explosives, chemical warfare agents, and illegal drugs [53]. The 

ions are separated based on their different mobilities (size and shape) in the gaseous 

phase under an electric field [35-39]. The history and applications of IMS in terms of its 

discovery and subsequent investigation are discussed in detail in a 2013 report published 

by Eiceman et al. [14].  

 

 Application of IMS in Environmental Investigations 

In the last decade, environmental applications of IMS have been extended to the detection 

and quantification of different classes of compounds. Ion mobility spectrometer is a 

compatible instrument for the analysis of contaminants in environmental samples owing 

to the ease of operation, flexibility, and short analytical process [54]. In addition to the 

aforementioned characteristics of IMS, its portability, lack of vacuum system, and low 

power consumption make it suitable for field and on-site measurements [55-56]. 

In addition, IMS can be used as a detector for the analysis of organic compounds in water 

samples. Considering the capability of IMS to be coupled with various extraction 

techniques, Mohammadi et al. (2009) investigated the simultaneous detection of atrazine 

and ametryn in soil and water samples using headspace SPME-IMS (classic SPME) with 

a detection limit of 10 µg L-1 for atrazine in water samples [57]. Yang et al. (2014) also 

investigated the on-site analysis of chemical warfare agents in water using SPME-IMS 

[58]. Direct detection of pesticides was reported by Khademi et al. (2019). The authors 

found that glyphosate, an organophosphorus pesticide (OPP), could be directly detected 

in water samples using corona-discharge ion mobility spectrometry (CD-IMS) with a 

detection limit of 10 µg L-1 without sample preparation [59]. 

However, limited sensitivity and selection of the conventional analytical methods are 

challenging for the direct trace analysis in complex samples. It is difficult to analyze a 

mixture of substances by IMS because the components with high concentrations or high 

proton affinities dominate the spectrum [14,60] . In addition, matrix components may be 

problematic during the analysis. Hence, a simple step is typically required before 

analyzing the target compounds. Conventional sampling techniques such as LLE and 

SPE involve inconvenient operation and are therefore not suitable for fast sampling and 

IMS analysis. 
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SPME is a simple sample preparation technique that combines sampling, extraction, pre-

concentration, and sample introduction in one step, which is advantageous owing to its 

simplicity, lack of solvent use, and facile connectivity to the IMS instrument with minimum 

modification of the injection port. These benefits allow the rapid and simple detection of 

compounds in water samples by SPME-IMS. It is well-known that the SPME device is a 

compatible extraction tool when thermal desorption is used for the evaporation of the 

analytes in an IMS instrument [61-62]. The analysis of various compounds presents in 

water samples described in the literature using IMS is included in Table 1.2. 

Table 1.2 Determination of various compounds using IMS in water samples 

described in the literature. 

a: Methyl tert-butyl ether; b: membrane extraction unit; c: multi-capillary column; d: electrospray ionization 
field asymmetric ion mobility spectrometry-mass spectrometry; e: 63Nickel-ion mobility spectrometry. 

 

 Principles and theory of IMS 

IMS is an ion separation technique in the gaseous phase based on the differences in the 

ion mobilities under an electric field. It separates the ions according to their size-to-charge 

ratios [74]. The mobility of an ion (K) is the velocity of the ion in an electric field (E). 

Compound Sample 
preparation 

Pre-separation IMS-Mode LOD Ref 

Trinitrotoluene SBSE None 63Ni-IMS  0.1–1.5 µg L-1 [63] 

MTBE a MEU b MCCC 63Ni-IMS 50 µg L-1 [64] 

MTBE MEU None 63Ni-IMS 0.1 mg L-1 [65] 

MTBE HS-SPME None CD-IMS 0.7–4.9 µg L-1 [66] 

MTBE None None CD-IMS 1 mg L-1 [67] 

Glyphosate None None CD-IMS 10 µg L-1 [59] 

BTEX HS-SPME MCC Ultraviolet-IMS Upper µg L-1 
range 

[68] 

Atrazine, ametryn HS-SPME None CD-IMS 10–15 µg L-1 [57] 

Disinfection  
by-products 

Electrospray 
needle and 
nebulizer 

None ESI-FAIMS-MS 
d 

0.1–2 µg L-1 [69] 

Haloacetic acids None None ESI-FAIMS-MS 0.5–4 µg L-1 [70] 

Chlorocarbons None GC 63Ni-DMS 20–80 pg [71] 

1,2,4-
Trichlorobenzene 

SPME GC FAIMS ‹1 µg L-1 [72] 

Aniline Heater injector None 63Ni-IMSe 0.5 mg L-1 [73] 
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Experimentally, the K value is determined by measuring the velocity of an ion at a 

specified length (L) of the drift tube (td), using Equation (1-3) [75].  

 

K =
L

tdE
                                                                                                                   Eq. (1-3) 

The mobility of an ion depends on the pressure and temperature applied in the drift region. 

With an increase in the temperature, the velocity of the ions increases. Conversely, an 

increase in pressure decreases both the velocity and mobility of ions. To consider these 

two factors, reduced ion mobility (K0) is introduced, which is independent of pressure and 

temperature (Equation 1-4). The details for the calculation of the reduced ion mobility are 

discussed in section (3.2.2). 

 

K0 = K ×
p

760
×

273

T
                                                                                               Eq. (1-4)       

The formation of ions in an ion mobility spectrometer occurs through the chemical 

reactions between the sample molecules and reactant ions, as shown in reactions 1.1–

1.3 [14]. The ion–molecule reactions with nitrogen, oxygen, and water vapor in the air lead 

to the formation of H+ (H2O) n ions with positive polarity and O2
- (H2O) n ions with negative 

polarity. These ions are called “reactant ions” (RI), and their presence is necessary for the 

ionization of the molecular samples. Ion–molecule reactions occur between the reactant 

ions and sample molecules (M) and lead to the formation of the product ions (PI) 

(Reactions 1.1–1.3). 

                                                                

M + H+(H2O) n ↔   MH+(H2O) *
n     ↔ MH+(H2O) n-x + xH2O                                         R (1.1) 

Sample   reactant ion     cluster ion              product ion           water 

MH+ (H2O) n     +       M    ↔     M2H+ (H2O) n-x + xH2O                                                R (1.2) 

Protonated monomer    Sample        Proton-bound dimer    water        

M   +   O2
-(H2O) n    ↔   MO-

2 (H2O) *n ↔ MO2
-(H2O) n-x + xH2O                                R (1.3) 

Sample   negative reactant ion     cluster ion       product ion       water 
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Conventional IMS has three main parts, i.e., ionization, drift, and detection regions 

(collector). This type of IMS is also known as “drift tube IMS,” because the ionized 

molecules travel from the ionization region towards the drift tube (Figure 1.4). There are 

various types of IMS, such as travelling-wave IMS (TWIMS), aspiration-type IMS (AIMS), 

differential mobility analyzer (DMA), transversal modulation IMS (TMIMS), and 

miniaturized IMS, which is also called high-field asymmetric waveform IMS (FAIMS) [76]. 

 

 

 

 

 

Figure 1.4 Block diagram of conventional IMS and three main regions                     

(TOF-Tech Pars. Co., 2015). 

 

 

 Injection port 

Efficient transfer of an analyte from its initial form into the IMS instrument is an important 

step in the detection of target analytes. To ionize a sample, it must first be converted into 

gaseous state. For this purpose, the solid sample must be heated for evaporation, which 

is performed in the injection port of the IMS device. Subsequently, the injection port is 

heated to a specific temperature, depending on the characteristics of the desired 

compounds. For the liquids, only the gas phase is suitable, which is employed in many 

cases after appropriate dilution, while the gaseous samples are directly injected into the 

injection port of the instrument. 

A dry and clear carrier gas is used to transfer the vapor from the heated injection port to 

the ionization region of the spectrometer. The thermal desorption of analytes is commonly 

used to convert semi-volatile samples into gas vapors, which are then introduced into the 

IMS instrument [14]. Figure 1.5 shows the homemade injection port used in this study. 
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Figure 1.5 Schematic of the homemade injection port for the injection of SPME 

device to IMS. 

 

 Ionization source – Corona discharge (CD)  

In the past two decades, different ionization sources have been used to ionize molecules 

in the gas phase, which are compatible with the IMS instrument. The conventional IMS 

was equipped with radioactive material 63Ni as the ionization source. Tritium (H3) and 

Americium (Am241) were also used as radioactive sources in the IMS [77]. Despite their 

advantages including long lifetime, simple operation, and no requirement of a power 

supply for the radioactive ionization source, there are some limitations such as lack of 

adequate waste disposal and strict safety measures requiring extreme caution [52]. As an 

alternative to the radioactive ionization sources, ionization using non-radioactive sources 

such as ultraviolet light (UV lamp) and electrospray (ESI) have been coupled to IMS [78]. 

CD is another alternative ionization source that has also been used in IMS for analyzing 

various organic compounds [15-16,45-49]. It is typically used to overcome the limitations 

of radioactive ion sources as well as when high currents are required [79]. In CD, the 

molecule is ionized under atmospheric pressure in the space between the two electrodes 

under the effect of an additional electric field (2–8 kV). As CD ionization is used in this 

study, it is discussed in more detail.  

The CD source consists of a needle electrode and plate, where an electric potential 

difference is applied between the needle electrode and its opposite plate. Here, a non-

uniform electric field is created in the space between the electrode and plate (Figure 1.6). 

 



Introduction  13 

 

 

 

 

 

 

 

 

 

Figure 1.6 Schematic of corona discharge ionization source [67]. 

 

The electric field near the tip of the needle can be calculated using Equation (1-5): 

𝐸 =
𝑉

5𝑟
                                                                                                                    Eq. (1-5) 

where V is the needle voltage and r is the needle tip radius. For example, the needle tip 

radius in this device is of the order of 0 µm and the needle voltage is approximately 5000 

V. A very high electric field of approximately 107 V/cm is applied to the particles near the 

needle. CD can be performed in both the positive and negative modes. In the negative 

mode, the needle electrode is connected to the negative pole, and the opposite plate is 

connected to the positive pole. Because of an increase in voltage, the ions in the air 

accelerate toward the opposite poles and owing to the very strong electric field at the tip 

of the needle, the positive ions are drastically accelerated and barely hit the needle tip. 

This hard collision causes the electrons to dissipate and rapidly extract from the needle. 

These electrons then accelerate toward the positive pole and collide with the gas 

molecules in their path to produce ionized molecules. Negative ions that approach the 

needle tip (positive pole) collide with the gas molecules and produce more positive ions 

and electrons. As electrons move faster than the positive ions, these electrons rapidly hit 

the cathode, and a mass of positive charges remains in front of the cathode. In addition, 

the collision of electrons with the molecules results in their excitation, emitting photons 

upon their return to the ground state. The collision of these photons with the gas molecules 

produces ionized molecules [80]. 
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Reactions 1.4–1.11 represent the ionization of air molecules in the corona medium: 

 

N2 + e- →N2
+ + 2e-                                                                                                                                   R (1.4) 

N2
+ + 2N2 → N4

+ + N2                                                                                                  R (1.5) 

N4
+ + H2O → 2N2 + H2O+                                                                                            R (1.6) 

H2O+ + H2O → H3O+ + OH                                                                                          R (1.7) 

H3O+ + H2O + N2 → H+(H2O)2 + N2                                                                             R (1.8) 

H+(H2O)2 + H2O + N2 → H+ (H2O)3 + N2                                                                      R (1.9) 

H3O+ + NH3→ NH4
+ + H2O                                                                                         R (1.10) 

N2
+ + NO → NO+ + N2                                                                                                R (1.11) 

 

 Ion gate (Shutter grid) 

The accuracy and resolution of the device depends on the ion gate in the IMS, which acts 

as an electrical network. This part of the IMS is located in the area between the reaction 

and drift region and allows the ions to be injected intermittently into the ion drift region by 

the opening and closing of the gate. The ion gate (shutter grid) is typically constructed 

using a ceramic ring on which the grooves at a specific distance (for example: 0.5 mm) 

are installed in two rows. The wires with a thickness of 0.05 mm are placed inside these 

grooves. Each wire is connected to the positive and negative voltages. The voltage 

applied to this network creates a higher electric field than that of the ion gate. The direction 

of this field is perpendicular to the electric field of the drift region and causes the ions to 

be trapped. Figures 1.7(a) and (b) show the schematic of two types of shutter grids [14] 

and homemade shutter grids (used in this study), respectively. 
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Figure 1.7 Schematic of the (a) shutter grid used in IMS and (b) homemade shutter 

grid. 

Briefly, the function of this ion gate is as follows. When a potential difference is applied 

between the wires, the ions are not be allowed to enter the drift zone because the ions 

are trapped between these upon crossing the field. When no potential difference (same 

voltage) is observed between the wires, there is no field between these and the ions can 

enter the drift zone unhindered [81-82]. 

 

 Ion drift region (Drift zone)  

The drift region is the region where the ions are separated according to their masses and 

sizes. This area consists of metal rings isolated by Teflon insulation washers. A high-

voltage (HV) power supply is connected to the beginning and end of the drift tube, 

providing the voltage needed for the flight of ions in the drift region. To produce a uniform 

electrical field, a series of resistors is installed between the two metal rings, which are 

isolated by a Teflon insulated washer. The electric field strength in the drift region 

corresponds to the applied voltage divided by the total length of the tube. A schematic for 

the construction of different parts of the IMS cell is shown in Figure 2.2 (experimental 

section). 

 

 Detector and Aperture grid  

At the end of the IMS cell, a circular steel plate is used as the detector. The electrical 

charge produced by the ions is transferred to this plate, which produces a signal. This 

signal is the result of a weak current of the order of nanoamperes, which is amplified by 

the amplifier. After the ions pass through the drift region, these are separated according 

to their size to charge ratios and reach the detector located at the end of the IMS cell. 
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A metal mesh, known as the aperture grid, is placed in front of the detector to prevent the 

charge induction on the detector (Figure 2.2). The aperture grid acts as a protective 

network, and its presence in front of the detector improves the selectivity and prevents 

peak broadening. 

