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ABSTRACT 
 
 

This thesis focuses on the development of a novel drift tube and novel pulse circuit design for 

ion mobility spectrometry in combination with different ionization methods for various 

applications, as well as aspect of electrospray mass spectrometry of inorganic ions. 

 
 

The first project was the study of the measurement of a mixture of inorganic cations using an 

electrospray ion-trap mass-spectrometry normally used for neutral organic compounds. The 

mass spectra showed the production of solvent clusters, which could be minimized by making 

use of the collision-induced dissociation capability of the instrument as well as by heating of 

the inlet tube. The collision-induced dissociation (CID) voltages were optimized to reduce 

adduct and cluster formation. The use of an internal standard for construction of linear 

calibration lines was studied. The work showed potential for quantitation of mixtures of 

inorganic ions using the electrospray mass spectrometer. 

 
 

In the second project, a gas sensor based on a field asymmetric ion mobility spectrometer was 

constructed in-house, coupled with a Krypton lamp as ionization source. A rectangular pulse 

was employed as the separation waveform for the drift tube instead of the commonly used but 

less efficient bi-sinusoidal waveform. The device was used for qualitative and quantitative 

measurement of ethylene gas that is emitted by climacteric fruit. For selectivity in the detection 

of ethylene, a Krypton lamp with a specific radiation energy (eV) was employed, leading to 

high ionization efficiency of ethylene and with other compounds having higher ionization 

energies not being ionized. The device was applied to the determination of ethylene given off 

by 6 types of climacteric fruits, namely apples, bananas, kiwi fruit, nectarines, pears and plums. 

  



 
 

In the third project, the novel use of flexible printed circuit board material for the construction 

of drift tubes for ion mobility spectrometry was developed. The circuit board was etched out to 

give narrow copper stripes which when rolled up produced a tube with a series of circular 

electrodes, equivalent to the ring electrodes of a conventional ion-mobility spectrometer. One-

on-one comparison in terms of performance was evaluated between a conventional stacked ring 

set-up and the flexible PCB set-up. Its analytical capability was demonstrated with the 

determination of the C12, C14 and C16 benzalkonium ions (BACs) in commercial cleaning 

products.  

 
 

The fourth project was the development and construction of an ion shutter which is the key 

factor in an ion mobility spectrometer. The ion shutter controls the injection of pulses of ions 

into the drift tube. A very short injection time is required to achieve high resolution. 

Theoretically, ion shutters depend on the design of suitable electronic circuits to create a narrow 

pulse for the ion injection. A new design of circuitry for pulse generation applicable for an ion 

mobility spectrometer is reported. The design is based on an optocoupler for the gate or through 

the trimmer resistor, for switching a pulse with amplitude of 40-70 V at high voltage up to 10 

kV. The optocoupled pulser was compared to those of MOSFET-based pulser by comparison 

of the detection of tetraalkylammonium ions. To the best of our knowledge, this is the first use 

of an optocoupler-based pulser for ion injection in the ion mobility spectrometer. 

 
 

The fifth project was the coupling of a plasma source to an ion mobility spectrometer for direct 

testing of pharmaceutical tablets. The miniature plasma source is mounted at an oblique angle 

at the injection gate of the ion mobility spectrometer. A helium plasma is created by using a 

high alternating voltage of 8 kV at 28 kHz and is employed for the desorption and ionization of 

solid or liquid samples, which are placed on an electrically isolated sample holder. The 

instrument was built in-house at low cost and with a design that can be easily constructed by 

other laboratories. The instrument was tested with the rapid identification of drugs in 

pharmaceutical tablets such as acetaminophen, caffeine, loratadine, norfloxacin, tadalafil, and 

thiamine. 

  



 
 

The sixth project was the application of an ion mobility spectrometer coupled with an electrospray 

ionization source for the determination of the antibiotic tobramycin in ophthalmic solution. This 

method allows the direct analysis of tobramycin in the solution. The ion mobility spectrometry 

uses the developed printed circuit board as the drift tube. In order to ensure that the benzalkonium 

ions used as preservative in the sample did not interfere with the tobramycin detection a solution 

of benzalkonium salts was also measured using the electrospray – ion mobility spectrometer. To 

the best of our knowledge, this is the first time of the ESI-IMS for direct determination of 

tobramycin in eye drops. 

 
 

The last project was the determination of the ethylene gas by ion mobility spectrometry in 

combination with a Krypton lamp as photoionization source. Such a UV lamp with a specific 

excitation energy of 10.6 eV, the ethylene can be selectively ionized for measurement. The 

device makes use of stacked printed circuit board material for the construction of the drift tube, 

which can be easily built in-house. The effect of a field strength and a flow rate of drift gas on 

the peak area and resolving power of ethylene peak was investigated. One possibility of 

interference, which was ethanol, was studied for possible overlapping of the peaks. The novel 

method was developed and validated for ethylene gas liberated from five fruits. i.e. apples, 

avocados, bananas, kiwi fruit and pears. The analysis time was 20 s for one measurement. 
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INTRODUCTION 
 

1.1. MASS SPECTROMETRY  
 

1.1.1. History and basic principles of mass spectrometry 
 

1.1.1.1. History of mass spectrometry 
 

The concept of mass spectrometry had been developed since the late 1800s. Some important 

discoveries [De Hoffmann, 2000; Becker, 2007; Griffiths, 2008; Gross, 2006; Uetrecht, 2010] 

are listed in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: History of mass spectrometric techniques 

1880

1900

1920

1940

1960

1980

2000

2020

1886 Anode rays (now known as positive gas-phase ions) 
 in gas phase discovered by Goldstein [Goldstein, 1886] 

1897 Electron with its mass-to-charge ratio determined by Thomson [Thomson, 1897] 

1898 Anode rays analyzed by magnetic deflection by Wein [Wien, 1898] 

1912 The first mass spectrometer (then called mass spectrograph)  
constructed by Thomson [Thomson, 1913], and the existence of  
isotopes first found by Soddy [Soddy, 1913] 

1918 The first spectrometer with a sector-shaped magnet created by Dempster [Dempster, 1918] 

1946 Concept of a linear time-of-flight (TOF) mass spectrometer 
   proposed by Stephens [Stephens, 1946] 

1953 Quadrupole and ion-trap spectrometer described by Paul and Dehmelt [Paul and Steinwedel, 1953] 

1956 The first coupling of mass spectrometer (MS) to 
 gas chromatography (GC) presented by McLafferty and Gohlke [McLafferty, 1957] 

1967 Collision induced dissociation (CID) was introduced  
 by McLaffery and Jennings [McLafferty and Bryce, 1967] 
1968 Electrospray ionization (ESI) published by Dole [Dole, 1968] 

1974 Atmospheric pressure chemical ionization (APCI) described by Horning, 
 Carroll, Dzidic, Haegele, Horning and Stillwell [Horning, 1974], and the first coupling of  
 high-performance liquid chromatography (HPLC) presented  
 by Arpino, Baldwin and McLaffery [Arpino, 1974] 

1980 Inductively coupled plasma (ICP) demonstrated by 
  Houk, Fassel, Flesch, Gray and Taylor [Houk, 1980] 

1984 The first use of ESI for biomolecules described by Fenn [Yamashita and Fenn, 1984] 

1994 Nanoelectrospray ionization (NanoESI) introduced by Wilm and Mann [Wilm and Mann, 1994] 

2004 Desorption Electrospray Ionization (DESI) discovered by Cooks [Takáts, 2004] 

2005 Direct Analysis in Real Time (DART) introduced by Cody [Cody, 2005] 

2008 Dielectric Barrier Discharge (DBD) proposed by Cooks and Ouyang [Harper, 2008] 

1 

2005 Orbitrap mass spectrometer built by Makarov [Makarov, 2006] 
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The history of mass spectrometry (MS) has covered over 3 centuries. In the mid-1880s, the 

study on gas discharge under low pressure led to the discovery of anode and cathode rays, which 

later were found to be positive ions and electrons, respectively [Goldstein, 1886; Thomson, 

1897]. These rays were found to be deflected by strong magnetic (B) or electric (E) fields. A 

device constructed with the electric field perpendicular to the beam of the rays separated the 

rays according to their mass-to-charge ratio (m/z). This was the first mass spectrometer; then 

called a mass spectrograph [Thomson, 1913]. With improved capability of separation, this lead 

to the discovery of isotopes of elements [Soddy, 1913]. Later, the magnetic sector mass 

spectrometer was introduced in 1918 [Dempster, 1918]. During the 1940s - 1950s various new 

techniques, such as “time-of-flight technique [Stephens, 1946]”, “quadrupole mass filter 

technique [Paul and Steinwedel, 1953]”, and “ion trap technique [Paul and Steinwedel, 1953]” 

were introduced. Also, the technique of “collision-induced dissociation” was applied to induce 

the fragmentation to help in the identification of the molecular structure of the ions [Levsen and 

Schwarz, 1976; McLafferty, 1973; McLafferty, 1995]. At the same time, various technologies 

for ion generation (see section 1.1.2.) were developed along with the mass spectrometer, as 

shown in Figure 1. 

 
 

1.1.1.2. Basic principles of mass spectrometry 
 

The basic operation of mass spectrometry (MS) is to separate ions of either organic or inorganic 

compounds based on their mass-to-charge ratio (m/z) in a gas phase [Becker, 2007; De 

Hoffmann, 2000; Gross, 2006]. It is now widely used due to its high sensitivity and selectivity. 

All physical states of a sample (gas, liquid, and solid) can be analyzed by mass spectrometry. 

However, the sample must first be converted to ions in the gas phase by any suitable ion sources 

(see section 1.1.2.) before the ions are introduced into the mass analyzer (see section 1.1.3.) for 

separation. The major components of any mass spectrometer are the inlet and the ion source, 

the mass analyzer and detector, vacuum pumps, and a computer system to control the instrument 

and to analyze the data, as depicted in Figure 2. The data system records the signals from the 

detector and produces the data in the form of a mass spectrum, i.e. a plot of ion abundance 

(intensity of signal) as a function of the mass-to-charge ratio (m/z) [Becker, 2007; De 

Hoffmann, 2000].  
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1.1.2. Inlet and ion sources  
 

The inlet system is the part that introduces the sample into the mass spectrometer. The sample 

could be a gas, liquid or solid. The inlet system must first convert the sample into a gas before 

allowing the sample to pass to the ion source (if neutral) or to the mass analyzer (if already 

charged). The inlet and ion source system can be at ambient pressure or under vacuum (10-5 – 

10-8 torr). The various ionization techniques used in mass spectrometry can be classified by its 

energy of ionization, i.e. hard or soft ionization (in Figure 3). Each ion source has advantages 

and disadvantages for any particular application.  

 

 
 

Inlet
system

Ion
source

Inlet
system
Mass 

analyzer Detector

Sample

Signal
processor

Readout

Vacuum
system

10-5 - 10-8 torr

Hard Gas Phase Ionization

Soft Condensed Phase Ionization

Elements or Isotopes Intact Large Molecule

Inductively-Coupled Plasma (ICP)

Electron Ionization (EI)

Atmospheric Pressure 
Chemical Ionization (APCI)

Electrospray Ionization (ESI)

Desorption Electrospray Ionization (DESI)

Direct Analysis in Real Time (DART)

Low Temperature Plasma (LTP)

Figure 2: Block diagram of a mass spectrometer 

Figure 3: Diagram of the hardness or softness of ion sources 
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One of the most important considerations is the ionization energy. Some ionization techniques 

are very energetic (hard ionization), e.g. electron ionization (EI) and lead to extensive 

fragmentation with many peaks in the mass spectrum. Such fragmentation is necessary for 

correct identification of a compound. Electrospray ionization (ESI) (soft ionization) gives no 

fragmentation or few fragmentations and produces only pseudo-molecular ions. A collision-

induced dissociation (CID) process is required for fragmentation of the pseudo-molecular ion 

[Gross, 2006]. 

 
 

1.1.2.1. Electron ionization (EI) 
 

Electron ionization (EI) was first described in 1918 by Dempster [Dempster, 1918] and was the 

first ionization method developed for mass spectrometry [Griffiths, 2008]. EI was also called 

as electron impact ionization [Maihom, 2013]. A schematic diagram is shown in Figure 4. The 

ion source, placed in front of the mass analyzer section of the instrument and in a high vacuum, 

consists of a thin heated cathode filament (the electron emitter) made of tungsten or rhenium, 

which emits electrons (and light). The stream of electrons is focused by magnets to flow as a 

narrow beam to the anode set at a constant (but adjustable) voltage (usually 70 V). The electron 

beam collides with neutral gas molecules introduced into the ionization chamber [Becker, 

2007]. 
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Figure 4: Schematic diagram of the ionization chamber 
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In the collision with the electron beam, an electron from the neutral molecule M is expelled to 

give the radical cation M+•. 

 
M + e- ® M+• + 2e- 

 
The molecule M is also activated to higher energy states by the collision leading to 

fragmentation of the radical cation M+•. The product(s) of the fragmentation can also fragment 

further. There are many dissociative pathways for a radical cation but the net fragmentation 

process produces a set of ions (and neutral fragments) with m/z values and relative abundances 

which is unique (for a fixed eV) for that molecule M. The resulting mass spectrum generated 

by the mass analyzer is used to identify a compound by comparing with the mass spectrum of 

a pure standard. [Becker, 2007]. Negative ions can be generated by addition of methane or 

ammonia gas into the ion source. The electron beam produces radical ions of methane or 

ammonia and also low energy electrons. These electrons are captured by molecules M elements 

with high electron affinity elements (e.g. halogens) to produce M1- ions. This is a soft ionization 

and there is little or no fragmentation. [De Hoffmann, 2000]. 

 
 

1.1.2.2. Electrospray ionization (ESI) 
 

The first electrospray ionization (ESI) experiments were reported by Dole et al. in 1968 to 

observe polymeric species, i.e. polystyrenes [Dole, 1968], by the generation of multiple-

charged molecule ions at atmospheric pressure. In 1984, the coupling of electrospray as ion 

source and a mass spectrometer (MS) as ion detector was first described for biochemical 

application by Fenn and Yamashita [Fenn, 2003; Fenn, 1989, 1990]. In 2003, Professor Fenn 

and Yamashita were awarded the Nobel Prize [Fenn, 2003] for this pioneering work which 

enabled the measurement of large biological molecules by a mass spectrometer. At present, 

atmospheric pressure electrospray ionization in combination with a tandem mass spectrometer 

(ESI-MS/MS) is one of the most employed soft ionization methods for the investigation of 

biomolecules [Becker, 2007]. 

 
 

In the electrospray ionization (ESI) process (in Figure 5), a sample solution flowing at a low 

flow rate of 5 – 20 µL·min-1 in a capillary is converted into a spray of small droplets (an aerosol) 

by a sheath flow of nitrogen gas at a high flow rate of 10 – 30 L·min-1. A high voltage, ca. + or 

-3 kV, is applied to the tip of the capillary [Gross, 2006]. The droplets become charged with 

excess positive or negative charges depending on the sign of the voltage at the capillary. The 
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excess charges are at the surface of the droplets. One moment in time, the amount of charge on 

the droplet surface is equal to the surface tension called the Rayleigh limit. As the droplet 

rapidly evaporates the surface charge density increases until the Coulombic repulsion between 

the charges becomes greater than the surface tension. The droplet then breaks into smaller 

droplets. However very small droplets can be ejected from a larger charged droplet via the so-

called “Taylor cone” formation [Taylor, 1964]”. Finally, only the less volatile molecule M is 

left combined with the excess charge, either as a positive (M + H)1+ or negative (M-H)1- species, 

depending on the polarity of the ionizing voltage. These pseudo molecular ions are drawn into 

the mass spectrometer by the opposite voltage applied at the very small entrance hole. Figure 5 

is a schematic of the atmospheric pressure ESI process. 

 

 
 
 
 
In 1994, electrospray using nanoflow rates (20-50 nL min-1 [Wilm and Mann, 1996]) can 

produce charged droplets with sizes < 200 nm, without the need of a nebulizing gas by Wilm 

and Mann [Wilm and Mann, 1994]. Such system is useful when there is very limited amount of 

sample. However, visual inspection of the spray is necessary and skilled manipulation of the 

position of the capillary tip with respect to the entrance of the mass spectrometer is required to 

obtain satisfactory mass spectra [Wilm, 1996]. 
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1.1.2.3. Inductively coupled plasma (ICP) 
 

Inductively coupled plasma (ICP) source is currently the most commonly used in inorganic 

mass spectrometry. It was first described in 1964 by Greenfield et al. [Greenfield, 1964]. The 

ICP source was first successfully coupled to a quadrupole mass analyzer by Gray [Gray and 

Date, 1983], Houk [Houk, 1980], and Date [Date and Gray, 1981]. In an ICP-MS instrument, 

the plasma is usually generated from a stream of an inert gas (usually argon gas). A schematic 

diagram of an inductively coupled plasma ion source showing the quartz torch, induction coil 

and skimmer cones at the entrance to the mass spectrometer is shown in Figure 6.  

 

 
 
 
 
 

Various systems have been devised for generation of an aerosol from a liquid sample and for 

separation of large size droplets. Small droplets of the analyte solution are formed by a sheath 

or cross-flow nebulizer spray. Such arrangements provide only 1 – 3 % of the solution into the 

plasma [Browner and Boorn, 1984]. The rest of the sample (97% to 99%) is drained away 

[Becker, 2007]. Besides the conventional Meinhard nebulizer, together with cooled or non-

cooled Scott spray chamber or conical spray chamber, several types of micro-nebulizers with 

conical spray chambers are employed for routine ICP-MS measurements. The fundamental 

processes of aerosol generation, droplet size distribution and transport to the ICP, together with 

experimental parameters, are described in the literature [Becker, 2007; Todolí and Mermet, 

2006].  
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Figure 6: Schematic diagram of the plasma torch and interface region of 
ICP mass spectrometer 
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1.1.2.4. Atmospheric pressure chemical ionization (APCI) 
 

Atmospheric pressure chemical ionization (APCI) is the second most used ionization technique 

after ESI for organic compound species in mass spectrometry [Rebane, 2016]. The sample 

solution flows at a rate between 0.2 and 2.0 mL·min-1 and is nebulized by a flow of nitrogen 

gas. The aerosol then passes through a heated quartz tube (~120°C) where there is vaporization 

of the solvent. Ions are produced by ion-molecule reaction in the Corona discharge formed at 

the tip of a needle at a high applied voltage placed near the flow exit of the quartz tube [Carroll, 

1975]. The APCI technique is mainly useful for non-polar or low polarity compounds with 

molecular weight up to about 1500 Da. It is a soft ionization and produces ions by proton 

transfer reaction in the gas phase. [De Hoffmann, 2000]. The schematics of the APCI manifold 

is shown in Figure 7. 

 

 
 
 
 

1.1.2.5. Desorption electrospray ionization (DESI) 
 

A new ionization method called “desorption electrospray ionization (DESI)” was described by 

Cooks and co-workers in 2004 [Takáts, 2004]. The principle is based on ESI but a solid sample 

is ionized at ambient pressure without the need to prepare a sample solution. However, a 

solution can also be employed, by depositing on a conducting or non-conducting surface, 

provided that the substrate does not produce high background signals. A stream of solvent 

produces charged aerosol at the tip of the solvent capillary as in ESI. The charged spray is 
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Figure 7: Schematic diagram of atmospheric pressure chemical ionization (APCI) 
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targeted over the surface of the sample. The charged droplets and solvent ions desorb and ionize 

the sample material. The target ions are drawn into the ion-transfer inlet capillary of the mass 

spectrometer. Reagent solutions can be used to react with the sample for specific detection of a 

target analyte, leading to high selectivity [Hollerbach, 2016]. In practical use, the sample can 

easily be deposited on a sample holder and it is possible to freely move or manipulate during 

the experiment. Another interesting feature of DESI is its ability to be used with a thin-layer 

chromatographic plate (TLC) [Kertesz, 2005]. Like ESI, the resulting mass spectra are similar 

to standard ESI mass spectra with singly or multiply charged molecular ions observed [De 

Hoffmann, 2000]. A schematic diagram of the DESI ion source is shown in Figure 8. 

 

 
 
 
 

1.1.2.6. Direct analysis in real time (DART) 
 

“Direct analysis in real time (DART)” was first described by Cody et al. in 2005 [Cody, 2005]. 

The method allows direct detection of compounds on surfaces, dissolved in solutions or in a 

mixture of gases without the need for sample preparation. The analysis takes place under 

ambient condition at the inlet of a mass spectrometer. The sample is not perturbed because there 

is no exposure to high voltages or vacuum [De Hoffmann, 2000]. In the configuration of the 

DART probe as shown in Figure 9, a high-voltage potential between two electrodes produces a 

Corona discharge within a flow of gas (e.g. helium or nitrogen). Only “meta-stable ions” 

produced in the discharge can reach the sample and interact with the sample under ambient 

atmosphere to produce molecular ions [Furter and Hauser, 2018]. Several mechanisms are 

involved in ion formation, depending on the analyte molecule, the operating condition and the 

gas used.  
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Figure 8: Schematic diagram of desorption electrospray ionization (DESI) 
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In positive ion mode, the simplest process is the Penning ionization [Chan, Shelley, Jackson, , 

2011; Chan, Shelley, Wiley, , 2011; Furter and Hauser, 2018; Meyer, 2011] involving transfer 

of energy from the meta-stable gas molecule to the analyte, leading to the formation of radical 

cation of the target molecule: 

 
G* + M ® M+• + G + e- 

 
where M is the analyte molecule, G* is metastable molecule, e- is the ejected electron and M+• 

is the resulting molecular ion.  

 
 

Another ionization process, when helium is used as the gas, is proton transfer. Metastable 

helium atoms react with water molecules in the atmosphere to produce ionized water clusters 

which then protonate sample molecules, leading to protonated molecules. Negative ions can be 

formed by electron capture due to the presence of thermalized electrons produced by the 

Penning ionization in the gas phase or on the surface. Negative ions can also be produced by 

reaction of analyte molecules with negative ions formed from atmospheric water and oxygen 

molecules to produce deprotonated molecules [Jafari, 2011]. Fragmentation is observed for 

most target compounds. The results appear similar to those obtained with DESI, but no multiply 
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Figure 9: Schematic diagram of direct analysis in real time (DART) 
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charged ions are produced. Consequently, the range of analytes that can be ionized by DART 

is less than those by DESI [De Hoffmann, 2000].  

 
 

1.1.2.7. Low-temperature plasma (LTP) 
 

 
 
 
 

The low-temperature plasma (LTP) torch is an ambient ionization source in which ions are 

formed at atmospheric pressure. Typically, the LTP probe can be coupled to an ion detection 

instrument for measurement, such as a mass spectrometer [Harper, 2008] or an ion mobility 

spectrometer [Jafari, 2011]. The plasma is generated by dielectric barrier discharge (DBD) of a 

high-voltage alternating current [Furter and Hauser, 2018] and an inert gas flowing at < 500 

mL·min-1. The configuration of the LTP probe is shown in Figure 10. The probe consists of 

glass tube serving as a dielectric barrier and two electrode bands wound around the tube. The 

electrodes are connected to a high AC voltage source. The plasma jet at the tip of the probe is 

directed at the sample surface. Analytes are desorbed, ionized and drawn into the inlet of the 

detector. The LTP is stable and has low-power consumption (2.5 - 3.0 kVpp and 2.0 - 5.0 kHz 

[Harper, 2008]). It is also relatively easy to construct. 

 
 

1.1.3. Technology of separation of ions in mass spectrometry 
 

Mass analyzer plays an important role in separation of ionized masses according to their mass-

to-charge ratio (m/z). The mass analyzer can be classified into two types, viz. sector mass 

analyzer and dynamic mass analyzer. Some of the major types of mass analyzers are presented 

in the following sections. 
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Figure 10: Schematic diagram of low-temperature plasma ionization (LTP) 
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1.1.3.1. Sector mass analyzer 
 

Mass separation is based on the discovery that a magnetic (B) or electric (E) field can change 

the direction of charged particles moving in a straight line in a vacuum. A magnetic or electric 

field is a force that acts only on charged particles. In an electric field the force acts on the ions 

along the direction of the field, whereas in a magnetic field the force acts in a direction 

perpendicular to the direction of the field and also perpendicular to the direction of the ion 

trajectory. As the experimental was found that magnetic (B) or electric (E) fields can deflect 

the trajectory of the ions, so that sector analyzers make use of magnetic (B) or electric (E) fields, 

or even a combination of the two fields in separation and in focusing of ion in mass spectrometry 

[Gross, 2006]. At present the magnetic sector instruments are mainly installed in isotopic ratio 

mass spectrometers. Figure 11 shows the schematic of a magnetic sector for separation of the 

major isotopic molecular species of CO21+ . 

 

 
 
 
 
 

The ions experience two equal forces, the magnetic field (FB) and the centripetal force (FC): 

 
FB = zveB 

      FC = mv2rm-1  
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Figure 11: Schematic diagram of a magnetic sector mass analyzer for CO21+ 

measurements 
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where z is the number charge of the particle, v is its velocity, B is the magnetic field, m is the 

mass of the particle, e is the charge of an electron (coulomb) and rm is the radius of the moving 

ion.  

 
 

The above equation can be rearranged to give: 

 
rm = (m/z)(v/eB) 

 
The radius rm of the circular trajectory depends linearly with m/z of the ion, and inversely with 

field strength B. 

 
 

1.1.3.2. Dynamic electric field analyzer 
 

Quadrupole Mass Analyzer: The first quadrupole mass spectrometer was designed by H. 

Dehmelt and W. Paul in 1953 (for which they were awarded the Nobel Prize in Physics in 1989) 

[Paul and Steinwedel, 1953]. Quadrupole mass analyzer (QMA) works as a transmission mass 

filter. As the construction can be seen in Figure 12, it consists of four cylindrical electrodes, set 

very parallel to each other. The rods are about 20-25 cm long and about 2 cm apart. The rods 

have a hyperbolic cross section and are held together by ceramic insulators [De Hoffmann, 

2000]. By applying both a direct current (DC) and an  alternating current (AC, usually 1 MHz) 

voltages to a pair of opposing electrodes, an oscillating quadratic electric field is produced 

between the rods [De Hoffmann, 2000]. At a fixed ratio of DC/AC voltage, a specific AC (or 

DC) voltage will allow ions having a particular m/z value to have stable trajectories to pass 

between the rods and reach the detector. The voltages can be changed very rapidly, allowing 

the detection of ions over a range of m/z values in milliseconds (scan rate). The ratio of DC/AC 

sets the resolution of the mass spectrometer. The quadrupole mass spectrometer has constant 

peak width over the entire m/z range. The width at half maximum height (FWHM) is usually 

set at 0.5 – 0.6 m/z to give a constant unit mass resolution. The resolution of the spectrometer 

can be increased by either employing eight poles or by connecting two or three quadrupole in 

series [Voo, 1997]. The major feature of the quadrupole mass selector is the ability to detect 

ions of any designated m/z value very rapidly, known as the Selected Ion Monitoring (SIM) 

mode. This makes the instrument very selective for detecting ions of different m/z values that 

are present together.  
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Time-of-Flight (TOF) Mass Analyzer:  

The concept of the time-of-flight (TOF) mass analyzer was first proposed by W. E. Stephans in 

1946 by introducing the basic building blocks of a TOF instrument [Stephens, 1946] as shown 

in Figure 13A. The instrument separates the ions according to their velocity and hence by their 

time to travel in a field-free tube (about 1 -3 m long) to the detector set at the opposite end of 

the flight tube. In the ion source, an electrode (the repeller plate) is set at a fixed potential 

producing an electric field (E). Ions with the same charge as the potential are accelerated by the 

electric field out of the ion source [Stephens, 1946]. The kinetic energy of an ion is given by  

 
zeEs  =  ½(mv2) 

 
where m is the mass of the ion, z is the number of charges, e is the value of one charge, s is the 

distance travelled and v is the resulting velocity of the ion.  
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DC and AC
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Figure 12: Schematic diagram of linear quadruple mass analyzer  
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Thus all ions with the same number of charge z have the same kinetic energy irrespective of 

their mass. Therefore, ions with different masses (but same z) have different velocities. The 

ions are allowed to enter the flight tube in very short pulses set by the potential applied at the 

repeller plate. Timing starts at the beginning of each pulse so that the time of flight of an ion is 

proportional to √(m/z). The distribution of ions in the ion source leads to variation of the 

distance s and so variation in the velocity of ions having the same m/z, giving low resolution, 

i.e. large FWHM. 

 

 
 
 
 

To improve the resolution of the TOF instrument, the “reflectron” was installed into the TOF 

instrument (Figure 13B) by Mamyrin et al. in 1973 [Mamyrin, 1973]. Most modern TOF 

instruments have a “reflectron” or ion mirror unit placed at the end of the flight tube. It consists 

of a stack of ring electrodes that produces a field gradient. Ions with high kinetic energy take a 

longer time to reverse direction than ions with a lower kinetic energy. The instrument is so 

designed that ions with the same mass but with a small distribution of velocities arrive at the 

detector almost simultaneously. The mass resolution of the TOF instrument is improved by 

orders of magnitude (see Figure 13B). [Becker, 2007]. The mass range of the TOF is only 

limited by the length of the drift tube. The usual operating resolution is 8000 – 15000.  

Ion source Flight tube Ion detector

Ion source Flight tube Reflectron

Ion detector

A

B

Figure 13: Schematic diagram of A) linear time-of-flight (TOF) and B) TOF instrument 
with a reflectron 
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Ion Trap Mass Analyzers: Ion trap or 3-D quadrupole field ion trap was also invented by 

Wolfgang Paul (Nobel prize 1989) [Paul and Steinwedel, 1953]. It is made up of a circular ring 

electrode and two end caps, insulated from the central electrode, which together form a chamber 

as shown in Figure 14. 

 

 
 
 
 

The ring electrode has a hyperbolic surface. Ions are injected in pulses into the trap through a 

hole in the entrance endcap. The trap contains helium at a pressure of ~10-4 torr. Ions collide 

with the helium gas (damping gas) to congregate towards the center where they move in a 

Lissajous pattern without collisions. By changing the frequency of the voltage of the ring 

electrode, ions of different masses are destabilized in turn and are ejected through both end 

caps. However, the detector is set only at the exit endcap. The mass resolution of the instrument 

is usually set at unit mass resolution. Since half of the injected ions are in theory detected the 

instrument has a higher sensitivity than the quadrupole mass selector which detects only ions 

of same m/z values at any instant of time. The main disadvantage of the ion-trap is that the trap 

can be overloaded with ions leading to collisions which leads to incorrect assignment of m/z 
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Figure 14: Schematic diagram of ion trap  
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values (space charge effect). New models now have an “automatic gain control (AGC)” feature 

that carries out a very short injection pulse and rapid injection of all ions (within the m/z range) 

to determine the total amount of ions (pre-scan). From this information the injection time of the 

sample injection is adjusted so that the trap is always filled with the optimal number of ions. 

However, the major feature of the ion-trap is the ability to carry out collision-induced 

dissociation (CID) or fragmentation with a single mass analyzer unit. All ions, except the ion 

of interest (precursor ion) are ejected (but not detected). The frequency of the voltage of the 

endcaps is adjusted so that the precursor ions move about the trap, colliding with the helium 

gas and so fragmenting. The fragments are “damped” to the center of the trap for detection by 

sequential ejection (MS/MS or MS2). Further, the fragment ions can be ejected (without 

detecting) except for the second selected precursor ion. The CID process is repeated and the 

fragments detected (MS3). Ion-trap instruments have the capability to perform up to 

MS9.[Becker, 2007; March, 2009] 

 
 

1.1.4. Collision-induced dissociation (CID) 
 

Collision-induced dissociation (CID), also known as collision activated dissociation (CAD), or 

collision activation (CA), is a technique in mass spectrometry to produce fragmentation of 

selected ion(s) (precursor ion(s)) in the gas phase [Mitchell Wells and McLuckey, 2005; Sleno 

and Volmer, 2004]. CID is generally achieved by passing an ion beam through a collision cell 

containing an inert gas (He, N2, Ar) at a pressure above the main instrumental vacuum. This is 

carried out via a needle valve inserted in a closed compartment with narrow entrance and exit 

slits (see Figure 15).  
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The selected ions (typically the molecular ions or protonated molecules) are first accelerated 

by applying an electrical potential to increase the kinetic energy of the precursor ions and then 

allowed to collide with the gas molecules. In the collision some of the kinetic energy is 

converted into molecular vibrational energy which results in bond breakage. The fragment ions 

produced by CID are used for elucidating or confirming the identity of the precursor ion. 

Moreover there is a reduction of the background signals and so decreasing the limit of detection 

[Levsen and Schwarz, 1976; McLafferty, 1973; McLafferty, 1995].  
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Figure 15: Schematic diagram of a collision cell for mass spectrometer 
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1.2. ION MOBILITY SPECTROMETRY  
 

1.2.1. History and basic principles of ion mobility spectrometry 
 

1.2.1.1. History of ion mobility spectrometry 
 

The concept of ion mobility spectrometry has been developed since the 1700s. Figure 16 lists 

some important discoveries [Eiceman, 2013; Guharay, 2008; Maestre, 2012; May, 2014]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

1700 Formation of ions in air discovered by study of lightning [Eiceman, 2013] 
  

Figure 16: History of development of ion mobility spectrometry  

1830 Faraday concept introduced by Michael Faraday, and named after him [Eiceman, 2013] 
  
1897 Apparatus to study the mobility of ions first constructed  
 by Thomson and Rutherford [Thomson, 1897] 

1898 Ionization of a radioactive and ultraviolet source proposed by Curie [Curie, 2001] and Rutherford 
[Rutherford, 1898], respectively and ion mobility spectrometer based on ions drifting against a 
counter gas flow constructed by Zeleny [Zeleny, 1898] 

1899 Corona discharge presented by Chattock [Chattock, 1899] 

1930 Tyndall-Powell gate (TPG) used in glass tube presented by Tyndall [Tyndall and Powell, 1930] 

1968 Electrospray ionization (ESI) introduced by Dole [Dole, 1968] 

1973 Theory of collision-cross section (CCS) relating to ion mobility studied by Mason and Schamp 
[McDaniel and Mason, 1973; Revercomb and Mason, 1975] 

1970 The first ion mobility named “Plasma chromatograph” proposed by Cohen 
[Cohen and Karasek, 1970] 

1975 Differential mobility analyzer (DMA) discovered by [Knutson and Whitby, 1975] 

1993 Field asymmetric ion mobility spectrometry (FAIMS) introduced by [Buryakov, 1993] 

2011 Trapped ion mobility spectrometry (TIMS) discovered by [Fernandez-Lima, 2011] 

2014 Concept of three-grid injection explained by Langejuergen [Langejuergen, 2014] 

2008 Dielectric Barrier Discharge (DBD) proposed by Cooks and Ouyang [Harper, 2008] 

2011 Concept of three-grid injection first introduced by Atkinson [Atkinson, 2011] 

1936 Bradbury-Nielsen gate (BNG) used in glass tube published by Bradbury [Bradbury and Nielsen, 1936] 
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1987 ESI-IMS presented by Hill in 1987 [Shumate and Hill Jr, 1987] 
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As can be seen in Figure 16, the important fundamental discoveries were made during the 

1700s. Later research and theory provided the basic concepts of ion mobility. Until the 1970 

the first ion mobility spectrometer (IMS), working at atmospheric pressure and named “plasma 

chromatograph” was introduced by Cohen and Karasek [Cohen and Karasek, 1970]. Two years 

later, a commercial instrument was available in 1972 from Franklin GNO Corporation [Cohen, 

1972]. The fundamental equations explaining the collision-cross section (CCS) of an ion was 

developed by Revercomb and Mason [Revercomb and Mason, 1975] and is still applied to 

present day. The ion source (see section 1.2.2.) has also been developed along with the ion 

mobility spectrometers and is still continuing. 

 
 

1.2.1.2. Basic principles of ion mobility spectrometry 
 

Ion mobility spectrometry (IMS) is an analytical technique used to separate and identify ionized 

molecules in the gas phase based on their mobility in a buffer gas at ambient condition. 

[Chantipmanee and Hauser, 2021; Eiceman, 2013]. As no vacuum is required, the approach is 

significantly simpler than mass spectrometry and portable instruments are possible. IMS has a 

high versatility used as a selective detector of ions after a chromatographic separation, for pre-

separation of ions before mass spectrometry (MS) analysis or even as a stand-alone instrument 

[Maestre, 2012]. IMS instruments are extremely sensitive and rapid analysis (analysis time of 

seconds), being widely used in several applications, e.g. in military applications [Maestre, 

2012], in chemical warfare agent detection [Puton and Namieśnik, 2016], in pharmaceutical 

industry [O’Donnell, 2008], in food quality control [Hernandez-Mesa, 2019; Karpas, 2013], 

and in environmental analysis [Armenta, 2020; Márquez-Sillero, 2011]. 

 

 
 
 
 

Ionization
source

Inlet
systemDrift tube Ion 

detection

Sample

Ion 
injection

Figure 17: Block diagram of major component of ion mobility spectrometry 
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An ion mobility spectrometer consists of four essential components (Figure 17): a sample-

introduction for generation of ions, an injector (ion shutter), a drift-tube for ion separation, and 

a Faraday detector. 

 
 

1.2.2. Ion source of ion mobility spectrometer 
 

Ion source is to produce gas phase ions before ion separation and detection by mobility 

measurements [Maestre, 2012]. The process to create the gas phase ions is called “ionization”. 

The mechanism of the production of ions depends on the type of ion source used. As no 

requirement of any vacuum system, in this chapter, the various ion sources that are suitable for 

atmospheric pressure used in ion mobility spectrometry (IMS) are presented. The ion sources 

with their main features are listed in Table 1. 

 
Table 1 List of ion sources for IMS with their features 

Type Advantages Disadvantages 

Radioactive source -No external power supply 
-Stable and reliable 
operation 
 

-Licensing required 

Corona discharge source 

 

-No radioactivity 
-Simple design 

-High voltage power       
supply required  
-Corrosion of the needle 
 

Electrospray ionization  
and its derivatives 
 

- High molecular  
weight analytes due to 
multi charge 
 

-Memory effects in the liquid 
delivery system 

Photoionization source 

 

-Inexpensive of UV lamp 
-Partial selectivity 

-Limit the ionization and the 
types of compounds analyzed 

Plasma-based source -Simple design -Radio-frequency high 
voltage needed 
 

 
 

1.2.2.1. Radioactive source 

 
Radioactive sources are widely used in IMS due to their stability and reliability. Nickel (63Ni) 

[Simmonds, 1967] and Americium (241Am) [Guharay, 2008] source used as a radioactive source 

emit beta and alpha particles, respectively. The beta particles from 63Ni have an average energy 

of ~17 keV [Simmonds, 1967], while the alpha particles from 241Am have energy > 5.4 MeV 

[Guharay, 2008]. These particles collide with the neutral analyte molecules and ionize them by 

means of charge transfer reactions to provide the ions of interest. An advantage of radioactive 
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sources is that they do not require any external power supply and thus are suitable for portable 

instruments. Disadvantages are that the sources require special permits for using and handling 

radioactive materials. 

 
 

1.2.2.2. Corona discharges 

 
Ion sources based on corona discharge (CD) ionization have gained a lot of attention, 

particularly over the radioactivity-based ionization sources due to the distinct advantage of not 

having to use radioactive materials [Shahin, 1966, 1967]. To form a CD, a sharp needle is placed 

2 to 8 mm from a metal plate with a voltage difference of 1 to 3 kV between the needle tip and 

plate. Schematics of the mechanism of the formation of ions in a corona discharge at the end of 

the tip is shown in Figure 18. An electric discharge occurs in the gap. When analytes in gas 

phase are introduced into the gap, ions are formed. CD sources with various designs and 

electronic controls have also been developed for use with IMS [Hill and Thomas, 2003; 

Tabrizchi, 2000]. 

 

 
 
 
 

Recent development of corona discharge (CD) source is the pulsed corona discharge [An, 

2005]. Unlike the continuous discharge, the pulsed corona source produces ion packets at fixed 

frequencies, enabling the elimination of the requirement of an ion gate for ion injection (see 

section 1.2.3) [An, 2005]. The advantage of the use of CD as an ion source is that the ion 

currents produced are relatively high and the design and assembly of the source are relatively 

simple. However, the design and assembly of the source are simple, there is erosion of the 

needle and other components that come in contact with the corona discharge. There are also 

possible formation of ozone from the air and perhaps other hazardous gases from the sample 

itself.  
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Figure 18: Schematic diagram of a corona discharge setup 
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1.2.2.3. Electrospray ionization and its derivatives 
 

The principle of electrospray ionization has been discussed earlier (see section 1.1.2.2.). In this 

chapter, the use of ESI and its derivatives with IMS is reviewed. The combination of ESI with 

IMS was introduced by Hill with successful application to a wide range of compounds [Hallen, 

1989]. In the ESI process, electrospray as a soft ionization source produces pseudo-molecular 

ions with no fragmentation or few fragmentations. The electrospray source is placed in front of 

the drift tube and the ionized sample enters the drift tube (see Figure 19A) under a potential of 

several thousand volts relative to the drift tube [Fenn, 2003]. The first concept of ESI-IMS was 

in a talk by Hill in 1987 [Shumate and Hill Jr, 1987]. ESI has now become the method of choice 

for measuring biomolecules by IMS [Shumate, 1994; Wittmer, 1994]. 
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Figure 19: Schematic diagrams of A) electrospray ionization and B) secondary 
electrospray ionization for ion mobility spectrometry 
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Advantages of ESI are that liquid samples can be introduced directly into the IMS and 

molecular weight information is obtained due to the soft ionization process. The main limitation 

with ESI in practical use is that relatively long rinsing times are needed between samples 

because adsorption effect in the fluidic tubing can be significant. 

 
 

Several innovative ion sources that are based on ESI have been developed, including secondary 

electrospray ionization (SESI) as shown in Figure 19B [Lee, 1997]. Secondary electrospray 

ionization (SESI) was first introduced for IMS by Hill in 2000 [Wu, 2000]. In the process of 

SESI, a stream of solvent ions formed from ESI is merged with a stream of aerosol of the sample 

solution. The solvent ions steam act as reactant ions to ionize the liquid droplets or gaseous 

analytes to provide the secondary ionization called “secondary ions” before entering the drift 

tube. 

 
 

1.2.2.4. Photoionization 

 

 
 
 
 
 

Photoionization is a process in which ions of interest are formed via interaction of photon and 

gaseous analyte. In the set up (Figure 20), photoionization makes use of an intense UV lamp 

[Sielemann, 2001] to achieve the ionization process at ambient pressure. The UV lamp emits 

photons from the electrical excitation of noble gases contained in the lamp [Chantipmanee and 

Hauser, 2020], and by adjusting the excitation level, the analyte can be selective. The formation 

of positive ions with photons can be written: 

 
M + hv è M+• + e- 

Drift tube

UV lamp

Sample 

Figure 20: Schematic diagram of photoionization for ion mobility spectrometry 
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where hv is the energy of photon emitted from the UV lamp, and M is the neutral analyte 

molecule. The energy needed for this ionization of organic compounds is generally in the range 

of 7 to 10 eV, and the molecular radical cations (M+•) can be routinely observed for the organic 

compounds [Young, 2002]. A 10.6 eV low-pressure gas discharge lamp has been used for the 

continuous detection of alcohols [Sielemann, 2001] and ethylene given off in the concentration 

range between 0.67 to 67 ppm(v/v) (parts per million by volume) from fruit as a monitor of 

ripening [Chantipmanee and Hauser, 2020]. The major advantage of the UV source is that by 

adjusting the photon energy, the analyst can selectively ionize target compounds of interest 

[Baim, 1983]. Disadvantages of UV lamps are the moderate intensities that can be produced 

from the lamps and the limited types of compounds that can be analyzed. Also the lamps have 

a finite lifetime [Eiceman, 2013].  

 
 

1.2.2.5. Plasma-based ionization 

 
The idea of using plasma ionization as an ion source for atmospheric pressure IMS has been 

reported [Dai, 2017; Drees, 2020; Jafari, 2011; Kuklya, 2015; Michels, 2007]. In general 

plasma ionization sources, the source consists of a high RF-voltage applied across two 

electrodes that are separated by a thin film of dielectric material. The plasma is formed in air 

and contains both positive and negative ions [Eiceman, 2013]. Such configuration of a plasma 

source is called “dielectric barrier discharge (DBD) [Olenici-Craciunescu, 2009]”.  

 
 

One of the configurations that is simple to construct was demonstrated in 2009 by Franzke and 

co-workers [Olenici-Craciunescu, 2009]. The DBD plasma (Figure 21) is formed by two 

isolated electrodes arranged axially on the same tube with a 5 kV pulse potential at 35 kHz 

applied at ambient condition [Olenici-Craciunescu, 2009]. The construction of double-DBD 

design is simpler than the concentric arrangements of DART devices [Furter and Hauser, 2018]. 

The recent developments of such plasma-based ionization techniques have been reviewed in 

many publications [Albert, 2014; Brandt, 2017; Ding and Duan, 2015; Guo, 2015; Martínez-

Jarquín and Winkler, 2017; Meyer, 2011].  
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1.2.3. Ion injection and pulsed sources 

 
An ion injector (or ion shutter) is employed for introducing short pulses of ions from the sample-

introduction region into the drift-tube region [Eiceman, 2013]. The time period of each injection 

is an important parameter that affects the resolving power and sensitivity of an IMS instrument 

[Chen, 2019; Kirk, 2019]. There are two different techniques to introduce a small plug of ions 

into the drift-tube region, viz. mechanical or electrical. [Chen, 2020]. For the mechanical ion 

gate, a chopper wheel was presented by Zhou et al. [Zhou, 2007] in 2007. The chopper wheel 

was placed between an electrospray ionization source and the drift region. However, no further 

publication has been reported probably due to the difficulty in construction and problems of 

mechanical vibration [Chen, 2020]. On the other hand, electrical ion gate has been reported in 

many publications [Chantipmanee and Hauser, 2021; Chen, 2020; Du, 2012; Kirk, 2019; Kirk 

and Zimmermann, 2014; Langejuergen, 2014; Reinecke and Clowers, 2018] because of the 

faster gating speed and more reliable design [Chen, 2020]. 

 
 

Two configurations have mostly been used as electrical ion gates, i.e. the Bradbury-Nielsen 

gate (BNG) [Bradbury and Nielsen, 1936] ] (Figure 22A) and the Tyndall-Powell gate (TPG) 

[Tyndall and Powell, 1930] (Figure 22B). The BNG consists of two parallel fine wires mounted 

in one plane. The TPG comprises two grids which are separated by an insulating layer of a gap 

ranging from 0.10 to 0.30 mm [Chen, 2020]. The ion gate is usually placed perpendicular to the 

drift tube to produce an orthogonal electric field.  

 
 

A pulse generator is connected to the gate providing a closed or open state. When the pulse is 

in the closed state, the orthogonal electric field prevents ions from moving towards the drift 

Sample

++
+

Desorbed ions

V

Gas inlet

Dielectric tube

Ring electrodes

Plasma jet

Power supply

Drift tube

Figure 21: Schematic diagram of dielectric barrier discharge (DBD) placed in front of 
the drift tube of an ion mobility spectrometry 
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region. When the voltage of the gate is set to open state, ions can enter the drift tube [Chen, 

2020; Eiceman, 2013]. However, a field depletion zone inside the drift tube was observed 

during the closed state for these two types of ion gates, resulting in reduced signal intensity and 

consequently the sensitivity [Garcia, 2017; Liu, 2015].  

 

 
 
 
 
 

To accurately define the field at the gate, a three-grid design was first presented by Atkinson et 

al. in a patent [Atkinson, 2011] in 2011. Later the concept of the three grids was explained in 

an article by Zimmermann et al. in 2014. [Kirk and Zimmermann, 2014; Langejuergen, 2014]. 

Figure 23 shows the schematic design of the three-grid ion gate which is separated by 2 insulting 

layers (~0.30 mm thick). The first and third grid prevent the field interacting with the sample 

and so causing a field depletion region. The middle grid is connected to the pulse circuit for ion 

injection [Chen, 2020; Langejuergen, 2014].  

Bradbury-Nielsen gate (BNG)A

Tyndall-Powell gate (TPG) B

Figure 22: Schematic diagram of A) Bradbury-Nielsen gate (BNG) and  
B) Tyndall-Powell gate (TPG) 
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As mentioned above about the pulse circuit, the electronics design plays an important part in 

the performance of the ion shutter. Most circuits for the ion shutter of an IMS are custom made 

in-house by electronics experts. There are only few publications showing details of the pulse 

circuit [Garcia, 2017; Liu, 2015]. In 2015, a design of a pulse generator, based on superposition 

of alternating current, for a Bradbury-Nielson gate (BNG) was proposed by Liu et al.[Liu, 

2015]. The pulse voltage applied to the ion shutter is adjustable from 70 to 500 V. In the report, 

they observed distortion of the field close to the gate region but applied a correction for the 

change in the drift time. In 2017, an open source design for an ion gate pulser based on 

MOSFET for IMS was presented by Clower et al. [Garcia, 2017]. Their circuit could generate 

pulses up to +/- 200 V using transistor-transistor logic circuit design. To produce a floating 

voltage pulse pulse, they designed a WiFi pulser operating off a lithium battery with running 

time of ca. 8 h [Garcia, 2017].  

 
 

1.2.4. Drift tube designs  
 

The drift tube is the main component in an ion mobility spectrometer. It provides the field 

(force) to separate the ions based on their m/z ratio. The designs of drift tubes have been 

improving but they all have some or all of the features of the generic design. This section 

presents the different types of drift tubes, both traditional and emerging new designs. 

Three-grid injection

Desolvation region Drift region

Pulse

Figure 23: Schematic diagram of the three-grid design showing the pulse  
applied to the middle grid 
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Comparisons of the most common types with their features are listed in Table 2. They are 

discussed in details in the following sections. 

 
Table 2 List of the drift tube design in general used in IMS 

Drift-tube design Advantages Disadvantages 

Drift-tube ion mobility 
Spectrometer 
 
 

-Simple design 
-CCS values calculation 
available 

-Filtration of ions with duty 
cycle ~0.3% 

Differential mobility analyzer -Filtration of ions with duty 
cycle 100% 
-Ion transmission at 50% 
-Measuring extremely  
large molecules  
 
 

-Requirement of a strong 
flow  

Field asymmetric ion mobility 

spectrometer 

-Compact design 
-Duty cycle 100%. 
-Scannable 
 

-CCS values calculation, 
 not possible 
-Requirement of a strong 
flow 
 

Trapped ion mobility 
spectrometer 
 

-Highly selective 
-Compact, ca. 5–10 cm 

-Requirement of vacuum 
pump 

 
 

1.2.4.1. Drift-tube ion mobility spectrometry 
 

Drift-tube ion mobility spectrometer (DTIMS) is generally referred to as the “standard” IMS 

model since it is simple to construct and to operate. The design provides the ability to measure 

ion mobility and calculate collision-cross section (CCS) [Jurneczko and Barran, 2011; May, 

2014]. Basically, the drift tube is a stack of ring electrodes and insulators in a tubular geometry. 

It is operated with linear voltage gradient (Figure 24). Such a design is the easiest to understand 

of all mobility analyzers [Eiceman, 2013]. A uniform weak electric field (typically 300 - 500 

V/cm [Chantipmanee and Hauser, 2021; Reinecke and Clowers, 2018; Reinecke, 2016]) is 

formed in the drift tube [Dodds and Baker, 2019]. As analytes traverse under the influence of 

the uniformly applied weak electric field its mobility (K) can be determined. This corresponds 

to the collision-cross section (CCS) values of analytes with reference to the Mason-Schamp 

equation [Revercomb and Mason, 1975]. DTIMS may have the most significant advantage in 

terms of calculating CCS for fundamental principles, however; other IMS instruments (e.g. 

TIMS) require calibration ions [May, 2014]. 
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As for the material used to construct the tube drift, metal electrode rings with insulating rings 

have mostly been employed [Eiceman, 2013]. A few variations have been reported. Iiunuma et 

al. [Iinuma, 1982] created a drift tube by coating a ceramic tube with resistive ink, similar to 

that used in thick film electronics technology. A drift tube composed of resistive glass was 

described by Kwasnik et al. [Kwasnik, 2007]. Eiceman et al. [Eiceman, 2007] built a 

rectangular cross section drift tube from two parallel printed circuit boards (PCBs) holding 

electrode strips for ease of construction. Bohnhorst et al. [Bohnhorst, 2016] adopted a similar 

approach in their design, which consisted of 4 printed circuit boards to form a square-cross-

sections drift channel. Reinecke and Clowers [Reinecke and Clowers, 2018] employed a 

stacked ring approach with PCB material as electrodes and spacers. Gold plating was applied 

to the inner walls of the holes in the PCB plates that served as electrodes. The plating of the 

walls of drilled holes is a routine fabrication technique for double-sided circuit boards, therefore 

such PCBs are readily available. 

 
 

A simple design based on the creation of a drift tube out of flexible PCB material composed of 

polyimide has also been disclosed. As far as we know, this approach was first proposed in a 

patent dating back to 1998 [Yoon, 1998], although no study had been published in the scientific 

literature during that time on the implementation of such a drift tube. Recently a simple design 

of a drift tube made from flexible PCB material was reported by Smith et al. [Smith, 2020]. 

Such a material is regularly used in the electronics industry where a rigid PCB is not suitable. 

Ions enter
drift tube
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Figure 24: Schematic diagram of drift-tube ion mobility spectrometry 
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The electrodes for the drift tube are etched as copper tracks and then the flexible sheet is rolled 

into a tube to form the drift tube. The material was ordered from a commercial PCB 

manufacturer and had 100 gold plated copper strips 0.9 mm wide and 0.3 mm apart. The authors 

reported a resolving power of 82 for iodine vapor, ionized by a corona discharge. They 

demonstrated the detection of several explosive compounds. An IMS instrument using rolled 

flexible PCB was reported by Chantipmanee and Hauser [Chantipmanee and Hauser, 2021] and 

the performance compared with an IMS instrument using conventional stacked rings setup. The 

two drift tubes were constructed to have closely matching physical configuration of the ring 

electrodes. A study was also made of the effects of the geometrical electrode arrangements on 

the performance of the IMS [Chantipmanee and Hauser, 2021]. Separation and detection of 

benzalkonium ions (used as antibacterial) was demonstrated with a resolving power > 80.   

 
 

1.2.4.2. Differential mobility analyzer 
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V

Drift length, cm

Electric field (E) profile

Ions enter
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Figure 25: Schematic diagram of a differential mobility analyzer 
 



-45-  

Differential mobility analyzer (DMA) is an unusual ion mobility device. It makes use of a flow 

(velocity of gas U) and an electric field (E) force orthogonal to one another (see Figure 25) to 

separate the ions. The ions enter into the drift tube orthogonal to the flow of the buffer gas. 

Only ions with a certain ion mobility can reach the outlet slit to the detector (see Figure 25). 

The DMA, similar to the normal DTIMS, uses a constant electric field and fixed flow rate. 

Thus, it is able to measure CCS of ions as a primary method. Unlike DTIMS, DMA is capable 

of measuring very large ions, with applications for particles [De La Mora, 1998] and antibodies 

[Pease Iii, 2008], which are not possible with DTIMS. 

 
 

1.2.4.3. Field asymmetric ion mobility spectrometry 
 

Field asymmetric waveform ion mobility spectrometry (FAIMS) is sometimes called 

“differential ion mobility spectrometry (DIMS)”. FAIMS has high sensitivity and typically is 

only a few square centimetres in size (Figure 26). FAIMS separates the ions based on their 

different mobilities in an asymmetric oscillating electric field at atmospheric pressure 

[Chantipmanee and Hauser, 2020; Chavarria, 2017; Eiceman, 2013; Hale, 2020].  
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Figure 26: Schematic diagram of field asymmetric ion mobility spectrometry 
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In FAIMS process, a strong and weak electric potential is applied along the separation area to 

separate ions under a parallel gas flow [Chantipmanee and Hauser, 2020]. The applied voltage 

alternates between strong and weak field strengths [Chantipmanee and Hauser, 2020; 

Chavarria, 2017] (with field strength of up to 20,000 V/cm at ambient pressure [Eiceman, 

2013]). As analyte change in mobility is affected by field strength, its CCS values cannot be 

calculated using the FAIMS method. 

 
 

FAIMS acts as a filtering device which can be set by the electric field, resulting in only ions 

that match the applied compensation voltage (CV) reaching the detector. FAIMS works in this 

mode in a similar way to a quadrupole mass analyzer (see section 1.1.3.2) [Dodds and Baker, 

2019], employing CV scan to transmit ions with different mobilities. This technique, unlike 

DTIMS and TIMS (see section 1.2.4.4.), does not require an ion pulser, allowing ions entering 

the separation region without loss. This high duty cycle enables FAIMS to have higher signal-

to-noise ratio [Hatsis and Kapron, 2008].  

 
 

1.2.4.4. Trapped ion mobility spectrometry 
 

 
 
 
 

Trapped ion mobility spectrometry (TIMS), first discovered by Fernandez-Lima in 2011 

[Fernandez-Lima, 2011], is one of the newest IMS techniques. Later, the trapped ion mobility 

spectrometer (TIMS) was commercialized by Bruker Daltonics [Dodds and Baker, 2019]. As 
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Figure 27: Schematic diagram of a trapped ion mobility spectrometer 
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shown in Figure 27, unlike DTIMS, gas is flowing in the same direction as the ions moving in 

an opposing electric field. The accumulation and trapping of specific ions in the middle of the 

drift tube is caused by the balance of the opposing forces of gas flow and electric field 

[Hernandez, 2014; Michelmann, 2014]. An applied electric field of ca. 70 V/cm is sufficient to 

trap the ions in opposition to the gas flow [Hernandez, 2014; Ridgeway, 2018]. The field 

strength is then gradually decreased, allowing ions to be ejected based on their m/z values. 

 
 

One main difference between TIMS and DTIMS is their scanning operation. In DTIMS, all ions 

are observed with the same operating parameters. TIMS requires changes to the parameters to 

detect all ions. The instrument only detects ions when they are ejected. This attribute can be 

advantageous, as it causes TIMS to be very selective in terms of separation efficiency with 

resolving power from 200–400 [Ridgeway, 2018; Silveira, 2014]. Another notable feature of 

TIMS is its compactness, only ca. 5–10 cm in length [Dodds and Baker, 2019].  

 
 

1.2.5. Ion detectors and its circuitries 
 

In IMS, the most common and simple detector for measuring ion intensities is the Faraday plate, 

named after Michael Faraday around 1830. This detector is by convention called a Faraday cup 

for a vacuum system and a Faraday plate for an ambient pressure device [Eiceman, 2013]. A 

schematic diagram of a Faraday plate is shown in Figure 28. 

 

 
 
 
 

Aperture grid
Faraday plate

Amplifier

Figure 28: Schematic diagram of a Faraday plate 
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Ion detection is the process of converting a swarm of gas phase ions into an electrical signal 

that provides both time and amplitude information. The ion detector is typically located at the 

end of the drift tube. As ions impinge on the conductive metal plate, it accumulates a small net 

charge while the ions are neutralized, leading to a current flow. The resulting current can be 

measured and used to determine the number of ions hitting the plate [Eiceman, 2013] according 

to the equation: 

 
N/t = I/e 

 
where N is the number of ions impinging on the surface of the Faraday plate over time t, I is 

the current in amperes and e is the charge of one electron (1.60 x 10-19 C). The calculated ion 

current in IMS is in the order of a few nanoamperes (10-9 amperes) with one nA corresponding 

to about 6 x 109 ions/s [Chantipmanee and Hauser, 2021; Reinecke and Clowers, 2018].  

 
 

One effect that is observed in the IMS system is the “mirror effect”. As a swarm of ions 

approaches the Faraday plate, it can induce a flow of current in the conducting plate, before the 

ions impinge on the Faraday plate. As a result, the measured width of the pulse of ions is 

increased, and so decreasing the resolving power of the IMS. To resolve this mirror effect, an 

“aperture grid” is placed before the Faraday plate to shield the plate from the effect of the field 

produced by the incoming ions. 

 
 

1.2.6. Simulation for IMS by SIMION 

 
SIMION is used to model the electric field of drift tubes. It is a product of Scientific Instrument 

Services (Ringoes, NJ, USA). The original SIMION was designed and developed by D. C. 

McGilvery. SIMION can model in 2D or 3D with either electric or magnetic potential. With 

Simion version 8.1, the size of the model can be up to 8 cubic km. Simple or complex system 

based on array of potential can be simulated, such as ion mobility spectrometry. Ions can be 

designated one by one, or as a cluster. SIMION defines the geometry of an IMS drift tube by 

making use of potential arrays. After the arrays are designed, the potential between electrodes 

is solved using the Laplace equation.  The trajectory of ion(s) can be shown following the 

potential between electrodes. 
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1.2.7. Ion mobility spectrum and calculations 

 
1.2.7.1. Ion mobility spectrum 

 
An ion mobility spectrum is a plot of ion current intensity as a function of drift time. The drift 

time of an ion is a function of the ion’s collision cross section, which is in turn related to its 

mobility. The time is recorded when the ions start to enter the drift tube. To produce one 

spectrum, the spectra have to be collected over 200 times [Chantipmanee and Hauser, 2021] 

and averaged to obtain a sufficient signal-to-noise ratio. 

 
 

1.2.7.2. Calculations 

 
The following are the equations and calculations used in ion mobility spectrometry 

 
 

Ion mobility K. An ion mobility spectrometer separates ions based on their velocities in nitrogen 

or air. The mobility K of an ion is defined as: 

 
K = vd/E 

 
where K is the ion mobility coefficient (or ion mobility constant), vd is the ion velocity, and E 

is the electric field. 

 
 

Reduced mobility K0. Temperature (T) and pressure (P) also affect the velocity of an ion inside 

the drift tube, and K is commonly normalized to 273 K and 760 torr to give the reduced mobility: 

 
K0 = K(T0/T) × (P/P0) 

 
where K0 is the reduced mobility, P and P0 are the drift tube pressure and standard pressure 

(760 torr) respectively, and T and T0 are the drift tube temperature and standard temperature 

(273.15 K) respectively.  

 
 

Resolving power Rp. The ability of an instrument to separate two components of a mixture is 

defined as its resolving power, Rp, defined as 
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Rp = td/W1/2 

 
where Rp is the resolving power, td is the drift time, and W1/2 is the full width at half maximum 

height (FWHM) 

 
 

Collision-cross section ΩD. The relationship between ion size, charge and mobility is described 

by Mason-Schamp equation [Revercomb and Mason, 1975]: 

 
ΩD = (3ez/16N) × (2π/µkBT)1/2× (1/K) 

 
where ΩD is the collision cross-section (cm2), i.e. size and shape of the analyte ion, e is an 

electron charge (1.602 × 10-19 C), z is the number of charges on the ion, N is the number density 

of the drift gas inside the drift tube, μ is the reduced mass of the ion and drift gas, kB is the 

Boltzmann constant (1.381 × 10-16 erg K-1) and T is the temperature (in Kelvin) of the drift gas. 

The unit of the Mason-Schamp equation is usually expressed as C·s·kg-1, which in SI unit is 

m2·s-1·V-1. 

 
 

Ideality. This term is defined as the ratio of the measured optimum resolving power to the 

theoretical resolving power of a drift tube. The ideality of a system is calculated using the 

following equation: 

 
Ideality = 1/26.4(Ropt2 ×T/Vopt )1/2 

 
where Ropt is the measured optimum resolving power, Vopt is the optimum drift voltage across 

the drift tube, and T is the absolute temperature.  

 
 

1.2.8. Applications of ion mobility spectrometry (IMS) 

 
Ion mobility spectrometer has the advantage of rapid scan rate (in the millisecond time range) 

high sensitivity, no vacuum requirement, and portability. The IMS instruments has a wide range 

of applications, e.g. chemical warfare monitoring [Mäkinen, 2010; Puton and Namieśnik, 

2016], food quality control [Hernandez-Mesa, 2019; Karpas, 2013; Márquez-Sillero, 2011] and 

environmental monitoring [Armenta, 2020; Márquez-Sillero, 2011]. New designs of IMS are 

still being developed and various applications reported, e.g. pharmaceutical analysis 

[O’Donnell, 2008], characterization of biomolecules [Lokhnauth and Snow, 2005; McLean, 

2005].  
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RESULTS AND DISCUSSION 
 
 

Seven different projects were carried out in the dissertation which is divided into two main 

parts, viz. study of detection of inorganic ions by electrospray mass spectrometry and 

development of ion mobility spectrometry and its applications. The majority of the work has 

been published in, submitted to different scientific journals or in the forms of manuscript. 