 

 Sample introduction systems (SISs) in IMS 

The most important step in sample analysis is the transfer and introduction of the sample 

into the ionization region of the analytical instrument [14]. Gaseous, liquid, and solid 

samples can be transferred to the IMS device via different types of SISs [83]. Table 1.3 

shows various SISs coupled to the ion mobility spectrometers to analyze various analytes 

in liquid matrices. As shown in this table, different sample preparation systems have been 

employed for the detection of different compounds such as aliphatic and aromatic 

hydrocarbons, alcohols, aromatic amines, VOCs, explosives, and pesticides in the liquid 

samples. For the detection of pesticides in water samples, SBSE and SPME have also 

been used as both the extraction methods and introduction systems for water samples 

into the IMS device with detection limits in the range of 1.5–15 µg L-1 [14, 67].  

Table 1.3 Types of sample introduction systems (SISs) coupled to IMS for the 

analysis of selected analytes in liquid samples. 

SIS  Analytes Sample Ionization source LOD Ref 

Permeation tube Aliphatic and 
aromatic 

hydrocarbons 
Halogenated 

aromatics 

Pure liquids Corona discharge mg L-1 [84] 

Sample container Chlorobenzene 
Alcohols 

Water Corona discharge 3 mg L-1 [85] 

Headspace 
sampling with a 

syringe 

Aliphatic and 
aromatic 
amines 

Pure liquids Radioactive source 
63Ni 

- [86] 

Ceramic 
evaporators 

Pesticides 
Explosives 

Liquid matrices 241Am radioactive 
Corona discharge 

ng 
or pg. 

[87] 
[63] 

Membrane inlets Ethanol 
Ammonia 

MTBE, BTX 

Beer 
Aqueous 

Water 

241Am radioactive 
63Ni 

63Ni and 
Corona discharge 

µg L-1 

1.2 mg L-1 
100 µg L-1 

 

[88] 
[89] 
[90] 

SPME 
(Classical fiber) 

Pesticides Water 63Ni,  
Corona discharge 

 

15 µg L-1 [57] 

SBSE Pesticides 
Explosives 

Water 
Water 

63Ni 
 

1.5 µg  [91] 
[92] 
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SISs coupled to IMS are applicable for various purposes. The strengths and weaknesses 

of each SIS include the precision, robustness, automation capability, simplicity, portability, 

and reproducibility of handling of the sample as well as use of accurate sample volumes. 

However, the cost of the SIS and physiochemical properties of the desired compound 

should also be considered during the selection of an ideal SIS. Therefore, all parameters 

based on the aim of the study should be considered during the selection of appropriate 

SISs coupled to the IMS instruments. Among all the SIS for water samples, the SPME 

method can be the best choice for the introduction of the water samples into an IMS, owing 

to its simplicity, short extraction procedure, and compatibility with the IMS device. 

Additionally, only a simple modified region of the instrument is needed for the injection of 

the sample into the IMS.  

  

1.3 Motivation and scope of this study 

Owing to the increasing pollution of water resources, fast and simple analytical methods 

are of considerable interest to many environmental researchers and water quality 

administrations to identify preventive measures for water contamination and early warning 

signs before the onset of pollution crisis. For the fast and simple detection of chemical 

contaminants such as pesticides in water, time-consuming and laborious instrumental 

methods with complex protocols are inappropriate in situations where there is a water 

pollution crisis and lack of sufficient time to make suitable decision. Therefore, additional 

research is needed for pesticide analysis in water samples using a fast and simple 

method.  

In this study, the applicability of SPME Arrow-IMS for the extraction, separation, and 

detection of target analytes (dichlorovos, terbutryn, cybutryne, and quinoxyfen) as water 

pollutants was investigated. Direct immersion as the sampling mode and Arrow type of 

the solid-phase microextraction as a sample preparation technique coupled to CD-IMS 

was investigated. When a rapid detection of pesticide contaminants in the field is required, 

the IMS may be a promising option. 
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2 Experimental 

2.1 Analytical procedures  

Before the coupling of IMS system to SPME Arrow, the optimum extraction conditions, 

and selection of the best SPME Arrow phase were investigated using direct-immersion 

SPME Arrow-GC MS. 

 

2.2 SPME Arrow-GC MS 

 Materials and methods 

 Reagents and Materials 

Dichlorvos, terbutryn, cybutryne, and quinoxyfen standards were purchased from Sigma-

Aldrich (Steinheim, Germany). The target analytes belonged to different classes of 

pesticides and biocides. The structures and physiochemical parameters are included in 

Table 2.1.  

Stock solutions of the analytes were prepared in methanol (99.8%, Fischer Scientific, 

France). Working standard solutions were freshly prepared, stored at 4 °C, and analyzed 

within seven days. These standard solutions were used to spike pure water (PURELAB 

Ultra Analytic Water Purification System, ELGA, Lab-Water, Germany) by the optimization 

and calibration procedures.  

To estimate the relative recovery values, target analytes were spiked into the water 

samples collected from the Ruhr (Essen Werden, Germany) and Aa Bocholt (West-

Münsterland, Germany) rivers after filtration through 0.45-µm HPLC syringe filters 

(Thermo Fischer, Germany).  

To evaluate and compare the extraction efficiencies of the target analytes, the extraction 

procedure was performed using the direct immersion mode of three different commercially 

available 50/30 µm DVB/CWR/PDMS, DVB/PDMS, and PDMS SPME fibers, as well as 

PAL SPME Arrow 1.1 mm with a similar phase purchased from BGB Analytic AG (Restek, 

Switzerland).  

To examine the effect of pH on the extraction efficiency, HCl solution (c = 0.1 mol L-1) and 

NaOH (c = 0.1 mol L-1) used to adjust the pH of the analyte solution were purchased from 

Bernd Kraft (Duisburg, Germany).  

To investigate the salting-out effect on the extraction efficiency, NaCl (≥99%) was 

obtained from Bernd Kraft (Duisburg, Germany). 
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Table 2.1 Summary of the physio-chemical properties of the studied pesticides  

 

 

 

 

 

 

 

  GC-MS instrumentation 

Automated SPME extractions were performed using an auto-sampler Combi PAL system 

(CTC analytics, Switzerland) mounted on a Trace GC Ultra system coupled to a Trace 

DSQ mass detector (Thermo Fischer, Germany). The GC was equipped with a DB-5 

capillary column (30 m × 0.25 mm × 0.25 µm). A programable temperature vaporizing 

(PTV) injector in the splitless mode was used as the injection port. High-purity helium 

(≥99.99%) was used as the carrier gas with a flow rate of 1.2 mL.min-1. The oven was set 

to an initial temperature of 100 °C (held for 4 min), which was finally increased to 250 °C 

at a rate of 20 °C min -1 (held for 4 min) with a total acquisition time of 16 min to 

simultaneously separate the selected analytes. The instrument was operated in SIM mode 

for the detection of these analytes. One significant ion (m/z of the highest intensity peak) 

from each analyte was selected for quantification: dichlorvos 109 m/z, terbutryn 226 m/z, 

cybutryne 182 m/z, and quinoxyfen 237 m/z (Table 2.1). The ion source and interface 

temperatures were set to 200 °C and 250 °C, respectively. GC-MS analysis was 

performed at the GC Lab IAC, University of Duisburg-Essen, Germany. 

Table 2.2 lists the commercially available SPME Arrow fibers with different stationary 

phases, thicknesses, and molecular weight ranges for various applications. The currently 

available SPME Arrows are suitable for the extraction of a wide range of analytes in 

different matrices. These can be manually implemented and are compatible with 

autosamplers [33]. High sensitivity and high throughput can be achieved using SPME 

Arrows compared to the classical fibers because of the large sorption phase area and 

volume of the fiber. 
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Table 2. 2 Currently available SPME Arrow fibers. 

*SPME Arrow sorbent used in this study.  

 

The applicability of SPME Arrow to analyze the environmental pollutants in air, water, and 

soil has been recently investigated [29,32-34]. Compared to the classical SPME, a higher 

analytical response and extraction efficiency were achieved using the SPME Arrow 

technique [93-94]. 

 

 Extraction procedure 

Before the extraction procedure, the fibers were conditioned according to the guidelines 

for the SPME fiber coatings. Fifteen milliliters of the aqueous sample were placed in 20-

mL septum-capped amber glass vials at room temperature (25 °C) before extraction. To 

facilitate rapid extraction of the analyte from the liquid matrix, the agitation at 500 rpm was 

maintained in this experiment. The ionic strengths and pH values of the analyte solutions 

were adjusted using the protocol described for extraction optimization in the following 

section. 

At the beginning of the extraction procedure, the sample vials were transferred onto a 

heating/stirring plate and stirred for 10 min to complete the conditioning (thermal 

equilibrium) of the analyte samples before extraction. The temperatures required for the 

extraction of analytes were in the 40–80 °C, based on the extraction optimization design. 

 

Analyte Molecular 
Weight  

(g mol-1) 

Stationary Phase Thickness 
(µm) 

Needle 
diameter (mm) 

Volatile 60–275 Polydimethylsiloxane 
*(PDMS) 

100 1.1 and 1.5 

Volatile (high capacity) 60–275 PDMS 250 1.5 

Polar, 
semi-volatile 

80–300 Polyacrylate 100 1.1 

Very volatile 30–225 Carbon Wide Range/PDMS 
(CWR/PDMS) 

120 1.1 and 1.5 

Aromatic, 
Semi-volatile 

60–300 Divinylbenzene/PDMS 
*(DVB/PDMS) 

120 1.1 and 1.5 

Volatile and 
Semi-volatile 

40–275 *DVB/CWR/PDMS 120 1.1 and 1.5 
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Thereafter, the extraction procedure was performed using an Automated PAL SPME 

sampler via direct immersion for an extraction time of 10–70 min. All experiments were 

performed in parallel using the preconditioned SPME Arrow and classical SPME fibers. 

After each extraction procedure, the SPME device was re-conditioned for 5 min at 250 °C 

before use in the next sampling to afford a clean phase. 

 

 Extraction optimization 

To select the best SPME Arrow (stationary phase) for the target analytes, a “one factor-

at-a-time” strategy was used. A mixed solution of the analytes at a concentration of 10 µg 

L-1 was freshly prepared and extracted in triplicate using different SPME Arrow sorbents 

at 50 °C for 25 min. This experiment was conducted to compare and select the best SPME 

sorbent phase. In addition, to identify the optimal extraction parameters, that is, 

temperature, time, pH, and salt content, a central composite design (CCD) was 

implemented with a total of 30 runs (Table 2.3). To design the experiments and process 

the data, Design-Expert software (Stat-Ease, Min, USA) was used throughout the 

optimization procedure. 

The optimum extraction parameters were obtained based on the maximum geometric 

mean of the normalized peak areas (calculated in MS Excel, Microsoft 365) as an indicator 

of the method performance for the simultaneous extraction of the analytes. Alpha(a) shows 

the position of the star or axial points relative to the factorial points or the distance between 

the central point and star points. For 4 factors (pH, temperature, time and salt content) 

CCD with factorial points at ±1, alpha(a) has the value of ± 2. 

 

Table 2.3 Factor levels in the CCD optimization procedure.  

aalpha (distance of each axial point from the center in the CCD) = 2 

   Factor   

  Extraction time 

(min) 

Extraction temperature 

(°C) 

Salt content 

(%, w/v) 

pH 

C
C

D
 l
e

v
e
ls

 

-alpha 
a 

10 40 0 4 

-1 25 50 7.5 5.5 

0 40 60 15 7 

1 55 70 22.5 8.5 

alpha 70 80 30 10 
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2.3 Experimental - IMS 

 Instrumentation 

The ion mobility spectrometer device (model IMS-400) used in this study was 

manufactured by TOF-Tech Pars. Company at Isfahan University of Technology, Iran 

(Figure 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 IMS instrument used in this study (IMS-400 TOF Tech. Pars). 

 

The IMS device consisted of an ionization region and drift region housed in an oven         

(15 × 20 × 32 cm) with adjustable temperatures ranging from room temperature to 200 ± 

0.5 °C. Four configured aluminum rings (0.95 cm thick, 20 mm ID, 55 mm OD) formed the 

ionization region. The drift tube consisted of 11 similar aluminum rings (36 mm ID). A 

shutter grid hosted in an additional ring separated the ionization region from the drift 

region. To create an electric field in the drift region, the aluminum rings were connected 

to 5000 KΩ resistors. 
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An aperture grid was placed in front of a Faraday plate detector at the end of the cell. A 

voltage of 8 kV was applied across the IMS cell (16 cm length) to create a drift field of 500 

V.cm -1. The collected signal was amplified and transferred to a computer via an analogue-

to-digital converter (A/D, Picotech, U.K.) (Figure 2.2). 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic of the IMS with the corona discharge, drift tube, shutter grid 

and aperture grid used in this study [95]. 

 

 

 Materials and methods 

In all experiments, the gas supply was compressed air (20% O2 and 80% N2; equipped 

with a gas regulator) for the carrier and drift gases. A 13× size molecular sieve trap (Fluka, 

Germany) was used as the filter and dryer to remove the water vapor and contaminants 

before entering the IMS cell (Figure (2.1)). The drift gas flow was higher than that of the 

carrier gas to clean the drift region and prevent peak broadening. The flow rates of the 

drift and carrier gases were 700 and 350-ml min-1, respectively. Figure (2.3) shows the 

gas flow direction and connection point of the carrier and drift regions in the IMS cell. 
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Figure 2.3 Schematic of gas flow direction (bottom) and gas supply connection 

point (top) in the IMS cell. 

 

 Analysis procedures using CD-IMS  

The optimum operating parameters of the CD-IMS for the analysis of the studied 

pesticides are included in Table 2.4. All experiments were performed in the positive mode. 

In addition, the negative mode of CD was investigated to determine the possibility of 

detecting the desired pesticides in the negative mode. 

Table 2.4 Optimum operating parameters of CD-IMS 400.  

 

Polarity mode Positive 

Corona Voltage 2300 V 

Drift Voltage 8000 V 

Pulse Width 50 µs 

Injection Port temperature 260 °C 

Drift temperature 200 °C 

Gas Air 

Drift gas flow        700 mL/min 

Carrier gas flow 350 mL/min 



Experimental  25 

 

 Direct injection of aqueous standard solution 

For the direct injection of the standard solution and real sample into the injection port, a 

10-µL syringe (Hamilton, Germany) was used to manually inject 2 µL of the sample (Figure 

2.4). As an initial experiment, the capability of IMS to detect the target pesticides in distilled 

water was examined by liquid injection of each analyte at different concentrations 

(dichlorovos: 3 mg L-1; terbutryn: 5 mg L-1; cybutryne: 3 mg L-1; quinoxyfen: 3 mg L-1). 