Therefore the chapter of Results and Discussion are presented with a brief summary of the main 

work of the seven projects, together with reprints of three published papers, three manuscripts 

and a report. 

 
 

Each project is described in the thesis as well as the reprint of the corresponding article. In 

section 2.1.1. evaluation of quantitative determination of inorganic cations with electrospray 

mass spectrometry using a common ion-trap instrument is summarised. Determination of 

ethylene released from fruits by field asymmetric ion mobility spectrometry is the subject of 

section 2.2.1. The third work (section 2.2.2) is devoted to development of drift tube design for 

ion mobility spectrometry based on flexible printed circuit material. The work on alternative 

pulser generator used as ion shutter for ion mobility spectrometry is presented in section 2.2.3. 

In section 2.2.4  ambient desorption/ionization source, based on dielectric barrier discharge, for 

direct analysis of pharmaceutical tablets using ion mobility spectrometry is described. The work 

on application of ion mobility spectrometer coupled to an electrospray ionization for 

tobramycin determination in eye drops is presented in section 2.2.5. The last section (section 

2.2.6.) is the application of ion mobility together with UV lamp as an ion source for analysis of 

ethylene. 

 

 

 

 

 

  

2 
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2.1. MASS SPECTROMETRY SECTION 

2.1.1. Evaluation of quantitative determination of inorganic cations with electrospray 

ion-trap mass spectrometry  

 
This is the study of the possible applicability of a ion-trap mass-spectrometric instrument for 

the determination of inorganic cations. Sample introduction was carried out via electrospray 

ionization. This tends to lead to the production of solvent clusters, which was minimized by 

making use of the collision-induced dissociation facility built into the instrument as well as by 

heating the inlet tube of the mass spectrometer. The collision-induced dissociation (CID) 

voltages were selected to minimize adducts and so give bare metal ions. The effect of methanol 

and acetic acid content was investigated. The optimal composition of the solvent was 50% (v/v) 

methanol and 0.3% (v/v) acetic acid. The method allowed the direct analysis of solution 

containing many inorganic ions without the necessity of separation. The different elemental 

ions were identified by their mass to charge ratio (m/z) of the mass spectrum . The concept of 

internal standard was proposed by Horlick at el. in 1992. They added a second ion as internal 

standard to compensate for the electrospray instability in constructing the linear calibration 

lines. Linear calibration curves from a solution containing 10 ions (K, Rb, Cs as alkali ions, Sr 

as alkali earth ion, Cr, Mn, Fe, Ni, Co, Cu as transition metal ions) with concentration of 0.5 to 

200 ppm, were successfully created for each ion using a single internal standard (Ag or Cs 

nitrate) at sufficient concentration. The linear concentration range was 0.5 to 200 ppm. The 

limit of detection is in the range of  0.25 - 0.61 ppm for the singly charged ions and 1.14 - 7.32 

ppm for the double-charged ions (concentration corresponding to a peak area 3 times the 

standard deviation of a blank sample). This study showed promise for quantitation of mixture 

of inorganic ions with an electrospray ionization-mass spectrometer with CID capability and 

heated inlet. 
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Abstract 

A study on the applicability of a commonly used ion-trap mass-spectrometric instrument 

designed for the analysis of organic and bioorganic compounds to the determination of 

inorganic cations is reported. Sample introduction was carried out via electrospray generation. 

This tends to lead to the production of solvent clusters, which could be minimized by making 

use of the collision-induced dissociation facility built into the instrument as well as by heating 

the inlet tube. The instrument allowed for the direct determination of multi-inorganic ions 

without the necessity of any separation method as the various elemental ions were 

independently identified by their own mass to charge ratio. Linear calibration curves from a 

solution containing 10 ions (K, Rb, Cs as alkali ions, Sr as alkali earth ion, Cr, Mn, Fe, Ni, Co, 

Cu as transition metal ions) with concentration of 0.5 to 200 ppm, were created for each ion 

using a single internal standard (Ag or Cs nitrate). Also, the methanol (50 %v/v) and acetic acid 

(0.3 %v/v) were used in solution due to stabilization of charged droplets by electrospray 

ionization. Calibration curves were successfully obtained for every ions. Note that single-

charged ions (K, Rb, Cs) show better limit of detection (0.25 - 0.61 ppm) than those of double-

charged ions (1.14 - 7.32 ppm).  

 
 

Keywords:  Quantitative analysis of inorganic cations, electrospray mass spectrometry, 

collision-induced dissociation, internal standard 
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1. Introduction 

 
Inductively coupled plasma-mass spectrometer (ICP-MS) is the instrument of choice for trace 

analysis of metal ions. The popularity of the ICP as ionization source is due to the low detection 

limits achieved for most elements of the periodic table and its relative freedom from matrix 

effects. The sample is usually introduced as aerosol into the plasma which serves as ion source 

for the mass-spectrometer. The ICP is a high temperature argon plasma (5,000 - 8,000 K[1]) 

with a flow rate of argon of typically 12-20 L/min [2] and created by coupling in radio frequency 

power at around 1-2 kW [2]. This makes the instrument expensive to buy and to run due to the 

high consumption of argon. On the other hand, when analysing aqueous samples, the metal 

analytes are already present as ions in solution and therefore, in principle, it should be possible 

to carry out mass-spectrometric analysis simply by introducing the sample via electrospray 

ionization (ESI) as employed for organic mass-spectrometry. At least partially, the explanation 

for the wide adoption of the ICP-MS for inorganic mass-spectrometry lies in its history. The 

ICP-MS was developed in the early 1980s from optical atomic emission spectrometry 

employing the ICP as excitation source[2], while ESI (for molecules) was only developed in 

the later 1980s [2].    

 
 

A soft ionization source, electrospray ionization (ESI), was first demonstrated by Dole et al. in 

the 1960s [3]. Then in the 1980s ESI was first applied to organic compounds by Fenn and 

Yamashita [4-6]. A solution flowing at a rate of 1- 30 µL/min) in a metallic capillary tube is 

nebulized by a high flow of nitrogen sheath gas. When a high voltage (3 – 5 kV) is applied to 

the tip of the capillary the droplets in the aerosol are charged. As the solvent rapidly evaporates, 

there is an accumulation of high charge density at the surface of a droplet. When the repulsive 

coulombic force between the charges is greater than the surface tension the droplet breaks apart 

to form even smaller droplets. Eventually gas-phase ionic molecular species are formed which 

are drawn into the inlet orifice of the  mass spectrometer. ESI-MS method has found widespread 

application in the analysis of small organic and large biomolecules. 

 
 

Following the adoption of ESI for organic analysis, indeed several researchers investigated ESI 

for sample introduction in the analysis of metal ions. In the 1990s, Kebarle et al. [7-13] 

presented some preliminary results indicating the potential of ESI-MS for inorganic 

compounds. Their series of papers systematically investigated divalent (M2+) and trivalent 

(M3+) ions in solution. In 1992, Horlick et al. [14-20] demonstrated the qualitative and 
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quantitative potential of ESI-MS. They employed an ESI-MS converted from  an ICP-MS 

instrument (SCIEX/Perkin-Elmer ELAN model 250). From their preliminary results, they 

divided the ions into three types that were observed in positive-ion mode, i.e. ion-clusters,  

intermediates and bare metal-ions. In particular the bare ion plays an important role in the 

quantitative aspects. In 1995, Colton et al. [21] presented an ESI, been used for inorganic and 

organometallic compounds. They described the relation between ions in aqueous phase and in 

gas phase. They noted that the charges on most inorganic cations are small and often only singly 

charged ions are observed in the MS spectrum, collision energies are required to achieve 

showing only one peak.  

 
 

Little work has been reported employing ESI for inorganic analysis since the 1990s and the 

approach appears to have fallen into disuse. In 2015, Gall et al. [22-25] have proposed 

“Electrospray ionization with controlled in-source fragmentation and atomization”, the so-

called “ERIAD”. Standard mass spectrometer can be used in combination with ERIAD so that 

cluster ions can be fragmented by applying a sufficiently high voltage between the inlet and the 

skimmer. As a result, ERIAD mass spectra show free atoms with very low interfering 

background. The method was shown to be effective for more than 70 elements of the periodic 

table with high absolute sensitivity and small spread from Li to U, and ultra low detection limit 

(~10 ppt). However very high declustering voltage was necessary for their in-house assembled 

system. 

 
 

Herein an investigation of the use of typical MS instrument as used for the analysis of organic 

ions for the determination of metal ions is presented. The instrument features ESI as a sample 

introduction option and has a defragmentation facility of a widely available type. The ability to 

use such an instrument would enable laboratories not equipped with an expensive ICP-MS to 

carry our inorganic analysis with existing equipment. The inorganic ions employed in this study 

were K, Rb, Cs (as alkali ions), Sr (as alkali earth ion), Cr, Mn, Fe, Co, Ni, and Cu (as transition 

metal ions). Selection of voltage difference between the focussing lens and the octapoles and 

the temperature of the heating tube of the metal inlet capillary provided bare singly-state 

charged metal ions. A single internal standard was employed for quantitation of the ions. 
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2. Experimental  

 
Instrumentation 

The instrument employed was a LCQ Deca 3D ion trap mass spectrometer (Finnigan MAT, 

San Jose, CA, USA). Full-scan positive ion mode with low range (20 – 200 m/z) was used to 

obtain spectra. Data were collected using the Tune Plus software vs. 2.0 (Thermo Fisher 

Scientific, Waltham, MA, USA). Solution containing analyte was transformed to charged 

droplets by use of an electrospray fused silica capillary needle of 100 μm inner and 365 μm 

outer diameter (TSP-100365-M-10, BGB Analytik AG, Böckten, Switzerland), inserted inside 

stainless steel tube under high voltage (~3-5 kV) and a syringe pump (KDS 100 legacy syringe 

pump, KD Scientific Inc., USA) with a syringe (single-use syringe, Injekt®Luer Lock Solo, 

VWR International, LLC, Switzerland). The flow rate was set at 1.0 mL/hr (~15 µL/min). The 

tip of the needle was placed away from the inlet of the MS about 3 cm. A process to generate 

charge spray was at atmosphere (760 Torr) and then some of charged droplets went through 

metal heating tube (HT) up to 200°C for vaporization process. The mass spectrometer (Figure 

1A) with operating parameters are listed in Table 1 

 
Table 1:   Parameters employed for inorganic determination. 

 

Parameter value 

Syringe pump  
Flow rate (mL/hr) 1.00 

ESI source  
Sheath gas flow rate (mL/min)  60 
Spray voltage (kV) 4.5 

Spray distance (cm) 3 
Capillary temperature (°C) 200.00 
Capillary voltage  (V) 20.00 
Lens tube (V) 55.00 

Ion optics  
Octapole I (V) -67.50 
Focussing Lens I (V) -77.00  
Octapole II (V) -69.00 
Focussing Lens II (V) -77.00 

Mass analyzer  
Injection time (ms) 100.0 

Detector  

Dynode voltage (kV) -15.00 
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Chemicals 

All chemicals and reagents are analytical reagent grade purchased from Merck Millipore (Zug, 

Switzerland), Sigma–Aldrich (Buchs, Switzerland) or VWR (Dietikon, Switzerland). Stock 

standard solutions were prepared by dissolving nitrate salts of the inorganic cations in 10.0 mL 

of 50:50 (v/v) distilled water and methanol to give ca.1,000 ppm of the cations. The working 

inorganic ion standards were prepared from the 1,000 ppm stock solution by aliquoting 

appropriate volume to give a series of standards (0.5 to 200 ppm) with 49.7: 50: 0.3 (v/v/v) of 

distilled water, methanol and acetic acid. A multi-inorganic stock standard solution contains 10 

cations, viz. K+, Rb+, Cs+, Sr2+, Cr3+, Mn2+, Fe2+, Ni2+, Co2+, Cu2+ used for the investigation. 

Silver or cesium nitrate is added as the internal standard to give 50 ppm of the metal ion. 

 
 

3. Results and Discussion 

 
3.1 Proof of concept 

 
A schematic diagram of the ion trap mass spectrometer (MS) set up with electrospray ionization 

(ESI) is given in Fig. 1A. This is a popular type of instrument, which is used in many 

laboratories for the analysis of organic molecules, but has not been designed for the 

determination of metal ions. In this work, use of ESI coupled to common MS was investigated 

for metal ions measurement to prove the concept. Firstly, the silver ions (Ag+) represented to 

metal ion at 50 ppm were prepared in only water and then introduced into the MS by 

electrospray with a flow of nitrogen gas (the sheath or nebulizing gas) at ca. 60 mL min-1 

surrounding the capillary to generate charged aerosols. In principle, inorganic ions can also be 

observed in ESI-MS [21]. However, as a consequence of the nebulizing process, clusters 

between the inorganic ion and neutral solvent molecules are formed. Mass spectrum for the 

silver ions (Ag+) without applying any defragmentation built inside the MS and with the heated 

inlet tube set at a low temperature of 100 °C, is shown in Fig 1B. It is evident that under these 

conditions different ion-water clusters ( [Ag(H2O)n]+, n = 1,2,3... ) are obtained, which makes 

the interpretation of the spectrum difficult and quantitation unreliable. 

 
 

In order to completely breakdown the clusters, a collision-induced dissociation (CID) process 

is employed. A voltage difference along the ion optics pathway between the octapoles and the 

focussing lens is applied (see Fig. 1A). The declustering potential was optimized using the Tune 

Plus software v.2.0. The voltages at the octapoles and focussing lens were varied from 0.00 to 
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-132.00 V, respectively. Under the CID conditions, the bare silver ions at 107.0 with an 

abundance of 51.82% and 109.0 with an abundance of 48.18% without the clusters was 

observed on the mass spectra as shown in Fig. 1C. 
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Fig. 1 A) Schematic diagram of the electrospray ionization with heated tube unit and ion-
trap mass spectrometer. B) Mass spectrum of a 50 ppm Ag+ prepared in 50% (v/v) 
methanol-water with 0 % CID setting and inlet capillary temperature of 100 °C. C) Mass 
spectrum of 50 ppm Ag+ with 20 % CID setting and inlet capillary temperature of 200 °C. 
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3.2 Parameter for declustering of ions 

 
Effect of methanol content and collision-induced dissociation (CID) condition 

The collision-induced dissociation (CID) voltages were controlled. Basically, CID was used to 

control adduct and cluster fragmentation for bare peak observation. Region providing 

declutering processes is at the focussing lens system as ion guide under 10-3 and 10-5 torr 

(different vacuum region). A declutering potential was manipulated via Tune Plus software vs. 

2.0 from 0.00 to -132.00 voltage of octapoles and of focussing lens. In this optimal study, 

octapole lens I at -67.50 V, focussing lens I at -77.00 V, octapole lens II at -69.00 V and 

focussing lens II at -77.00 V for positive ions mode or at proximately 60%CID were used to 

investigate. To simplify this symbol %CID was introduced instead, 0%CID means all voltage 

of the lens system at 0 V whereas 100%CID means all voltage of  the lens system at maximum 

-132.00 V. 

 
 

Silver ions at 50 ppm were prepared in methanol-water solvent with varying amounts of 

methanol at 25% increment, to study the effect of methanol on the Ag+ intensity. Fig. 2A shows 

the mass spectra of silver ion (Ag+) in various methanol-water mixture with the instrument set 

0 % CID. Without declustering potential, cluster peaks of Ag+-H2O-MeOH were observed. 

Using pure water as solvent, the doublet ion peaks of the two isotopes of bare Ag+, mz/ 107 

(52%) and m/z 109 (48%) were obtained. However, their intensities are the lowest compared 

with spectra from solvents containing methanol. Patterns of the water adduct peaks, Ag(H2O)n, 

n = 0, 1, 2, 3,…, have been studied [21, 26-28]. Our results are in agreement with these papers. 

On increasing the percentage of methanol adducts of Ag+-MeOH were found with increasing 

intensities. Methanol in the droplet reduces the surface tension, producing finer droplets [29]. 

But at concentration of methanol more than 75% (v/v), the intensities of these clusters are 

unchanged since the relative decrease in surface tension is small. 

 
 

Fig. 2B shows the mass spectra when voltages at the octopoles I, II and focussing lens I, II were 

-27.00, -28.50 V and -36.50, -36.00V, respectively (denoted as 20% CID). Now the adduct 

peaks are almost completely removed for all solvent compositions. Adduct peaks of Ag(H2O)+ 

and Ag(H2O)2+ are still observed. The intensity of bare Ag+ ion increased with methanol content 

but was constant for  methanol > 50%. Thus 50% (v/v) methanol was selected as the optimum 

condition in further work. In Fig. 2C and 2D, 0.3% acetic acid was added into the solvents to 

study its effect. The acid increased the intensity of bare Ag+ ion for both 0% and 20% CID 
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settings. There are also peaks at m/z 60, from the protonated acetic acid. When acid was added 

into solution, the electrospray provided better peaks because of enhanced charge transfer at the 

needle tip [30]. As shown in Fig. 2D, even when 20 % CID was applied, there are still some 

adducts of ion/solvent for the pure water. However on adding MeOH, these water-adducts are 

no longer observed. So 50% MeOH, with 0.3% acetic acid, and 20 % CID declustering were 

used in the further investigation. 

 

 
 

 

 
 
 

Heated capillary tube  (HT) 

A technique that has been used to reduce charged clusters of analyte and solvent molecules is 

the application of a counterflow of heated inert gas (e.g. N2) [31]. An alternative to the counter-

current gas for ion desolvation is the use of a heated metal capillary tube, introduced by 

Chowdhury et al. in 1990 [32]. In our ion-trap instrument, the MS is designed with a heating 

tube (HT) adjustable to 350 °C. The temperature of the tube was varied from 100 to 350 °C to 
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Fig. 2 Mass spectra of a 50 ppm Ag+ prepared in methanol-water from 0 to 100 methanol 
(v/v) A) 0% CID without acid, B) 20% CID without acid , C) 0% CID with 0.3% acetic 
acid and D) 20% CID with 0.3% acetic acid. The capillary temperature was set at 200 °C 
for all mass spectra. 
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investigate the desolving efficiency. A solution of 50 ppm standard Ag+ in 50% (v/v) methanol-

water and 0.3 % acetic acid was used. 

 
 

As shown in Fig. 3A, with the HT at 100 °C many unknown peaks and adduct peaks (Ag+ + 

(H2O)n ; n = 0, 1, 2, ….) are observed in the mass spectra. Figs. 3B-D show the mass spectra 

for temperatures 150, 200 and 250 °C, respectively. The effect of declustering potential (0 to 

100% CID) are also presented in Figs. 3A-D. Using 0% CID the doublet peak of bare Ag+ (m/z 

107, 109) is observed, with no adduct peaks when the temperature reached 250 °C. When the 

declustering potential was applied, the cluster peaks were reduced for all temperature. However 

it can be seen that at 200 °C and 20% CID the doublet peaks of bare Ag+ (m/z 107, 109) have 

the largest intensity and minimum adduct peaks. Thus, this setting was used in the further 

experiments. 
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3.3 Use of internal standard 

The concept of internal standard was proposed by Horlick et al. in 1992 [14]. They added a 

second ion as internal standard to compensate for the electrospray instability in the construction 

of linear calibration lines [14, 15]. Therefore, the singly and doubly charged analyte were 

investigated for linear calibrations by using the internal standard method. In this work, Rb+ and 

Co2+ were chosen as the singly and doubly charged analytes, respectively. The operating 

parameters of the mass spectrometer are listed in Table 1. Solutions of Rb+ were prepared at 

concentrations ranging from 0.5 to 200 ppm in 49.7: 50: 0.3  (v/v/v) solution of distilled water, 

methanol and acetic acid. In the low concentration (< 0.5 ppm), the peak at m/z 85 (72%) and 

its isotope at m/z 87 (28%) was suppressed by high background. Therefore, at ppb level of Rb 

the signal was very low. However at ppm level of Rb the signal intensity gradually increased. 

Without internal standard, the correspondence between Rb concentration and peak area is 

nonlinear. Cs+ was added to all standard solutions to give a concentration of 50 ppm. The 

linearity curve was plotted by between peak area ratio (Rb/Cs) and Rb concentration. The linear 

curve over a working range of three orders of magnitude (Linearity range: 0.5 to 200 ppm; LOD 

= 0.34 ppm is obtained.  

 
 

For doubly charged analyte, There are many publications [14-21] using ESI-MS to measure 

doubly charged inorganic analytes. Most of the articles found that singly charged analyte was 

more easily observed than doubly charged ions. However Colton et al. [21] presented that both 

singly and doubly charged ions in the gas phase were the same as in the aqueous phase. Doubly 

charged ions are often observed as their reduced form due to the following process occurring 

in the aerosol: [M(H2O)n]2+ è [MOH(H2O)n-1]+ + H3O+. In this work a solution of 50 ppm Co2+ 

was employed as an example of a doubly charged inorganic analyte. However, the condition 

used was listed in Table 1, the Co+ was observed in the mass spectrum. The plot of peak area 

against the concentration of aqueous Co2+. Note that the intensity of Co+ is much lower than 

singly charged analyte at the same concentration. With Cs as internal standard. The limit of 

detection is 2.25 ppm. With Cs as internal standard, calibration curve was found in linearity. 
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3.4 Studying on multi-inorganic ion in MS spectrum 

 
Effect of multi-ion analyte on MS signal  

Fig. 4 shows the mass spectra for two inorganic ions, 50 ppm of K+  and of Sr2+, prepared in 

49.7: 50: 0.3 (v/v/v) of distilled water, methanol and acetic acid, to investigate an effect of one 

ion on the other. Firstly, only 50 ppm of K+ was injected into the system with mass spectrum 

shown in Fig. 4A. A peak at m/z 39 (93%) of K+ and its isotope, m/z 41(7%) are observed. The 

use of HT at 200 °C and 20% CID gives no adducts of K(H2O)n. Fig. 4B is the mass spectrum 

of 50 ppm Sr2+ at 20% CID. The peak of Sr+ is not observed, only clusters of Sr(H2O)n. The 

mass spectra of the solution of K+ and of Sr2+ are shown in Fig. C, for 20% CID, and Fig. 4D, 

for 60% CID, respectively. At low level of 20% CID the K+ ion is observed together with a 

collection of peaks for adducts of Sr+. The application of 60% CID resulted in declustering and 

now the peak of Sr+ is observed (Fig. 4D). There is declustering of the strontium-water clusters 

and the peaks of 88Sr+(100 % relative abundance) and 86Sr+ (12 % relative abundance) can now 

be observed. But the peak of [88Sr(H2O)]+ at m/z 106 is still the base peak for the strontium 

ions. This shows that CID is required for declustering to obtain the elemental ions for the two 

cations. In this work, 60% CID was selected as the declustering potential. 
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Attempt of using various internal standard (IS) concentration on peak intensity 

Attempts of using various concentrations of internal standard (Cs) on the peak intensities were 

investigated. Solution of Co2+ was prepared in 49.7: 50: 0.3  (v/v/v) of distilled water, methanol 

and acetic acid at various concentrations from 10 to 200 ppm. Cs+ at 0, 5, 50 and 100 ppm, 

respectively, were added to each standard analyte solution. The plot of the peak intensity of the 

standard solutions of Co+ is shown in Fig. 5A. An increase in the IS concentration lowers the 

intensity of the analyte because of ion suppression. Fig. 5B shows linear calibration plots when 

the peak intensity ratio of Co+ to each concentration of IS is used. In this study, the IS 

concentration can affect linearity of the calibration curve, exposing that an amount of electrolyte 

in solution not sufficient. In order to solve this effect, the electrolyte such as acetic acid or 

electrolytic ions need adding more in the solvent. 
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Effect of sample composition on MS signal 

In order to study the effect of an analyte composition, solutions were prepared with various 

numbers of types of ions, each at 50 ppm in 50% (v/v)  methanol-water and 0.3 % acetic acid. 

Fig. 6A is the mass spectrum for 4 ions, viz. K(39)+, Rb(85)+, Ag(107)+and Cs+(133), using HT 

at 200° C and 60% CID. Fig. 6B is the mass spectrum for 6 ions, viz. K(39)+, Cu(63) +, Rb(85)+, 

Zr(88)+,  Ag(107)+and Cs+(133). Singly and reduced doubly charged ions were observed 

together with various adducts. When more types of ions are present in the solution, the intensity 

of all ions are decreased due to ion suppression, as shown in Figs. 6A – 6C. In Fig. 6C the mass 

spectrum for 10 types of ions has a high background due to large number of clusters of metal 

ions. 

 
 
In order to show that a quantitative analysis of a solution comprising many types of inorganic 

ions is possible, 10 metal ions (K, Cr, Mn, Fe, Ni, Co, Cu, Rb, Sr and Cs) were prepared as 

shown in Table 2. The most abundant isotopic m/z of each inorganic ion was used to create the 

calibration curve for that particular metal, using Ag+ at 50 ppm as the single internal standard. 

Linear calibration curves were successfully obtained by plotting the peak intensity ratio of the 

m/z of the ion to peak intensity of the m/z of Ag+ (IS), for each type of ion. Single charged ions 

(K+, Rb+, Cs+) give lower limit of detection (0.25 - 0.61 ppm) than for the double charged ions 

which have LOD in the range (1.14 - 7.32 ppm).  
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heating tube is set at 200 °C and the applied CID setting is 20%. 
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Table 2:   Calibration curves for mixture of inorganic ions by use of single internal standard.  
Element 

(most abundant 
Atomic mass) 

Equation r2 Linear range 
(ppm) 

LOD 
(ppm) 

K(39) y = {(3.717±0.059)´10-3}c + (0.064±0.005) 0.9993 1.0 – 200.0 0.61 

Cr(52) y = {(0.202±0.051)´10-3}c + (0.001±0.005) 0.9987 10.0 – 200.0 4.01 

Mn(55) y = {(0.413±0.015)´10-3}c + (0.128±0.016) 0.9972 10.0 – 200.0 2.66 

Fe(56) y = {(5.671±0.148)´10-3}c + (0.217±0.018) 0.9993 10.0 – 200.0 2.30 

Ni(58) y = {(1.171±0.036)´10-3}c + (0.010±0.004) 0.9981 10.0 – 200.0 3.91 

Co(59) y = {(1.530±0.081)´10-3}c + (0.040±0.010) 0.9972 10.0 – 200.0 7.81 

Cu(63) y = {(2.879±0.079)´10-3}c + (0.027±0.008) 0.9985 10.0 – 200.0 1.14 

Rb(85) y = {(9.975±0.093)´10-3}c + (0.106±0.010) 0.9998 1.0 – 200.0 0.25 

Sr(88) y = {(0.583±0.039)´10-3}c + (0.025±0.005) 0.9954 10.0 – 200.0 7.32 

Cs(133) y = {(2.699±0.029)´10-2}c + (0.276±0..030) 0.9998 1.0 – 200.0 0.28 

y is the peak intensity ratio of the m/z of the ion to peak intensity of the m/z of Ag+. 
c is the concentration in the unit of ppm. 
 
 

4.Conclusions 

 
ESI-MS in the positive ion mode was investigated for measurements of inorganic metal cations 

as single analyte and as mixtures. It was possible to generate inorganic ions without adducts in 

ESI by employing the collision-induced dissociation (CID) mode of the mass spectrometer 

together with heating of the inlet capillary to desolvate and decluster the adducts. Parameters 

that affect the ESI mass spectrum of solutions of inorganic ions ESI were systematically 

investigated. We made an attempt to add a single internal standard for providing a linear 

calibration of the peak height ratio with concentration of the target analyte. This study shows 

potential for quantitation of mixture of inorganic cations ions when using the solvent in 

sufficiently high electrolyte property with the electrospray ionization – common mass 

spectrometer. 
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2.2. ION MOBILITY SPECTROMETRY SECTION 

2.2.1. Determination of ethylene by field asymmetric ion mobility spectrometry  

 
Ethylene gas as an important plant hormone is released from some kind of fruit i.e., climatic 

fruit (banana, plum, apple etc.). The amount of ethylene gas released is capable of estimation 

of ripeness level. Therefore, in the storage and transportation of many fruits (e.g. kiwi) ambient 

levels need to be kept low, and some fruits (e.g. banana) are artificially ripened by exposure to 

ethylene before sale. In the management of the postharvest physiology of fruit thus the 

monitoring of ethylene is important. As for some fruit levels as low as 10 ppb(V/V) are relevant 

in ripening, its analytical determination can be challenging. Therefore, many techniques have 

been developed to monitor the concentration of ethylene, such as; gas chromatography, optical 

sensors based on light absorption, Luminescent sensors and electrochemical sensors. In the 

report, a field asymmetric ion mobility spectrometer (FAIMS), which can be easily constructed 

in-house, is described. The device makes use of a Krypton lamp with photon energy of 10.6 eV 

for ionization. A rectangular pulse of 500 Vpp at 1 MHz was employed as separation waveform 

of the drift tube rather than the commonly used less efficient bisinusoidal waveform. In this 

report, a simplified circuitry employed by our group for the sweep of the compensation voltage 

is presented. It is based on a digital-to-analog convertor integrated circuit (DAC) (MAX522) 

creating a voltage between 0 and 2.5 V. This is conditioned with operational amplifiers 

(amplification and offset to create the negative voltage) to give a range from approximately 

−14.5 V to +14.5 V. Moreover, one potential interference which may be present is ethanol. 

Therefore, the response of the device to ethanol was examined and the peaks for two species 

can be separated, but not fully. The calibration curve for the range from 670 ppb(V/V) to 67 

ppm(V/V) was found to be highly linear with a correlation coefficient of r = 0.9999. The limit of 

detection was determined as 200 ppb(V/V) (concentration corresponding to a peak area 3 times 

the standard deviation of a blank sample). The reproducibility was 4% (relative standard 

deviation). The device was found to be suitable for the determination of ethylene given off by 

fruit; 6 types of climacteric fruit were tested, namely apples, bananas, kiwi fruit, nectarines, 

pears and plums. The device may be an option for applications as ripening sensor. 
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Abstract
The determination of ethylene with a field asymmetric ion mobility spectrometer, which can easily be constructed in-house, is
described. The device makes use of a Krypton lamp for ionization. A rectangular pulse of 500 Vpp at 1 MHz was employed as
separation waveform in the drift tube rather than the commonly used less efficient bisinusoidal waveform. The calibration curve
for the range from 670 ppb(V/V) to 67 ppm(V/V) was found to be highly linear with a correlation coefficient of r = 0.9999. The limit
of detection was determined as 200 ppb(V/V). The reproducibility was 4% (relative standard deviation). The device was found to
be suitable for the determination of ethylene given off by fruit; 6 types of climacteric fruit were tested, namely apples, bananas,
kiwi fruit, nectarines, pears and plums.

Keywords Ethylene . Fruit ripening . Field asymmetric ionmobility spectrometry . Differential ion mobility spectrometry

Introduction

Ethylene is an important hormone in plant life (also known as
phytohormone) with particular relevance in the ripening of
climacteric fruit [1–5]. Therefore in the storage and
transportion of many fruits (e.g. kiwi fruit) ambient ethylene
levels need to be kept low, and some fruits (e.g. bananas) are
artificially ripened by exposure to ethylene before sale. In the
management of the postharvest physiology of fruit thus the
monitoring of ethylene is important. As for some fruit levels
as low as 10 ppb(V/V) (!L/m

3) are relevant in ripening [1], its
analytical determination can be challenging.

The approaches reported for the determination of ethylene
in horticulture have been reviewed in recent years by
Cristescu et al. [6], Caprioli and Quercia [1], and Hu et al.
[ 2 ] . The mos t commonly used me thod i s ga s -
chromatography (GC) with mass-spectrometric detection,
which gives high selectivity and sensitivity [7]. On the other
hand, the method is relatively complex and expensive.
Portable GC instruments are available, but these instruments
do not always have the required sensitivity [6]. Optical

detection by direct or indirect absorbance measurements in
the infrared range (~10.5 !m) is another possibility. The most
simple configurations are based on direct absorbance mea-
surements using broadband thermal emittors, but these de-
vices tend to lack the necessary selectivity and sensitivity for
horticultural applications. Photoacoustic instruments based on
laser diodes or quantum cascade lasers (QCLs) can attain good
selectivity and limits of detection in the low ppb(V/V) range [2,
8]. Such instruments are commercially available, but at a cost
of at least ! 20"000 [2]. Electrochemical devices based on
amperometry are much less expensive and can also give good
detection limits in the ppb(V/V) range [9], especially if used
with a forced gas flow [10–12]. However, electrochemical
methods are inherently less selective and robust than other
means.

In this publication an investigation into the use of FAIMS
(field asymmetric ion mobility spectrometry, sometimes also
termed differential ion mobility spectrometry, DIMS) for the
detection of ethylene is reported. We had a previous interest in
the determination of this species [10–12], and inspired by a
recent report by Chavarria et al. [13] we wanted to investigate
if this task could be addressed with an inexpensive in-house
constructed ion-mobility spectrometer. FAIMS makes use of
the fact that the mobility of ions is not constant at high field
strengths. Ions are separated by application of a asymmetri-
cally pulsed high voltage applied perpendicularly to their trav-
el in a gas stream [14, 15]. To our knowledge, there is no
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previous account of the determination of ethylene by FAIMS,
nor by the more standard drift tube ion mobility spectrometry
(DTIMS). In fact, Cross et al. [16] described the successful
determination of ammonia in presence of ethylene with a
DTIMS instrument employing a 63Ni ionizer, but did not ob-
serve any peak attributable to ionized ethylene. On the other
hand, ethylene is known to be ionized to C2H4

+ by irradiation
with UV light of an energy higher than 10.5 eV (see for ex-
ample [17]). The FAIMS instrument employed in the work
detailed here features a Krypton photoionization lamp with a
photon energy of 10.6 eV. It is based on a design recently
reported by Chavarria et al. [13], is simple and inexpensive
in construction, and can easily be duplicated by interested
parties.

Experimental

The Krypton photoionization lamp (Heraeus PKS106) and its
power supply (Heraeus C200) were purchased from BGB
(Boeckten, Switzerland). The suction pump with adjustable
flow rate (N920 KT.29.18G) is a product of KNF Neuberger
(Balterswil, Switzerland) and the high voltage power supply
(MCP 350–1250) of FuG Elektronik (Schechen, Germany).
The pulse regime was programmed on a function generator
(AFG1022) and monitored on an oscilloscope (TDS 2000),
both from Tektronix (Beaverton, Oregon, USA). The elec-
tronic components for the construction of the circuitries for
the high voltage pulsing, the creation of the compensation
voltage, and the detector, were purchased from different dis-
tributors (Distrelec, Nänikon, Switzerland; Mouser, Munich,
Germany and Digikey, Thief River Falls, Minnesota, USA).
The Forth programming environment employed on a
MSP430G2553 microcontroller (Texas Instruments, Dallas,
TX), to create the compensation voltage ramp, was the open
source package Mecrisp (http://mecrisp.sourceforge.net). The
microcontroller was connected to a personal computer via a
USB-to-TTL cable from Future Technology Devices
International (Glasgow, UK). The graphical user interface
running on the computer under theWindows operating system
was written in Python (https://www.python.org). The gas flow
rate sensor (Omron, D6F-10A6–000) was obtained from RS
Components (Wädenswil, Switzerland) and the humidity
sensor (LinPicco A05-G) from Innovative Sensor
Technology (Ebnat-Kappel, Switzerland). All signals (includ-
ing those from the auxiliary sensors) were acquired with an e-
corder (ED821) data acquisition system from eDAQ
(Denistone East, New South Wales, Australia) connected to
a personal computer running the Chart software (eDAQ). The
data was further processed and visualized with the software
package IGOR Pro (Wavemetrics, Portland, OR).

Ethylene in nitrogen at 999.6 ppm(V/V), provided as a com-
pressed gas in a cylinder (PanGas AG, Switzerland), was

employed for calibration. The dilute ethylene was fed to the
inlet of the FAIMS device to merge with its intake of ambient
air (with a temperature of 25 ± 1 °C and a relative humidity of
32 ± 1%) at 9.0 L·min!1. The resulting ethylene concentra-
tions were set by controlling the flow rate of the feed using
mass flow controllers. Two models from Bronkhorst (Aesch,
Switzerland) with maximum flow rates of 1000 and 10 mL·
min!1 (product numbers F-201CV-1 K0-AAD-22-V and FG-
200CV-AAD-22-V-DA-000) were employed to cover the de-
sired calibration range. The mass flow controllers were oper-
ated with software provided by Bronkhorst.

Results and discussion

Construction of the instrument

Sketches of the overall set-up and the cell itself built in-house
are shown in Fig. 1A and B respectively. As shown in Fig. 1A,
the device was connected to a suction pump to draw either the
sample or calibration gas mixture through the cell and the gas
flow rate was monitored with a flow sensor. The humidity of
the gas stream could also be measured with a flow through
sensor. For testing and calibration a controlled stream of dilute
ethylene in nitrogen from a compressed gas cylinder was
mixed with the ambient air drawn into the cell, while for the
testing of the fruit the atmosphere contained in sampling bags
(see section 3.5) was aspirated. The cell was contained in a
grounded metallic case for electric shielding.

The FAIMS cell, schematically shown in Fig. 1B, was
constructed based on the design reported by Chavarria et al.
and the details can be found in their publication [13].
However, some modifications were made, and these are ex-
plained below. Note also, that the lock-in amplifier extension
described by the authors was not adopted. Chavarria et al.
tested their cell with acetone and xylene standards, but not
for the determination of ethylene. The FAIMS device is made
from two pieces of standard epoxy printed circuit board ma-
terial of 1.6 mm thickness with a copper layer of 35 !m and a
spacer of 0.3 mm thickness to form the flow channel. The total
length of the device is approximately 65mm, and it consists of
three sections: the ionization region, a separation region of
12 mm length, and a detection region. For ionization a
Krypton UV-lamp was employed. The top electrode of the
separation region was connected to the asymmetric high volt-
age pulse generator responsible for the separation, and the
opposite bottom electrode was connected to the compensation
voltage circuitry, which allows the scanning. The ions are
forced to the Faraday plate detector by the deflection voltage.
The low-noise current amplifier connected to the detector
plate (constructed according to Chavarria et al. [13]) was set
to a gain of 2·1010 V/A.
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The instrument employs a rectangular waveform for the
high voltage pulsing rather than the commonly used wave-
form synthesized from two sine waves. This is more efficient
as the relevant voltages are applied for extended fractions of
time [15]. The circuitries for the pulse generation, based on
high voltage field effect transistors (FETs), and the detector
amplifier were also constructed according to the circuit dia-
grams given by Chavarria et al. [13], but the approaches
employed for implementing the mobility scan and for data
acquisition differ. A simplified schematic of the circuitry
employed by us for the sweep of the compensation voltage
is given in Fig. 2. It is based on a digital-to-analog convertor
integrated circuit (DAC) (MAX522) creating a voltage be-
tween 0 and 2.5 V. This is conditioned with operational am-
plifiers (amplification and offset to create the negative volt-
age) to give a range from approximately !14.5 V to +14.5 V.
The DAC output value of the MAX522 is set with a

microcontroller (MSP430G2553) via a serial peripheral inter-
face (SPI) bus. This is accomplished with a software routine
that runs on the microcontroller which was written in the com-
puter language Forth. The microcontroller was connected to a
PC (personal computer) via a USB-to-TTL cable. A graphical
user interface (GUI) written in Python on the PC completes
the set-up. As Forth is an interpreted computer language the
microcontroller reacts to command strings send to it by the
GUI program running on the PC without having to write spe-
cial communication software for the microcontroller. The use
of a microcontroller tethered in this way to a PC to control
experimental systems is muss less expensive (typically less
than ! 50) than using a commercial solution and highly flex-
ible. More detail on this interactive approach to control exper-
imental systems can be found in a previous publication [18].

The mobility scans were acquired with an e-corder data
acquisition system, which we find easier to use than the
LabVIEW set-up employed by Chavarria et al. [13] as the
implemention of the measurement itself then does not require
any programming by the user. The e-corder records voltage
vs. time data. An acquisition rate of 20 measurements per
second and an input span of 5 Vwas set (the voltage resolution
of the system is at least 16 bits). In order to obtain the graphs
of detector signal vs. compensation voltage the two signals
were recorded in parallel on two channels. Following the ac-
quisition the data was exported and then processed and graph-
ically displayed in the correct way with a scientific data anal-
ysis software.

Operating parameters

In Fig. 3 FAIMS spectra for 11 ppm(V/V) of ethylene for dif-
ferent amplitudes of the rectangular pulse voltage up to 500 V
are shown (for a pulse frequency of 1MHz and a duty cycle of
20%). It can be seen that when no pulsing is applied a single
peak is observed, which splits into two bands for increased
pulse voltages. Note, that no peak was observed when only
ambient laboratory air was passed through the device. Both
peaks therefore originate from ethylene and were found to be
linearly dependent on its concentration. According to Chupka
et al. [17] the ion produced from ethylene by exposure to
radiation with an energy of 10.5 eV is C2H4

+. One possible
explanation for the presence of two peaks might be the partial
formation of a water cluster (i.e. [C2H4 + H2O]+) with

Fig. 2 Set-up employed for the implementation of the compensation
voltage scan

(a)

(b)

Fig. 1 Schematic diagrams of the FAIMS system (A) Overall set-up
showing the arrangements, using a suction pump for drawing gases
through the FAIMS cell, for calibration with a mass-flow controller
(MFC) and optional moisturization of the diluting air using a Dreschel
bottle, as well as for the measurements of the fruit with the sampling bags.
B) FAIMS cell.
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humidity from the ambient air. When carrying out the exper-
iment in nitrogen also two peaks with undistinguishable rela-
tive intensities were observed. As dry nitrogen still contains
traces of water (! 5 ppm water according to the specification
of the supplier) the formation of a water cluster is still a pos-
sibility, but a shift in the relative intensities would be expect-
ed. Another reason may be the formation of secondary spe-
cies. Ceyer et al. in experiments designed to promote photo-
ionization and collisions identified a host of secondary spe-
cies, such as C3H5

+, C4H7
+, (C2H4)2

+, with mass spectrometry
[19]. It is therefore possible that the larger peak observed by us
can be attributed to C2H4

+, while the second peak may be due
to one, or several unresolved, secondary species. On the other
hand in tests with some other species (ethanol, benzene, tolu-
ene, acetone) similar secondary peaks were also observed, and
such features are also present in the spectra for acetone and
xylene reported by Chavarria et al. [13], which indicates that
this could also be an instrumental artefact. While the power
supply employed would allow higher voltages, it was found
that 500 V is the maximum at which the pulse circuitry could
be operated for extended periods of time without it breaking
down, and this value was therefore adapted for the further
studies.

The effect of the pulse frequency (at 500 V amplitude and a
duty cycle of 20%) on the height of the larger peak is shown in
Fig. 4. The observed increase with frequency is expected as
presumably the losses on the walls of the channel are dimin-
ished due to the reduced lateral movement. The maximum of
1 MHz was dictated by the function generator employed,
which has an upper limit of 1 MHz for non-symmetrical rect-
angular waves. However, this also corresponds approximately

to the upper frequency limit of the pulse circuitry due to the
finite transition time of the high voltage FETs (see Chavarria
et al. for details [13]). Also investigated was the effect of the
duty cycle of the applied rectangular wave on the signal (for a
pulse voltage of 500 V and a frequency of 1 MHz). Duty
cycles of 50%, 40%, 30% and 20% showed peak heights of
1.41V at a compensation voltage (CV) of "1.26V, 1.27V at a
CV of 1.95 V, 1.16 V at a CV of 3.77 V and 1.13 V at a CV of
4.56 V. While the more symmetrical duty cycles gave higher
sensitivities, this, of course, also imparts a decreased resolu-
tion. The gas flow rate also had an effect in that the best
sensitivity (presumably due to reduced wall losses) and
highest precision was obtained at the maximum flow rate of
9 L·min"1 possible with the set-up employed. A pulse rate of
1 MHz, with a duty cycle of 20% at 500 V amplitude, and the
flow rate of 9 L·min"1 were therefore adopted for the
experiments.

Selectivity

For ionization, the Krypton lamp with a radiation energy of
10.6 eV was employed. This imparts a high degree of selec-
tivity in that its radiation energy (10.6 eV) is just high enough
for ionization of ethylene (10.5 eV) [17], but other potentially
present species with higher ionization energy will not be de-
tected. These include CO2 with an ionization energy of
13.8 eV, acetylene with 11.4 eV and SO2 with 12.3 eV [20].
One potential interferent which may be present is ethanol.
Therefore the response of the device to ethanol was examined.
In Fig. 5 a mobility spectrum for a mixture of ethylene and

Fig. 4 Effect of the pulse frequency on the peak height for ethylene.
Amplitude 500 V. Other conditions as for Fig. 3. Each data point is the
average from 3 scans

Fig. 3 Mobility spectra obtained for 11 ppm(V/V) ethylene in nitrogen for
different amplitudes of the separation voltage between 0 and 500 V in
steps of 50 V. Pulsation: 20% duty cycle and 1000 kHz. Gas flow rate:
9 L/min
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ethanol is shown. As can be seen, the peaks for the two species
could not be separated fully. This will prevent accurate quan-
tification of ethylene in presence of ethanol, and was therefore
not attempted. However, under normal circumstances ethanol
is not expected in fruit storage, and, on the other hand, the
detection of ethanol in the mobility spectrum could also be
useful as an indicator of spoilage.

The tolerance of the system to humidity was tested as this
was deemed important in view of its potential agricultural
application. In order to humidify the ethylene standard gas
stream beyond the humidity of the laboratory air the gas mix-
ture was passed through a Dreschel bottle filled with water.
The humidity of the stream was measured with a humidity
sensor placed after the FAIMS device as illustrated in Fig. 1.
With and without water inside the bottle, the humidities of the
stream were determined to be 60 ± 4% and 32 ± 1%, respec-
tively. It was found that the signals for the humidified stream
were not significantly different to the ones obtained for the not
humidified stream.

Quantification

A calibration curve was acquired for the concentration range
from 670 ppb(V/V) to 67 ppm(V/V) (14 points) from the peak
heights of the larger of the two peaks. A linear response was
obtained (y = (0.0888 ± 0.0044)x + (0.1013 ± 0.0442)), x =
concentration in ppb) with a correlation coefficient, r, of
0.9999. The relative standard deviation for measurements at
the concentration of 11 ppm was found to be 4% by taking 3
scans within 90 s. The limit of detection was determined as
200 ppb(V/V) (3 x standard deviation).

Determination of ethylene from ripening fruits

Six types of climacteric fruit were bought from a local super-
market: apples, bananas, kiwi fruit, nectarines, pears and
plums. Weighed amounts of whole fruit (383 g apple, 124 g
banana, 500 g kiwi fruit, 729 g nectarine, 522 g pear and 355 g
plum) were placed in separate plastic bags which were then
filled with approximately 10 L of ambient air and sealed.
Measurements were carried out after 24 h storage at room
temperature. Two subsequent measurements were possible
with the available volume before the bags were empty. The
bags were then refilled with ambient air and the measurements
repeated after another 24 h. Bags were employed rather than
containers with fixed walls as the bags shrink on extraction of
air, and thus no dilution by air entering the container occurs.
The resulting mobility spectra are shown in Fig. 6. In all cases
pronounced ethylene peaks were found. The amounts of eth-
ylene given off by the fruit are given in Table 1. The levels on
the second day are higher than on the first day, which can be
expected as the fruit are ripening. On the other hand, not too
much can be read into these values as the levels of ethylene are
vastly dependent on the degree of ripeness, the temperature
and the type of fruit. Gwanpua et al. [21] quote values of
0.022–0.35 !L·kg!1·h!1 for unripe and 43.3–200 !L·kg!1·
h!1 for ripe apples, 0.42–121 !L·kg!1·h!1 for ripe kiwi fruit,
0.1–0.38 !L·kg!1·h!1 for unripe and 15–120 !L·kg!1·h!1 for
ripe pears. Chillet et al. [22] state a value of 2–50 !L·kg!1·h!1

for ripening banana. The values obtained with the FAIMS
detector generally fall within these ranges.

Fig. 6 Mobility scans for the gases given off by the fruit. Amplitude
500 V. Other conditions as for Fig. 3

Fig. 5 Mobility scan for a mixture of ethylene with ethanol. Amplitude
500 V. A small amount of ethanol was introduced to a stream of
11 ppm(V/V ethylene in nitrogen by bleeding in the headspace of
20%(v/v) ethanol in water. Other conditions as for Fig. 3
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Conclusions

It has been demonstrated that ethylene may be quantified with
an easily constructed FAIMS device employing a UV lamp
for ionization and that ethylene given off by climacteric fruit
may be determined. The detection limit of 200 ppb(V/V) is
better than that reported for an instrument based on a non-
dispersive absorbance measurement (20 ppm [23]), compara-
ble to those reported for electrochemical detection (760 ppb
[9], 40 ppb [10]), but not as good as that reported for gas
chromatography (0.4 ppb [7]) or a photoacoustic instrument
(0.3 ppb [8]). On the other hand, the device is simpler and less
expensive than the latter and more robust than the electro-
chemical devices, and may be an option for applications
where ultimate sensitivity is not required.
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Table 1 Ethylene released from fruits on two consecutive days

Type of fruit Day 1 Day 2
(!L·kg!1·h!1) (!L·kg!1·h!1)

Apples 8.46 ± 0.44 11.3 ± 0.5

Bananas 38.0 ± 4.4 56.6 ± 1.6

Kiwi fruit 6.92 ± 0.26 20.0 ± 0.9

Nectarines 0.93 ± 0.12 1.99 ± 0.06

Pears 8.7 ± 1.2 9.10 ± 0.62

Plums 12.8 ± 0.3 14.2 ± 0.8

The units refer to the volume of ethylene given off per kg of fruit per hour.
Each value represents the average of two measurements. See the text for
more details
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2.2.2. Development of simple drift tube design for ion mobility spectrometry based on 

flexible printed circuit board 

 
A study on the use of flexible printed circuit board material for the construction of drift tubes 

for ion mobility spectrometry is presented. This is a further elaboration of the use of rolled up 

PCBs in IMS, using flexible base material processed in-house. A direct performance 

comparison with an instrument based on a conventional stacked ring set-up, but otherwise 

identical geometrical and operating parameters, was carried out. This design is significantly less 

complicated than the conventional approach using stacked electrode and insulator rings, as the 

material can simply be rolled up to obtain a series of circular electrodes. Effect of width and 

pitch of the rolled up PCBs on the resolving power was studied. Additionally, the homogeneity 

of electric field along the central axis was modelled by Simion program. The size and spacing 

of the electrodes were found to have a strong effect on the resolving power. Using the optimized 

geometry with electrodes of 1.5 mm and width at a pitch of 3.5 mm resolving powers of up to 

80 were achieved. This performance was found to be comparable to that of a conventional drift 

tube based on stacked rings with identical geometry and operating conditions. The entire 

instrument was constructed in-house. Its utility was demonstrated with the determination of 

C12, C14 and C16 benzalkonium ions (BACs) in several commercial cleaning products. BACs 

are widely used as biocides in disinfectants, including the control of the SARS-CoV-2 virus. It 

is thus important to be able to monitor the concentration of BACs in the cleaners, where the 

concentrations can range from 0.01 to 1.0% (w/w). Calibration curves were produced from the 

peak area ratios for 5 concentrations in the range from 0.2 to 2.00 mg L-1 for each BAC with 

internal standardization using T8. The linear correlation coefficients (r) were determined as 

0.9985, 0.9994 and 0.9999 for BAC-C12, C14 and C16 respectively. The relative standard 

deviations (%RSD, n = 9) for repeated measurements of solutions of BAC-C12, -C14, and -

C16 at 2.0 mg L-1 were found at 6.5%, 5.8%, and 2.9%, respectively. The limit of detections 

(LODs) of BAC-C12, -C14, and -C16 were determined as 20 mg L-1, 25 mg L-1, and 38 mg L-1, 

respectively (concentration corresponding to a peak area 3 times the standard deviation of a 

blank sample). The use of the rolled up drift tube simplifies its design, further facilitating the 

in-house construction. Besides the simplification in the construction of IMS instruments, the 

design prevents contact of the electrodes with the chemicals analyzed, which may cause 

corrosion. Moreover, the smooth interior allows easy cleaning, which is at times required for 

the dissolvation part when employing electrospray ionization.  
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board allows the facile construction
of drift tubes for ion-mobility
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! A comparison with the traditional
stacked ring design demonstrated a
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a b s t r a c t

A study on the use of !exible printed circuit board material for the construction of drift tubes for ion
mobility spectrometry is reported. This is signi"cantly less complicated than the conventional approach
based on stacked electrode and insulator rings, as the material can simply be rolled up to obtain a string
of circular electrodes. The size and spacing of the electrodes was found to have a strong effect on the
resolving power. For an optimized geometry with electrodes of 1.5 mm width at a pitch of 3.5 mm
resolving powers of up to 80 were achieved for quaternary amines introduced by electrospray ionization
into a drift tube of 10 cm length and an applied voltage of 4200 V. This performance was found to be
comparable to that of a conventional drift tube based on stacked rings with otherwise identical geometry
and operating conditions. The entire instrument was constructed in-house. Its utility was demonstrated
with the determination of the C12, C14 and C16 benzalkonium ions in several commercial cleaning
products with limits of detection of 20, 25, and 38 mg L" 1, respectively.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In ion mobility spectrometry (IMS), the analyte ions are driven
through an inert gas by an electric "eld [1]. The separation is based
on the differences in the collision cross-sections of the ions. As no
vacuum is required, the approach is signi"cantly simpler than

mass-spectrometry and "eld portable instruments are possible. In
contrast to chromatographic or electrophoretic techniques, IMS
also has the advantage of rapid separation times in the order of
milliseconds, rather than minutes. IMS has been applied in many
"elds, e.g. in chemical warfare agent detection [2], in pharmaceu-
tical industry [3], in food quality control [4,5], and in environmental
analysis [6,7].

An ion mobility spectrometer consists of four essential sections:
a sample-introduction region used for generation of ions, an
injector (ion shuttter), a drift-tube region used for ion separation,
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and a Faraday detector. The drift tubes have mostly been built by
stacking metallic electrode rings alternatively with insulating rings
[1]. To produce the separation !eld the individual electrodes are
connected to a resistor ladder implementing a staggered voltage
divider. The stacked ring approach is elaborate as it requires dozens
of precisely machined and aligned electrodes and their insulation
rings with provisions for the electrical contacts to the resistor
ladder. To address this point several authors have proposed simpler
drift tube designs. Eiceman et al. [8] designed a drift tube with
rectangular cross section from two parallel printed circuit boards
(PCB) bearing electrode strips. Bohnhorst et al. [9] used a similar
approach in their designwhich consisted of 4 printed circuit boards
to create a drift channel of square cross section. Reinecke and
Clowers [10] employed the conventional stacked ring approach, but
also based the electrodes and spacers on PCB material. The side
walls of the holes in the PCB plates serving as electrodes were gold
plated. Such PCBs can be obtained as hole plating is one of the
standard fabrication processes (to create co-called vias to carry
electrical signals between layers).

Herein we report on an investigation of the construction of a
drift tube from "exible PCB material made from polyimide. This
substrate is regularly used in the electronics industry when a rigid
PCB is not suitable. The electrodes are etched as copper tracks on
this material, which is then rolled up into a tubular shape to form
the drift tube. As far as we know, this approach was !rst proposed
in a patent dating back to 1998 [11], but no study had been reported
in the scienti!c literature. Very recently, while the work for this
publication was carried out in our laboratory, Smith et al.
communicated the implementation of such a drift tube [12]. The
material was ordered from a commercial PCB manufacturer and
had 100 gold plated copper strips of 0.9 mm width, with gaps of
0.3 mm inbetween. The authors reported a resolving power of 82
for iodine vapour as a standard, which was ionized by a corona
discharge, and demonstrated the detection of several explosives.

This report presents a further elaboration of the use of rolled up
PCBs in IMS, using "exible base material processed in-house. A
direct performance comparison with an instrument based on a
conventional stacked ring set-up, but otherwise identical geomet-
rical and operating parameters, was carried out. As the in-house
manufacturing allowed the easy creation of drift tubes with
different geometric electrode arrangements, a study on the effect of
different electrode widths and pitch on peak resolution was also
performed. To validate the practical use of the in-house constructed
instrument the determination of benzalkonium ions in cleaning
agents is demonstrated.

2. Experimental

2.1. Instrumentation

A schematic diagram of the set-up is shown in Fig. 1. Two in-
struments were built. One of these is an exact duplication of the
device based on stacked rings reported by Reinecke and Clowers
[10]. The second instrument very closely follows this design, but the
holders at the ends of the dissolvation and drift tubes are modi!ed
versions which have holes to accept the ends of the tubes and slits
to accommodate the not coiled ends of the PCB material. A pattern
for the "exible PCBs to create the drift as well as desolvation tubes
is shown in Fig. 2, together with an illustration of their mounting in
the instrument. The "exible PCB material was rolled onto PMMA
tubes with an outer diameter of 29.4 mm and a wall thickness of
1.1 mm. The Faraday detector is a plate with a diameter of 20.4 mm
located centrally. The ladder resistors (high voltage surface mount
resistors from Stackpole Electronics, Raleigh, NC, USA) to create the
voltage gradient for the desolvation and drift tubes, were soldered

directly onto the ends of the electrode tracks on the "exible PCB.
The ends of the PCBs carrying the resistors were deliberately
positioned to the side in order to minimize any possible distur-
bance of the electric !eld. The assemblies reported herewere set up
on optical breadboards with optomechanical mounting posts
(Thorlabs, Bergkirchen, Germany), which are providing support at
the injection end, at the ion shutter and the detector end. This
keeps the instruments about 10 cm away from any metallic parts
for electrical isolation of the high voltages. Both instruments
employ a 3-grid ion shutter, as introduced by Langejuergen et al.
[13], and an electrically "oating gate pulser. The latter is detailed in
a publication by Garcia et al. [14]. The etched stainless steel grids
needed for the injector and the aperture grid in front of the Faraday
detector, which were required for both versions, were ordered ac-
cording to the design by Reinecke and Clowers [10] from Newcut
(Newark, NY). For the stacked ring version, the electrode and spacer
plates were obtained from PCBway (www.pcbway.com). For injec-
tion, the high voltage pulser of the design by Garcia et al. [14], was
purchased from GAA Custom Electronics (http://www.mstar2k.
com/gaace-home). A high voltage supply (CZE1000R) from Spell-
man (Hauppage, NY) was employed. The injection was controlled
with an Analog Discovery 2 unit (Digilent, Pullman, WA), and was
coupled to the "oating high voltage pulser via an optical !bre to

Fig. 1. Schematic diagram of the instrumentation.

Fig. 2. A) Electrode pattern on the "exible PCB material. B) The end pieces have holes
to accept the PCB rolled onto a supporting tube and slots to !t its end. C) The mounting
con!guration with the end of the PCB bearing the voltage ladder resistors protruding
sideways.
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maintain the isolation. The ion currents were measured with a
transimpedance ampli!er based on a OPA129 operational ampli!er
(Texas Instruments, Austin, TX, USA), which was built according to
the design of Reinecke and Clowers [10], and the mobility spectra
were acquired with a 16 bit-resolution PC oscilloscope (Picoscope
4262, from Picotech, St. Neots, UK).

The electrospray was created with a fused silica capillary of
50 mm inner and 375 mm outer diameter (TSP-050375-M-10, BGB
Analytik AG, B!ockten, Switzerland). This was connected to a T-piece
(T116-203, LabSmith, Livermore, CA) to allow application of the
high voltage (10e12 kV, from a second Spellman CZE1000R unit)
with a 0.5 mm diameter platinumwire (Advent Research Materials,
Oxford, UK) for the creation of the charged droplets at the end. The
solutions were passed through the capillary with a syringe pump
(KDS 100 legacy, KD Scienti!c, Holliston, MA). The capillary tip was
positioned inside the desolvation section of the IMS instruments
with the help of further optomechanical holders from Thorlabs. All
separations were carried out in nitrogen. The measurements were
carried out under ambient conditions; the temperature was
determined with a standard laboratory thermometer and the
approximate ambient pressure was obtained from a local weather
service (www.meteocentrale.ch).

2.2. Preparation of the !exible PCBs

The "exible PCBs with the drift ring copper tracks were pro-
duced in-house according to a standard manufacturing protocol as
also used for the usual rigid PCBs. The material (AN10 produced by
CIF, Bagneux, France), consisting of a 25 mm thick polyimide sheet
with a copper layer of 35 mm thickness, was purchased from Farnell
(Leeds, UK). This was spray-coated with positive photoresist
(Kontakt Chemie Positiv 20, CRC Industries, Zele, Belgium). The
desired electrode patternwas created with a drawing program on a
PC (Intaglio, www.purgatorydesign.com/) and then printed with a
regular of!ce laser printer (Hewlett Packard LaserJet M2727) onto a
transparent !lm (Laserstar, Farnell). This was then transferred onto
a piece of the photoresist coated PCB material with dimensions of
100 mm ! 150 mm with a UV-exposure unit (UV2M, Farnell).
Following development of the !lmwith sodium hydroxide solution
(1%), the sacri!cial copper was removed using an etching solution
of sodium persulfate (200 g L"1) in a bubble agitated tank at about
45 #C. The remaining photoresist was then removed with
isopropanol.

2.3. Calculations

The !eld strength along the drift tube was modelled with the
Simion simulation software package, which is a product of Scienti!c
Instrument Services (Ringoes, NJ, USA). The reduced mobilities, K0,
and resolving powers, Rp, were calculated according to the
following equations:

K0 $ (L/td,E) , (p/p0) , (T0/T) (1)

Where L is length (cm) of the drift tube, E the !eld strength (V/cm),
td the drift time (s), p and p0 the drift tube pressure and standard
pressure (760 torr) respectively, and T and T0 are the drift tube
temperature and standard temperature (273.15 K) respectively.

Rp $ (td/W1/2) (2)

Where td is the drift time (s) and W1/2 the full width at half
maximum height (FWHM).

2.4. Chemicals

The standards tetramethylammonium bromide (T1), tetraethy-
lammonium bromide (T2), tetrabutylammonium bromide (T4),
tetrahexylammonium bromide (T6) and tetraoctylammonium
bromide (T8), benzyldimethyldodecylammonium chloride (BAC-
C12), benzyldimethyltetradecylammonium chloride (BAC-C14, and
benzyldimethylhexadecylammonium chloride (BAC-C16) were
purchased from Sigma Aldrich (Buchs, Switzerland). Chromatog-
raphy grade ethanol (LiChrosolv, Sigma-Aldrich) and methanol
(HiPerSolv, VWR Chemicals, Schlieren, Switzerland), and water
puri!ed with a Milli-Q system from Millipore (Bedford, MA) were
employed as solvents. For the fundamental studies the tetraalky-
lammonium salts were dissolved in a 50% (v/v) mixture of water
and ethanol. For the dissolution of the benzalkonium standards and
dilution of the cleaner samples a 50% (v/v) water/methanol mixture
was used.

3. Results and discussion

3.1. Basic performance

In order to allow a one-to-one comparison of the new approach
with the conventional stacked ring arrangement, two versions of
the IMS instrument were built, following closely the open source
hardware (OSH) design published by Reinecke and Clowers [10].
These authors demonstrated the separation of tetraalkylammo-
nium ions and quoted a resolving power, Rp, of 92, a state-of-the-art
performance. The length of the drift tubes for both systems built in
our laboratory was 100 mm. The stacked ring drift tube is based on
electrodes with a width of 1.6 mm and 2 mm gap inbetween (di-
mensions along the length of the drift tube). According to the
design of Reinecke and Clowers the diameters of the holes for the
electrode and spacer plates are different, 25.4 mm (1 inch) and
31.7 mm (1.25 inch) respectively. The electrode width and spacing
on the "exible PCB was closely matched to the stacked ring drift
tube (1.5 mm electrode width and 2mm spacing). The PCBmaterial
was rolled onto a PMMA supporting tube with 29.4 mm outer
diameter and a wall thickness of 1.1 mm.