Additionally, the IMS data with and without ammonia dopant were recorded to evaluate 

the effect of the dopant on the direct detection of the desired compounds. 

 

 

 

 

 

Figure 2.4 Liquid injection of sample using 10-µL (Hamilton Syringe). 

 SPME Arrow–CD IMS 

For the coupling of the SPME Arrow device to the ion mobility spectrometer injection port, 

a Teflon cap with a drilled hole and size of 1.2 mm was constructed to introduce the SPME 

Arrow into the ionization region via the IMS injection port. This prevents the robust SPME 

arrow needle from penetrating easily (Figure 2.5). Figure 2.6 shows a schematic of the 

modified injection port with the Arrow connection cap and SPME tool inserted into the 

thermal desorbed injection port of the ion mobility spectrometer (used in this study). 

 

 

 

 

 

Figure 2.5 Interface connection constructed for the introduction of samples by 

SPME Arrow into the ion mobility spectrometer (made of Teflon cap with a drilled 

hole size of 1.2 mm). 
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Figure 2.6 Schematic of the modified injection port of the ion mobility spectrometer 

used in this study.  

 

The extraction procedures were performed using three different stationary phases 

(DVB/CWR/PDMS, DVB/PDMS, and PDMS) as described in the extraction section. At the 

beginning of the extraction procedures, the SPME Arrow was manually immersed into a 

20-mL septum-capped sample vial (amber glass) containing 15 mL of the sample. To 

attain thermal equilibrium, the vials were placed in a tray holder located on a 

heating/stirring plate (IKA-Werke, Germany) for 10 min before immersion of the Arrow 

device into the sample vial. After preconditioning, the SPME Arrow was immersed into the 

sample vial (Figure 2.7), and the extraction procedure was continued under optimum 

extraction conditions identifying using GC-MS, i.e., 70 min, 60 °C, and 17% NaCl w/v.  

After completing the extraction procedures, the Arrow needle was carefully removed from 

the vial. For the desorption of the extracted analytes and sample analysis, the SPME 

Arrow device was rapidly inserted into the injection port, and the intensities of the 

extracted peaks were recorded. Approximately two-third of the Arrow needle was inserted 

into the injection port to ensure that the Arrow fiber was appropriately located in the 

ionization region. In addition, the response of the ion mobility spectrometer for a different 

Arrow sorbent (same type as described in the previous experiment using GC-MS) were 

investigated. 

The performances of the three SPME Arrows, DVB/CWR/PMDS, PDMS, and DVB/PMDS, 

were investigated for the adsorption of the pesticides. The responses of these SPME 

Arrows to the pesticides are compared in a bar graph in Section 3.2. For the optimization 

of the IMS cell (drift tube) temperature, the IMS data at 120–200 °C were recorded, and 

the highest peak intensity was set as the optimum cell temperature in all experiments. The 

effects of the injection port temperature (200–260 °C) on the desorption time and signal 

intensity were also investigated.  
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Figure 2.7 Extraction of the analytes performed using SPME Arrow (left) and 

manually inserted SPME Arrow into the injection port of IMS-400 (right). 

 

 Calibration curve 

To obtain the calibration curves, standard solutions in distilled water were prepared. The 

measurements were performed via two different methods: (i) direct injection of the 

solutions (2 μL) into the injection port of the IMS using a 10-μL Hamilton syringe and (ii) 

extraction of the pesticides by immersion of commercially available SPME Arrow. The 

analytical performance of the SPME Arrow-IMS was also compared to that of the direct 

injection-IMS method in terms of the sensitivity, relative recovery, and precision. 

 

 Real water samples 

Surface water as real water samples was obtained from the Qazvin (Taleghan Dam, 

Qazvin, Iran) and Ziarat (Gorgan City, Iran) Rivers, which were used as drinking water 

sources for Qazvin and Gorgan Cities, respectively. In addition, tap water was obtained 

from the laboratory as a real water sample. All samples were filtered using 0.45-µm HPLC 

syringe filters (Thermo-Fischer, Germany) before analysis.  

To assign the analyte peaks in the IMS data, the background peaks and IMS detector 

response for the distilled water and surface water samples were collected with and without 

spiking the analytes.  

The surface and drinking water samples were extracted and analyzed according to the 

optimized procedure to detect the analytes. These were also spiked with individual 

analytes (at various concentrations) to evaluate the relative recovery of the method using 

SPME Arrow-IMS
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3 Results and Discussion 

3.1  Extraction optimization  

The modified version of this part of the study is published in Microchemical Journal: 

Microchem. J. (2021) DOI: 10.1016/j.microc.2021.106006. 

 

 Fiber selection 

The first step of the extraction procedure using the SPME method is the selection of an 

appropriate fiber coating, which is based on the chemical properties of the target analytes 

[96]. To evaluate the extraction efficiencies of various sorbents of SPME Arrow, three 

different Arrow sorbents (DVB/CWR/PDMS, PDMS, and DVB/PDMS) were tested. 

Because of the relatively low Henry constant of the pesticides (Table 2.1), extraction by 

direct immersion (DI) is generally used to extract these from the water samples [21-27,53, 

57-58]. Although this mode increases the risk of the extraction phase contamination and 

transfer of the matrix contaminants into the GC inlet, a more selective headspace is not a 

practical option, owing to the low Henry constant of the studied analytes (Table 2.1). Thus, 

all experiments in this study were performed using the direct immersion mode. 

 

To determine the most efficient SPME Arrow phase, the initial extraction was performed 

at 50 °C for 25 min. The selection of the initial extraction parameters was based on the 

literature reports describing the pesticide analysis using the SPME-GC MS technique [97-

101]. Additionally, the average of all optimal parameters designed based on the CCD 

strategy was considered. Figure 3.1 shows the analysis efficiency of the selected 

pesticides in the form of normalized peak areas. The estimation of the geometric mean of 

the normalized peak areas allows the comparison of the extraction efficiency and selection 

of the best fiber [102]. 

  

Figure 3.1 shows that DVB/PDMS affords the highest efficiencies for cybutryne and 

quinoxyfen but is not suitable for the analyses of dichlorovos and terbutryn. Finally, 

DVB/CWR/PDMS affords the maximum peak areas for dichlorovos and terbutryn as well 

as acceptable efficiencies for the other two pesticides. The varying performances of the 

Arrows can be attributed to the different physicochemical properties of the analytes and 

fiber coatings. A visual comparison can also be used to identify the most efficient Arrows; 

however, the geometric mean of the normalized peak areas (black dots in Figure 3.1) can 

provide a quantitative tool for comparison. For the simultaneous analyses of different 

classes of compounds in a complex matrix, DVB/CWR/PDMS can be ideal for the 

extraction from water samples. In addition, the evaluation using DVB/CWR/PDMS phase 

coatings indicates that this type of coating is suitable for a broad range of analyte polarities 

[103]. 

https://doi.org/10.1016/j.microc.2021.106006
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Figure 3.1 Relative extraction efficiencies of the studied SPME Arrows for individual 

pesticides and the geometric mean of the normalized peak area                                        

(25 min, 50 °C, 10 µg L-1). 

 

 Comparison of SPME Arrow and Classical SPME fiber 

A comparison between the extraction efficiency of the SPME Arrow sorption phase 

(DVB/CWR/PDMS) and classical (conventional) SPME fiber with the same sorbent was 

performed, in terms of sensitivity, relative recovery, and precision. This short experiment 

was done for this reason. As already mentioned, one of the aims of this study was the 

development of a simple, inexpensive, and fast method for determining pesticides in water 

samples. In other words, when the sensitivity results obtained using the classical SPME 

are similar to those using SPME Arrow, the implementation of Arrow tools is irrelevant 

because of the lower cost of classical SPME fibers in comparison to that of the Arrow 

tools. 

The geometric mean of the normalized peak areas of the classical SPME and Arrow are 

shown in Figure 3.2. The results obtained from this comparison experiment clearly show 

that the SPME Arrow type affords better extraction yields for all target analytes due to the 

higher phase volume (3.8 µL) in comparison to that of the classic SPME fiber (0.6 µL). 

This experiment is also in agreement with the extraction of PAHs from water reported in 

the literature [31]. Figure 3.3 also shows the comparison of the GC data between the 

Arrow and classical SPME in terms of the obtained sensitivity to SPME. 
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Figure 3.2 Comparison of the extraction efficiencies of SPME Arrow and classical 

SPME with DVB/CWR/PDMS (50 °C, 25 min). 

 

 

 

 

 

 

 

Figure 3.3 GC-MS data obtained by the extraction of 1 µg L-1 aqueous standard 

solutions using SPME Arrow and classical SPME methods (DVB/CWR/PDMS,          

25 min, 50 °C). 

 

Figure 3.4 shows the selected ion monitoring (SIM) chromatogram of the target pesticides 

using DVB/CWR/PDMS Arrow sorbent at a concentration of 10 µg L-1 in distilled water. 

As observed in this chromatogram, the analytes are separated in the order of their 

molecular weight i.e., 220.97, 241.35, 253.36, and 308.13 g moL-1 for dichlorvos, 

terbutryn, cybutryne, and quinoxyfen, respectively. In the direct immersion extraction, the 

fiber is introduced into the sample, and the analyte is transferred directly from the sample 

to the extracting phase of the selected fiber. Using direct immersion SPME, the heavier 

compounds can be extracted more readily from the liquid matrix compared to using 
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headspace SPME because the heavier compound cannot be easily extracted out into the 

headspace in comparison to the lighter compounds (221–309 g moL-1 in this study) [26].  

 

 

 

 

 

 

 

Figure 3.4 Selected ion monitoring chromatogram of the selected pesticides spiked 

at 10 µg L-1 in water and extracted using SPME Arrow DVB/CWR/PDMS (70 min,       

60 °C, and 17% w/v NaCl), D: dichlorovos; T: terbutryn; C: cybutryne; Q: quinoxyfen. 

 

 Extraction optimization parameters  

The experimental parameters, that is, extraction time, extraction temperature, sample pH, 

and ionic strength of the solution were studied and optimized using the CCD response 

surface methodology (described in Section 2.1), consisting of 30 experiments (Table 3.1). 

Furthermore, the dependency of the extraction parameters, processed using the Design-

Expert® software, is illustrated by 3D graphs (Figure 3.6a–d). The optimum extraction 

parameters based on the maximum geometric mean of the normalized peak areas 

(calculated using Excel® software) are summarized in Table A5.1 (Appendix 5.2). 

pH value: The amount of pesticides extracted from water can be effected by acid or base 

addition [97]. In the present study, the pH value of the working standard solution as well 

as mixed and individual analyte samples were 6.9–7 (neutral). “For the nearly neutral 

analytes, the extraction efficiency is not significantly affected by pH variation” [104]. 

However, coating destruction can occur at very low or high pH values (Figure 3.5). 

Nevertheless, the effect of pH on the extraction efficiency was examined in this 

experiment, and the optimum pH value was ~7 (pH of the working standard of analytes) 

based on the geometric mean of the normalized peak areas. The adjustment of the pH of 

the aqueous solution had no significant effect on the extraction efficiency of the neutral 

solution [101]. As the working standards of the selected pesticides in this study are neutral
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these cannot be expected to ionize in water matrices, as concluded from the optimum pH 

value listed in Table A5.1 (Appendix 5.2). 

 

 

 

 

 

Figure 3.5 SPME Arrow used at pH values of 4 and 8.5 (bottom) and Arrow at 

neutral pH (top) after 30 extraction runs. 

 

Salting out: It is well-known that during salt addition, the solubility of polar compounds 

decreases in water, and the sensitivity of headspace analysis increases [22]. Despite 

sampling in the immersion mode and low volatility of the studied pesticides in this work, 

the optimum salt content needed to afford high extraction yields was examined. The 

optimum salt content to achieve high extraction efficiency was determined based on the 

maximum geometric mean of the normalized peak areas determined using Design-

Expert® and Microsoft Excel software, as presented in Table A5.1 (Appendix 5.2). A high 

salt concentration in the sample leads to a decrease in the pH, which reduces the lifetime 

of the fiber coating [23]. 

Temperature: The sample temperature plays a key role in quantification. A high 

temperature of the sample bottle leads to an increased extraction efficiency of the desired 

analyte because of the increase in the Henry constant; therefore, the concentration of the 

analyte increases in the headspace of the sample bottle. However, extraction at high 

temperature results in a loss of sensitivity. 

Time: Extraction of an analyte from water samples typically requires more time than that 

for the air samples. In addition, the coating thickness of the SPME can affect the 

equilibration time. Moreover, a long time may be required to obtain high extraction 

efficiency considering the characteristics of the target analytes and coating [23]. However, 

a shorter extraction time for the analysis can be selected when a low sensitivity is 

acceptable [102]. Additionally, numerous applications of SPME for the analyses of 

herbicides and 26 organochlorine pesticides in water samples in the literature 

recommended the use of an optimum extraction time of 30 min, while a longer time was 

suggested to obtain higher extraction yields [55,61- 63,105-106].
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Table 3.1 Factor levels of the designed experiments and the corresponding responses (peak area are shown as 

responses). 

 
 

Run 

Factor Response 

Time 
(min) 

Temperature 
(°C) 

NaCl 
(%) 

 
pH 

 
Terbutryn 

 
Dichlorvos 

 
Cybutryne 

 
Quinoxyfen 

Geometric Mean 
(Normalized) 

1 40 60 30 7 0.159 0.351 0.117 0.078 0.187 

2 55 70 7.5 8.5 0.185 0.03 0.18 0.708 0.203 

3 55 70 7.5 5.5 0.14 0.022 0.139 0.248 0.126 

4 40 60 15 7 0.458 0.522 0.518 0.06 0.366 

5 25 50 7.5 8.5 0.096 0.005 0.065 0.022 0.036 

6 40 60 15 4 0.202 0.008 0.232 0.1 0.097 

7 40 60 15 7 0.138 0.596 0.522 0.016 0.203 

8 40 60 0 7 0.082 0.626 0.104 0.09 0.185 

9 55 50 7.5 5.5 0.201 0.581 0.212 0.288 0.363 

10 40 80 15 7 0.135 0.002 0.122 0.065 0.049 

11 25 50 22.5 5.5 0.092 0.672 0.094 0.005 0.089 

12 55 70 22.5 8.5 1 0.007 1 0.843 0.342 

13 40 60 15 7 0.428 0.376 0.559 0.161 0.432 

14 25 70 22.5 8.5 0.087 0.059 0.091 0.305 0.137 

15 40 60 15 7 0.475 0.518 0.584 0.139 0.469 

16 70 60 15 7 0.901 0.495 0.927 1 1 

17 55 70 22.5 5.5 0.129 0.002 0.123 0.486 0.08 

18 40 60 15 7 0.403 0.563 0.716 0.616 0.702 

19 40 60 15 10 0.106 1 0.094 0.464 0.325 

20 55 50 22.5 8.5 0.213 0.544 0.203 0.563 0.423 

21 25 70 7.5 5.5 0.21 0.002 0.2 0.199 0.081 

22 25 70 22.5 5.5 0.071 0.002 0.062 0.199 0.046 

23 55 50 7.5 8.5 0.145 0.011 0.128 0.006 0.042 

24 40 40 15 7 0.218 0.585 0.127 0.00046 0.065 

25 10 60 15 7 0.184 0.447 0.195 0.411 0.355 

26 40 60 15 7 0.499 0.529 0.314 0.389 0.528 

27 25 50 22.5 8.5 0.08 0.185 0.052 0.283 0.151 

28 25 50 7.5 5.5 0.039 0.342 0.045 0.095 0.109 

29 55 50 22.5 5.5 0.095 0.23 0.092 0.041 0.119 

30 25 70 7.5 8.5 0.079 0.069 0.065 0.094 0.095 
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Figures 3.6(a–d) show the resulting response surfaces. The figures show that the highest 

extraction can be obtained at a specific temperature, that is, an increase in temperature 

up to a specific value increases the efficiency due to the enhanced mobility of the analytes, 

but the exothermic characteristics of the sorption process reverse this trend at higher 

temperatures. The salt content and pH of the sample solution also show similar non-linear 

patterns, and therefore, their optimum values are located at the middle of the response 

surfaces. In contrast, the extraction time shows an increasing trend in the complete range, 

indicating that equilibrium is not reached even after 70 min. 

The numerical solutions of the design were clearer than the response surfaces to 

determine the optimum set of factor levels where the optimum values were as follows: 

extraction temperature of 59.2 °C, extraction time of 70 min, salt content of 17.8% (w/v), 

and pH of 7.8. The extraction time, temperature, and salt content could be easily 

maintained in the laboratory for the remaining experiments. However, adjustment of the 

pH value to ~7 was time consuming; therefore, the possibility of working at an unadjusted 

pH and its effect on the extraction performance was investigated. The results showed that 

when pH was not adjusted (assumed to be 7), the optimum temperature and salt content 

decreased slightly (to 58.6°C and 16.3%, respectively) and the extraction time was 70 

min. 

 A comparison of these two sets of conditions based on the geometric mean values 

revealed that by simplifying the procedure (removing the pH adjustment step), the 

geometric mean value decreased by ~2.5% (from 0.802 to 0.783). As a result, the pH of 

the samples was kept constant for the remaining study, considering its negligible effect 

on the extraction efficiency. To further simplify the extraction process, the extraction 

temperature, time, and salt content were set to 60 °C, 70 min, and 17%, respectively.  

 

 

                                               

 

 

 

 

Figure 3.6 a) Extraction temperature and time 
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Figure 3.6 b) Extraction time and salt content 

 

 

                      

 

 

 

 

 

 

Figure 3.6 c) Extraction temperature and pH 
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                               Figure 3.6 d) Extraction pH and salt content 

Figure 3.6(a–d). CCD response surfaces for the combination of experimental factors 

using Design-Expert® Software (For the determination of dichlorvos, terbutryn, 

cybutryne and quinoxyfen in distilled water using SPME Arow DVB/CWR/PDMS). 

 

 Analytical performance characteristics 

A set of calibration curves was obtained by the triplicate analysis of the spiked pure water 

solutions (at concentrations of 1–100 ng L-1, 25–350 ng L-1, 10–100 ng L-1, and 1–100    

µg L-1 for dichlorovos, terbutryn, cybutryne, and quinoxyfen, respectively) using the 

optimized SPME Arrow extraction procedure (Table 3.2). The calibration functions were 

linear, with a minimum R2 value of 0.994. The LOD values were also calculated based on 

S/N=3 for each pesticide and were all below their corresponding maximum contaminant 

level (MCL), except dichlorvos, for which the LOD (0.7 ng L-1) was higher than the MCL 

(0.6 ng L-1). Replicate analyses of the calibration step were also conducted to estimate 

the precision of the method, which was <7.8% (RSD %).  
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Figure 3.7(a–d). Calibration curves of different classes of pesticides in distilled 

water obtained using SPME Arrow-GC MS; (a) quinoxyfen, (b) cybutryne, (c) 

terbutryn, (d) dichlorovos. 

 

 Surface Water Samples 

Water samples were collected 30 cm below the water surface in March 2020 from the 

Ruhr (Essen, Germany) and Aa (Bocholt, West Münsterland, Germany) Rivers. The water 

samples were transferred into amber glass containers with low headspace volumes, and 

these were maintained below 4 °C and transported to the laboratory within three hours. 

The water samples were then filtered using 0.45-µm HPLC syringe filters (Thermo-

Fischer, Germany) and refrigerated before analysis (less than seven days). The surface 

water samples were extracted and analyzed according to the optimized procedures to 

detect the analytes and were spiked with individual analytes (at various concentrations) 

to determine the relative recovery of extraction (Table 3.2). 
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The analytical performance characteristics of the developed SPME Arrow method were 

compared with those of classical SPME. Table 3.2 shows that the SPME Arrow is 6 and 

65 times more sensitive than the classical SPME for dichlorvos and terbutryn analysis, 

respectively. This can be correlated to the large sorbent volume in the SPME Arrow. The 

repeatability of the SPME Arrow based on the maximum relative standard deviation (7.8%) 

is also better than that of the classical SPME method (11.8%). The collected river samples 

were analyzed and showed no trace of analyte contamination.  

 

Table 3.2 Analytical performance characteristics of the developed SPME Arrow and 

classical SPME methods.  

 
 a Based-on S/N= 3 for LOD and S/N=10 for LOQ.  
b Average of all concentrations 
c Average recovery values obtained at different concentrations for Ruhr River 
d Less than LOD and not detected (ND) 

 

These samples were also spiked (at various concentrations) and analyzed to evaluate the 

effect of the sample matrix on analytical accuracy using the relative recovery values  

(Table 3.3). The optimized SPME Arrow showed satisfactory average recovery values of 

87% (dichlorvos and cybutryne) and 111% (quinoxyfen). Based on the data obtained from 

the Ruhr River, the range of the recovery values (max–min) at different concentrations 

(Table 3.3) for SPME Arrow (127–72%) is higher than that of the classical SPME (108–

75%). Although this is not a critical difference, it can be attributed to the higher sorption 

power of Arrow, which can result in the lower selectivity of extraction and higher impact of 

the sample matrix.  
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Table 3.3 Relative recovery values (%) of the pesticides in two river water samples 

at different concentrations using SPME Arrow and classical SPME methods. 
 

 Terbutryn   Dichlorvos  Cybutryne  Quinoxyfen 

 Recovery (%)  Recovery (%)  Recovery (%)  Recovery (%) 

 Arrowa 
(spikeb) 

SPMEc 
(spike) 

 Arrow 

 (spike) 
SPME 

(spike) 
 Arrow 

(spike) 
SPME 

(spike) 
 Arrow 

(spiked) 
SPME 

(spiked) 

Ruhr River, 
Essen, 
Germany 

127 
(25) 

75 
(2000) 

 72 
(2) No data 

 110 
(25) 

88 
(200) 

 106 
(2.5) 

No data 

97 
(100) 

89 
(10000) 

 91 
(50) 

88 
(20) 

 94 
(50) 

91 
(500) 

 118 
(50) 

107 
(50) 

101 
(350) 

86 
(35000) 

 
108 

(100) 
94 

(100) 

 
91 

(100) 

No data  
109 

(100) 
108 

(100) 

Average  108 83  90 91  98 90  111 108 

            

Aa Bocholt River, 
Westmünsterland, 
Germany 

95 
(25) No data 

 61 
(2) No data 

 106 
(25) No data 

 86 
(2.5) No data 

105 
(100) No data 

 83 
(50) No data 

 90 
(50) No data 

 109 
(50) No data 

106 
(350) No data 

 117 
(100) No data 

 94 
(100) No data 

 115 
(100) No data 

Average 102 -  87 -  87 -  103 - 
a SPME Arrow 
b Spiked concentration, ng L-1 

c Classical SPME 
d Spiked concentration, µg L-1 

 

Based on the results described in this section, it can be concluded that the Arrow SPME 

extraction method is suitable for the simultaneous analysis of selected pesticides at low 

concentrations (sub-microgram per liter) in the water samples. The experiments and 

extraction procedures using the SPME Arrow device were straightforward with high 

sensitivity and long lifetime of operation. These advantages of the SPME technique allow 

its coupling with compatible detectors such as IMS. Next, the capability of Arrow SPME 

coupled with CD-IMS was investigated. 
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3.2 Coupling of SPME Arrow with DT-IMS   

 IMS data  

  Direct liquid injection of analytes 

As previously described, different concentrations of the four pesticides were selected to 

analyze the target analytes by IMS. Different concentrations were employed because of 

two reasons. First, the sensitivity of the IMS device to these four pesticides is different. 

Second, based on the comparison of the spectrum obtained by the direct injection of the 

analyte to that obtained for the pesticides extracted by SPME Arrow from the solution, low 

concentrations were selected from the beginning such that their signals did not saturate 

in the presence of SPME Arrow. Figure (3.8) shows the spectrum of the reactant ions (IMS 

background peak) obtained using the Pico-Scope® software connected to the IMS-400 

system in the presence of ambient air when the IMS cell is clean. In addition, the IMS 

spectra obtained by the injection of 2 µL of distilled water in positive polarity mode as well 

as reactant ions are presented in Figure (3.9). The red spectrum corresponds to the direct 

injection of distilled water into the IMS when the drift tube temperature is 200 °C and the 

injection port temperature is 260 °C. As observed, with the direct injection of distilled 

water, only the peak corresponding to ammonium ions (NH4
+) is slightly increased. 

 

 

 

 

 

 

 

 

 

Figure 3.8 Background peak (reactant ions) for IMS-400 system obtained using 

Pico-Scope® software . 
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Figure 3.9 Ion mobility spectrum of the reactant ions in the presence of air 

(background peak, blue) and ion mobility spectrum resulting from the injection of 

2 μL of distilled water (red peak); Injection port temperature: 260 °C, drift 

temperature: 200 °C. 

 

  Effect of IMS cell (drift tube) temperature on IMS spectra of selected 

pesticides 

Of the IMS instrumental parameters, the drift temperature of IMS is an important 

parameter that can affect the ion mobility of compounds [61-63]. In addition, prior results 

for the detection of glyphosate as OPPs in water samples indicate that the signal intensity 

increases with an increase in the drift temperature of the IMS. With a decrease 

temperature, only the position of the peak changes and no new peak is observed [59].To 

identify the optimum operational conditions of IMS, the ion mobility spectra of the 

pesticides were recorded at different temperatures of the drift tube. The ion mobility 

spectra of the pesticides in the drift tube temperature range of 120–200 °C are shown in 

Figures 3.10–3.13. 

 Two microliters of each analyte (concentrations of 20, 4, 50, and 5 mg L-1 of cybutryne, 

dichlorovos, quinoxyfen, and terbutryn, respectively) at temperatures of 120–200 °C was 

injected into the IMS device, and the spectra were recorded. As observed in Figure 3.10, 

with a decrease in drift temperature, the peak intensity of cybutryne decreases owing to 

the shift of drift time toward increased times. A decrease in temperature decreases the 

kinetic energy of the ions, which causes the ions to pass slowly through the drift tube and 

reach the detector in a long time; hence, an increase in the ion loss in the drift tube occurs 

at a low temperature in the IMS cell, which leads to peaks with low intensities. Additionally, 

two drift times are observed at all experimented temperatures of the drift cell in this figure, 

which will be discussed in the Section 3.2.2 (Calculation of reduced mobility of cybutryne).  
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Figure 3.10 Effects of different cell temperatures on cybutryne response in the IMS 

drift tube; Injection port temperature: 260°C.  

Figure 3.11 shows the effect of different cell temperatures on dichlorovos behavior in the 

IMS drift tube. With a decrease in the cell temperature, the intensities of dichlorvos peaks 

decrease. The peak observed at high temperatures likely corresponds to the parent ion of 

dichlorvos, and the peak at longer drift time is attributed to dimer formation. In principle, 

at a high drift cell temperature, dimer decomposition occurs [14,57], and therefore, a dimer 

peak for dichlorovos is observed at a low temperature of 120 °C. The reason for three 

peaks for dichlorovos observed in the IMS detector will be discussed in Section 3.2.5.  

 

 

 

 

 

 

 

 

Figure 3.11 Effects of different cell temperatures on dichlorovos response in the 

IMS drift tube; Injection port temperature: 260°C. 
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An increase in the peak intensity with an increase in drift temperature is also observed for 

terbutryn and quinoxyfen. As shown in Figures 3.12 and 3.13, with a decrease in the drift 

temperature, the intensities of the peaks decrease due to the shift of the peaks to longer 

drift times.  

 

 

 

 

 

 

 

Figure 3.12 Effects of different cell temperatures on terbutryn response in the IMS 

drift tube; Injection port temperature: 260°C  

 

 

 

 

 

 

 

 

Figure 3.13 Effects of different cell temperatures on quinoxyfen response in IMS 

drift tube; Injection port temperature: 260°C 
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To achieve a high method sensitivity, the measurements were performed at a high 

temperature (200 °C). Based on the ion mobility theory, there is a nonlinear relationship 

between the drift time and temperature. In addition, an increase in temperature affords an 

increase in peak resolution owing to the reduced cluster formation and hydration [14,107]. 