The critical parameter to be compared between the two ar-
rangements is the resolving power. As this can be expected to also
depend on the !eld strength, the effect of the applied high voltage
was !rst investigated. As can be seen in Fig. 3, the optimum for

Fig. 3. Effect of the drift tube voltage on the resolving power for T6 of the drift tube
made from the "exible PCB material. Operating conditions as given in Table 1, except
for the injection time of 300 ms and gate voltage of 70 V.
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tetrahexylammonium is at a drift tube voltage of 4 kV. Mobility
spectra were then acquired for 5 tetraalkylammonium ions for
identical operating conditions with both set-ups. The results are
illustrated in Fig. 4. The identity of the peaks was con!rmed by
spiking. As is apparent, the two spectra are very similar. The

resolving powers for each peak are given in Table 2. The values for
both arrangements are close; if anything, the resolving powers for
the !rst three peaks are somewhat better for the rolled up drift
tube. Note, that these measurements were further optimized by
using a shorter gate opening time as for the measurements shown
in Fig. 3, hence the resolving powers are higher. The reduced mo-
bilities obtained for the two versions of the instrument are also in
good agreement, but show some discrepancies to the literature
values also given in the table, which were obtained on a different
instrument. The reason for this is not known. Nevertheless, the
result con!rms that the new approach is viable, and drift tubes
based on the rolled up material allow the construction of IMS in-
struments with the same performance as those based on traditional
stacked rings. Note also, that the resolving power of 80 achieved for
tetrahexylammonium and tetraoctylammonium is almost identical
to the value of 82 reported by Smith et al. [12] for their "exible PCB
based instrument (for iodine determined via corona discharge
ionization). However, the comparison between the two systems is
only partially valid as the analyte, geometry and operating condi-
tions vary. An estimation of the performance of our instrument
with regard to resolving power can also be made by calculating the
Ideality according to the formula given by Kirk et al. [15]. For a
resolving power of 80, at 4 kV and 26 !C a value of 83% is obtained.
This indicates that there is some room for improvement as 100%
would correspond to a perfect instrument.

As shown by Soppart and Baumbach [16], as well as Bohnhorst
et al. [9], the homogeneity of !elds inside a drift tube may be
in"uenced by external electrical potentials in proximity, such as a
tight grounded metallic enclosure. For this reason Smith et al. [12]
designed a shielded arrangement for their "exible PCB based drift
tube by employing a kinked electrode pattern on the material
which was rolled up in two turns. The experimental set-up on an
optical breadboard reported here keeps the drift tube at a distance
of about 10 cm from metallic parts to preclude a distortion of the
!elds. The placement of a grounded metallic shield, with about
3 cm minimum distance from the drift tube, over the entire as-
sembly reduced the detector noise for both con!gurations, but was
found not to have any effect on the resolution. For routine use such
a shielding is desirable, but note, that it was not employed for the
experimental measurements reported herein.

3.2. Effect of geometric parameters

3.2.1. Supporting tube
The instrument was designed to be used with a supporting tube

made from PMMA with the "exible PCB material rolled onto it on
the outside. However, it was thought that the presence of amaterial
with a different dielectric constant between the electrodes and the
drift channel may have an adverse effect on the homogeneity of the
!eld and therefore lead to a deterioration of the separation (the
dielectric constant of PMMA is ~3, while that of nitrogen is ~1).
Therefore a comparison of measurements with and without the
presence of the supporting tube was carried out in order to ascer-
tain the abscence of a signi!cant effect. For the determination
without the support, the "exible PCB material was simply wound
up to form a tube and mounted in the instrument. The results are
shown in Fig. 5. It is evident that actually slightly sharper peaks
were obtained in presence of the supporting tube with resolving
powers of 62e80. The measurements obtained without the sup-
porting tube show a slight tailing and the resolving powers are in
the range from 40 to 62. Note, that very similar results were ob-
tained for both orientations, i.e. the electrodes facing the interior of
the channel, or the outside. Thus the presence of the polymeric wall
did not lead to a reduction of the resolution. The fact that, without it
the resolving power was lower, is assumed to be due to a slight

Fig. 4. Mobility spectra of 2 mg L "1 alkylammonium bromide salts obtained from the
ion mobility spectrometers with rolled up and stacked desolvation and drift tubes
obtained for the operating conditions as given in Table 1.
Peaks: T1, tetramethylammonium ion, m/z 74.1; T2, tetraethylammonium ion, m/z
130.2; T4, tetrabutylammonium ion, m/z 242.3; T6, tetrahexylammonium ion, m/z
354.4; T8, tetraoctylammonium ion, m/z 466.5.

Table 1
Instrumental settings for the comparison of the two versions of the instrument.

Operation Parameter

Electrospray ionization
Sample "ow rate (mL hr"1) 50
Electrospray voltage (kV) 11.5
Capillary tip position inside the desolvation tube (cm) 2.0

Injection gate
Injection time (ms) 200
Waveform Square wave
Gate closing voltage (V) 90

Analyte !lter
Desolvation tube length (cm) 10.0
Drift tube length (cm) 10.0
Voltage across desolvation tube (kV) 4.2
Voltage across drift tube (kV) 4.2
Pressure (hPa)(approximate) 1031
Temperature (!C) 26 ± 2
Reduced electric !eld strength (Td) 1.68
Electrode width, stacked tube (mm) 1.6
Electrode width, rolled tube (mm) 1.5
Gap (mm) 2.0
Drift gas "ow rate (mL min"1) 200

Ion detection
Number of averaged scans 500
Total gain (V A"1) 109

Analysis time (s) 50
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sagging present for the rolled up !exible PCB material without the
polymeric tube. This vindicates the rationale for the presence of the
latter, and generally points to a high susceptibility of the drift tubes
to geometric imperfections.

3.2.2. Electrode pitch
An identical even electric "eld strength along a drift tubemay, in

principle, be established with an arbitrary number of electrodes. If
few electrodes are used then the voltages applied to the electrodes
will require large steps, if more electrodes are used the steps will
require smaller voltages, but the overall "eld strength along the
tube is the same. In practice fewer electrodes would be preferable
as this makes the construction of a drift tube simpler. However, it
can also be expected to have an effect on the homogeneity of the
"eld, and thus affect the resolving power. The experimentally ob-
tained resolving powers for tetrahexylammonium for 1.5 mmwide
electrodes set on a different pitch varying from 2.5 mm to 12.3 mm
are shown in Fig. 6A. It can be seen that the sharpest peaks were
obtained with a pitch of 3.5 mm. The resolution is reduced for
increasing electrode distances, but also for the narrowest gap. As
the investigation of the effect of the supported tube, reported in the
previous section, indicated that imperfections in the alignment of

Table 2
Characteristics of peaks obtained with the two versions of the instrument.

Compound* Rolled Flex-PCB drift tube Stacked drift tube Reported in literature

Drift time,
(ms)

Reduced mobility, K0 (cm2

V!1 s!1)
Resolving
Power, Rp

Drift time,
(ms)

Reduced mobility, K0 (cm2

V!1 s!1)
Resolving
power, Rp

Reduced mobility, K0 [22] (cm2

V!1 s!1)

T1 10.6 2.06 63 10.6 2.05 44 e

T2 12.6 1.74 63 12.7 1.72 49 1.73
T4 17.4 1.26 79 17.5 1.25 70 1.23
T6 22.5 0.97 80 22.6 0.97 81 0.95
T8 27.1 0.81 80 27.2 0.81 85 0.78

*T1, tetramethylammonium ion, m/z 74.1; T2, tetraethylammonium ion, m/z 130.2; T4, tetrabutylammonium ion, m/z 242.3; T6, tetrahexylammonium ion, m/z 354.4; T8,
tetraoctylammonium ion, m/z 466.5.
Experimental conditions as given in Table 1.

Fig. 5. Effect of the presence of the supporting wall on the mobility spectra of the
alkylammonium bromide salts. Operating conditions as for Fig. 3.

Fig. 6. A) Effect of the electrode pitch between 2.5 and 12.3 mm for electrodes of
1.5 mmwidth on the resolving power for T6. Experimental conditions as for Fig. 3. The
error bars are the standard deviations for 3 measurements, each of which was taken
after a reassembly of the drift tube.
B) Homogeneity of electric "eld along the central axis as modelled by Simion.
Magni"ed in the vertical dimension and offset for clarity.
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the rolled up drift tube may also have an effect, the drift tube was
repeatedly taken apart and reassembled for measurements. The
error bars given in Fig. 6A illustrate the degree of susceptability to
such variations. In an attempt to rationalize the results for the
different electrode distances, the homogeneity of the !eld strength
was modelled for the different geometries with Simion for a tra-
jectory along the centre line of the tube. Liu et al. [17], for example,
modelled the !eld homogeneity in dependence of the electrode
geometry in order to make recommendations for an optimized
design of a drift tube with stacked rings, but did not corroborate
their suggestions with experimental measurements. The modelling
data for the different electrode distances is given in Fig. 6B and
shows a magni!cation of the !eld strengths calculated for a section
along the central axis of the drift tube. The inhomogeneities are
small, the maximum amplitude of about 0.2 V mm!1 for the
12.3 mm pitch amounts to less than 1% "uctuation of the !eld
strength (of about 50 V mm!1), but show a trend to increasing

Fig. 7. A) Effect of electrode width from 0.5 to 2 mm on a pitch of 3.5 mm on the
resolving power for T6. Experimental conditions as for Fig. 3. The error bars are the
standard deviations for 3 measurements, each of which was taken after a reassembly
of the drift tube.
B) Homogeneity of electric !eld along the central axis as modelled by Simion.
Magni!ed in the vertical dimension and offset for clarity.

Fig. 8. A) Mobility spectra for a mixture of 2 mg L!1 each of BAC-C12, -C14, C16, and
5 mg L!1 T8 as internal standard. Operating conditions as given in Table 1, except for
the injection time of 300 ms, and a gate closing voltage of 60 V$
B) Effect of the gate opening time on peak area and resolving power for T6.

Fig. 9. Mobility spectra for the cleaning products. Operation parameters as given in
Table 1, except for the injection time of 300 ms, and a gate closing voltage of 60 V.
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inhomogeneity with increasing electrode pitch. However, it can be
expected that for the central axis the inhomogeneities are the least
prononounced. Indeed modelling for trajectories closer to the wall
generally showed stronger variations, and con!rmed the trend to
stronger "uctuations with increasing electrode distances. This
pattern must be responsible for the loss of resolving power when
going from a pitch of 3.5 mme12.3 mm. The poorer resolving po-
wer for the narrowest gap of 2.5 mm may be due to the gap size
approaching the electrode width of 1.5 mm.

3.2.3. Electrode width
The width of the electrodes (the dimension along the length of

the drift tube) is also expected to have an effect on the evenness of
the electric !eld within the drift tube. Wider electrodes should lead
to a distortion of the !eld, as along each electrode the potential is
constant, and the modelling results presented by Liu et al. [17]
indeed show this to be the case. The experimentally determined
resolving powers of the amines for drift tubes based on the rolled
up electrodes for widths of 0.5e2 mm, on a constant pitch of
3.5 mm, are shown in Fig. 7A. The best results are obtained for the
1.5 mm wide electrode with a resolving power of 86 for the tetra-
hexylammonium ion. Going to narrower electrodes led to a dete-
rioration, but also the widest electrode caused reduced resolving
powers. Again, Simion was employed to model the homogeneity of
the electric !eld along the central axis (Fig. 7B). Interestingly, the
most homogeneous !eld strength was obtained not for the drift
tube with the narrowest electrodes, but for the 1.5 mm wide
electrodes, which matches the experimental results for the
resolving power.

3.2.4. Determination of benzalkonium chlorides in cleaning agents
Benzalkonium chlorides (BACs) are alkyldimethylbenzy-

lammonium chlorides [C6H5CH2N(CH3)2R] in which R is an alkyl
chain from C8 to C18 [18]. BAC-C12, C14 and C16 are widely used as
biocides in disinfectants, including the control of the SARS-CoV-2
virus [19]. It is thus important to be able to monitor the concen-
tration of BACs in cleaners, where typically their concentrations
range from 0.01 to 1.0% (w/w) [20]. IMS is attractive as an inex-
pensive alternative to high-performance liquid chromatography or
mass-spectrometry for the determination of these compounds.
Gallart-Mateu et al. indeed have demonstrated the use of a com-
mercial IMS with a radioactive 63Ni foil ionizer for the determina-
tion of these compounds [21]. As the analytes are permanently
ionized quaternary amines, their introduction via electrospray
ionizationwas expected to be readily possible and avoids the use of
the radioactive material.

The separation of a mixture of the 3 common BACs and T8 (as
internal standard) is shown in Fig. 8A. The peaks were identi!ed by
injection of solutions of the individual compounds and the reduced
mobilities of BAC-C12, -C14, -C16 were calculated as 1.16, 1.10 and
1.06 cm2 V!1 s!1, respectively. In view of quanti!cation, the impact

of the injection time (gate opening time) on sensitivity and
resolving power was studied. The effect on the two parameters is
shown in Fig. 8B and shows the expected increase in sensitivity for
longer injection times and the commensurate decrease in resolving
power. For the subsequent measurements the injection time of 300
ms was used as it allowed the baseline separation of the three
compounds at the relevant concentration level.

Calibration curves were produced from the peak areas for 5
concentrations in the range from 0.2 to 2.00 mg L!1 for each BAC
with internal standardization using T8. The linear correlation co-
ef!cients (r) were determined as 0.9985, 0.9994 and 0.9999 for
BAC-C12, C14 and C16 respectively. The relative standard deviations
(%RSD, n " 9) for repeated measurements of solutions of BAC-C12,
-C14, and -C16 at 2.0 mg L!1 were found at 6.5%, 5.8%, and 2.9%,
respectively. The limit of detections (LODs) of BAC-C12, -C14, and
-C16 were determined as 20 mg L!1, 25 mg L!1, and 38 mg L!1,
respectively (concentrations corresponding to a peak area 3 x its
standard deviation).

Six commercial household cleaning products, which contained
the quaternary amines, were bought from a local supermarket. The
samples were dilutedwith 50% (v/v) aqueousmethanol to bring the
analyte concentrations according to the labels to within the range
of the calibrations curves. Note, that only the totals of the benzal-
konium chloride concentrations are stated on the labels. Due to the
relatively high concentrations in the samples on one hand, and the
high sensitivity of the method on the other hand, the required
dilution was high, with dilution factors between 500 and 100000.
The mobility spectra for the samples are shown in Fig. 9. These also
show the internals standard, T8, and in some cases unidenti!ed
peaks at low concentrations. The BAC concentrations in different
cleaning products determined by internal standardization using T8
are given in Table 3, showing not only acceptable recovery of the
total benzylkonium content against the product labels, but also
demonstrates speciation of the active ingredients.

4. Conclusions

The instrument based on a rolled up "exible PCBs for the des-
olvation and drift tubes showed a performance in terms of reso-
lution comparable to that of a conventional stacked drift tube,
validating the new approach. Quantitative analysis via electrospray
ionization was possible by employing an internal standard. The
instrument is based on a published open source hardware design,
which enables interested potential users to built their own in-
struments. The use of the rolled up drift tube simpli!es its design,
further facilitating the in-house construction. The "exible PCBs can
easily be fabricated in a chemistry laboratory, but may also be or-
dered from commercial suppliers. Note, that while we worked at
room temperature, the "exible PCBs have a high temperature
tolerance (400e500 #C) soworking at elevated temperatureswould
also be possible with a modi!ed set-up. Besides the simpli!cation

Table 3
Benzalkonium chloride concentration in household cleaners.

Sample Benzalkonium chloride concentration Recovery (%)

Label (total, %w/w) ESI-IMS (n " 3)

BAC-C12 (%w/w) BAC-C14 (%w/w) BAC-C16 (%w/w) BAC-Sum (%w/w)

I 0.1 0.053 ± 0.001 0.034 ± 0.001 0.018 ± 0.001 0.106 ± 0.001 105 ± 1
II 0.1 0.043 ± 0.004 0.031 ± 0.002 0.003 ± 0.001 0.076 ± 0.003 76 ± 5
III 0.1828 0.088 ± 0.002 0.015 ± 0.001 0.043 ± 0.002 0.146 ± 0.001 80 ± 3
IV 1.05 0.62 ± 0.02 0.123 ± 0.008 0.031 ± 0.002 0.78 ± 0.01 74 ± 2
V 2.25 1.80 ± 0.09 0.367 ± 0.004 0.029 ± 0.002 2.19 ± 0.07 97 ± 4

Experimental conditions as given in Table 1, expect for injection time " 300 ms, gate closing voltage " 50 V, drift gas "ow rate " 500 mL min!1, number of averaged
scans " 200. The uncertainties are the standard deviations for n " 3.
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in the construction of IMS instruments, the design prevents contact
of the electrodes with the chemicals analyzed, which may other-
wise cause their corrosion. Moreover, the smooth interior allows
easy cleaning, which is at times required for the dissolvation part
when employing electrospray ionization.
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2.2.3. Alternative pulser generator used as ion shutter for ion mobility spectrometry 

 
One of key factors in ion mobility spectrometry is the ion shutter, which controls the injection 

of pulse of ions into the drift tube. These ion shutters depend on the electronics design to create 

the pulses for the ion injection. Ideally a very short square-wave pulse is required to achieve 

high resolution. In this work, a newly developed electronic circuitry for pulse generator is 

reported. The design is based on an optocoupler which provides an isolated low-voltage device 

to trigger high voltages. A pulse with amplitude of 40 -70 V for high voltages up to 10 kV was 

obtained. The operating characteristics of the pulse generator was found to be 13.3 µs and 1.9 

µs for the fall and rise time, respectively. Moreover, the effect of the gate closing voltage on 

the ion transmission into the drift region was investigated when the potential of the middle grid 

was elevated. The field strength at the gate was determined by placing a resistor across the first 

and third grid. Also, a one-to-one comparison of the new design with the conventional pulse 

circuit based on MOSFET. The two circuits were connected to the same IMS instrument to 

avoid any electric field changes due to re-assembly. The conventional pulse circuit was 

connected as a floating potential, while the new circuit design was connected directly to the 

middle grid. Both pulsers were set to a gate close voltage of 50.0 V and gate resistor of 300 kΩ 

was employed for the three grids. Only the gate pulsing leads were changed when testing the  

two gate control circuits. To the best of our knowledge, this is the first use of an optocoupler-

based pulser for ion injection in ion mobility spectrometry. The new circuit design is relatively 

inexpensive and sample to construct in-house.  
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Abstract 

The ion shutter, which allows the injection of an ion plug into the drift tube, is a significant 

parameter in ion mobility spectrometry. These ion shutters rely on electronic design to generate 

a pulse for ion injection. In this work, newly developed electronics for pulser generator based 

on optocoupler employed for ion shutter in ion mobility spectrometer is reported. The 

optocoupler-based pulser electronics concept isolates low-voltage devices from high-voltage 

circuits, allowing a low-voltage signal to trigger a high-voltage circuit. A pulse amplitude of 40 

-70 V at high voltage up to 10 kV was observed. The characteristics of the pulse amplitude were 

evaluated to be found at 13.3 µs and 1.9 µs for rise time and fall time, respectively. The 

optocoupler-based pulser was compared to a MOSFET-based pulser using a practical 

demonstration of a series of tetraalkylammonium ions. To our knowledge, this is the first time 

that the optocoupler-based pulser has been used for ion injection in ion mobility spectrometry. 

for rise time, and fall time, respectively. Also, the design based on the optocoupler-based pulser 

was compared to those of MOSFET-based pulser by the practical demonstration of the series 

of tetraalkylammonium ions. To the best of our knowledge, this is the first one of using the 

optocoupler-based pulser for ion injection of ion mobility spectrometry. 

 
 

Keywords:  Optocoupler-based pulser, ion shutter, ion mobility spectrometry 
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1. Introduction    

 
Ion mobility spectrometry (IMS) is an analytical technique in which ions are separated in the 

gas phase by application of an electric field [1]. It is an alternative to the separation techniques 

of chromatography and electrophoresis as well as to mass-spectrometry. It is also used in 

combination with mass spectrometry as the two methods are complementary. However stand-

alone IMS finds relatively little use outside its traditional applications in extensive applications 

such as for screening for chemical warfare agents [2, 3], food quality control [4-6] and 

environmental monitoring [6, 7]. 

 
 

The typical instruments device as produced by instrument manufacturers is employed for 

volatile analytes, and consists of a radioactive source for ionization (e.g. 63Ni), a Bradbury-

Nielsen or Tyndall-Powell gate for injection (also known as ion shutter), alternately stacked 

electrode (metallic) and insulator rings to form the drift tube for ion separation, and the Faraday 

as detector [1]. The construction of such an instrument is generally considerably less demanding 

than that of a chromatography or mass-spectrometer, and therefore in-house assembly is also 

possible. This may allow wider access to the technique, in particular for laboratories with 

financial constraints. Several developments, some of these only reported in recent years, further 

facilitate this. The traditional radioactive ionization sources, while simple, require special 

permits. Alternatives are, for example, corona discharges [8, 9], UV-photoionization[10, 11], 

low temperature plasmas[12-14], and electrospray ionization (ESI) [15, 16]. The latter method 

is of particular interest as it allows the analysis of liquid samples and therefore broadens the 

scope of applications. Drift tubes based on printed circuit board material as used for electronic 

circuitries simplify the creation of drift tubes and eliminate the need for stacking of rings. As 

the manufacturing processes are identical to those employed in the electronics industry the 

materials can be ordered with the required electrode patterns from printed circuit board supply 

houses [16]. Drift tubes with rectangular cross-section can be created by using printed circuit 

board material bearing electrode tracks as the walls reported by Eiceman et al. and by Bohnhorst 

et al. [17, 18]. As introduced by Smith et al. [19] and by our group [15], drift tubes with the 

usual circular cross section can be created by rolling up flexible printed circuit board material 

based on polyimide.    

 
 

The Bradbury-Nielsen [20] and Tyndall-Powell [21] ion gates consist of two sets of thin wires 

stretched across the drift tube channel. In the former arrangement the two sets are in the same 
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plane, while in the latter these are offset by a short distance between 0.01 and 1 mm [1]. Ion 

gating is achieved by pulsing the voltage applied to these electrodes for a duration of typically 

200 µs. The construction, especially of the Bradbury-Nielsen gate, is difficult due to the 

required precision. The so-called field-switching shutter with three grid electrodes as 

introduced by Zimmermann and coworkers in 2014 [22, 23] is mechanically simple, even 

though three grids are needed, as only single potentials are required on each. The grids may 

consist of a fine metallic mesh, or for improved mechanical precision, of etched stainless steel 

sheets [16]. These may be ordered to the desired design from manufacturers specializing in 

photochemical micromachining.    

 
 

One of the more significant challenges to overcome when building an IMS instrument is the 

electronic pulser needed for the ion shutter. This requires the fast switching of a voltage of 

perhaps 50 to 100 V on top of the constant drift tube voltage of typically 5 kV. This is not trivial 

and, intriguingly, details on the circuitries are generally absent from the experimental sections 

of publications in the field. Clowers and coworkers state that these electronics "have relied on 

custom-made, wire wound isolations transformers" and "have remained either proprietary in 

nature or custom built from in-house electronics experts"[24]. In the spirit of promoting open-

source hardware, these authors published the details of a pulse circuitry [24] and made the 

design files available on GitHub (https://github.com/bhclowers/OS-IMS) so that it may be 

duplicated by interested parties. It is also commercially available [24]. This pulser is based on 

a floating circuitry, which is tied to the high voltage of the drift tube. It is capable of fast 

switching of voltages up to 200 V by using high voltage field effect transistors (FETs). To allow 

the floating of the entire circuitry to high voltages it is powered by a dedicated, also floating 

power source, in the form of rechargeable batteries. The trigger signal for the pulses is provided 

via a fibre optic cable in order to maintain the electrical insulation to the control circuitry.    

 
 

Herein, an alternative high voltage switching circuitry based on a fast high-voltage optocoupler 

is reported. It requires a small and inexpensive additional high voltage module, but it does not 

need a floating power supply for its own operation and has a low overall component count.   

 
 

2. Experimental  

 
2.1 Chemicals   
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The standards tetraethylammonium bromide (T2), tetrabutylammonium bromide (T4), 

tetrahexylammonium bromide (T6) and tetraoctylammonium bromide (T8) were purchased 

from Sigma Aldrich (Buchs, Switzerland). Methanol with chromatography grade (HiPerSolv, 

VWR Chemicals, Schlieren, Switzerland), and water purified with a Milli-Q system from 

Millipore (Bedford, MA, USA) were employed as solvents. A mixture of the 

tetraalkylammonium (T2, T4, T6, and T8) salts at 5 µM each were prepared in a 50% (v/v) 

mixture of water and methanol.  

 
 

2.2 Ion mobility spectrometer   

 
A schematic diagram of an electrospray ion mobility spectrometer built in-house is shown in 

Fig. 1.  

 

 
 
 
 

 
It essentially consists of an electrospray generator, desolvation tube, ion shutter, separation 

(drift) tube, detector, and its control and measurement electronics. The electrospray was created 

by making use of a fused silica capillary of 50 mm inner and 375 mm outer diameter (TSP-

050375-M-10, BGB Analytik AG, Böckten, Switzerland). A syringe pump (KDS 100 legacy, 

KD Scientific, Holliston, MA) was used to push the solution containing analyte through the 

capillary. The capillary tip was positioned away from the desolvation section of the IMS 

instruments (ca. 1 – 2 mm) with the use of additional custom-made holders. A 3-way connector 

Fig 1 
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Fig. 1  Schematic diagram of the set-up connecting to the new pulser. 
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from LabSmith (T-piece, T116-203, Livermore, CA, USA) was employed to connect the high 

voltage for electrospray ionization from a high voltage generator (CZE1000R, Spellman, 

Hauppage, NY, USA).   

 
 

The design for the desolvation and separation tubes of the instrument based on a flexible printed 

circuit board (Flex-PCB) utilized in this work has been described previously [15]. Briefly, two 

10 cm wide flexible printed circuit boards with 1.6 mm wide electrodes at a spacing of 2 mm 

were manufactured in house with a standard printed circuit board processing protocol and these 

were rolled up to form the desolvation and separation drift tube sections. 1 MΩ surface mount 

resistors (± 1%, Stackpole Electronics, Raleigh, NC, USA) were soldered directly onto the ends 

of the electrode tracks to form the resistor ladder which creates the drift field. Nitrogen (N2) 

gas (99.999% purity, PanGas, Pratteln, Switzerland) was employed as the drift gas and its flow 

rate was set with a mass-flow controller (F-201CV-500-ADD-22-V, Bronkhorst, Aesch, 

Switzerland). The ion shutter consisted of three 100 µm thick metal-etched grids of the design 

reported by Reinecke and Clowers [16] (Newcut, Newark, NY, USA) with 300-µm PTFE 

spacers. The first grid is directly adjacent to the last electrode of the desolvation tube and 

electrically connected, whereas the third grid was attached to the first electrode of the separation 

tube. The gate resistor was connected between the first and third grid electrodes to provide an 

electric field gradient. The centre grid is connected to the pulse circuit. 

 
 

A Faraday plate fitted with a grid identical to the shutter grids as an aperture grid was employed 

for ion detection. The ion currents were measured with a two-stage transimpedance amplifier 

based on a LMC6001 operational amplifier (LMC6001, Mouser Electronics, Inc., Germany) 

and an OPA227P (OPA227P, Mouser Electronics, Inc., Germany), respectively to achieve an 

amplification of 1.0 × 109 V/A. The amplified voltage was recorded by a 16 bit-resolution PC 

oscilloscope (Picoscope 4262, from Picotech, St. Neots, UK) for the mobility spectra. The 

sequencing of the ion injection and measurements were controlled with an Analog Discovery 2 

personal computer-based multifunction unit (Digilent, Pullman, WA, USA).   

 
 

2.3 Pulser electronics   

 
The high voltage opto-coupler (OPTA-150) and the high voltage module for the pulser 

(SMHV05100) are products of HVM Technology (New Braunfels, TX, USA). The field effect 
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transistor (BS170) is a product of ON Semiconductor (Phoenix, AZ, USA). Trimmer with a 

value of 2 MΩ (Trimmer potentiometer, Farnell, Switzerland) and high-load resistor with 50 

MΩ (Murata, Thick film resistors, Mouser, Switzerland) was used to divide the high voltage 

for a pulse. In order to measure the high voltage value, a high voltage probe (TESTEC high 

voltage probe) with an additional load of the probe (1000 MΩ) connected to a multimeter was 

employed. The transient high voltage measurements were carried out with a high voltage probe 

(P6015A with 75MHz, 20kV, 1000X, RS components, Switzerland) and then collect and 

interpret the data by Picoscope, which was bought from Distrelec (PS 5442D, USB 

oscilloscope, 60 MHz, 4 channels). 

 
 

3. Results and discussion 

 
3.1 Pulser design   

 
A schematic diagram of the gate trigger circuitry based on an optocoupler is shown in Fig. 2. 

The optocoupler is a special product for fast switching of high voltages and is contained in a 

hermetically sealed opaque case (0.4 x 0.24 x 0.25") to provide a rated insulation up to 15 kV. 

The pulsing is achieved with a voltage divider in which one of the two legs is shunted. 

Bypassing the high voltage side resistor causes the voltage to the grid to rise to the full value, 

i.e. the closed state of the injector. This is achieved with a control signal from the low voltage 

side of the circuitry with the photodiode as part of the high voltage optocoupler. The photodiode 

is conducting when the driver LED is switched on via a low power field effect transistor with a 

control signal and the optical coupling provides the insulation of the driving circuitry from the 

high voltage. The voltage remains at the upper level as long as the LED remains lit, and 

therefore the duration of the pulse is determined by the driving circuitry. In our case the 

software to control the Analog Discovery multifunction unit, but any other set-up providing a 

pulsed control signal is suitable.   
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The voltage to the resistive divider is produced by a small high voltage module (0.85 x 0.85 x 

0.6") which is soldered directly onto the printed circuit board. It is a regulated power supply 

whose output voltage is set either by an analog discovery or by a 5V power supply to control 

voltage up to a maximum of +10 kV. This allows setting of the upper level of the gate voltage 

for the closed state. The drop in voltage for opening the gate can be adjusted by changing the 

resistance of the upper leg of the voltage divider. This is achieved by employing a trimmer 

resistor of 2 MΩ. In this work, 40 – 70 V was employed; this range may easily be adapted by 

using resistors of different values. The lower leg is a resistor which has a value of 50 MΩ. The 

circuitry requires a 5 V supply to power the high voltage module and the LED of the 

optocoupler. This is tied to the circuitry ground. The device was built on a generously laid out 

printed circuit board and housed in a non-metallic case to provide safety insulation.   

 
 

3.2 Three-grid field-switching shutter  

 
The novel pulse circuitry is demonstrated with a three-grid field switching shutter, but is in 

principle also suitable for Bradbury-Nielsen or Tyndall-Powell shutters. The set-up of the three-

grid shutter is shown schematically in Fig. 3. Grid 1 and 3 are part of the voltage ladder  

connecting all the drift tube electrodes of the desolvation and separation regions and shield  

Fig 2
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Fig. 2  Circuit diagram of the pulsing circuitry based on a fast high-voltage 
optocoupler. 
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grid 2 in the centre. This is driven independently by the new pulser circuitry. The voltages on 

the grid 1 and 3 were stabilized by capacitors connected to ground (4700 pF, 10 kV) as well.  

 

 
 
 
 
 

The voltages measured at the three grids by using a high-voltage probe (1000:1, 40kV, TESTEC 

high voltage probe) during pulsing at these grids for the closed and open state for a typical set-

up are shown in Fig. 4A. At the closed state the higher voltage at grid 2 is higher than grid 1, 

creating a reversed field and a barrier for the ions. While the pulse is given to the grid, providing 

the open state, it allows the voltage to be at the mean level between two points. Consequently, 

it enables the ions to migrate through the shutter before entering toward the drift tube for 

analysis. To make it simple (in Fig. 4B) the pulse voltage applied at the grid 2 compared to 

those two grids was measured by the high-voltage probe as a function of time (ms). The gate 

pulse amplitude on grid 2 for the two states can be adjusted by setting the trimmer potentiometer 

(see Fig. 2). The voltage between grids 1 and 3 determined by the gate resistor, which is part of 

the resistive ladder (see Fig. 3), can be altered. The time employed to inject ions can be adjusted 

by setting the pulse generation width of Analog Discovery. The high-voltage barrier level, 

which is also set by the output of the high voltage module of the pulser circuitry, is capable of 

shifting. All of the mentioned parameters were investigated in a further section. 
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Fig. 3 Schematic diagram of the three-grid shutter arrangement. 
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3.3 Pulse characteristics   

 
The pulse shape, reflecting on the performance of our new design pulser, was characterized. 