  

 Effect of dopant on IMS peaks of the analytes 

Figures 3.14(a–d) show the IMS data of the individual target analytes with and without the 

ammonia dopant. The pesticide peaks, except those for dichlorovos, are not affected by 

the dopant in the positive mode of CD. The IMS data of dichlorovos (Figure 3.14a) show 

that in the presence of the ammonia dopant, protonation and ammonia adduct formation 

is observed; therefore, dopant usage is not recommended to achieve high sensitivity 

because two peaks are observed after the addition of the dopant in the gas stream, as 

described in Section 3.2.5. Dopants are compounds that are typically introduced into the 

IMS to eliminate interfering substances and increase the selectivity of the method [108-

110]. In our previous study, the composition of the reactant ions was controlled using a 

dopant [59].  

  

 

 

 

 

 

 

 

 

Figure 3.14 IMS data of a) 3 mg L-1 dichlorovos, b) 15 mg L-1 cybutryne, c) 5 mg L-1 

terbutryn, and d) 75 mg L-1 quinoxyfen, with and without ammonia dopant; Injection 

port temperature: 260 °C, drift temperature: 200 °C. 
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The IMS data obtained in the first experiment suggest that the addition of ammonia dopant 

to the carrier gas is not beneficial for the detection and analysis of the pesticides by IMS 

in this study because of the appearance of an extra peak. To simplify the comparison of 

the peaks with and without dopant, the IMS data of all the target pesticides in the positive 

polarity mode of the ionization source of CD are shown in Figures 3.15(a–b). 

 

 

 

 

 

 

Figure 3.15 IMS data of the studied analytes in positive polarity mode in the absence 

(a) and presence (b) of a dopant. (quinoxyfen: 75 mg L-1, cybutryne: 15 mg L-1, 

terbutryn: 5 mg L-1 dichlorovos: 3 mg L-1); Injection port temperature: 260 °C, drift 

temperature: 200 °C. 

 

 IMS peaks in negative polarity mode of CD 

The IMS data of the analytes in the negative polarity mode of the CD ionization source of 

IMS were also investigated (Figure 3.16). With a change in polarity, the generated signal 

becomes negative because the ion charge is negative, and the peaks of the analytes 

appear upside down in the spectrum. Terbutryn is detected with very low intensity peaks 

at a drift time of 12 ms. Although the signal for dichlorovos is observed, quinoxyfen and 

cybutryne are not detected in the negative polarity mode of CD.  

Negative ions were recorded in the negative polarity of CD. Considering the formation of 

product ion, [MO2
- (H2O) n-x], in the negative polarity of the CD, only dichlorovos and 

terbutryn are capable of partially producing negative product ions in air, as indicated by 

the corresponding IMS peak. Therefore, the positive polarity mode was selected for the 

detection and analysis of all the pesticides investigated in this study. In general, negative 

ionization in IMS is used for the detection of electrophilic compounds such as 

halomethanes, explosives, and nitrous compounds [59-60,111-112].  
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Figure 3.16 IMS data of the analytes in negative polarity mode in air; Injection port 

temperature: 260 °C, drift temperature: 200 °C. 

 

  Calculation of ion mobility (K) and reduced ion mobility (K0) of the selected 

pesticides 

The drift times of the studied pesticides were obtained under the optimal conditions of the 

IMS-400 device with a drift cell temperature of 200 °C and air pressure of 756 mm Hg (air 

pressure in Qazvin University Lab, Iran), which were used to calculate the reduced ion 

mobility of the targeted compounds. 

Experimentally, the ion mobility is measured using an IMS device. In the ion mobility 

spectrum, each peak represents a group of similar ions. Ion mobility is measured using 

the time of the peak in the spectrum, which is defined as the drift time, td. The heavier the 

ion, the lower is the mobility, and higher is the drift time; generally, ion mobility is inversely 

related to drift time. Depending on the cell dimensions, applied voltage, and drift time, the 

ion mobility can be calculated using equation (3-1). 

     
dV.t

d.L
=

E
=K =

L
V

t
d

d
                                                                                            Eq. (3-1)                                                                                                                            
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Here, K is the ion mobility,  is the ion velocity, and E is the electric field in the drift region 

of the spectrometer in V cm -1. In this experiment, L is the total length of the cell (16 cm), 

d is the length of the drift region (10.7 cm), V is the applied voltage of the cell, and td is 

the drift time or peak location. The ion mobility is calculated using Equation (3-2). 
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                                                                             Eq. (3-2)                                                                  

 Electric field in drift region:  

To calculate the electric field, the value of power supply voltage is divided by the total 

length of the drift cell according as shown in the following equation.  

  
cm
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cmVE
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.
)/( =                                             Eq. (3-3)                                                    

 Reduced mobility (K0) 

The ion mobility depends on the pressure and temperature applied in the drift region. With 

an increase in temperature, the velocity and ion mobility increase. Conversely, an increase 

in pressure decreases the velocity and mobility of ions. To consider these two parameters, 

reduced ion mobility (K0) is introduced, which is generally independent of pressure and 

temperature: 
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To compare the ion mobility under different experimental conditions, it should be 

normalized to standard conditions to obtain reduced mobility (in cm2 V-1 s-1). By replacing 

Equation (3-2) in Equation (3-4), the instrumental parameters including drift cell length, 

electric field voltage, and drift time are used to calculate reduced ion mobility (Equation 

3–5). 
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By combining these equations and including the instrument parameters, the reduced ion 

mobility values for IMS-400 are obtained using the equation shown below. 
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                                 Eq. (3-6)                                                       

Here, V is the drift voltage shown in the panel, P is the laboratory air pressure (local air 

pressure 756 mm Hg), and T is the cell temperature in Kelvin, which is determined from 

the front thermometer of the device. Therefore, to report the reduced mobility of a peak, 

the peak drift time value in milliseconds is employed in Equation (3-6). The reduced ion 

mobility values obtained in this experiment are included in Table 3.4. Reduced mobility is 

an intrinsic property of each ion, which is not a function of temperature or pressure. 

Therefore, this parameter can be used to identify ions using IMS.  

Table 3.4 Mobility (K) and reduced mobility (K0) values for the studied pesticides 

using corona-discharge ion mobility spectrometry (CD-IMS 400) under laboratory 

condition (Physio-Chemical laboratory of Qazvin University, Iran). 

Figures 3.17(a–d) show the ion mobility responses of the target analytes, terbutryn, 

quinoxyfen, dichlorovos, and cybutryne, with reduced mobility (K0) values of 1.206, 1.132, 

1.466, and 1.155 cm2. V-1. s-1 (also 1.129 cm2. V-1. s-1 for cybutryne), respectively. The 

calculated reduced mobility (K0) values in Table 3.4 indicate that all pesticides afford one 

K0 value, with the exception of cybutryne. The ion mobility spectrum of cybutryne exhibits 

two peaks at drift times of 10.88 and 10.70 ms. 

These peaks can be attributed to the two protonated forms of cybutryne. Cybutryne has 

several protonation sites, and as described in Section 3.2.5, six protonated structures are 

predicted. Among these protonated forms, C.H+-a and C.H+-c are more stable than the 

others. Hence, the relative abundances of these isomers are higher than those of the other 

isomers. The calculated dipole moments of the isomers C.H+-a and C.H+-c are 2.9 and 

4.2 Debye, respectively, indicating that the latter is more polar. 

)oReduced mobility (K 

)1-s. 1-. V2(cm 

Mobility (K)  

)1-s. 1-. V2(cm 

Drift time 

(ms) 

Compounds 

1.206 2.101 10.31    Terbutryn 

1.132 1.972 10.85 Quinoxyfen 

1.466 2.553 8.48 Dichlorovos 

1.129 

1.155 

1.967 

2.012 

10.88 

10.70 

Cybutryne 
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The higher polarity of C.H+-c compared to that of C.H+-a results in a stronger interaction 

with the drift gas molecules (N2 and O2) and consequently a larger collisional cross-section 

(CCS). Therefore, even though their masses and charges are identical, the C.H+-c peak 

is observed at a higher drift time compared to that of C.H+-a, because of its larger CCS. 

Ion separation in IMS is based on the masses and collisional cross-sections of the 

molecules. In an ion mobility spectrometer, the mobility of ions is not planar because of a 

lack of vacuum system; therefore, the interactions between the sample molecules and 

charged ions in the drift cell is inevitable [113]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 IMS data with the reduced mobility (K0) values of the pesticides: a) 

terbutryn (T; 5 mg L-1), b) quinoxyfen (Q; 10 mg L-1), c) dichlorovos (D; 5 mg L-1), 

and d) cybutryne (C; 20 mg L-1); Injection port temperature: 260 °C, drift 

temperature: 200 °C. 
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Figure 3.18 shows the effect of molecular weight on drift time in the IMS drift tube. As 

plotted in the graph, the analyte with a higher molecular weight, i.e., quinoxyfen (Mw 308 

g mol-1) is observed at a higher drift time in the IMS drift tube, in contrast to the dichlorovos 

peak that is observed at a lower drift time of 8.4 ms and had a lower molecular weight 

(Mw 209 g mol-1). This order of peak appearance is also observed when the analytes are 

examined using GC MS, as discussed in Section 3.1. 

 

 

 

 

 

 

 

 

Figure 3.18 Effect of the molecular weights of the compounds on drift time in the 

IMS drift tube. 

Figure 3.19 also shows the plot of inverse reduced mobility as a function of the molecular 

weights of the compounds. A pattern for the molecular weights of the target pesticides 

and their mobilities in the IMS cell is observed. An increase in the molecular weight results 

in a decrease in the mobility (higher drift time), which leads to a higher inverse mobility. 

However, different pattern can be observed for other compounds because of the ion–

molecule chemistry during ionization and in the drift cell of the IMS system. This result is 

consistent with that of the previous investigation by Bell et al. [114].   
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Figure 3.19 Inversed reduced mobility of the studied pesticides as a function of 

molecular weight at a cell temperature of 200 °C. 

 

 Mass-to-mobility of compounds 

Ion mobility of an organic compound depends on the mass of the ion, because with an 

increase in mass, the number of atoms and its resistance to movement increases. An 

equation describing the relationship between mass and mobility, known as the mass-to-

mobility correlation, has been reported in prior studies [57,84,114-115]. The proposed 

correlations are different for each group of compounds. In the prior reports, numerable 

regression equations (Eqs. 3.7-3.9) were applied for the calculation of the mass-to-

mobility correlation for CD-IMS, where m is the mass of the product or cluster with water 

molecules. 

 

 Log m = - 0.52 K0 + 2.95                                                                                        Eq. (3-7)    

 Log m = - 0.55 K0 + 2.96                                                                                       Eq. (3-8) 

Log m = - 0.412 K0 + 2.96                                                                                      Eq. (3-9) 
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In IMS, the peak is identified by employing reduced mobility instead of drift time. In 

contrast, the peaks observed in CD-IMS data can be assigned to the ions formed by 

hydrogen removal and clustering with water [116].  

To obtain the mass-to-ion mobilities of the desired compounds used in this study, the 

results calculated using Equation (3-7) are included in Table 3.5.  This regression equation 

was used by A. Mohammadi and co-workers for calculation of mass-to-ion mobility of 

pesticides in water and soil samples [57]. The correlation between the product ion mass 

and reduced ion mobility is also shown in Figure 3.20. As shown by this regression, the 

reduced mobility (K0) shows a good correlation to the mass of the product ions, with a 

correlation coefficient of 0.994. The deviation of cybutryne and quinoxyfen in this 

correlation can be attributed to the chemical structures of the compounds.  

Table 3.5 Mass-to-ion mobilities of the desired compounds.                  

 

 

 

 

 

 

 

 

Figure 3.20 Mass-ion mobility correlation for the pesticides. 

Compound Ion product mass 

(amu)           m/z 

Mass-to-mobility 

       m (amu) 

Reduced mobility 

(cm2. V-1. s-1) 

Drift time 

(ms) 

Dichlorovos 221              109,185,79    221 1.466 8.48 

Terbutryn 241              226,185,170 283 1.206 10.31 

Cybutryne 253             182,253,238 298 1.129 (1.155) 10.88(10.70) 

Quinoxyfen 308              237, 272,307 305 1.132 10.85 
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 Calibration Curve for direct liquid injection 

For the quantitative analysis of the target pesticides in water by IMS, a series of calibration 

curves were obtained by spiking deionized water with the pesticides, which were directly 

injected into the IMS injection port (Figures 3.21 a–d). This allowed the determination of 

the LOD as well as the linearity of the IMS method without sample preparation. The 

calibration ranges of 1–40, 1–12, 1–200 and 0.5–20 mg L-1 were selected for cybutryne, 

dichlorovos, quinoxyfen, and terbutryn, respectively.  

  

 

Figure 3.21 Calibration curves of the pesticides obtained by the direct injection of 

the analytes into the injection port of IMS; a) dichlorovos, b) quinoxyfen, c) 

terbutryn and d) cybutryne. 
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Table 3.6 shows the calibration results obtained by the direct injection of the analytes into 

the IMS injection port. As shown in this table, the correlation coefficient in the linear range 

of the target compounds vary in the range of 0.983–0.997. In addition, the calculated LOD 

values for the direct injection of the desired compounds were <1 mg L-1, except for 

quinoxyfen. The limit of quantitation (LOQ) was in the range of 0.9–22.3 mg L-1, and the 

RSD values were 5.9–10.6%. 

 

Table 3.6 Calibration and RSD data obtained by the direct injection of pesticides 

using CD-IMS. 

aBased on S/N = 3 for LOD and S/N = 10 for LOQ 
bAverage of all concentrations (n = 6), c n = 5 

 

 

 

 SPME Arrow-IMS peaks 

To select the appropriate SPME sorbent for the analysis of the selected pesticides, the 

responses of three types of SPME Arrow sorbents (DVB/CWR/PDMS, PDMS, and 

DVB/PDMS) to these compounds were examined using an ion mobility spectrometer. 

Although the experiment was performed using GC-MS, the experiment was repeated to 

determine the response of the IMS instrument to confirm the previous results. The 

experiments for the initial evaluation of the best Arrow sorbent were performed under the 

conditions previously reported for the evaluation and selection of different sorbents of the 

SPME Arrow using GC-MS (extraction temperature of 50 °C and extraction time of 25 

min). 

 

Pesticides Linearity 
range 

(mg L-1)  

Regression 
equation 

Correlation 
coefficient 

(r2) 

LOD a 
(mg L-1) 

LOQ a 
(mg L-1) 

%RSDb 
 

Accuracyc 
(recovery 
mean ± SD) 

Dichlorovos 0.5-5 y=0.317x+0.147 
 

0.994071 0.267 0.915 6.2 105 ± 8 

Terbutryn 1-10 y=0.180x+0.150 
 

0.983312 1.033 3.326 10.6 102 ± 6 

Cybutryne 1-20 y=0.050x+0.064 
 

0.99769 0.760 2.719 8.6 95 ± 7 

Quinoxyfen 10-100 y=0.0168x+0.180 
 

0.993657 6.531 22.391 5.9 99 ± 9 



Results and Discussion  55 

 

Figures 3.22–3.25 show the ion mobility spectra obtained for three types of SPME Arrow 

at concentrations of 1, 0.3, 4, and 0.3 mg L-1 for cybutryne, dichlorovos, quinoxyfen and 

terbutryn, respectively (under the initial assumption of extraction for 25 min at 50 °C). As 

shown in the IMS data, the signal intensities of all compounds show almost the same trend 

by employing the DVB/CWR/PDMS Arrow SPME, such that the intensity is higher than 

those of the two other Arrow phases.  

 

 

 

 

 

 

 

Figure 3.22 IMS data of cybutryne extracted using different Arrow SPME sorbents 

(1 mg L-1 in distilled water). 

 

 

 

 

 

 

 

 

Figure 3.23 IMS data of dichlorovos extracted using different Arrow SPME sorbents 

(0.3 mg L-1 in distilled water). 



56  Results and Discussion 

 

 

 

 

 

 

 

 

Figure 3.24 IMS data of quinoxyfen extracted using different Arrow SPME sorbents 

(4 mg L-1 in distilled water). 

 

 

 

 

 

 

 

 

 

Figure 3.25 IMS data of terbutryn extracted using different Arrow SPME sorbents 

(0.3 mg L-1 in distilled water). 
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The response of the ion mobility spectrometer as a function of the extracted amount of 

desired pesticide using three types of SPME Arrows is shown as a bar graph in Figure 

3.26. The graph shows that the Arrow sorbent, DVB/CWR/PDMS, is the best choice for 

the extraction of pesticides when IMS is used as a detector.  

  

 

 

 

 

 

 

 

Figure 3.26 Extraction efficiencies of the pesticides using three Arrow sorbents: 

DVB/CWR/PDMS, PDMS, and DVB/PDMS. 

 

Although the effect of extraction time was investigated using GC-MS, this experiment was 

repeated to determine the effect of extraction time on the SPME Arrow-IMS responses of 

the studied compounds. The experiment was performed for 15–70 min, and the results 

are illustrated as IMS data and graphs in Figures 3.27 and 3.28, respectively. As shown, 

with an increase in the extraction time from 15 min to 45 min, the peak intensities of all 

analytes increase, but with further increase from 45 to 60 min, only a slight increase in 

intensity is observed, except for quinoxyfen. 

As described in Section 3.1, for the optimization of SPME Arrow using GC-MS, 70 min 

was selected as the optimum extraction time. In addition, the geomean for the extraction 

time calculated using Excel® software upon the application of SPME Arrow-IMS afforded 

values of 1.21, 1.18, 1.08, 0.9, and 0.6 for duration of 70, 60, 45, 30, and 15 min, 

respectively. Although the difference between the geomean for 60 and 70 min of extraction 

times was less (3%), 70 min was selected as the optimum time for extraction to achieve 

a higher efficiency.  
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Figure 3.27 Dependency of extraction time on the Arrow SPME-IMS responses of 

the target pesticides in water sample at optimum temperature of 60 °C and NaCl 

content of 17%; a) terbutryn, b) cybutryne, c) quinoxyfen, and d) dichlorovos. 
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Figure 3.28 Extraction efficiencies of the pesticides with different extraction times 

(geomean plot) using DVB/CWR/PDMS. 

Figure 3.29 also shows a comparison of the IMS peak responses of the pesticides when 

the aqueous sample is injected into the IMS and SPME Arrow-IMS responses. Application 

of the extraction method before IMS allows the introduction of the concentrated analyte 

into the IMS, and this phenomenon allows more analytes to be ionized in the ionization 

region of the IMS, leading to an increase in sensitivity.  

 

 

 

 

 

 

Figure 3.29 Comparing of the direct liquid injection of pesticides into IMS and Arrow 

SPME-IMS at concentrations of 1 and 0.5 mg L-1 respectively for cybutryne, 

dichlorovos, quinoxyfen, and terbutryn. 

 

 



60  Results and Discussion 

 Effect of IMS injection port temperature on analyte desorption using SPME 

Arrow 

Different injection port temperatures of IMS were employed to investigate their effect on 

the desorption of the target analytes from SPME Arrow (DVB/CWR/PDMS). Cybutryne 

solution (0.5 mg L-1) was prepared and extracted with SPME Arrow under optimal 

conditions. The temperature of the injection port was set at 200, 220, 240, and 260 °C, 

and the SPME Arrow was then introduced in the IMS injection port at each of these 

temperatures. Subsequently, the maximum IMS peaks obtained at different temperatures 

of the injection port (desorption temperature) were recorded (Figure 3.30). 

 

 

 

 

 

 

 

 

 

Figure 3.30 IMS data of cybutryne (0.5 mg L-1) at different temperatures of the IMS 

injection port extracted using SPME Arrow (DVB/CWR/PDMS). 

 

As shown in Figure 3.30, with an increase in the injection port temperature, higher 

desorption of cybutryne is achieved using SPME Arrow. The highest peak intensity of 

cybutryne is obtained at the maximum temperature of the IMS injection port (260 °C). 

Figure 3.31 also shows the desorption of cybutryne (peak intensity) over the acquisition 

time at different injection port temperatures. The acquisition time is the time from the 

injection of the analyte until the sample peaks disappear. 
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In addition to the effect of temperature on the intensities of the peaks, the temperature of 

the injection port also affects the desorption rate (time) of the sample analyte from the 

SPME Arrow phase, as shown in Figure 3.31. In other words, at low temperatures, the 

desorption rate is low, and vice versa. In this experiment, all spectra were recorded from 

the time that the SPME Arrow was placed in the IMS injection port with the appearance of 

the cybutryne peak until the disappearance of the sample signal from the detector. The 

desorption of cybutryne was rapidly achieved at 260 °C and the rate of desorption 

decreased with a decrease in temperature. At 200 °C, the desorption of cybutryne from 

SPME Arrow was very low. Therefore, the highest cybutryne signal was obtained at an 

optimal desorption temperature of 260 °C.  

 

 

 

 

 

 

 

 

Figure 3.31 Maximum intensity of cybutryne (0.5 mg L-1) extracted using SPME 

Arrow over time (desorption time) at different temperatures of the IMS injection 

port.  

The effect of the injection port temperature (150–260 °C) on dichlorovos analysis (at a 

concentration of 0.3 mg L-1) was also determined according to a previously reported 

experimental procedure. Figure 3.32 shows the maximum ion mobility data obtained using 

SPME Arrow-IMS at different temperatures of the IMS injection port. As shown in Figure 

3.32, three peaks are observed at high temperatures of 230 and 260 °C for dichlorovos. 

The first peak (peak 1) can be considered as the main peak of dichlorovos and can be 

correlated to the binding of protons or hydronium ions to the dichlorovos molecule 

[Dichlorovos.H3O+]. The second peak (peak 2) corresponds to the binding of ammonium 

ions to the dichlorovos molecule [Dichlorovos.NH4
+]. 
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In Section 3.2.5, the formation of the second peak was investigated by determining the 

formation of the ammonium adduct. The third peak (peak 3) observed at high 

temperatures is likely correlated to the dichlorovos dimer [Dichlorovos2.H+]. As a result, 

with an increase in the temperature of the injection port, the desorption of dichlorovos 

pesticide from the SPME Arrow phase increases, resulting in an increase in its 

concentration in the ionization region; hence, dimer formation can possibly occur. It has 

been reported that at high concentration of the sample (M), the proton-bound dimer 

(M2.H+) peak can be observed in the IMS spectrum [117]. Notably, there are two types of 

dimer ions in the IMS cell, including M2H+ produced in the ionization region and those 

produced in the drift region. The M2H+ species formed in the ionization region appear as 

dimer peaks in the spectrum. 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 IMS data of dichlorovos (0.3 mg L-1) at different temperatures of the IMS 

injection port extracted using SPME Arrow (DVB/CWR/PDMS). 

 

As shown in Figure 3.33, with an increase in the injection port temperature, a higher 

intensity peak for dichlorovos is obtained owing to an increase in the desorption 

temperature (260 °C). Additionally, the desorption of the analyte sample from the SPME 

Arrow phase occurs rapidly at 260 and 230 °C; conversely, with a decrease in the 

temperature of the injection port, the desorption rate decreases. At 150 °C, the desorption 

of dichlorovos from SPME Arrow is low; therefore, the optimum temperature of the 

injection port and that at which high signal for dichlorovos was obtained are 260 and 230 

°C, respectively.  
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Figure 3.33 Maximum intensity of dichlorovos (0.3 mg L-1) extracted using SPME 

Arrow over time (desorption time) at different temperatures of the IMS injection 

port. 

The above experiments were repeated for quinoxyfen and terbutryn at concentrations of 

1 and 0.1 mg L-1 respectively, and the results are shown in Figures 3.34–3.37. The results 

indicate that the optimum temperature for the desorption of analytes (quinoxyfen and 

terbutryn), i.e., injection temperature of 260 °C, is suitable for the desorption of high 

amounts of these analytes from the SPME Arrow. The desorption temperature 

significantly affects the extraction efficiency of the SPME technique. 

Additionally, an increase in temperature of the IMS injection port during the desorption of 

semi-volatile pesticides affords a higher peak intensity and consequently increases the 

sensitivity of the method [57]. Although a high injector temperature decrease the 

desorption time, the use of a high temperature in the injection port to afford increased 

intensity can lead to the carry-over of the analytes [118].  
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Figure 3.34 IMS data of quinoxyfen (1 mg L-1) at different temperatures of the IMS 

injection port extracted using SPME Arrow (DVB/CWR/PDMS). 

 

 

 

 

 

 

 

Figure 3.35 Maximum intensity of quinoxyfen (1 mg L-1) extracted using SPME 

Arrow over time (desorption time) at different temperatures of the IMS injection 

port. 
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Figure 3.36 IMS data of terbutryn (0.1 mg L-1) at different temperatures of the IMS 

injection port extracted using SPME Arrow (DVB/CWR/PDMS). 
 

 

 

 

 

 

 

 

 

 

Figure 3.37 Maximum intensity of terbutryn (0.1 mg L-1) extracted using SPME Arrow 

over time (desorption time) at different temperatures of the IMS injection port. 
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 Theoretical examination of the ionization mechanism of the target pesticides 

A short introduction to the computational method used for the ionization of cybutryne, 

dichlorovos, quinoxyfen, and terbutryn in the positive mode of CD-IMS is discussed below.  

Based on the electron density of a molecule, the properties of a molecule are 

computationally calculated employing the density functional theory (DFT) method. There 

are several methods to obtain the properties of molecules. B3LYP (Becke 3-term 

correlation functional; Lee, Yang, and Parr exchange functional) is a hybrid method that 

is frequently used for computational chemistry. 

I. Computational details 

The structures of all neutral, protonated, and adduct ions were geometrically optimized 

using DFT and B3LYP methods. The 6-311++G(d,p) basis set was used for the 

calculations. Frequency calculations were performed at the same theoretical level to 

afford thermodynamic quantities such as proton affinity (PA), gas-phase basicity (GB), 

and ammonium attachment energies. The PA and GB of a molecule, M, are defined as 

the negative values of ∆H and ∆G for its protonation in the gas phase (Reaction 3-10). 

Gaussian 09® software was used for all calculations [119].  

M(g) + H+(g) → MH+(g); PA = -∆H; -∆G = GB                                                       R (3-10) 

II. Protonation of cybutryne (C) 

The optimized structure of the cybutryne is shown in Figure 3.38. 

 

 

 

 

 

 

Figure 3.38 Structure of cybutryne optimized at the B3LYP/6-311++G(d,p) level in 

gas phase. 
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Cybutryne has six sites that can be protonated. Figure 3.39 shows the optimized 

structures of different isomers of the protonated form of cybutryne. The relative stabilities 

of the isomers are compared in Figure 3.39. The isomers C.H+-a, C.H+-b, and C.H+-c, in 

which the nitrogen atoms of the triazine ring are protonated, are the most stable 

protonated forms. The protonation of the nitrogen atoms of the alkyl groups as well as 

sulfur atom lead to the formation of less stable protonated structures C.H+-d, C.H+-e, and 

C.H+-f, respectively. A comparison of the relative energies shows that the protonated 

structures C.H+-d, C.H+-e, and C.H+-f are not formed in the ionization region of IMS. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.39 Structures of different isomers of the protonated form of cybutryne (C) 

optimized at the B3LYP/6-311++G(d,p) level in gas phase. Relative energies are in 

kJ mol-1. 
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The calculated PAs and GBs of the different sites of cybutryne are summarized in Table 

3.7. 

Table 3.7 PAs and GBs of different sites of cybutryne calculated at the B3LYP/6-

311++G(d,p) level in gas phase. 

 

 

Based on the PA values shown in Table 3.7 and relative energies included in Figure 3.39, 

the observed IMS peaks for cybutryne can be attributed to the protonation of the nitrogen 

atoms of the triazine ring. 

III. Protonation of terbutryn (T) 

The optimized structure of terbutryn is shown in Figure 3.40. Similar to cybutryne, 

terbutryn has six protonation sites (Figure 3.41). 

 

 

 

 

 

 

 

Figure 3.40 Structure of terbutryn optimized at the B3LYP/6-311++G(d,p) level in gas 

phase. 

 

Protonated isomer PA (kJ mol-1) GB (kJ mol-1) 

C.H+-a 985.2 954.5 

C.H+-b 971.4 941.8 

C.H+-c 977.2 946.2 

C.H+-d 903.1 871.6 

C.H+-e 917.0 885.9 

C.H+-f 862.2 832.7 
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Figure 3.41 Optimized structures of different isomers for the protonated form of 

terbutryn (T). Relative energies are in kJ mol-1. 