The output signal to create a pulse (normally connected to the grid in Fig. 2) was investigated. 

The pulse shape can consequently affect the ion shape, resulting in ion mobility peak shape. 
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The pulse with 5.0 V and 99.55% duty cycle was applied to BS170 for enabling the LED of the 

optocoupler. The following high voltage was switching from 3950 to 4000 V based on the LED. 

The pulse at high voltage switching was readout by the high voltage probe (P6015A with 

75MHz, 20kV, 1000X) and then collected and interpreted the data by Picoscope (PS 5442D, 

USB oscilloscope, 60 MHz). As can be seen in Fig. 5, pulse shape was characterized by 

measuring the rise and fall time. The rise and fall times were found to be at 13.3 µs and 1.9 µs, 

respectively. Around 3.0% and 0.4% of injection time of our newly designed pulser were found 

for rise and fall times, respectively. Such a pulse shape is closer to the ideal shape. Note that 

(in Fig. 5) the pulse was observed at a lower level than operating thanks to the voltage drop of 

the high-resistance probe employed. 

 

 
 
 
 
 
 

Additionally, two parameters that should be taken into account in this new pulser for improved 

pulse shape (Fig. 2) are a current at the LED and a high resistance at the voltage divider section 

(in the lower part). As the intensity power of LED was employed as a gate driver to trigger the 

high-voltage switching site, therefore the nearly maximum forward current (400 mA) was given 

for the LED, enabling highly efficient operation of the LED. Secondly, a distortion of the pulse 

shape was observed when high resistance with a value of 1 GΩ (V1G, Encapsulated device (3 

x 1 x 0.5"), XP Power, Pangbourne, UK) was used instead. It is because of delay in discharge 
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of the photodiode at high voltage stage by the massive resistance. To optimize this point, the 

50 MΩ resistor was chosen for this circuit. 

 
 

3.4 Operating parameters 

 
In the following sections the optimization of experimental parameters for the injection system, 

i.e. gate pulse amplitude, gate resistor, injection time and high-voltage barrier level at the gate 

are described. Optimization of these parameters is essential to achieve the optimal resolving 

power and peak area. 
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Effect of gate pulse amplitude  

Pulse from the new circuit provides two-state (closed and open) potentials for the introduction 

of ion swarms to produce an ion mobility spectrum. In Fig. 4B, gate pulse amplitude can be 

adjusted by setting the trimmer potentiometer with fixed high-voltage barrier level, allowing a 

different pulse amplitude to operate on grid 2. When a potential at the grid 2 is set at higher 

than the first grid, the shutter does not allow the ion transmission into the drift region. Once, 

the voltage drops ranging from 40 to 70 V were applied with constant gate resistor (300 kΩ) 

and injection time (450 µs), a potential on grid 2 is set to the mean between the first and third 

grids, leading the ions to move to the drift tube. The effect of pulse amplitude varied between 

40 – 70 V on the peak area and resolving power was investigated. The series of 

tetraalkylammonium salts was employed to obtain the peak area and resolving power of T8 as 

depicted in Fig. 6A. Two opposite trends are observed, an increase of peak area in exchange 

for resolving power for an increase of pulse amplitude. As it can be seen in Fig.6A, the peak 

area of T8 is observed at 0.14 mV x s at 40 V with 79 of resolving power. When the voltage at 

the ion gate is applied higher, the peak area is higher to 0.52 mV x s at the 70 V with 75 of 

resolving power, indicating higher ion transmission into the drift region. At a low pulsing 

potential than 40 V, the signal of T8 was found to be lower for analysis. However, pulsing 

potential higher than 70 was applied; the overload of signal in the ion mobility spectrum was 

observed due to high penetration of ions through the grids. The value of gate pulse amplitude 

at 50 V was selected for further experiment.   

 
 

Effect of gate resistor  

The field strength at the gate is determined by the resistor across the first and third grids as 

shown in Fig. 3. The field strength at the gate is also expected to have an effect on the peak area 

and resolving power. Herein (Fig. 6B), different gate resistors (240, 300, 360, 440, 540 kΩ) 

across the grids were studied at constant applied voltage (~8.0 kV) with the pulse amplitude of 

50 V and the opening time of the injection at 450 µs. Higher gate resistance should lead to a 

stronger value of the field between the first and the third. Thus, the more intense of the field at 

the gate allows ions to move more toward the drift region resulting in the higher peak area. 

While the gate resistance was increased, the resulting voltage at grid 3 was found to be lower 

as labeled on each point in the Fig. 6B. It allows the ions moving slower in the drift tube, leading 

to band broadening of the ion swarm, and then poorer resolving power observed. For the 

resolving power (Rp), the value was calculated by using the resolving power equation [1, 15] 
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to compare the different condition systems. The best result is 300 kΩ to obtain the resolving 

power over 70 for tetraoctylammonium ions. 

 
 

Effect of injection time 

One of parameters that impact on sensitivity and resolving power is the injection time. The 

effect of the injection time ranging from 100 µs to 600 µs with an increment of 50 µs was 

studied as depicted in Fig. 7. The shortest opening time of the three-grid injection still producing 

an undoubtedly signal in the ion mobility spectrum (Fig. 7) is 150 µs. The corresponding 

resolving power of the T8 peak (5 µM) is 81, but its intensity level is as close as the noise level. 

Increasing the opening time to 600 µs enhances the T8 intensity while the resolving power was 

decreased. A further increase of the opening time leads to a continuous decrease of the resolving 

power down to 74 at 600 µs. This is an effect already reported in the literature [15, 25]. A good 

compromise between resolving power and intensity is the opening time of 450 µs which still 

remains resolving power over 75. 
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Effect of high-voltage barrier level 

 

 
 
 
 
 
As the voltage at the middle grid is driven independently from the high voltage of the drift tube 

of the ion mobility spectrometer, the influence of different high-voltage barrier levels (Fig. 4B) 

at the middle grid on the ion spectrum was investigated. As this can be seen in Fig. 2, high-

voltage barrier level is produced by a small high voltage module. The high voltage level with a 

constant pulse amplitude of 50 V was varied from 4000 V to high level and to lower level with 

increments of 20 V. At the optimal condition (4020 V), the mobility spectrum of T2, T4, T6 

and T8 of 5 µM each was observed as shown in the lower spectrum of Fig. 8. At higher level, 

the intensity of each was found to be lower due to higher voltage barrier level in closed state. 

On the other hand, the lower level down to 3980 V can cause the opposite peak (upper spectrum 

of Fig. 8). The potential at 3980 V of pulse base (Fig. 4) was found to be at the level between 

the G1 and G3, allowing the stream of ions to flow continuously through the drift tube. 

Subsequently, the background signal at a higher level was spotted in the ion mobility. When 

the pulse was applied at the middle grid, the lower potential was dropped even more than G3, 

distorting the field strength and lowering the ion transmission. All in all, each pulse implies the 

introduction of void volume, resulting in the opposing peaks. 
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3.5 Comparison  

 
In order to allow a one-to-one comparison of the new approach with a conventional pulse circuit 

based on MOSFET, two circuits were connected to IMS instruments. The conventional pulse 

circuit was ordered from GAA Custom Electronics designed by Garcia et al. [24]. The 

conventional pulse circuit was employed in these publications with a resolving power over 70 

[15, 16]. The conventional pulse circuit was connected as a floating on the IMS instruments, 

while our circuit design was directly connected to the middle grid, which was inserted in 

between the first and third grids as shown in Fig. 1. In this work, the same IMS system was 

connected to both ion shutters to avoid any electric field change due to re-assembly. Both 

pulsers were set to a gate close voltage of 50.0 V and a gate resistor of 300 kΩ was employed 

to the three grids as shown in Table 1.  

 
Table1:    Operating parameters that were used 

Operation Parameters 
Electrospray ionization  
Flow rate (µL/min) 0.8 
ID of capillary (µm) 50.0 
OD of capillary (µm) 375.0 
Length of capillary (cm) 5.0 
Electrospray voltage (kV) 11.5 
  
Injection gate  
Injection time (µs) 450.0 
Gate high voltage (kV) 4.0 
Gate pulse voltage (V) 50.0 
Distance between grid (µm) 300.0 
Gate resistor (kΩ) 300.0 
  
Drift tube  
Desolvation length (cm) 10.0 
Separation drift length (cm) 10.0 
Field strength voltage (V/cm) 400.0 
Electrode thickness (mm) 1.6 
Spacer gap (mm) 2.0 
N2 counter gas flow rate (mL/min) 500.0 
Drift tube temperature (°C) 23±2 

Drift tube pressure (Torr) 766±5 
  
Ion detection   
Number of average (times) 500 
Total gain (V/A) 1.0 x 109 
Analysis time (s)  50 
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Mobility spectra were then acquired for 4 tetraalkylammonium ions for identical operating 

conditions with both circuits. The analytical parameters to be compared between the two 

circuits are drift time, reduced mobility, and resolving power in Table 2. As is apparent, the 

drift times and reduced mobilities obtained for the two versions of the circuits are also in good 

agreement. Also, the reduced mobility of each ion (T2, T4, T6 and T8) was compared with 

those reported in another publication as references [15, 26, 27]. It is agreed between both 

circuits and references as well.  

 
Table 2:    Characteristics of peaks obtained with the two versions of the pulser 

T* Our new pulse generator Floating pulse generator  Reported  
in literature 

Drift time, 
(ms) 

Reduced 
mobility, 
K0 
(cm2·V-1·s-1) 

Resolving  
Power, Rp 

Drift time, 
(ms) 

Reduced 
mobility, 
K0 
(cm2·V-1·s-1) 

Resolving  
power, Rp 

Reduced 
mobility, 
K0  
(cm2·V-1·s-1) 

T2 13.5 1.72 40 13.5 1.72 50 1.73 
T4 18.5 1.25 56 18.6 1.25 62 1.23 
T6 24.0 0.97 67 24.0 0.97 68 0.95 
T8 29.1 0.80 76 28.9 0.80 76 0.78 

 

* T2, tetraethylammonium ion, m/z 130.2; T4, tetrabutylammonium ion, m/z 242.3; T6, 
tetrahexylammonium ion, m/z 354.4; T8, tetraoctylammonium ion, m/z 466.5.    

 
 

4. Conclusions 

 
The new pulser design based on fast switching optocoupler assembled in our laboratory showed 

a performance in terms of resolving power comparable to that of a commercial instrument. As 

the new approach is simple in construction and the electronics components are generally 

available on the market to buy, it can be built without special electronics expertise. Besides the 

negative mode for negative ions can be analyzed by changing the high-voltage module to a 

negative one. 
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2.2.4. Ambient ionization source based on a dielectric barrier discharge for direct testing 

of pharmaceuticals using ion mobility spectrometry 

 
Ambient ionization refers to a range of techniques developed mostly for mass-spectrometry 

during the early 2000’s. Samples are ionized at atmospheric pressure without or with only little 

sample preparation. Thus solid samples may be analysed directly without dissolution. The set-

up reported herein is based on a He-DBD with two isolated electrodes, which had been 

demonstrated successfully for ambient ionization for IMS drift tube based on an open source 

design. The instrument is based on a miniature plasma source mounted at an oblique angle close 

to the injection gate of the ion mobility spectrometer. The plasma torch consists of two 5 mm 

wide external cylindrical electrodes, 10 mm apart, which are placed coaxially around a fused 

silica tube (1.5 mm i.d. and 3.0 mm o.d.). The electrode at the outlet (25 mm from the end of 

the tube) was connected to a high voltage AC generator (Plasma Generator G2000, Redline 

Technologies Elektronik, Baeswiler, Germany). The second electrode was connected to 

electrical ground. The probe was held in place with a custom-designed holder attached to an 

XYZ mechanical arm (Thorlabs, Bergkirchen, Germany). Helium (99.996% purity, PanGas, 

Pratteln, Switzerland) was used as the plasma gas and the flow was regulated with a mass flow 

controller (F-201CV-500-ADD-22-V, Bronkhorst, Aesch, Switzerland). For analysis, a solid 

sample was placed on a small platform attached to a polymeric rod, which was then inserted 6 

– 8 mm inside the reaction region of the IMS tube. The positioning of the sample holder was 

carried out using a mechanical arm (Thorlabs). The separation section of the ion mobility 

spectrometer has a drift tube of 10 cm length at an applied high voltage of 4 kV. The instrument 

was built in-house at low cost and can easily be duplicated. As N2 drift gas flowing against the 

plasma plume can interrupt the plasma efficiency, the use of Ar as an alternative to nitrogen as 

drift gas, which is not common, was tested in the work. Its usefulness was demonstrated by the 

rapid identification of tablets of five different pharmaceutical drugs, namely acetaminophen, 

loratadine, norfloxacin, tadalafil, thiamine as well as caffeine in ground coffee beans. 
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a b s t r a c t

The instrument is based on a miniature plasma source mounted at an oblique angle close to the injection
gate of the ion mobility spectrometer. The plasma torch consists of two 5 mm wide external cylindrical
electrodes, 10 mm apart, which are placed coaxially around a fused silica tube (1.5 mm i.d. and 3.0 mm
o.d.). A small helium plasma is created by applying a alternating voltage of 8 kV at 28 kHz and employed
for the direct desorption and ionization of solid or liquid samples, which are placed on an electrically
isolated support. The separation section of the ion mobility spectrometer has a drift tube of 10 cm length
and an applied high voltage of 4 kV. The instrument was built in-house at low cost and can easily be
duplicated. Its usefulness was demonstrated by the rapid identi!cation of !ve different pharmaceutical
drugs, namely acetaminophen, loratadine, nor"oxacin, tadala!l, thiamine as well as caffeine in ground
coffee beans.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ambient ionization refers to a range of techniques developed
since about the year 2002, mostly for mass-spectrometry, in which
samples are ionized at atmospheric pressure without or with only
little sample preparation [1]. Thus solid samples may be analyzed
directly without dissolution. The most common variants are DESI

(Desorption Electrospray Ionization) and DART (Direct Analysis in
Real Time), which are both commercially available. As described by
Cooks and coworkers in 2004, the former method employs an
electrospray created from an auxiliary liquid which then impinges
onto the sample substrate and carries the analytes to the inlet of the
mass-spectrometer [2]. DART, !rst reported by Cody et al., in 2005,
is based on a DC (direct current) glow discharge formed in a helium
stream between a needle electrode placed in the centre of an
electrically insulating tube and a porous second electrode at the
exit face of the tube [3]. Desorption and ionization of the analytes
occur by interaction with the mild plasma. It was demonstrated
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later in 2008 by Cooks and coworkers that it is possible to use a
modi!ed arrangement in which the second electrode is placed
concentrically on the outside of the tube [4]. By application of an AC
voltage (typically 3 kV at 2.5 kHz) a so-called dielectric barrier
discharge (DBD) is created, and this arrangement as used for
ambient ionization was termed LTP (Low Temperature Plasma)
probe [4]. Guchardi and Hauser had shown in 2003 [5e8] that such
a plasma (used then for optical emission spectrometry) may also be
created by application of an AC voltage when two tubular elec-
trodes are arranged side-by-side on the outside of a tube. This is
easier in construction than the needle based plasma cells, andmore
robust, because neither of the electrodes comes in direct contact
with the plasma. This arrangement was adopted in 2007 by Franzke
and coworkers [9], who demonstrated that this kind of micro-
plasma source may be employed for ionization of gaseous hepta-
none for detection by ion-mobility spectrometry (IMS).

IMS is a versatile analytical method in which ions are separated
through their differences in the gas phasemobility by employing an
electric !eld as the driving force. While the resolution is generally
not as good as that of mass-spectrometry, the IMS instruments are
much simpler because a vacuum is not required, and the creation of
the electric !eld for separation is straightforward. Therefore, !eld
portable IMS instruments are feasible, and it is also possible to build
well performing instruments in-house with limited effort [10,11].
While the orginal DART was initially intended for use with IMS [1],
we are aware of only two reports on the use of plasmas as direct
ambient ionization sources for IMS. Harris et al. employed a com-
mercial DART source to sample small volumes of liquids (2 mL)
which were deposited at the end of a capillary tube and then
inserted into the system [12]. Jafari demonstrated the use of a He-
LTP plasma source for the detection of a range of several species as
cations and anions placed as liquid or solid samples onto a sample
holder inserted into a specially modi!ed IMS instrument [13].

The set-up reported herein is based on a He-DBD with two
isolated electrodes, which had been demonstrated successfully for
ambient ionization for mass spectrometry [14], and an IMS drift
tube based on an open source design [10,11].

2. Experimental

2.1. Chemicals and reagents

Methanol (HiPerSolv Chromanorm) was purchased from VWR
Chemicals (Dietikon, Switzerland). Trihexylamine (THA), acet-
aminophen, caffeine, loratadine, nor"oxacin, tadala!l, and thia-
mine were purchased from Sigma-Aldrich (Buchs, Switzerland).
Panadol tablets containing acetaminophen (500 mg), Klaryne tab-
lets containing loratadine (10 mg), Nor"oxacin tablets containing
nor"oxacin (400 mg), Cialis tablets containing tadala!l (5 mg), and
vitamin B1 (Inpac Pharma Co., Ltd., Thailand) tablets containing
thiamine (100 mg) were acquired from a pharmacy in Thailand.
Ground coffee was purchased from a local supermarket. Samples in
solid form (pharmaceutical tablets) were directly analyzed without
dissolution. Samples in powder form were impregnated with a
methanol/water mixture in order to prevent the loose powder to be
blown into the IMS tube.

2.2. DBD ionization source

The construction of the DBD plasma probe followed the design
reported by Furter and Hauser [14] with some modi!cations of the
dimensions. The probe was based on a 8.0 cm long fused silica tube
with 3.0 mm o.d. and 1.5 mm i.d. (Wisag, F!allanden, Switzerland).
The tube was placed in a polymeric potting box for electronic

components (S38 from Teko Enclosures, San Lazzaro Di Savena,
Italy) with dimensions of 15 ! 19 ! 40 mm
(width ! height ! length), with access holes drilled in the centres
of the two narrow sides. The electrodes were created by wrapping
adhesive copper tape with a thickness of 0.04 mm around the tube
(3 M 1181, Distrelec, N!anikon, Switzerland). The circular electrodes
bands were 5.0 mmwide and 10.0 mm apart. The electrode closest
to the outlet (25 mm from the end of the tube) was connected to a
high voltage AC generator (Plasma Generator G2000, Redline
Technologies Elektronik, Baeswiler, Germany) via a cable rated for
40 kV (HSW-4022-2, Hivolt, Hamburg, Germany). The tube extends
15 mm outside the box. The second electrode was connected to the
electrical ground. The box was !lled with a thermally conductive
but electrically insulating epoxy glue (EPO-TEK T7110, Epoxy
Technology, Cham, Switzerland). The probewas held in placewith a
custom-designed holder attached to an XYZ mechanical arm
(Thorlabs, Bergkirchen, Germany). Helium (99.996% purity, PanGas,
Pratteln, Switzerland) was used as the plasma gas and the "owwas
regulated with a mass "ow controller (Fe201CV-500-ADD-22-V,
Bronkhorst, Aesch, Switzerland). For analysis, the samples were
placed on a small platform attached to a polymeric rod, which was
then inserted 6e8 mm inside the reaction region of the IMS tube.
The positioning of the sample holder was carried out using a me-
chanical arm (Thorlabs).

2.3. Ion mobility spectrometer

The IMS instrument is a reproduction of the open source design
published by Reinecke and Clowers andmore detail can be found in
their publication [10]. The IMS instrument consists of two regions,
viz. the reaction and drift zones. The reaction tube is 27 mm in
length and the drift (or separation) tube is 106 mm long. Ring
electrodes (1.6 mm) and spacers (1.0 mm, two were combined to
create a gap between each electrode of 2.0 mm) produced from
printed circuit boards (PCB) were ordered from PCBway (www.
pcbway.com), as well as the two alignment boards !tted with
1 MU surface mount resistors (±1%, HVCB1206FKC1M00, Stackpole
Electronics, Raleigh, NC, USA) to create the electric !eld. The high
voltage was provided by a unit from Spellman (CZE1000R,
Hauppauge, NY, USA). For injection of short ion swarms into the
drift region, a 3-grid ion shutter as proposed by Langejuergen and
coworkers [15] was used. The 3-grid ion shutter consisted of 3
metal grids according to the design of Reineke and Clowers (ob-
tained from Newcut, Newark, NY, USA) with 300 mm thick PTFE
spacers. The electrically "oating pulse circuitry was trigged via a
!bre optic cable, and was purchased from GAA Custom Electronics
(http://www.mstar2k.com/gaace-home). Details can be found in a
publication by Garcia et al. [16]. The timing was controlled with a
Analog Discovery 2 multifunction instrument (Digilent, Pullman,
WA, USA). A Faraday plate placed at the end of the drift tube was
employed for detection and was !tted with an aperture grid of
identical design as the injector grids. The detector was connected to
a low noise current-to-voltage converter with two-stage ampli!-
cation. The !rst stage was based on a LMC6001 operational
ampli!er (Texas Instruments, Dallas, TX, USA) in the tran-
simpedance con!guration with a 470 MU feedback resistor. This
was followed by a non-inverting voltage ampli!er (OPA227P, Texas
Instruments) as second stagewith an ampli!cation factor of 10. The
output signal was recorded with a 16 bit-resolution PC oscilloscope
(Picoscope 4262, from Picotech, St. Neots, UK). Argon (99.996%
purity, PanGas) was generally used as drift gas, and its "ow was
regulated with a mass-"ow controller (Fe201CV-500-ADD-22-V,
Bronkhorst). The different parts were arranged on an optical
breadboard using optomechanical components from Thorlabs.
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2.4. Mass spectrometry

The instrument employed was a LCQ Deca 3D ion trap mass
spectrometer (Finnigan MAT, San Jose, CA, USA). For ionization of
trihexylamine (THA), the He-DBD plasma probe was set up in front
of the mass spectrometer as detailed previously [14]. A full-scan
with a range of 200e700 m/z in the positive ion mode was used
to obtain the mass spectrum. Data was collected using the Tune
Plus software vs. 2.0 (Thermo Fisher Scienti!c, Waltham, MA, USA).

2.5. Calculations

The experimentally obtained reduced mobilities, K0
(cm2$V!1$s!1), were calculated from the measured drift times ac-
cording to the following equation:

K0 " (L/td,E) , (p/p0) , (T0/T) (1)

Where L is length (cm) of the drift tube, E the !eld strength (V/cm),
td the drift time (s), p and p0 the drift tube pressure and standard
pressure (760 torr) respectively, and T and T0 are the drift tube
temperature and standard temperature (273.15 K) respectively. The
temperature was determined with a standard laboratory ther-
mometer and the ambient pressure was obtained from a local
weather service (www.meteocentrale.ch).

The resolving power, Rp, was obtained as follows:

Rp " (td/W1/2) (2)

Where td is the drift time (s) and W1/2 the full width at half
maximum height (FWHM).

The formula used to convert the reduced mobilities (K0) be-
tween N2 and Ar as drift gas was derived from the Mason-Schamp
equation [17]:

K " 3
16
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where q is the charge on the ion, N the number density of the drift
gas, m the mass of the ion, M the mass of the drift gas molecule, k
the Boltzmann constant and U the collision cross section of the
analyte. The conversion factor (K0N2/K0Ar) was obtained by ratioing
the equations for the two gases, giving the following formula:
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3. Results and discussion

3.1. The combination of DBD and IMS

The details of the dielectric barrier discharge plasma probe,
following a design previously reported by our group [14], are
shown in Fig. 1A. In contrast to most reported DBD and the LTP
plasma torches, in our arrangement both electrodes are placed
concentrically on the outside of a fused silica tube, which simpli!es
its construction. The arrangement is embedded in a high resistivity
epoxy as used in electronics manufacturing for encapsulation,
which prevents any arcing between the electrodes on the outside of
the tube. Note, that in contrast to the earlier arrangement, it was
found that the plasma in the new set-up was self-igniting, i.e. it was

not necessary tomomentarily place a groundedwire at the outlet of
the tube. The tip of the plasma is pointed to the solid sample which
is placed onto a sample holder. The spectrometer was built ac-
cording to the open source design published by Reinecke and
Clowers, who demonstrated it for electrospray and corona
discharge ionization [10]. Besides a 10 cm drift tube for separation,

Fig. 1. A) Schematic diagram of the dielectric barrier discharge probe. B) Photograph of
the DBD plasma inside the reaction region of the ion mobility spectrometer. C) Sche-
matic diagram of the complete instrument.
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it features a 10 cm long reaction region in front of the injection
shutter. In order to achieve transport of the ions created by the
plasma ionization towards the injection gate it is necessary to place
both, the sample holder and the plasma torch, inside the reaction
region of the drift tube. As it was found that with the plasma
ionization signi!cantly higher signals could be obtained by short-
ening the reaction region its length was reduced to 27 mm. The
sample is placed about 6e8 mm from the entrance of the tube. A
photograph of the plasma source inside the end of the IMS tube is
shown in Fig. 1B and the complete set-up is illustrated in Fig. 1C.
Note, that the plasma is placed close to the centre of the drift tube,
which assures that no electrical discharge between the plasma and
the drift tube electrodes occurs. The breakdown voltage is about
10 kV cm!1. The "ow of the drift gas out of the tube will suppress
potential interferents which might be present in the ambient air.
The IMS instrument and the DBD ion source were mounted on an
optical breadboard in order to obtain a stable arrangement.
Commercially available electronic units were employed for the
generation of the plasma voltage, the drift tube voltage, the injec-
tion pulse, as well as for sequencing and data acquisition. The only
dedicated circuitry which was built in-house was the detector
ampli!er. The injection pulses were controlled by the Analog Dis-
covery multifunction instrument and its software running on the
PC. This also provided a trigger signal for the measurement of the
detector signal with the Picoscope PC oscilloscope using its own
software.

3.2. The use of argon as drift gas

Jafari [18], who reported the use of an LTP source for ambient
ionization in IMS, designed a special funnel arrangement to vent
most of the N2 drift gas from the tube ahead of the plasma source in
order to prevent disruption of the He-plasma by the "ow of the
drift gas against the plasma plume. In addition, an auxiliary Ar gas
"ow was employed to facilitate the transport of the analyte ions
toward the injector gate. It was found for our setup that it was not
necessary to vent the drift gas from the reaction tube as a purely
mechanical disruption of the plasma did not occur. Furthermore, an
auxiliary gas "ow towards the injector was also not required as the
drift voltage before the injector causes the ions to move to the
injector. On the other hand, Jafari also noted that the nature of the
gas surrounding the plasma ion source was also having an effect as
nitrogen was found to lead to a quenching of the He plasma.
Therefore, we tested the use of Ar as an alternative to nitrogen as
drift gas, which is not common, but promised a more straightfor-
ward design of the instrument.

In Fig. 2A, !rst of all, a mobility spectrum obtained while the
plasma soure was not in operation is given and shows a blank,
except for an electronic artefact immediately on injection. The basic
operating conditions are given in Table 1. On igniting the plasma a
background ion peak was observed at 13.3 ms under nitrogen as
drift gas. According to Reininger et al. [19] the ionization mecha-
nism for the analytes with a He DBD consists of a chain of reactions.
This starts with the Penning ionization of impurity N2, and subse-
quent formation of hydrated proton clusters, which in turn leads to
the protonation of the analytes. As the reduced mobility (K0) of the
main background peak (1.95 cm2 V!1 s!1) is consistent with that of
a proton/water cluster [20] this is the likely identi!cation and the
peak may be considered to be the reactant ion peak (RIP). When
trihexylamine (THA) was placed on the sample platform ion peaks
were obtained at 25.7, 28.0, 29.6 and 35.5 ms when using N2 as the
drift gas. The reducedmobility of the !rst peak (1.01 cm2 V!1 s!1) is
close to the value reported by Keller et al. for protonated THA
separated in air (1.06 cm2 V!1 s!1) [21]. The RIP has disappeared
indicating that perhaps all of the species have been consumed in

the reactionwith the analyte. In order to con!rm the identity of the
peaks, the He-DBD probe was also coupled to a mass spectrometer
(MS). As shown in Fig. 2B a molecular ion peak [M " H]" was
observed at 270.3 m/z units with three more peaks at 302.3, 387.9,
and 602.2 m/z units, which are presumably due to clusters with
plasma species. The peak pattern of the ion mobility spectrum
matches well that of the mass spectrum. As evidenced by the last
trace of Fig. 2, when using Ar as the drift gas, the intensity of the
analyte peaks has increased, con!rming the observation of Jafari
regarding quenching in N2. Therefore the use of Ar was adopted for
the subsequent measurements. A consequence of the change of the

Fig. 2. A) Mobility spectra for blank run without the plasma in operation, the plasma
without sample, trihexylamine (THA) separated in N2, and trihexylamine (THA)
separated in Ar. The operating parameters are given in Table 1. B) Mass spectrum for
THA ionized with the plasma source. Details on the mass spectrometer are given in the
experimental section.
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drift gas is also a change in mobility to lower values, which is also
apparent in Fig. 2. The reduced mobility in Ar for the main peak is
0.91 cm2 V!1 s!1. The value expected when converting the reduced
mobility in nitrogen to the argon value, as described in the exper-
imental section, is 0.85 cm2 V!1 s!1.

3.3. Effects of the gas !ow rates and the plasma voltage

Heliumwas employed as the plasma gas. In order to investigate
the effect of its !ow rate this was varied between 100 and
1000 mL min!1 (with the plasma generator set to 8 kV at 28 kHz).
Above about 200 mL min!1 a signal could be observed for THA. A
further increase in the !ow rate led to higher intensities, but above
700 mL min!1 the signal was found to decrease. A !ow rate of
400 mL min!1 was adopted as a compromise as it gave good in-
tensities at a relatively low gas consumption. Also investigated was
the effect of the !ow rate of the argon drift gas between !ow rates
of 100 and 500 mL min!1. It was found that the intensity of the
peaks increased with the !ow rate (about twofold). However, the
resolving power was found to deteriorate with the increase in !ow
rate, possibly due to turbulances introduced. Therefore the Ar !ow
rate of 100 mL min!1 was retained for the subsequent
measurements.

The electrical power applied to the plasma torch can also be
expected to affect the plasma and therefore the ionization

Table 1
Operating parameters.

Dielectric barrier discharge plasma source

Plasma voltage (kVp-p) 8.0
Frequency (kHz) 28
Inner diameter of tube (mm) 1.5
Outer diameter of tube (mm) 3.0
Length of tube (mm) 8.0
Gas supply (mL min!1) 400
Electrode width (mm) 5.0
Electrode gap (mm) 10.0

Injection gate
Injection time (ms) 200
Gate closing voltage (V) 60

Drift tube
Length of reaction tube (cm) 2.7
Length of separation tube (cm) 10.6
Reaction tube voltage (kV) 5.0
Separation tube voltage (kV) 4.0
Electrode width (mm) 1.5
Spacer width (mm) 2.0
Ar counter gas !ow (mL min!1) 100
Drift tube temperature ("C) 23 ± 2
Drift tube pressure (Torr) 760

Ion detection
Number of injections averaged 500
Total gain (VA!1) 4.7 # 109

Analysis time (s) 50

Fig. 3. Effect of plasma voltage on the signal for trihexylamine. For the other operating
parameters see Table 1.

Fig. 4. Effect of the orientation of the plasma torch on the signal for trihexylamine. The
operating parameters are given in Table 1.
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ef!ciency. This can be regulated by adjustment of the amplitude of
the alternating high voltage of the generator. For voltages below
5 kV (peak-to-peak) the plasma did not ignite. At 6 kV the forma-
tion of an unstable plasma was observed. For voltages of 7 kV up to
the maximum of 10 kV a stable plasmawas obtained and the power
was suf!cient to ionize THA. Voltages higher than 10 kVwere found
to lead to arcing from the plasma tip to the surrounding electrodes
of the drift tube and could therefore not be employed. The effect of
the plasma voltage between 7 kV and 10 kV on the intensities of the
peaks for THA is shown in Fig. 3. Generally, the intensity increases
with the plasma voltage, but there are also some small changes in
the intensities relative to each other. The peak height for the !rst of
the peaks for THA increased from 0.028 to 0.091 Vwhen the plasma

voltage was increased from 7.0 kV to 10.0 kV. As the signal was
found to bemore stable at 8.0 kV than at themaximumvoltage, this
setting was adopted for subsequent measurements.