 

Figure 3.41 shows the optimized structures of the protonated forms of terbutryn. A 

comparison of the relative energies of the protonated forms of terbutryn shows that 

protonation of the nitrogen atoms of the triazine ring is thermodynamically more favorable 

than the protonation of other sites. The calculated PAs and GBs of the different sites of 

terbutryn are summarized in Table 3.8. 
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Table 3.8  PAs and GBs of the different sites of terbutryn (T) calculated at the 

B3LYP/6-311++G(d,p) level in gas phase. 

 

Based on both the PAs and relative energies, it is concluded that the observed IMS peak 

is attributed to the protonation of the nitrogen atoms of the triazine ring. In particular, the 

isomer T.H+-a with a PA value of 987.6 kJ mol-1 is formed in the ionization region with the 

highest relative abundance. 

IV. Protonation of quinoxyfen (Q) 

Quinoxyfen has two sites of protonation, i.e., the nitrogen atom of the pyridine ring and 

etheric oxygen atom (Figure 3.42). The stabilities of the protonated forms are also 

compared in Figure 3.42. A comparison of the relative energies reveals that protonation 

of the pyridine ring (Q.H+-a) is thermodynamically more favorable.  

 

 

 

 

 

 

Figure 3.42 Optimized structures of quinoxyfen (Q) and its protonated forms. 

Relative energies are in kJ mol-1. 

Protonated isomer PA (kJ mol-1) GB (kJ mol-1) 

T.H+-a 987.6 955.5 

T.H+-b 973.5 941.8 

T.H+-c 969.2 936.4 

T.H+-d 910.7 875.5 

T.H+-e 918.2 885.1 

T.H+-f 864.4 832.7 
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The calculated PAs and GBs of nitrogen and oxygen sites of quinoxyfen are summarized 

in Table 3.9. 

 

Table 3.9 PAs and GBs of the different sites of quinoxyfen (Q) calculated at the 

B3LYP/6-311++G(d,p) level in gas phase. 

 

 

 

 

A comparison of the PA values in Table 3.9 and the relative energies in Figure 3.42 shows 

that the observed IMS peak for quinoxyfen can be ascribed to the protonation of the 

nitrogen atom of the pyridine ring with a PA of 962 kJ mol-1. 

V. Protonation and NH4
+ attachment to dichlorovos (D) 

Two peaks are observed for dichlorovos at drift times of 8.5 and 9.3 ms, and that at 8.5 

ms is attributed to the protonation of dichlorovos. Dichlorovos has three different oxygen 

atoms that can be protonated (Figure 3.43). The optimized structures of the protonated 

forms (D.H+-a, D.H+-b, and D.H+-c) and their relative energies are also compared in Figure 

3.43. 

 

 

 

 

Figure 3.43 Optimized structures of dichlorovos (D) and its protonated forms. 

Relative energies are in kJ mol-1. 

 

 

 

Protonated isomer PA (kJ mol-1) GB (kJ mol-1) 

Q.H+-a 962.0 928.7 

Q.H+-b 780.5 747.2 
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A comparison of the relative energies of the protonated structures of dichlorovos shows 

that protonation of the oxygen atom of the P=O group is thermodynamically more 

favorable. The calculated PAs and GBs of the oxygen sites of dichlorovos are summarized 

in Table 3.10. 

Table 3.10 PAs and GBs of the different sites of dichlorovos calculated at the 

B3LYP/6-311++G(d,p) level in gas phase. 

 

Protonated isomer PA (kJ mol-1) GB (kJ mol-1) 

D.H+-a 858.4 828.8 

D.H+-b 758.1 724.6 

D.H+-c 748.3 722.5 

Cation attachment ∆H ∆G 

D + NH4
+ → D.NH4

+ -138.7 -102.5 

 

The oxygen atom of the P=O group with a PA value of 858.4 kJ mol-1 is the most basic 

site of dichlorovos, and hence, the observed IMS peak at 8.5 ms for dichlorovos can be 

assigned to the protonated isomer, D.H+-a. The peak observed at a drift time of 9.3 ms is 

due to the attachment of ammonium to dichlorovos and formation of cation adduct, 

D.NH4
+. Figure 3.44 shows the optimized structure of D.NH4

+, in which two hydrogen 

atoms of NH4
+ interact with the oxygen atom of the P=O group and one of the Cl atoms 

via hydrogen bonding interactions. 

 

 

 

 

 

 

Figure 3.44 Optimized structure of the cation adduct, D.NH4
+, in gas phase. 
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The calculated ∆H and ∆G values for the formation of NH4
+ adduct with dichlorovos are -

138.7 and -102.5 kJ mol-1, respectively (Table 3.10), indicating that the formation of 

D.NH4
+ is thermodynamically favorable. The formation of the ammonium adduct is 

observed only for pesticide dichlorovos. Ammonium adduct formation depends on the 

basicity of the pesticide; thus, pesticides cybutryne, terbutryn, and quinoxyfen with higher 

basicity than dichlorovos preferably participate in proton transfer rather than ammonium 

adduct formation [120]. Figure A5.1 (Appendix 5.2) shows an example of the Gaussian® 

09 software output file for the protonated forms of cybutryne. 

 

 Analysis of the mixture of analytes and real water samples by Arrow SPME-

IMS 

In Figure 3.45, the ion mobility spectrum in the positive polarity recorded after the direct 

injection of distilled water is compared with the Qazvin (Taleghan Dam, Iran) and Ziarat 

(Gorgan Iran) River samples as the real samples. As shown in Figure 3.45, more ammonia 

is observed in the water samples of the Ziarat and Qazvin Rivers than in the distilled water 

samples. In general, the amount of ammonia in the surface water is higher than that in the 

distilled water. 

 

 

 

 

 

 

 

Figure 3.45 Comparison of the ion mobility data after the direct injection of 2 μL of 

distilled water with the Qazvin and Ziarat River waters. 
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Subsequently, the SPME Arrow (DVB/CWR/PDMS) was immersed in distilled water and 

river water samples under optimum extraction conditions (for 70 min at 60 °C and 17% 

NaCl). The SPME Arrow was then placed in the IMS injection port at 260 °C and its 

spectrum was recorded. Figure 3.46 shows the ion mobility spectra of the background, 

distilled water, and river samples after the placement of the SPME Arrow in the IMS 

injection port. 

As shown in Figure 3.46, no signal is detected in distilled water, with the exception of the 

reactant ions. The difference between the obtained peaks in Figures 3.45 and 3.46 is that 

the ammonium peak is slightly increased with the direct injection of distilled water, while 

does not change upon using SPME Arrow. SPME Arrow (DVB/CWR/PDMS) does not 

adsorb ammonia in the distilled water sample. No target pesticides with higher 

concentrations than the detection limits of the IMS system are observed in the water 

samples of these rivers. However, river and distilled water samples may differ in anions 

and cations as mineral substances, which cannot be determined using IMS.  

 

 

 

 

 

 

 

 

Figure 3.46 Comparison of ion mobility spectra obtained using SPME Arrow for the 

background, distilled water, and Qazvin and Ziarat River water samples. 
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  solutionSimultaneous detection of selected pesticides in aqueous  

A mixed solution of all selected pesticides was prepared with the concentrations of 0.5 mg 

L-1 dichlorvos, 0.5 mg L-1 terbutryn, 5 mg L-1 quinoxyfen, and 1 mg L-1 cybutryne in distilled 

water.  

The mixture was injected (2 μL) into the IMS injection port under optimal conditions, and 

its spectrum was recorded (Figure 3.47). Figure 3.48 shows a comparison of the ion 

mobility spectrum of each analyte with that of the mixture to identify the individual drift 

time. As observed in these figures, overlapping peaks are observed for the analytes 

containing terbutryn, quinoxyfen, and cybutryne. Therefore, three selected pesticides 

cannot be simultaneously detected when a mixture of aqueous samples is injected into 

the IMS. 

 

 

 

 

 

 

 

 

Figure 3.47 Ion mobility spectra obtained after injection of 2 μL of the pesticide 

mixture with concentrations of 0.5 mg L-1 dichlorvos, 0.5 mg L-1 terbutryn, 5 mg L-1 

quinoxyfen, and 1 mg L-1 cybutryne. 
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Figure 3.48 Comparison of the ion mobility spectra of the direct injection of 

individual analytes and their mixtures.  

The above experiment was performed using SPME Arrow extraction under optimum 

conditions, and the ion mobility spectrum of the mixture was recorded (Figure 3.49). In 

addition, Figure 3.50 shows a comparison of the IMS data of individually injected 

pesticides into the IMS injection port (obtained from the initial experiment) with those of 

the same analytes that were extracted from the mixed sample using the SPME Arrow. As 

shown in Figure 3.50 and the spectrum for the analyte mixture (red peak), the peak 

corresponding to quinoxyfen is not detected when the analyte mixture is injected into the 

IMS; overlapping peaks of cybutryne and quinoxyfen are observed when a mixture of 

analytes is injected into the IMS device using SPME Arrow. 

 

 

 

 

 

 

Figure 3.49 Ion mobility spectra obtained for a mixture of quinoxifen, cybutryne, 

terbutryn, dichlorovos using SPME Arrow IMS. 
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Figure 3.50 Comparison of ion mobility spectra of the liquid injection of analyte 

standards and their mixture extracted using SPME Arrow; Q: quinoxyfen, C: 

cybutryne, T: terbutryn, D: dichlorovos. 

Figure 3.51 shows a comparison of the ion mobility spectra obtained by the injection of 

the mixture with and without the use of SPME Arrow extraction. As shown, despite 

identical concentrations in both injection modes upon the application of SPME Arrow, the 

peak intensities are multiplied in comparison to those of the direct liquid injection of the 

mixture (without extraction). The main issue encountered during the simultaneous 

detection of the pesticides in the mixture is the drift time of cybutryne. Cybutryne peak 

overlaps with terbutryn and quinoxyfen peaks at a drift time of 10.5 ms, making it 

impossible to simultaneously detect quinoxyfen and cybutryne. Therefore, a ternary 

mixture of pesticide solution without cybutryne was examined. 

 

 

 

 

 

 

Figure 3.51 Comparison of ion mobility spectra of the pesticide mixture with and 

without using SPME Arrow extraction (direct injection of pesticide mixture); 

dichlorovos (0.5 mg L-1), terbutryn (0.5 mg L-1), cybutryne (0.5 mg L-1), and 

quinoxyfen (5 mg L-1). 
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To evaluate the selectivity of IMS for the analysis of the mixture, working standard 

solutions of the three pesticides were prepared at concentrations of 0.5, 0.5, and 5            

mg L-1 for dichlorovos, terbutryn, and quinoxyfen, respectively. Their solution mixture        

(2 µL) was directly injected into the IMS device, and its spectrum was recorded (Figure 

3.52). Figure 3.53 shows a comparison of the ion mobility spectra obtained after the 

individual injection of pesticide samples to that of the ternary mixture of samples into the 

IMS injection port. As shown in this figure, three IMS peaks for dichlorvos, terbutryn, and 

quinoxyfen are observed, corresponding to the IMS response to a mixture of dichlorovos, 

terbutryn, and quinoxyfen. However, based on the results obtained in the previous 

experiment (Figure 3.49), simultaneous detection of a mixture of target pesticides 

containing four compounds is not possible due to overlapping peaks. During the analysis 

of samples with similar mobilities, overlapping peaks can be observed when IMS system 

is used as the detector [121]. However, resolution of the overlapping peaks in IMS was 

reported using the stationary wavelet transform (STW) by Sheibani et al. [122]. 

 

 

 

 

 

 

 

Figure 3.52 Ion mobility spectrum obtained by the direct injection of a mixture of 

the pesticides dichlorvos, terbutryn, and quinoxyfen at concentrations of 0.5, 0.5, 

and 5 mg L-1, respectively. 
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Figure 3.53 Comparison of ion mobility spectra of direct injection of the mixture of 

the pesticides and individual injection of each analyte solution into the IMS 

injection port; Q: quinoxyfen, T: terbutryn, D: dichlorvos, Mix: mixture of three 

pesticides. 

 

The above experiment was performed using SPME Arrow extraction for a mixture of 

dichlorovos, terbutryn, and quinoxyfen using similar concentrations. The gas phase of the 

analytes extracted using SPME Arrow device was injected into the IMS injection port, and 

the ion mobility spectrum was recorded (Figure 3.54). Figure 3.55 shows a comparison of 

the ion mobility spectra of the direct injections of the pesticide standard solutions and their 

mixtures extracted using SPME Arrow. As shown in Figure 3.55, all three pesticides 

including dichlorvos, terbutryn, and quinoxyfen are detected in the mixture. The peak 

observed at a time greater than 12 ms corresponds to dichlorvos dimer (D-dimer). 

 As discussed in the theoretical study (Section 3.2.5), the formation of ammonium adducts, 

and dimer is observed only for dichlorovos of all the studied pesticides. Based on the 

analysis of the mixture, the detection of the pesticides in the mixture using IMS is 

accompanied by peak overlapping, probably owing to the similar mobilities of these 

pesticides. 

 

 

 

 



80  Results and Discussion 

 

 

 

 

 

 

 

 

 

Figure 3.54 Ion mobility spectra obtained for a mixture of three pesticides (D: 

dichlorovos, T: terbutryn, and Q: quinoxyfen) using SPME Arrow extraction. 

 

 

 

 

 

 

 

 

 

Figure 3.55 Comparison of the ion mobility spectra of the standard solutions and 

pesticides extracted from the mixture of three compounds using SPME Arrow. 
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 Method Validation - SPME Arrow IMS  

For the quantitative determination of the selected pesticides in water samples, a series of 

calibration curves were prepared in distilled water. After the extraction of the analytes 

under optimum conditions, SPME Arrow was inserted into the IMS injection port such that 

the analyte desorption from the SPME Arrow fiber was performed in the hot injection port 

(260 °C) of the IMS. After desorption, the maximum intensity of the IMS detector was 

recorded as the response of the instrument to different concentrations of the analyte 

(Figures 3.56 and A5.2–A5.4 in Appendix 5.2). 