3.4. Effect of the positioning of the plasma torch

The plasma was positioned so that the tip of the tube was about
2e3 mm from the sample. Another important aspect is the angle at
which the plasma torch is oriented. The purpose-made holder of
the plasma probe shown in Fig. 1A, allows it to move freely, so that
the effect of different angles (0!, 15!, 30!, 45!, 60!) of the plasma
probe with reference to the axis of the drift tube was investigated.
The relative peak areas obtained for THA at different angles are

Fig. 5. DBD-IMS spectra for: A) acetaminophen, B) caffeine, C) loratadine, D) nor"oxacin, E) tadala!l, and F) thiamine. For the standards ca. 5 mg of the powders were placed on the
sample holder. The operating parameters are given in Table 1.

N. Chantipmanee, J.S. Furter and P.C. Hauser Analytica Chimica Acta 1195 (2022) 339432

6



-118-  

 
 

illustrated in Fig. 4. At 0! a strong RIP was observedwhile the signal
for the THA was relatively small. As expected, the signal increased
as the impact angle was changed through 15!, 30!, 45! and 60!,
with the largest signal obtained for the 60! angle. However, as the
stability was better for 45! this setting was adopted. This also
agrees with the !ndings of Furter and Hauser for the use of the DBD
plasma as an ambient ionization source for mass spectrometry [14].

3.5. Quanti!cation

Although ambient ionization is better suited for qualitative
analysis than for quanti!cation we examined the possibility of the
latter by using again THA as model substance. A 4 point calibration
curve was acquired by dropping 50 mL of different dilutions of the
stock solution in 50% (v/v) methanol/water onto the sample holder
to yield amounts between 0.5 and 15 mg. Over this range a linear
responsewas foundwith a correlation coef!cient of 0.983. The limit
of detection was determined as 0.45 mg (the amount giving a signal
3 x its standard deviation). This is comparable with the limit of
detection of 0.15 mg for acetaminophen reported by Jafari for the
LTP-IMS [13].

3.6. Application to pharmaceuticals

In Fig. 5, the ionmobility spectra of pharmaceutical preparations
for acetaminophen (an analgesic), loratadine (an antihistamine),
nor"oxacin (an antibiotic), tadala!l (an erectile dysfunction treat-
ment), thiamine (vitamin B1) and ground coffee beans are shown
together with the spectra of their pure active pharmaceutical in-
gredients (API). The surfaces of the tablets containing acetamino-
phen, loratadine, tadala!l, and thiamine were roughened with a
small !le in order to remove any surface coating before placing
them on the sample plate. Nor"oxacin was contained as a powder
in a capsule which was opened. All powders, including the ground
coffee, were moistened with 50% (v/v) of methanol/water in order
to prevent them from being blown from the sample holder and
contaminating the instrument.

All spectra show a dominant peak with some additional smaller
peaks in some cases. The main peaks are generally the ones with
the highest mobility and are assumed to be the protonated mo-
lecular ion, while the other peaks must due to heavier ion clusters.
The resolving powers (RP) for the main peaks of the standard
substances are given in Table 2. The values at the higher end of the
range (RP " 36e57) are also comparable to those reported by Jafari
for the ITP-IMS instrument [13]. The relatively low resolving
powers for the two substances with the highest mobilities (acet-
aminophen and caffeine) presumably could be improved by
different optimization of the operating parameters (length of the
drift tube, !eld strength). The spectra obtained from pharmaceu-
tical tablets are found to match very well the spectra for the pure
standards. The reduced mobilities (K0) values calculated from the
drift times are given in Table 2. As these were determined in Ar as
drift gas they cannot be compared directly with literature values,
which mostly have been obtained in nitrogen. As evidenced by the

measurement of THA above, the mobility of the ions is slower in Ar
than in N2. Therefore the experimental K0 values in Ar were con-
verted to expected K0 values in N2 by using the formula derived
from the Mason equation given in the experimental section. As can
be seen from the table, some of the converted values closely match
the reported N2 values, but in other cases the agreement is not
perfect. The reason for the deviations is thought to lie in the
application of the Mason equation which does not always predict
the experimental results well, in particular for larger molecules
[22,23].

4. Conclusions

The use of a DBD plasma for the ambient ionization of solid
samples in IMS has been successfully demonstrated. The plasma
torch as well as the spectrometer could be constructed inexpen-
sively in-house. Both parts are simpler than for the LTP-IMS in-
strument previously reported [13] due to the use of two external
electrodes for the DBD plasma torch and as the use of Ar as drift gas
eliminates the need for a skimmer and an auxiliary gas "ow. While
ambient ionization from solid samples is not well suited for
quantitative measurements the results for the drug substances
shows that the method should in most cases allow the identi!ca-
tion of pharmaceuticals from the mobilities of the main peaks and/
or the peak patterns. Its performance should also be adequate for
such applications as the detection of faked drugs, as these are ex-
pected not to show a peak for the active ingredient or have extra-
neous peaks not present in the genuine formulations.
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2.2.5. Direct determination of tobramycin in eye drops by electrospray ionization – ion 

mobility spectrometry 

 

Tobramycin is one of aminoglycoside antibiotics, which is widely used to treat Gram-negative 

infections, particularly against species of Pseudomonas aeruginosa. For medical use, 

tobramycin with bactericidal activity is typically used in eye drops (0.3 %(w/v)) for treatment 

of eye infections. Like other aminoglycosides, therapy by use of tobramycin for long periods 

has the potential dose-related side effects of ototoxicity and nephrotoxicity. Therefore, it is a 

key to closely monitor the concentration of tobramycin in eye drops for quality and quantity 

control. Herein a study on the determination of the antibiotic tobramycin by ion mobility 

spectrometry is described. This method allows the direct analysis of tobramycin in eye drops 

without any indirect approaches, albeit the non-UV-chromophore property of the compound. 

The device makes use of stacked printed circuit board material for construction of the drift 

tubes for ion mobility spectrometry, which has an electrospray ionization as ion source. The 

electrodes of 1.6 mm width and the pitch of 3.5 mm with a drift tube of 10.6 cm length, which 

has an applied voltage of 4500 V were employed. The calibration curve for the range from 50 

µM to 200 µM was found to be highly linear with a correlation coefficient of r = 0.9994. The 

limit of detection was determined as 7.9 µM (concentration corresponding to a peak area 3 

times the standard deviation of a blank sample). The reproducibility was 3% (relative standard 

deviation). The analysis time is 20 s for a measurement. Tobramycin was separated based on 

its ion mobility from other compounds in the eye drop formulation, e.g., benzalkonium 

chlorides, boric acid, sodium chloride, sodium sulfate, tyloxapol, sodium hydroxide, paraffin, 

chlorobutanol. One potential coexisting excipient which may give rise to overlapping peaks is 

benzalkonium chlorides (BZKs). In order to assure that BZKs did not interfere with tobramycin 

peak. Therefore the BZKs was examined by the ESI-IMS system. The device was found to be 

suitable for the direct determination of tobramycin in eye drops as quality and quantity control. 

To the best of our knowledge, this is the first time to use the ESI-IMS for direct determination 

of tobramycin in eye drops. The novel ESI-IMS method was developed and validated for 

content assay of dosage form. 
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Abstract 

The analysis of tobramycin was carried out on an ion mobility spectrometer which was 

assembled inexpensively in-house, and required only few purpose made components. The 

quantitative determination of tobramycin was possible by employing electrospray ionization 

requiring 20 s for a reading. The calibration curve for the range from 50 µM to 200 µM was 

found to be linear with a correlation coefficient of r = 0.9994. A good reproducibility was 

obtained (3% relative standard deviation) and the limit of detection was determined as 8 µM. 

As the concentration of the active ingredient in the eye drops (ophthalmic solutions) is too high 

for the sensitivity of the instrument, the samples had to be diluted appropriately.   

 

 

 

 
 

Keywords:  Tobramycin, eye drops, ion mobility spectrometry, electrospray ionization   
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1. Introduction  

 
Tobramycin is one of the aminoglycoside antibiotics, which is derived from Streptomyces 

tenebrarius [1]. It is widely used to treat Gram-negative infections, particularly against species 

of Pseudomonas aeruginosa [1]. Tobramycin was discovered by Eli Lilly in 1967 [2] and is 

effective by interrupting ribosomal cell functions [3, 4]. For medical use, tobramycin is 

typically used in eye drops (ophthalmic solutions) (at 0.3 %(w/v)) for treatment of eye 

infections [5-7]. Like other aminoglycosides, therapy with tobramycin for a long-duration time 

has potential dose-related side effects of ototoxicity and nephrotoxicity and therapeutic drug 

monitoring may be applied [1, 3].  

 
 

Several analytical approaches have been reported for the determination of tobramycin. 

Immunoassays are one option, but require expensive reagents [8, 9]. The common separation 

methods of high-performance liquid chromatography (HPLC), and the alternative capillary 

electrophoresis (CE), are impeded as tobramycin (the structure is given in Fig. 1) has no 

chromophore. Thus the compound is not directly amenable to the usual detection techniques of 

these separation methods. Chemical analyte derivatization is required to enable optical 

detection by absorbance or fluorescence [3, 10-14]. Alternatively evaporative light scattering 

detection [15, 16], contactless conductivity detection [17, 18] or mass spectrometric detection 

[19, 20], are employed with HPLC or CE for the determination of tobramycin.  

 

 
 
 
 

Ion mobility spectrometry (IMS) is an alternative to mass spectrometry or the separation 

methods of chromatography or electrophoresis where ionic species are separated usually at 

ambient pressure in the gas phase by application of an electric field. The mobilities of the ions 

in the inert drift gas are dependent on the collision cross-sections of the species, which are 

largely determined by their size. The method is suitable for analytes which are ionic, or can 

O

OO

O

NH2

OHOH

NH2H2N OH

NH2
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Fig. 1  The structure of tobramycin. 
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easily be ionized, and IMS has indeed been employed for the determination of pharmaceuticals 

[21]. Tobramycin can readily be protonated, and could therefore also be separated and 

determined as cation by capillary electrophoresis with conductivity detection [17, 18]. 

 
 

Herein we report on an investigation into the use of ion mobility spectrometry (IMS) for the 

direct analysis of tobramycin in eye drops without requiring derivatization. Electrospray 

ionization (ESI) was used for ion generation. To the best of our knowledge, this is the first 

report on the use of ESI-IMS for the direct determination of tobramycin in eye drops.  

 
 

An IMS instrument is substantially simpler in construction than a mass-spectrometer as it 

operates at ambient pressure and does not require the application of modulated electric fields. 

It is therefore possible to build IMS instruments with limited resources and inexpensively. The 

spectrometer employed was based on an open source hardware design reported by Reinecke 

and Clowers [22] with some modifications concerning mainly the electronic data acquisition. 

The electrodes and electrode spacers required for the drift tube could be ordered from a supply 

house for printed circuit boards, and the shutter grids for the ion injector from a company 

specializing in micromachining. The electronics for sequencing and data acquisition were based 

on commercially available units, so that only a few mechanical and electronic parts needed to 

be made in-house. The total cost was approximately 5000 Swiss Francs.  

 
 

2. Experimental  

 
2.1 Chemicals 

 
All chemicals were of analytical grade. Tobramycin sulfate (TBM), tetrabutylammonium 

bromide (T4), and acetic acid were purchased from Sigma-Aldrich (Buchs, Switzerland). 

Benzalkonium chloride (BAC) was also obtained from Sigma-Aldrich (product No. 12060) and 

consists of ~70% benzyldimethyldodecylammonium chloride and ~30% 

benzyldimethyltetradecylammonium chloride. Methanol (HiPerSolv Chromanorm) was bought 

from VWR (VWR Chemicals, Schlieren, Switzerland), and water used throughout the 

experiment was purified with a Milli-Q system from Millipore (Bedford, MA, USA). All 

electrosprayed solutions were prepared in 50% (v/v) methanol in water with the addition of 

0.01% acetic acid. The diluted samples were filtered through 13 mm syringe filters, Nylon 66, 
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0.45 µm (SF1303-2, BGB Analytik, Böckten, Switzerland) before introduction into the ESI-

IMS system.  

 
2.2 Ion mobility spectrometry  

 

 
 
 
 
 
The instrument is based on the design reported by Reineke and Clowers and on our earlier 

inplementation [22, 23]. A schematic diagram of the instrument and its periphery is shown in 

Fig 2 and the operating parameters are summarized in Table 1. The IMS tube is divided into 

two regions, viz. the desolvation and drift zones with 10.6 cm in length each. The drift tube was 

constructed from stacked ring electrodes (1.6 mm thickness) and spacers (2.0 mm thickness) 

made from printed circuit board material [22] and these were ordered from PCBway 

(www.pcbway.com), as well as the two alignment boards fitted with 1 MΩ surface mount 

resistors (± 1% resistor, Stackpole Electronics, Raleigh, NC, USA) to create the drift field. The 

high voltage generator (CZE1000R) was obtained from Spellman (Hauppage, NY, USA). The 

set of electrodes and spacers were stacked together on four PEEK rods (24.0 cm in length each) 

through holes at the corners of the PCBs. The injection grids according to the Reineke and 

Clowers design [22] were obtained from Newcut (Newark, NY, USA). The pulse generator for 

driving the injection was described by Garcia et al. [24] and purchased from (GAA Custom 

Electronics, Benton City, WA, USA, www.mstar2k.com/gaace-home). Ion detection was 

carried with a Faraday plate connected to a current-to-voltage converter based on a LMC6001 

Fig 2
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Fig. 2  Schematic diagrams of the in-house constructed IMS instrument with 
electrospray ionization. 
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operational a amplifier from Texas Instruments (Dallas, TX, USA) with an amplification of 4.7 

× 109 V/A. The signal was recorded by a 16 bit-resolution PC oscilloscope (Picoscope 4262, 

Picotech, St. Neots, UK). An Analog Discovery 2 unit (Digilent, Pullman, WA, USA) was 

employed to sequence the injections and trigger the signal acquisition. Nitrogen (N2) gas 

(99.999% purity, PanGas, Pratteln, Switzerland) was employed as the drift gas and its flow was 

regulated with a mass-flow controller with a range of 0 – 1000 mL·min-1 (Bronkhorst, Aesch, 

Switzerland).  

 
 

A fused silica capillary of 5 cm length, 50 µm i.d. and 375 µm o.d. (BGB Analytik, Böckten, 

Switzerland) was employed to create the electrospray. The solutions were pumped by applying 

compressed nitrogen at a regulated pressure (using a DR-2-1 valve from Clippard, Cinninati, 

OH, USA) to a sealed container (LS-BBRES-1ML, LabSmith, Livermore, CA, USA). 

Connection to the high voltage generator (CZE1000R, Spellman, Hauppage, NY, USA) was 

made via a T-piece (T116-203, LabSmith) with a 0.5 mm diameter platinum wire (Advent, 

Oxford, UK). 

 
 

2.3 Mass spectrometry 

 
The instrument employed was a LCQ Deca 3D ion trap mass spectrometer (Finnigan MAT, San 

Jose, CA, USA). The full-scan positive ion mode with low range (200 – 600 m/z) was employed 

to obtain the mass spectrum using the Tune Plus software vs. 2.0 (Thermo Fisher Scientific, 

Waltham, MA, USA). A fused silica capillary of 100 μm inner and 365 μm outer diameter 

(TSP-100365-M-10, BGB), inserted inside a stainless steel tube under high voltage (4.5 kV) 

and a syringe pump (KDS 100 legacy, KD Scientific, Holliston, MA, USA) were used to create 

the electrospray. The flow rate was set at 0.2 mL/ min.  

 
 

2.4 Calculations 

 
The reduced mobilities, K0, (cm2·V-1·s-1), were calculated according to the following equation: 

 K0 = (L/td⋅E) ⋅ (p/p0) ⋅ (T0/T)        (1) 

L is the length (cm) of the drift tube, E the field strength (V/cm), td the drift time (s), p and p0 

the drift tube pressure and standard pressure (760 torr) respectively, and T and T0 are the drift 

tube temperature and standard temperature (273.15 K) respectively.  
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The resolving powers, Rp, were calculated according to the following equation: 

Rp = (td/W1/2)           (2) 

Where td is the drift time (s) and W1/2 the full width at half maximum height (FWHM).  

 
 

3. Results and discussion 

 
3.1 Determination of tobramycin 

 
The detection of tobramycin with the in-house constructed ESI-IMS instrument is illustrated in 

Fig. 3A.  
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Fig. 3  A) Mobility spectra for tobramycin (TBM)(50 µM), tetrabutylammonium 
(T4)(5 µM), and a mixture of TBM and T4, obtained with the operating 
parameters as listed in Table 1. B) Mass spectrum of the mixture.   
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The general operating conditions are summarized in Table 1. A blank spectrum acquired with 

the ESI generation turned off is flat except for an early electronic artefact caused by the injection 

pulse. The background spectrum for the blank electrolyte shows several peaks at drift times 

between 10 and 20 ms. The solution consists of a 1:1 mixture of methanol and water with the 

addition of 0.01% acetic acid for protonation of the analyte. The two main peaks have reduced 

mobilities (K0) of 1.90 cm2·V-1·s-1 and of 1.65 cm2·V-1·s-1 and are most likely due to protonated 

clusters of water [25]. Tetrabutylammonium (T4) was to be used as an internal standard for 

quantification and at 5 µM gave a single peak at 19.8 ms. This corresponds to a reduced mobility 

of 1.24 cm2·V-1·s-1, which is very close to the value of 1.25 cm2·V-1·s-1 reported previously by 

our group for a different instrument [23]. As can also be seen from Fig. 3A, the injection of 

tobramycin at 50 µM yielded one main peak at 25.1 ms as well as a series of much weaker 

peaks at longer drift times, which presumably are adducts. The reduced mobility for the main 

peak of tobramycin was calculated as 0.97 cm2·V-1·s-1. The last trace of Fig. 3A shows the 

successful injection of tobramycin together with tetrabutylammonium.  

 
 

In order to confirm the peaks in the ion mobility spectrum, the solution containing the mixture 

of tobramycin and tetrabutylammonium was also analysed by electrospray ionization mass 

spectrometry. As can be seen in Fig. 3B, The main peak for tobramycin is the protonated 

molecular ion (MH+) with its mass-to-charge ratio (m/z) at 468.5. Some smaller adduct peaks 

are found at higher masses, with the most prominent one being the sodium adduct (M+Na+). 

This matches the pattern found with IMS. A single peak is found for tetrabutylammonium, 

again in agreement with the IMS spectrum. The two fragments for tobramycin at 324 and 205 

m/z units were also reported for mass spectrometry by other groups [19, 20]. Two barely 

recognizable peaks are present between the T4 peak and the main peak for TBM, which possibly 

may be due to fragments. However, fragmentation under the IMS conditions is expected to be 

less pronounced due to the milder working conditions (e.g. working at room temperature).   
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Table 1:   Operating parameters.  

Electrospray ionization  
Pressure (bar) 0.125 
Flow rate (µL/min) 2.0 
ID of capillary (µm) 50.0 
OD of capillary (µm) 375.0 
Length of capillary (mm) 5.0 
Electrospray voltage (kV) 11.0 
  
Injection gate  
Injection time (µs) 250.0 
Gate pulse voltage (V) 50.0 
Distance between grid (µm) 300.0 
  
Drift tube  
Desolvation length (cm) 10.6 
Separation drift length (cm) 10.6 
Field strength voltage (V/cm) 425.0 
Electrode thickness (mm) 1.6 
Spacer gap (mm) 2.0 
N2 counter gas flow rate (mL/min) 500.0 
Drift tube temperature (°C) 23±2 
Drift tube pressure (Torr) 765±5 

  
Ion detection   
Number of average (times) 200 
Total gain (V/A) 4.7 x 1010 
Analysis time (s)  20 

 
 

3.2 Operating parameters   

 
The effect of the injection time (50 - 300 µs) for 50 µM of tobramycin (TBM) with 

tetrabutylammonium (T4) of 5 µM on the mobility spectra was studied. It can be seen in Fig. 

4, that when the injection time is increased, as expected, the peak intensity of tobramycin and 

of T4 is enhanced. However, on the other hand the resolving power for TBM was found to 

decrease from 50 to 36 when increasing the injection time from 150 µs to 300 µs. As a 

compromise an injection time of 250 µs was adopted for the subsequent measurements. For 

further optimization also the effects of the field strength on the sensitivity and the resolving 

power was investigated, and the results are given in Fig. 5. The field strength was found to have 

an effect on the resolving power. This is expected and the theory predicts a maximum, which 

is depended on the mobility of the species [26]. The reason why here no maximum is found 

must be due to the also expected strong loss of sensitivity at low field strength [27]. For the low 
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end of the examined field strength range the signal was indeed very small (leading to poor 

precision for the lowest data point) and not measurable for lower applied voltages. The use of 

field strengths at the higher end of the range is therefore desirable when the resolving power is 

not critical, as the signal intensity increases strongly. However, for the highest applied voltage 

a significant loss of precision is also observed.  
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Fig. 5 Effect of the electric field strength on the peak area and resolving power 
for 50 µM TBM with the operating parameters as listed in Table 1. The 
error bars are the standard deviations for n = 3. 

 

Fig. 4 Mobility spectra obtained for different injection times from 50 to 300 µs. 
The concentrations were as for Fig. 3, and the operating parameters are 
listed in Table 1.   
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3.3 Selectivity   

 
The eye drops to be analysed with the method contain other active ingredients and a number of 

excipients which are either specified on the packaging or simply referred to as inactives. Of the 

stated species only the benzalkonium (BACs) leads to cations and therefore potential 

interferents. The benzalkonium ions are quaternary amines with an alkyl chain of varying 

lengths. According to Brignole-Baudouin et al. [28] only the benzyldimethyldodecyl-

ammonium and benzyldimethyltetradecylammonium homologues are used in ophthalmic 

solutions. These are added as chlorides salts and act as preservatives. Thus a mobility spectrum 

was acquired for a standard mixture of the two BACs in order to ascertain that there is no 

spectral overlap with tobramycin or the internal standard. As can be seen in Fig. 6, the two 

benzalkonium cations appear in the mobility spectrum between the peaks for T4 and 

tobramycin, and therefore do not interfere.  

 

 
 
 
 
 
 

3.4 Quantification   

 
A calibration curve was acquired for the concentration range from 50 µM to 200 µM (5 points) 

of tobramycin by using the internal standardization method to compensate for variations in the 

production of the electrospray. T4 was used as internal standard and added to a concentration 

of 5 µM to calibration standards and samples. A linear calibration was obtained (y = 
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Fig. 6 Mobility spectra for the benzalkonium cations (BACs)(5 µM), and a mixture 
of the BACs (5 µM) with T4 (5 µM), and TBM (50 µM) obtained with the 
operating parameters as listed in Table 1.   
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(0.00304±0.00006)·x + (0.00524±0.00764), y = ratio of the peak areas, x = concentration in 

µM) with a correlation coefficient, r, of 0.9994. The relative standard deviation for 

measurements at the concentration of 100 µM was found to be 3% by taking 6 measurements. 

The limit of detection was determined as 7.9 µM (3 x standard deviation).   

 
 

3.5 Determination of tobramycin in eye drops 

 
Five commercial eye drops containing tobramycin were bought from a pharmacy in Bangkok, 

Thailand, and the proposed ESI-IMS method was applied for its determination in these 

commercial formulations. The samples were diluted by a factor of 125 with the 50% methanol 

in water (v/v) mixture, containing 0.01% (v/v) acetic acid, to bring the analyte concentrations 

according to the labels to within the working range of the calibration curves. The stated 

concentration was 0.3% (v/w) in all cases. T4 was added as internal standard at a concentration 

of 5 µM. The resulting ion mobility spectra for the eye-drop samples are shown in Fig 7. These 

spectra also show the internal standard (T4), the benzalkonium peaks, and some unidentified 

peaks, which may be from excipients subsumed under inactives on the labels. The tobramycin 

concentrations determined in the products with the internal standardization method are given in 

Table 3, which are all close to the concentration of 0.3% (v/w) stated on the labels.  
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Table 2:   Determination of tobramycin content in eye drops. 

No. Label content 
%(w/v) 

 

Determined content 
%(w/v) ± SD 

n = 3 
Sample I 0.30 0.32 ± 0.02 
Sample II 0.30 0.26 ± 0.01 
Sample III 0.30 0.27 ± 0.01 
Sample IV 0.30 0.30 ± 0.01 
Sample V 0.30 0.29 ± 0.01 

 
 

4. Conclusions 

 
It has been demonstrated that tobramycin used as antibiotics in eye drops can be quantified with 

a simple IMS device employing electrospray ionization. The method requires only minimum 

sample preparation and no analyte derivatization. The analysis time is short, even if averaging 

several readings requiring 20 s each. Furthermore, IMS instruments are inexpensive, and may 

even be built in-house with limited effort as demonstrated in this work.    
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2.2.6. Rapid quantitative analysis of ethylene by photoionization - ion mobility 

spectrometry 

 
A study on the rapid analysis of the ethylene using ion mobility spectrometry in combination 

with a Krypton lamp as photoionization source is reported. A Krypton lamp with a radiation 

energy of 10.6 eV was also used for ionization. This provides a high degree of selectivity since 

its radiation energy (10.6 eV) is just high enough to ionize ethylene (10.5 eV) [Chupka, 1969], 

and potential volatile substances having higher ionization energies will not be ionized. These 

include nitrogen (15.6 eV[(NIST), 2021]), carbon dioxide (13.8 eV[(NIST), 2021]), oxygen 

(12.1 eV[(NIST), 2021]) and acetylene (11.4 eV[(NIST), 2021]). However, ethanol has a 

ionization energy of 10.5 eV may be an interferent. The UV-IMS system was used to 

investigate the response of ethanol. The ion mobility spectrometer uses stacked printed circuit 

boards as material for the construction of drift tubes. The electrodes of the drift tube are 1.6 

mm wide with pitch of 3.6 mm. The tube is 10.6 cm in length, and has an applied voltage of 

4000 V. The operating parameters (drift tube voltage and drift gas flow) of the IMS were 

optimized to give the maximum intensity and resolving power of the observed peak of the 

ethylene ions. The resolving power was 30. The spectrometer was connected to two mass flow 

controllers to introduce dilute ethylene gas mixed with nitrogen from a compressed gas 

cylinder at flow rate of 500 mL min-1 for calibration. Mobility spectra was acquired for the 

concentration range from 1.0 to 10.0 ppm(v/v) (10 concentrations). A calibration curve from 

peak area of ethylene was constructed. The linear equation was y = (0.00868±0.00014)x - 

(0.0086±0.0009), where x is  concentration in ppm(v/v), with a correlation coefficient r of 0.998. 

The relative standard deviation for measurements at the concentration of 5 ppm(v/v) was 3 % (n 

= 6). The limit of detection was determined as 0.40 ppm(v/v) (concentration corresponding to a 

peak area 3 times the standard deviation of a blank sample). Apples, avocados, bananas, kiwi 

fruits, and pears were purchased at a local supermarket as samples of climacteric fruits. 

Weighed amount of the fruits (166.5 g for apple, 231.9 g for avocados, 415.9 g for banana, 

348.6 g for kiwi fruit, and 277.2 g for pear) were placed in separate plastic bags, filled with 

approximately 12 L of air and sealed. After 1 hour of storage at room temperature, 

measurements were taken. The measuring time per sample is 20 s. The amount of ethylene 

depends on the degree of ripeness, temperature, and the type of fruit. The values obtained using 

the UV-IMS were found to be within the ranges reported in the literature. 
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Abstract 

A study on the rapid analysis of ethylene using ion mobility spectrometry in combination with 

a Krypton lamp as photoionization is reported. Such UV lamp with specific excitation level of 

10.6 eV, the ethylene as analyte can be selective with the excitation level of 10.5 eV, but other 

species with higher excitation level cannot be ionized. The ion mobility spectrometry makes 

use of stacked printed circuit board material for the construction of drift tubes, which can be 

easily built in-house. The electrodes of 1.6 mm width and the pitch of 3.6 mm with a drift tube 

of 10.6 cm length, which has an applied voltage of 4,000 V was employed. The calibration 

curve for the range from 1 ppm(v/v) to 10 ppm(v/v) was found to be highly linear with a 

correlation coefficient of r = 0.998. The limit of detection was determined as 0.4 ppm(v/v). The 

reproducibility was 3% (relative standard deviation). The apparatus proved to be effective in 

determining the amount of ethylene exhaled by fruit: apples, avocados, bananas, kiwi fruits and 

pears. 

 
 

Keywords:  Ethylene, photoionization, ion mobility spectrometry, rapid analysis 
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1. Introduction  

 
Ethylene is an important natural plate hormone, which affects the ripening and flowering of 

many plants. It is also widely used to control freshness in horticulture and fruits. In the fruit 

industrial, the levels of ethylene either is kept low (e.g. kiwi fruit) to decelerate its spoil, or is 

used to exposure (e.g. bananas) to be artificially ripened [3-7]. Therefore, monitoring the 

concentration of ethylene freeing from fruits is important for the postharvest physiology of fruit 

before sale. 

 
 

Several analytical approaches have been reported for analysis of ethylene in horticulture in 

recent years by Cristescu et al. [8], Caprioli and Quercia [3], and Hu et al. [4]. The commonly 

used method is gas-chromatography (GC) coupled to either mass spectrometry (MS) [9], or 

flame ionization detection (FID) [10] with an analysis time per sample in minutes (~3), which 

give high selectivity and sensitivity, nevertheless; the method is an expensive instrument and 

relatively complex skill to utilize. There are also other methods for analysis of ethylene, which 

are optical detection by direct or indirect absorbance measurements in the infrared range (~10.5 

µm). Photoacoustic instruments with laser diodes or quantum cascade lasers (QCLs) afford a 

good selectivity and limits of detection [4, 11] with measuring time in seconds, however the 

cost for such instruments is relatively high [4]. Amperometric methods are much less expensive 

[12], but lack selectivity and robustness than other means with relatively fast analysis time in 

minute range.  

 
 

Ion mobility spectrometry (IMS) is an attractive alternative method due to the development of 

the techniques [13-17]. IMS is an analytical technique used to separate and identify ionized 

molecules under an electric field through an inert gas based on their mobility in the gas phase 

at atmospheric pressure [13-16, 18-20]. Its applications have been growing over decades, e.g. 

in chemical warfare agent detection [21, 22], and in pharmaceutical industry [23]. Nowadays it 

is widely used for classifying small molecules in food science [24, 25], so that food quality 

evaluation (e.g. ethylene) has been gaining great importance [24, 26]. 

 

In order to allow a comparison of the new approach, the drift time and instrumental parameters 

can be used to compute the reduced mobility, K0 (cm2·V-1·s-1), which is dependent on the mass, 

size, and shape of the ions and can be used to identify the ions, taking into account the influence 

of ambient pressure (P) and temperature (T). 
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K0 = (L/td·E) · (p/p0) · (T0/T) 

 
L (cm) is the length of the drift tube, td (s) the drift time of the ions and E (V·cm-1) the applied 

electrical field strength. p and p0 (torr) are the pressure in the drift tube and standard pressure 

(760 torr). T and T0 (K) are the temperature in the drift tube and standard temperature (273.15 

K).  

 
The resolving powers, Rp, were calculated to display the ability of an instrument according to 

the following equation: 

 
Rp = (td/W1/2) 

 
Where td is the drift time (s) and W1/2 the full width at half maximum height (FWHM).  

 
 

In a traditional ion mobility spectrometer, the ionization source is normally radioactive 63Ni 

[27, 28], which requires particular safety regulations. Electrospray ionization [13, 16], plasma-

based ionization [29], and corona discharge [30, 31] have all been proposed as alternative 

ionization processes. Aside from these ion sources, the ultraviolet radiation photoionization 

source [32, 33] is a well-known nonradioactive that can be used to ionize substances with an 

ionization energy lower than the radiation energy (mostly less than 11.7 eV [34]). It cannot 

ionize common molecules in ambient air, such as nitrogen (15.6 eV[2]), carbon dioxide (13.8 

eV[2]), or oxygen (12.1 eV[2]), and thus decreases the possibility of reactant ion interference 

when compared to a 63Ni source [33]. Photoionization coupled to field asymmetric ion mobility 

spectrometry (FAIMS) for direct analysis of ethylene, featuring rapid analysis time of ~40 s has 

been developed [32]. 