As observed in these figures, the peak intensity increases drastically with an increase in 

the analyte concentration. The selectivity of the method was validated by the analyses of 

the target compounds using SPME Arrow-IMS, and no additional peaks were detected in 

the blank samples. However, the behavior of dichlorovos spiked at higher concentrations 

is different from that of the other pesticides, which is probably due to monomer or dimer 

formation in the drift tube at higher concentrations [123].  

 

 

 

 

 

 

 

 

 

 

Figure 3.56 SPME Arrow-IMS data of the determination of dichlorovos at different 

concentrations in distilled water. 
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Figures 3.57–3.60 show the calibration curves plotted over concentration ranges of 15–

800, 10–400, 50–800, and 250–3000 µg L-1 for dichlorovos, terbutryn, cybutryne, and 

quinoxyfen, respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 3.57 Calibration curve of the determination of dichlorovos by SPME Arrow-

IMS. 

 

 

 

 

 

 

 

 

Figure 3.58 Calibration curve of the determination of terbutryn by SPME Arrow-IMS. 
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Figure 3.59 Calibration curve of the determination of cybutryne by SPME Arrow-

IMS. 

 

 

 

 

 

 

 

 

 

 

Figure 3.60 Calibration curve of the determination of quinoxyfen by SPME Arrow-

IMS. 
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Table 3.11 summarizes the calibration data as well as the accuracy and precision of the 

pesticide analysis method using SPME Arrow-IMS. The LOD and LOQ values were 

calculated based on S/N = 3 and S/N = 10, respectively. The LOD of the method was 13, 

23, 50, and 124 µg L-1 in water for terbutryn, dichlorovos, cybutryne, and quinoxyfen, 

respectively. 

Considering the analyses of the pesticides in the water samples using IMS, Mohammadi 

et.al reported an LOD of 15 µg L-1 for atrazine (OPPs) in water using HS-SPME with 

polypyrrole film [57]. To our knowledge, no additional literature regarding the analysis of 

the discussed pesticides using IMS was found. A comparison with other expensive and 

time-consuming analytical methods shows that a lower LOD value is obtained for the 

studied pesticides in water samples (Table 1.1). The accuracy of the method was 

determined based on the recovery of all compounds, which was in the acceptable range 

of 99–103% with satisfactory precision, i.e., RSD values of <7.5%. A higher standard 

deviation for the recovery of cybutryne (SD = ±13) in comparison to those of the other 

three substances was probably due to the formation of two closely located isomeric peaks 

for cybutryne in the IMS cell, as described in Section 3.2.5. 

 

Table 3.11 Calibration data and %RSD values obtained using SPME Arrow-IMS for 

the studied pesticides by CD-IMS. 

aBased on S/N = 3 for LOD and S/N = 10 for LOQ 

b Average of all concentrations (n = 6) 

cF- critical 95% percentile from F-test table 

 

 

 

 

 

Parameter  Compound  

 Dichlorovos Terbutryn Cybutryne Quinoxyfen 

Accuracy (recovery mean ± SD) 103 ± 7 99 ± 4.3  103 ± 13 100 ± 4.6 
 

Slope 1.7877 5.882161 1.18481 0.52681 

Intercept 0.10762 0.073854 0.02457 0.1197 

Linearity range (µg L-1) 15–800 10–400 50–800 250–3000 

Correlation coefficient (r) 0.99911 0.99874 0.99633 0.998483 
a LOD (µg L-1) 23 13 50 124 
a LOQ (µg L-1) 83 48 172 436 

b % RSD 5.2 7.0 5.2 7.5 

F. test result 
c (F. critical) 

 

3.17  
(4.28) 

0.03  
(4.28) 

1.45  
(4.28) 

3.79  
(5.05) 

Real sample recovery: Summarized in Table 3.12   
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 Analysis of surface and drinking water  

The reliability of the method for applicability to real samples was investigated for three real 

water samples including two surface water samples and one tap drinking water sample. 

The ion mobility data of the non-spiked and spiked real water samples are presented in 

Appendix (5.2), Figures A.5.5–A5.12. The direct immersion SPME Arrow data of the non-

spiked water samples show an ion mobility peak without any response corresponding to 

the desired compounds. A low intensity peak at a drift time of approximately 7 ms is 

observed in the non-spiked SPME Arrow-IMS data of both the river water samples, which 

is attributed to an unknown compound. Therefore, the real samples were spiked at 

concentrations of 50, 100, 200, and 500 µg L-1 for terbutryn, dichlorovos, cybutryne, and 

quinoxyfen, respectively. 

Three replicate analyses were performed for each sample, and the ion mobility spectra of 

the extracted analytes with SPME Arrow-IMS were recorded under optimal conditions. 

The real water sample showed recoveries of 89–107% for the Gazvin River water with 

satisfactory precision (Table 3.12). As shown in Table 3.12, the recovery percentage for 

drinking water is close to 100% (96–102). As expected, the recovery is correlated to the 

small amounts of organic compounds or other interferences in drinking water. 

 

Table 3.12 DI-SPME Arrow-IMS analysis of the pesticides in real water samples. 

*Average Recovery of the method at three concentrations obtained from the linear regression equation of the calibration 

curve. 

 

Real sample 

 Qazvin River Ziarat River Drinking water 

Compound Concentration 
(µg L-1) 

RSD% 
(n=5) 

*Average 
Recovery 

% 
 

Concentration 
(µg L-1) 

 

RSD% 
(n=5) 

*Average 
Recovery 

% 
 

Concentration 
(µg L-1) 

 

RSD% 
(n=5) 

 
*Average 
Recovery 

% 
 

Added Found Added Found Added Found 

Dichlorovos 100 107 8.1 107 100 97 13.5 97.9 100 99 8 98 

Terbutryn 50 47 9.6 103 50 52 11.6 104 50 48 7.5 96 

Cybutryne 200 180 9.4 89 200 174 10 87.2 200 196 6 98 

Quinoxyfen 500 495 7.6 99 500 456 8 91.2 500 511 5.8 102 
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 Matrix effect on river water samples  

The matrix effect on the analysis of the real samples was evaluated by comparing the 

maximum peak intensity of the analytes spiked in distilled water as the blank and river 

water as the matrix-spiked sample. The matrix effect (ME%) is calculated using the 

following equation.  

𝑀𝐸% =
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑠𝑝𝑖𝑘𝑒𝑑 𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥

𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑠𝑝𝑖𝑘𝑒𝑑 𝑖𝑛 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑤𝑎𝑡𝑒𝑟
 × 100 

Table 3.13 shows the matrix effect of the real samples on the determination of target 

pesticides with and without SPME. To evaluate the matrix effect, the analyte signals of 

the IMS were recorded at three different concentrations of terbutryn, dichlorovos, 

cybutryne, and quinoxyfen spiked in ultra-pure distilled water and river water, respectively. 

The calculated matrix effect is in the range of 93–110% and 86–113% for SPME Arrow 

and direct injection of the target pesticides, respectively. 

The use of SPME Arrow affords a low matrix effect (max - min= 18%) than analysis by 

direct injection (max - min = 27%) of the pesticides (Table 3.13). This indicates that SPME 

Arrow affords a higher recovery percentage. Typically, SPE eliminates or reduces the 

matrix effect for the determination of contaminants in water samples [124]. The matrix 

effect close to 100% indicates no effect of the matrix, while that of 80–120% are 

categorized into soft matrix effect group [125]. Low or high matrix effect in the real samples 

is probably due to the presence of interfering compounds in the river water [8,122-127]. 

Additionally, matrix composition has a negative effect on the charge transfer from CD to 

the compounds to be detected, thereby decreasing the ionization efficiency [128]. The 

detection and tracing of toxic substances in environmental samples such as surface water 

is challenging because of the presence of a mixture of known and unknown pollutants in 

the real water samples. However, the sensitivity of the method for tracing pollutants in a 

water matrix should be considered, and a short analysis time is required [128-131]. 

Table 3.13 Matrix effect of the real samples on the determination of selected 

pesticides using IMS with and without SPME Arrow. 

 Average of Matrix effect (ME; %) 

 
Compound 

 Spiked 
concentration 

(µg L-1) 

        SPME Arrow Direct injection 

Dichlorovos 50,100, 200 110 89 

Terbutryn 50, 200, 400 92 86 

Cybutryne 100,500,1000 93 91 

Quinoxyfen 200,1500,2000 105 113 
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4 Conclusion 

This proposed analytical method (SPME Arrow-IMS) for the quantification of pesticides in 

real water samples can be categorized as a micro-trace component analysis method 

because the detection limit is at the level of low micrograms per liter for real water 

samples. However, numerous error sources can contribute to the trace analysis of desired 

compounds in surface water samples. One of these can be the manual injection of the 

SPME device into the IMS port used in this study. Hence, automation of the injection by 

designing a compatible injection port of the IMS can be employed to improve the sensitivity 

of the method. For the assignment of the IMS peaks corresponding to the pesticides of 

interest, computational chemistry is found to be a useful tool, as the use of complicated 

and time-consuming methods such as GC-MS is avoided. However, exact peak 

assignment is possible using mass spectrometry. 

It is concluded: 

 

- The direct immersion of SPME Arrow is a simple and compatible sample 

introduction technique that can be coupled with CD-IMS for the fast detection and 

analysis of different classes of pesticides in water samples. 

 

- Suitable modification of the extraction parameters such as pH, salt concentration, 

temperature, and time has a significant effect on the efficiency of the technique and 

affords a low LOD. 
 

- SPME Arrow with sorbent material, DVB/CWR/PDMS, is the most suitable sorbent 

for the extraction of pesticides. Additionally, optimal parameters including a 

temperature of 60 °C, duration of 70 min, and 17% NaCl afford high extraction 

yields for the analysis of pesticides in water. 

 

- During the simultaneous analysis of the target pesticide in water samples, only 

dichlorovos, terbutryn, and quinoxyfen are detected in the solution mixture. 

Cybutryne is not detected in the pesticide mixture because of overlapping peaks. 
 

- SPME Arrow can be employed as an on-site sampling method for the analysis of 

water samples owing to its simplicity and flexibility. 
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- The proposed method allows the determination of the target pesticides in surface 

water samples with an LOD of 13 –124 µg L-1, affording lower sensitivity with the 

employed IMS method. Further modification, coupling to GC-MS, or use of an 

Arrow with larger phase can be beneficial. 

 

- This method also shows a low matrix effect on the detection and analysis of the 

target pesticides spiked in river water samples. 

 

- The proposed technique can be used as an early-warning alarm in the water 

treatment plant where the fast detection of pesticides discharged into the water 

resources in the conditions that the water quality crisis or terrorist attacks may 

occur.
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5 Appendix 

5.1 Abbreviations and symbols 

AFM Automated facility monitor 

Am 241 Americium 241 

C Cybutryne 

CWR Carbon wide range 

CCC Central composite design  

CD Corona discharge 

CIMS-MS Chiral ion mobility spectrometry-mass spectrometry 

D Dichlorovos 

DI Direct immersion 

DLLME Dispersive liquid liquid microextraction 

DMS Differential mobility spectrometry 

DVB Divinylbenzene 

ECD Electron capture detector 

ESI Electro spray ionization 

FAIMS Field asymmetric ion mobility spectrometry 

GB Gas basicity 

GC Gas chromatography 

H3 Tritium  

HPLC High performance liquid chromatography 

HS Headspace 

IL-SDME Ionic liquid liquid single drop microextraction 

IMS Ion mobility spectrometry 

K Ion mobility 

K0 Reduced ion mobility 

LC-MS Liquid chromatography-mass spectrometry 

LLE Liquid liquid extraction 

LOD Limit of detection 

LOQ Limit of quantitation 

MCC Multi capillary column  

ME Matrix effect 
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MEU Membrane extraction unit 

MS Mass spectrometry 

MTBE Methyl tert-butyl ether 

Ni 63 Nickel 63 

OPP, s Organophosphate pesticides 

PA Polyacrylate 

PDMS Polydimethylsiloxane 

Q Quinoxyfen 

SBSE Stir bar sorptive extraction 

SIS Sample introduction system 

SPE Solid phase extraction 

SPME Solid phase microextraction 

T Terbutryn 

TOF-MS Time of flight-mass spectrometry 

UBA Umweltbundesamt  

(Environmental protection agency of Germany) 

UHPLC Ultra-high-performance liquid chromatography 

US EPA United state environmental protection agency 

UV Ultraviolet 
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5.2 Figures and Tables: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A 5.1 Example of Gaussian® 09 software output file for the protonation of 

cybutryne in gas phase. 
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Figure A 5.2 SPME Arrow-IMS data of the determination of cybutryne at different 

concentrations in distilled water. 

 

  

 

 

 

 

 

 

 

 

Figure A 5.3 SPME Arrow-IMS data of the determination of terbutryn at different 

concentrations in distilled water. 
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Figure A 5.4 SPME Arrow-IMS data of the determination of quinoxyfen at different 

concentrations in distilled water. 

 

 

 

 

 

 

 

 

 

 

 

Figure A 5.5 SPME Arrow-IMS data of the determination of terbutryn (50 µg L-1) in 

Qazvin River water. 
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Figure A 5.6 SPME Arrow-IMS data of the determination of quinoxyfen (500 µg L-1) 

in Qazvin River water. 

 

 

 

 

 

 

 

 

Figure A 5.7 SPME Arrow-IMS data of the determination of dichlorovos (100 µg L-1) 

in Qazvin River water. 
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Figure A 5.8 SPME Arrow-IMS data of the determination of cybutryne (200 µg L-1) in 

Qazvin River water. 

 

 

 

 

 

 

 

 

 

Figure A 5.9 SPME Arrow-IMS data of the determination of terbutryn (50 µg L-1) in 

Ziarat River water. 
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Figure A 5.10 SPME Arrow-IMS data of the determination of quinoxyfen (500 µg L-1) 

in Ziarat River water. 

 

 

 

 

 

 

 

 

 

Figure A 5.11 SPME Arrow-IMS data of the determination of dichlorvos (100 µg L-1) 

in Ziarat River water. 
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Figure A 5.12 SPME Arrow-IMS data of the determination of cybutryne (200 µg L-1) 

in Ziarat River water. 

Table A 5.1 Suggested solutions for the optimized extraction parameters of the 

studied pesticides calculated using Design-Expert® and Microsoft® Excel 

software. 
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