 
 

Herein we report on an investigation into the use of a built-in ion mobility spectrometer (IMS) 

for the determination of ethylene. A photoionization (UV lamp) was used as ion generation 

with selectivity of excitation power (10.6 eV in relation to ethylene with 10.5 eV [32]). The 

novel method was developed and validated for ethylene gas liberating from fruits 
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2. Experimental  

 
2.1. Chemicals 

 
Ethylene in nitrogen at 10.2 ppm(V/V) provided as a compressed gas in a cylinder (PanGas AG, 

Switzerland) was employed for calibration. Nitrogen gas (N2) was bought from Pangas 

(99.999% purity, PanGas, Prantteln, Switzerland). The stream of ethylene was merged with the 

stream of nitrogen gas to provide dilute ethylene at different concentration ranging from 1.0 

ppm(v/v) to 10.0 ppm(v/v) with the flow rate of 500.0 mL·min-1. The resulting ethylene 

concentrations were set by controlling the flow rate of the feed using mass flow controllers.  

 
 

2.2. Sample preparation 

 
Apparently, there are climatic and non-climatic fruit. Climatic fruit can release ethylene gas 

based on either level of ripeness or types of fruit [5, 7, 35]. Five types of fruit were bought from 

local market: apples, avocados, bananas, kiwi fruits, and pears. All of the fruits were cleaned 

by using running water and then keep them dry in the air before all of fruits were kept in 

different 12-liter plastic bag (Quick-bag, Coop supermarket, Basel). One 12-liter plastic bag 

was filled with only air to use as control. All plastic bags containing different samples were 

held for a 1 hour [36]. Syringe (Norm-ject®, Plastic syringes, HSW,Germany) with 60 mL was 

employed to collect the ethylene gas freeing inside the bag.  

 
 

2.3. Ion mobility spectrometry coupled to photoionization 

 
A schematic diagram of this instrument and set-up is shown in Fig. 1. Two models from 

Bronkhorst (Aesch, Switzerland) with maximum flow rates of 1000 and 500 mL·min-1 (product 

numbers F-201CV-1K0-AAD-22-V and F-201CV-500-AAD-22-V) were employed to cover 

the desired calibration range. The mass flow controllers were operated with software provided 

by Bronkhorst (Bronkhorst high-tech B.V., Netherland). The Krypton photoionization lamp 

(Heraeus PKS106) and its power supply (Heraeus C200) purchased from BGB (Boeckten, 

Switzerland) was used as ion source for ethylene. Ion mobility spectrometer has been built by 

following the concept of our group and Clowers’ group [13, 16]. As with the IMS described 

previously, the IMS tube was divided into two regions, viz. the desolvation and separation (also 

known as drift) tubes with 10.6 cm in length each. The drift tube was constructed from stacked 
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ring electrodes (1.6 mm thick) and spacers (2.0 mm thick) were ordered from PCBway 

(www.pcbway.com), as well as the two alignment boards with 1MΩ surface mount resistors (± 

1% resistor, Stackpole Electronics, Raleigh, NC, USA). A high voltage generator (CZE1000R, 

Spellman, Hauppage, NY, USA) was connected to the instrument to provide an unifrom electric 

field inside the tube. A design of 3-grid ion shutter with a pulse generator (GAA Custom 

Electronics, USA) proposed by Langejuergen and coworkers [37] in 2014 was used for injection 

of short ion swarm into the drift region. The current-to-voltage converter was used by 

LMC6001 (LMC6001, Mouser Electronics, Inc., Germany) with an amplification of 4.7 × 109. 

The signal was recorded by a 16 bit-resolution PC oscilloscope (Picoscope 4262, Picotech, 

UK). An Analog Discovery 2 unit (Digilient, Pullman, WA) was employed to manipulate the 

pulser generator and PC oscilloscope as depicted in Fig 1. Nitrogen (N2) gas was employed as 

the drift gas inside the drift tube. The flow rate of the gas was regulated by a regulator (a DR-

2-1 valve from Clippard, Cinninati, OH, USA), which was monitored by a flow meter 

(ProFLOW 6000, Electronic Flowmeter, Restek, Corporation, PA, USA) and a gas flow rate 

sensor (Omron, D6F-10A6-000, RS Components, Wädenswil, Switzerland).  

 
 
 
 
  

Fig 1
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Fig. 1  Schematic diagrams of the UV-IMS system employed for the rapid 
measurement of ethylene gas. 
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3. Results and discussion 
 

3.1. Identification of ethylene peak 
 

The in-house constructed UV-IMS as shown in Fig. 1 was employed to identify a drift time of 

an ethylene standard gas as illustrated in Fig. 2. The general operating parameters of the 

instrument are given in Table 1.  

 

 

 
 
 
 
 
 

A blank spectrum was obtained without any gas flowing except the drift gas through the 

instrument from the detector site. When the nitrogen gas as background was flowing with the 

flow rate of 500.0 mL·min-1, the background spectrum shows a peak at drift times between 13 

and 15 ms. The reduced mobilities (K0) between 2.00 cm2·V-1·s-1 and of 1.75 cm2·V-1·s-1 is most 

likely due to protonated clusters of water [38]. Note that such a dry compressed nitrogen in a 

cylinder was employed. It still contains ≤ 5 ppm(v/v) of water from specification of the nitrogen 
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Fig. 2  Mobility spectra obtained by introducing various concentration of ethylene 
gas, only nitrogen (0 ppm(v/v) ethylene), 2 ppm(v/v) ethylene and 5 ppm(v/v) 
ethylene with the operating parameters as listed in Table 1. 
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cylinder, resulting in the protonated clusters of water observed. The mixture of 2 ppm(v/v) 

ethylene in nitrogen gas at 500.0 mL·min-1 was introduced into the system, which gave an 

ethylene peak at 16.3 ms, which was related to a reduced mobility of 1.59 cm2·V-1·s-1. In order 

to assure the peak of ethylene in the ion mobility spectrum, the higher concentration of ethylene 

(5 ppm(v/v)) in nitrogen gas was introduced, leading to a higher intensity of the ethylene peak. 

It may be a few stable forms of the ethylene polymerization under the UV process [1, 39]. As 

can also be seen from Fig. 2, a curvature of the background can possibly be caused by some 

product distributors of the ethylene-polymerization process [1, 39]. 

 
 

Table 1:   Operating parameters that were used.  

Operation Parameters 
Photoionization  
Excitation power (eV) 10.6 
Flow rate (mL·min-1) 500.0 
Supply voltage (kV) 12.0 
  
Injection gate  
Injection time (µs) 300.0 
Gate pulse voltage (V) 50.0 
Distance between grid (µm) 300.0 
  
Drift tube  
Desolvation length (cm) 10.6 
Separation drift length (cm) 10.6 
Field strength voltage (V·cm-1) 400.0 
Electrode thickness (mm) 1.6 
Spacer gap (mm) 2.0 
N2 counter gas flow rate (mL·min-1) 500.0 
Drift tube temperature (°C) 22±2 
Drift tube pressure (Torr) 765±5 

  
Ion detection   
Number of average (times) 200 
Total gain (V·A-1) 4.7 x 109 
Analysis time (s)  20 
  

 
 

3.2. Operating parameters   
 

The mixture of 5 ppm(v/v) ethylene in nitrogen gas at 500.0 mL·min-1 was introduced into the 

system, so that the operating parameters (drift tube voltage and drift gas flow) of the IMS were 

optimized to give the maximum intensity and resolving power of the observed peaks of the 
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ethylene ions. The resolving power was up to 30, which is comparable to those publications by 

use of an ion mobility spectrometer with UV ionization source to detect volatile compounds 

[33]. The instrument was operated with a total analysis time of 20s per sample. 

 
 

Effect of the drift tube voltage on the ethylene peak in the mobility spectra 

 
In Fig. 3 IMS spectra for 5.0 ppm(V/V) of ethylene for different applied high voltage up to 10.0 

kV, providing electric field (V·cm-1) to transport the ions for the measurement. The effect of 

the electric field starting from 300 to 500 V·cm-1 was investigated. It can be seen that when a 

weaker field (lower than 6.5 kV) is applied, no peak is observed due to the ion loss [40]. 

 
 
 
 
 
 

Increasing in the electric field leads to enhance the peak intensities up to 0.17, V of ethylene, 

but lower the resolving power from 35 to 26. Also, the shorter drift time of ethylene peak was 

observed because of higher ion mobility under stronger electric field. As can be seen in Fig. 3, 

the electric field at 400 V·cm-1 is the optimum for the ethylene measurement. 
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Effect of drift-gas flow rate on the ethylene peak in the mobility spectra 

In Fig. 4, the effect of drift-gas flow rate (0, 250, 500, 750, 1,000 mL·min-1) flowing against 

the ethylene ions of 5.0 ppm(v/v) was studied. It can be seen that when drift-gas flow rate is 

increased a peak intensity of ethylene is reduced due to maybe ion-collisional losses at the walls 

from the high flow rate [41]. The effect of the drift-gas flow rate on the peak intensity has been 

also reported by Chantipmanee et al.  [13]. Note that a curvature of the background caused by 

the ethylene-polymerization process can also be reduced by the strong gas flow. 500 mL·min-1 

of drift-gas flow rate was selected to compromise between the peak intensity and background 

for further experimental. In order to obtain the satisfied condition for determination of ethylene 

ions, the 4.00 kV of drift voltage (400 V.mm-1 electric field) with 500 mL·min-1 of drift-gas 

flow rate as listed in Table 1 were utilized for further experiments.  
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3.3. Selectivity   

 
As could be expected with the use of the IMS, ethylene was separated from various 

interferences based on its ion mobility. A Krypton lamp with a radiation energy of 10.6 eV was 

also used for ionization. This provides a high degree of selectivity since its radiation energy 

(10.6 eV) is just high enough to ionize ethylene (10.5 eV) [1], but other potentially present 

species with higher ionization energies will not be ionized. These include nitrogen (15.6 eV[2]), 

carbon dioxide (13.8 eV[2]), oxygen (12.1 eV[2]), or acetylene (11.4 eV[2]). 

 
 

Ethanol with a radiation of 10.5 eV is one potential interferent that could be present. As a result, 

the UV-IMS system was used to investigate the response of the device to ethanol. RIP was 

observed as BG in Fig. 6, when nitrogen was introducing into the system. The ethylene peak 

was observed on a mobility spectrum at 16.4 ms (1.60 cm2·V-1·s-1 by the equation of reduced 

mobility) when 5.0 ppm(v/v) of ethylene was introduced to the system. Then, ethanol vapor 

from headspace of 10 %(v/v) solution was introduced into the system by using a syringe, and 

the ethanol peak was observed at 17.2 ms. According to the reduced mobility equation, this 

corresponds to the reduced mobility of 1.53 cm2·V-1·s-1, which is close to 1.54 cm2·V-1·s-1 of 

that reported by Kai and coworkers [33]. In order to assure that the ethanol peak did not interfere 

with ethylene peak by overlapping, a mixture of ethylene and ethanol was introduced into the 

UV-IMS system. The peaks of ethylene and ethanol were found at different drift times at 16.3 

ms and at 17.3 ms, respectively. Based on the reduced mobility equation, the values of ethylene 

and ethanol were calculated to be at 1.59 cm2·V-1·s-1, and 1.53 cm2·V-1·s-1, respectively. In Fig. 

5 a mobility spectrum for a mixture of ethylene and ethanol is shown. As can be seen the peaks 

for the two species could be undoubtedly separated. This will make ethylene measurement 

reliable in the presence of ethanol. However, ethanol is not expected in fruit storage under 

normal conditions, therefore the detection of ethanol in the mobility spectrum could be 

beneficial as a spoiling signal [32].  
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3.4. Quantification   
 

The device was connected to two mass flow controllers to feed the dilute ethylene gas for 

calibration by mixing with nitrogen from a compressed gas cylinder before entering the drift 

tube (in Fig. 1). Mobility spectra were acquired for the concentration range from 1.0 to 10.0 

ppm(v/v) (10 points) as depicted in Fig. 6. A calibration curve from a peak area of ethylene was 

obtained. The mixture solution was prepared at various concentration of ethylene diluted with 

nitrogen gas to form 500 mL·min-1. The linearity was found to be at (y = (0.00868±0.00014)x 

- (0.00861±0.00089)), x = concentration in ppm(v/v)) with a correlation coefficient, r, of 0.998. 

The relative standard deviation for measurements at the concentration of 5 ppm(v/v) was found 

to be 3% (n = 6). The limit of detection was determined as 0.40 ppm(v/v) (3 x standard deviation).  
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3.5. Determination of ethylene from ripening fruits 
 

Apples, avocados, bananas, kiwi fruits, and pears were purchased at a local supermarket as 

climacteric fruits. Weighed amounts of these (166.5 g apples, 231.9 g avocados, 415.9 g 

bananas, 348.6 g kiwi fruits, and 277.2 g pears) were loaded in separate plastic bags (which 

were filled with approximately 12 L of air) and sealed. After 1 hour of storage at room 

temperature, the measurements were taken. The 60-mL syringe was employed to suck some of 

ethylene gas released from the fruits in each bag. In order to inject the ethylene sample into the 

system, the diagram in Fig. 1 was modified by installation of a Dreschel bottle between the 

three connectors and the lamp, and the mass flow controller line of ethylene was replaced by 

the syringe filled with the ethylene sample. Nitrogen as carrier was set at 500 mL·min-1 to 

transport the ethylene sample toward the instrument. The resulting mobility spectra are shown 

in Fig. 7. 
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The amounts of ethylene given off by the fruit were determined as shown in Table 2. The 

measuring time per sample is 20 s. The amounts of ethylene are very dependent on the degree 

of ripeness, the temperature, and the type of fruit. Gwanpua et al. [42] report 0.022-0.35 µL·kg-

1·h-1 for unripe and 43.3-200 µL·kg-1·h-1 for ripe apples, 0.42-121 µL·kg-1·h-1 for ripe kiwifruit, 

0.1-0.38 µL·kg-1·h-1 for unripe and 15-120 µL·kg-1·h-1 for ripe pears. Chillet et al.  gives 2 - 50 

µL·kg-1·h-1 for ripening banana. As a result, the values by using the UV-IMS were found to be 

within these ranges.  

 
Table 2:   An amount of ethylene released from fruits   

Type of fruit Weight of fruit 
(g) 

An amount of ethylene 
(µL·kg-1·h-1)* 

Apples 166.5 11.1 ± 0.8 
Avocados 231.9 5.9 ± 0.2 
Bananas 415.9 3.5 ± 0.2 
Kiwi fruit 348.6 3.7 ± 0.1 
Pears 277.2 8.6 ± 0.5 
   

*The units refer to the volume of ethylene given off per kg  
of fruit per hour. 
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4. Conclusions 

 
Herein we have been demonstrated an ion mobility spectrometer, which was constructed in-

house, with UV ionization and used to quantify the ethylene exhaling from fruits. The analysis 

time is 20 s better than that reported for a commercial instrument method based on commonly 

gas-chromatography (GC) coupled to either mass spectrometry (MS) with ~2.6 mins [9], and 

amperometric methods with relatively fast analysis time in minute range [4], comparable to that 

reported for photoionization coupled to field asymmetric ion mobility spectrometry (FAIMS) 

with analysis time of ~40 s [32], but not as good as those reported for a photoacoustic 

instruments or quantum cascade lasers (QCLs) with measuring time in a few seconds [4, 11]. 

The in-house constructed instrument may offer an alternative method for ethylene 

determination. 
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Main finding goes here, translated 

into plain English. Emphasize the 

important words.

Ethylene is produced

and given off by some fruit
on ripening. The expected

levels of ethylene are 0.022 – 0.35 µL·kg-1·h-1 for
unripe, and 43.3 – 200 µL·kg-1·h-1 for ripe fruit [1].
The ethylene level may be used to determine the
ripeness of fruit. Consequently the monitoring of
ethylene is important during transportation and
storage of fruit [2]. In this work, the use of a field
asymmetric ion mobility spectrometer (FAIMS) as a
novel method for ethylene determination has been
investigated. The FAIMS instrument was
constructed in-house according to a design
published by Chavarria et al. [3] as shown in Fig 1.
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Ionization was achieved by irradiation with a
Krypton UV-lamp with a photon energy of 10.6 eV,
which is sufficient to ionize ethylene with an
ionization energy of 10.5 eV. The instrument
features a rectangular FAIMS waveform with an
amplitude of 500 V at a frequency of 1 MHz. In Fig.
2 FAIMS spectra for 11 ppm (V/V) of ethylene for
different amplitudes of the rectangular pulse voltage
up to 500 V are shown (for a pulse frequency of
1MHz and a duty cycle of 20%). A linear working
range of 0 – 60 µL·L-1 ethylene with a limit of
detection of 200 nL·L-1 was obtained.

The potential application in fruit storage was
demonstrated by measuring the ethylene given off
by six kinds of fruits as shown in Fig 3. To our
knowledge, this is the first report on the use of
FAIMS for the determination of ethylene in
horticulture.

ethanol is shown. As can be seen, the peaks for the two species
could not be separated fully. This will prevent accurate quan-
tification of ethylene in presence of ethanol, and was therefore
not attempted. However, under normal circumstances ethanol
is not expected in fruit storage, and, on the other hand, the
detection of ethanol in the mobility spectrum could also be
useful as an indicator of spoilage.

The tolerance of the system to humidity was tested as this
was deemed important in view of its potential agricultural
application. In order to humidify the ethylene standard gas
stream beyond the humidity of the laboratory air the gas mix-
ture was passed through a Dreschel bottle filled with water.
The humidity of the stream was measured with a humidity
sensor placed after the FAIMS device as illustrated in Fig. 1.
With and without water inside the bottle, the humidities of the
stream were determined to be 60 ± 4% and 32 ± 1%, respec-
tively. It was found that the signals for the humidified stream
were not significantly different to the ones obtained for the not
humidified stream.

Quantification

A calibration curve was acquired for the concentration range
from 670 ppb(V/V) to 67 ppm(V/V) (14 points) from the peak
heights of the larger of the two peaks. A linear response was
obtained (y = (0.0888 ± 0.0044)x + (0.1013 ± 0.0442)), x =
concentration in ppb) with a correlation coefficient, r, of
0.9999. The relative standard deviation for measurements at
the concentration of 11 ppm was found to be 4% by taking 3
scans within 90 s. The limit of detection was determined as
200 ppb(V/V) (3 x standard deviation).

Determination of ethylene from ripening fruits

Six types of climacteric fruit were bought from a local super-
market: apples, bananas, kiwi fruit, nectarines, pears and
plums. Weighed amounts of whole fruit (383 g apple, 124 g
banana, 500 g kiwi fruit, 729 g nectarine, 522 g pear and 355 g
plum) were placed in separate plastic bags which were then
filled with approximately 10 L of ambient air and sealed.
Measurements were carried out after 24 h storage at room
temperature. Two subsequent measurements were possible
with the available volume before the bags were empty. The
bags were then refilled with ambient air and the measurements
repeated after another 24 h. Bags were employed rather than
containers with fixed walls as the bags shrink on extraction of
air, and thus no dilution by air entering the container occurs.
The resulting mobility spectra are shown in Fig. 6. In all cases
pronounced ethylene peaks were found. The amounts of eth-
ylene given off by the fruit are given in Table 1. The levels on
the second day are higher than on the first day, which can be
expected as the fruit are ripening. On the other hand, not too
much can be read into these values as the levels of ethylene are
vastly dependent on the degree of ripeness, the temperature
and the type of fruit. Gwanpua et al. [21] quote values of
0.022–0.35 !L·kg!1·h!1 for unripe and 43.3–200 !L·kg!1·
h!1 for ripe apples, 0.42–121 !L·kg!1·h!1 for ripe kiwi fruit,
0.1–0.38 !L·kg!1·h!1 for unripe and 15–120 !L·kg!1·h!1 for
ripe pears. Chillet et al. [22] state a value of 2–50 !L·kg!1·h!1

for ripening banana. The values obtained with the FAIMS
detector generally fall within these ranges.

Fig. 6 Mobility scans for the gases given off by the fruit. Amplitude
500 V. Other conditions as for Fig. 3

Fig. 5 Mobility scan for a mixture of ethylene with ethanol. Amplitude
500 V. A small amount of ethanol was introduced to a stream of
11 ppm(V/V ethylene in nitrogen by bleeding in the headspace of
20%(v/v) ethanol in water. Other conditions as for Fig. 3
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Fig 1. Schematic diagrams of the FAIMS system

Results & Discussion

humidity from the ambient air. When carrying out the exper-
iment in nitrogen also two peaks with undistinguishable rela-
tive intensities were observed. As dry nitrogen still contains
traces of water (! 5 ppm water according to the specification
of the supplier) the formation of a water cluster is still a pos-
sibility, but a shift in the relative intensities would be expect-
ed. Another reason may be the formation of secondary spe-
cies. Ceyer et al. in experiments designed to promote photo-
ionization and collisions identified a host of secondary spe-
cies, such as C3H5

+, C4H7
+, (C2H4)2

+, with mass spectrometry
[19]. It is therefore possible that the larger peak observed by us
can be attributed to C2H4

+, while the second peak may be due
to one, or several unresolved, secondary species. On the other
hand in tests with some other species (ethanol, benzene, tolu-
ene, acetone) similar secondary peaks were also observed, and
such features are also present in the spectra for acetone and
xylene reported by Chavarria et al. [13], which indicates that
this could also be an instrumental artefact. While the power
supply employed would allow higher voltages, it was found
that 500 V is the maximum at which the pulse circuitry could
be operated for extended periods of time without it breaking
down, and this value was therefore adapted for the further
studies.

The effect of the pulse frequency (at 500 V amplitude and a
duty cycle of 20%) on the height of the larger peak is shown in
Fig. 4. The observed increase with frequency is expected as
presumably the losses on the walls of the channel are dimin-
ished due to the reduced lateral movement. The maximum of
1 MHz was dictated by the function generator employed,
which has an upper limit of 1 MHz for non-symmetrical rect-
angular waves. However, this also corresponds approximately

to the upper frequency limit of the pulse circuitry due to the
finite transition time of the high voltage FETs (see Chavarria
et al. for details [13]). Also investigated was the effect of the
duty cycle of the applied rectangular wave on the signal (for a
pulse voltage of 500 V and a frequency of 1 MHz). Duty
cycles of 50%, 40%, 30% and 20% showed peak heights of
1.41V at a compensation voltage (CV) of "1.26V, 1.27V at a
CV of 1.95 V, 1.16 V at a CV of 3.77 V and 1.13 V at a CV of
4.56 V. While the more symmetrical duty cycles gave higher
sensitivities, this, of course, also imparts a decreased resolu-
tion. The gas flow rate also had an effect in that the best
sensitivity (presumably due to reduced wall losses) and
highest precision was obtained at the maximum flow rate of
9 L·min"1 possible with the set-up employed. A pulse rate of
1 MHz, with a duty cycle of 20% at 500 V amplitude, and the
flow rate of 9 L·min"1 were therefore adopted for the
experiments.

Selectivity

For ionization, the Krypton lamp with a radiation energy of
10.6 eV was employed. This imparts a high degree of selec-
tivity in that its radiation energy (10.6 eV) is just high enough
for ionization of ethylene (10.5 eV) [17], but other potentially
present species with higher ionization energy will not be de-
tected. These include CO2 with an ionization energy of
13.8 eV, acetylene with 11.4 eV and SO2 with 12.3 eV [20].
One potential interferent which may be present is ethanol.
Therefore the response of the device to ethanol was examined.
In Fig. 5 a mobility spectrum for a mixture of ethylene and

Fig. 4 Effect of the pulse frequency on the peak height for ethylene.
Amplitude 500 V. Other conditions as for Fig. 3. Each data point is the
average from 3 scans

Fig. 3 Mobility spectra obtained for 11 ppm(V/V) ethylene in nitrogen for
different amplitudes of the separation voltage between 0 and 500 V in
steps of 50 V. Pulsation: 20% duty cycle and 1000 kHz. Gas flow rate:
9 L/min

��� 'LRϦ(Ϧ'MLϦ+M@GJϦ1NCAϦ������Ϧ������«���

Fig 2. Mobility spectra for different amplitudes of the 
separation voltage between 0 and 500 V

Fig 3. Mobility scans for the gases given off 
by the fruit. 
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Development of Simple Drift Tube
Design for Ion Mobility Spectrometry 

Based on Flexible Printed Circuit 

Board Material

Benzalkonium chloride (BZK) homologs (Fig. 1) are
contained in many commercial cleaning products as
antibacterials, and antivirals (e.g., SARS-CoV-2).
The most often employed active ingredients are
BZK-C12, -C14, and -C16, with total concentrations
as low as 0.05% w/w [1].
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Introduction

Fig 1. Structure of BAC-C12, -C14, C16 
as antibacterial

the rolled up drift tube may also have an effect, the drift tube was
repeatedly taken apart and reassembled for measurements. The
error bars given in Fig. 6A illustrate the degree of susceptability to
such variations. In an attempt to rationalize the results for the
different electrode distances, the homogeneity of the !eld strength
was modelled for the different geometries with Simion for a tra-
jectory along the centre line of the tube. Liu et al. [17], for example,
modelled the !eld homogeneity in dependence of the electrode
geometry in order to make recommendations for an optimized
design of a drift tube with stacked rings, but did not corroborate
their suggestions with experimental measurements. The modelling
data for the different electrode distances is given in Fig. 6B and
shows a magni!cation of the !eld strengths calculated for a section
along the central axis of the drift tube. The inhomogeneities are
small, the maximum amplitude of about 0.2 V mm!1 for the
12.3 mm pitch amounts to less than 1% "uctuation of the !eld
strength (of about 50 V mm!1), but show a trend to increasing

Fig. 7. A) Effect of electrode width from 0.5 to 2 mm on a pitch of 3.5 mm on the
resolving power for T6. Experimental conditions as for Fig. 3. The error bars are the
standard deviations for 3 measurements, each of which was taken after a reassembly
of the drift tube.
B) Homogeneity of electric !eld along the central axis as modelled by Simion.
Magni!ed in the vertical dimension and offset for clarity.

Fig. 8. A) Mobility spectra for a mixture of 2 mg L!1 each of BAC-C12, -C14, C16, and
5 mg L!1 T8 as internal standard. Operating conditions as given in Table 1, except for
the injection time of 300 ms, and a gate closing voltage of 60 V$
B) Effect of the gate opening time on peak area and resolving power for T6.

Fig. 9. Mobility spectra for the cleaning products. Operation parameters as given in
Table 1, except for the injection time of 300 ms, and a gate closing voltage of 60 V.
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Fig 3. Mobility spectra for a mixture of 2 mg L-1 each of 
BAC-C12, -C14, C16, and 5 mg L-1 T8 as IS

The ion mobility spectrometer used for their
determination was constructed in-house. It is based
on a flexible printed circuit board as shown in Fig. 2.
A field strength of 420 V·cm-1 along the 10 cm long
drift tube was employed for the separation and
quantitative determination of the C12, C14, and C16
benzalkonium ions as shown in Fig 3.

Experimental

and a Faraday detector. The drift tubes have mostly been built by
stacking metallic electrode rings alternatively with insulating rings
[1]. To produce the separation !eld the individual electrodes are
connected to a resistor ladder implementing a staggered voltage
divider. The stacked ring approach is elaborate as it requires dozens
of precisely machined and aligned electrodes and their insulation
rings with provisions for the electrical contacts to the resistor
ladder. To address this point several authors have proposed simpler
drift tube designs. Eiceman et al. [8] designed a drift tube with
rectangular cross section from two parallel printed circuit boards
(PCB) bearing electrode strips. Bohnhorst et al. [9] used a similar
approach in their designwhich consisted of 4 printed circuit boards
to create a drift channel of square cross section. Reinecke and
Clowers [10] employed the conventional stacked ring approach, but
also based the electrodes and spacers on PCB material. The side
walls of the holes in the PCB plates serving as electrodes were gold
plated. Such PCBs can be obtained as hole plating is one of the
standard fabrication processes (to create co-called vias to carry
electrical signals between layers).

Herein we report on an investigation of the construction of a
drift tube from "exible PCB material made from polyimide. This
substrate is regularly used in the electronics industry when a rigid
PCB is not suitable. The electrodes are etched as copper tracks on
this material, which is then rolled up into a tubular shape to form
the drift tube. As far as we know, this approach was !rst proposed
in a patent dating back to 1998 [11], but no study had been reported
in the scienti!c literature. Very recently, while the work for this
publication was carried out in our laboratory, Smith et al.
communicated the implementation of such a drift tube [12]. The
material was ordered from a commercial PCB manufacturer and
had 100 gold plated copper strips of 0.9 mm width, with gaps of
0.3 mm inbetween. The authors reported a resolving power of 82
for iodine vapour as a standard, which was ionized by a corona
discharge, and demonstrated the detection of several explosives.

This report presents a further elaboration of the use of rolled up
PCBs in IMS, using "exible base material processed in-house. A
direct performance comparison with an instrument based on a
conventional stacked ring set-up, but otherwise identical geomet-
rical and operating parameters, was carried out. As the in-house
manufacturing allowed the easy creation of drift tubes with
different geometric electrode arrangements, a study on the effect of
different electrode widths and pitch on peak resolution was also
performed. To validate the practical use of the in-house constructed
instrument the determination of benzalkonium ions in cleaning
agents is demonstrated.

2. Experimental

2.1. Instrumentation

A schematic diagram of the set-up is shown in Fig. 1. Two in-
struments were built. One of these is an exact duplication of the
device based on stacked rings reported by Reinecke and Clowers
[10]. The second instrument very closely follows this design, but the
holders at the ends of the dissolvation and drift tubes are modi!ed
versions which have holes to accept the ends of the tubes and slits
to accommodate the not coiled ends of the PCB material. A pattern
for the "exible PCBs to create the drift as well as desolvation tubes
is shown in Fig. 2, together with an illustration of their mounting in
the instrument. The "exible PCB material was rolled onto PMMA
tubes with an outer diameter of 29.4 mm and a wall thickness of
1.1 mm. The Faraday detector is a plate with a diameter of 20.4 mm
located centrally. The ladder resistors (high voltage surface mount
resistors from Stackpole Electronics, Raleigh, NC, USA) to create the
voltage gradient for the desolvation and drift tubes, were soldered

directly onto the ends of the electrode tracks on the "exible PCB.
The ends of the PCBs carrying the resistors were deliberately
positioned to the side in order to minimize any possible distur-
bance of the electric !eld. The assemblies reported herewere set up
on optical breadboards with optomechanical mounting posts
(Thorlabs, Bergkirchen, Germany), which are providing support at
the injection end, at the ion shutter and the detector end. This
keeps the instruments about 10 cm away from any metallic parts
for electrical isolation of the high voltages. Both instruments
employ a 3-grid ion shutter, as introduced by Langejuergen et al.
[13], and an electrically "oating gate pulser. The latter is detailed in
a publication by Garcia et al. [14]. The etched stainless steel grids
needed for the injector and the aperture grid in front of the Faraday
detector, which were required for both versions, were ordered ac-
cording to the design by Reinecke and Clowers [10] from Newcut
(Newark, NY). For the stacked ring version, the electrode and spacer
plates were obtained from PCBway (www.pcbway.com). For injec-
tion, the high voltage pulser of the design by Garcia et al. [14], was
purchased from GAA Custom Electronics (http://www.mstar2k.
com/gaace-home). A high voltage supply (CZE1000R) from Spell-
man (Hauppage, NY) was employed. The injection was controlled
with an Analog Discovery 2 unit (Digilent, Pullman, WA), and was
coupled to the "oating high voltage pulser via an optical !bre to

Fig. 1. Schematic diagram of the instrumentation.

Fig. 2. A) Electrode pattern on the "exible PCB material. B) The end pieces have holes
to accept the PCB rolled onto a supporting tube and slots to !t its end. C) The mounting
con!guration with the end of the PCB bearing the voltage ladder resistors protruding
sideways.
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Fig 2. A) Electrode pattern on the flexible PCB material 
B) a supporting tube C) The mounting configuration

The calibration curves from 0.0 mg·L-1 to 2.0 mg·L-1

were determined. The limits of detection were
determined as 20, 25, 38 μg·L-1, respectively. The
method was applied for BACs containing in cleaning
products as shown in Fig 4.

Results & Discussion
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the rolled up drift tube may also have an effect, the drift tube was
repeatedly taken apart and reassembled for measurements. The
error bars given in Fig. 6A illustrate the degree of susceptability to
such variations. In an attempt to rationalize the results for the
different electrode distances, the homogeneity of the !eld strength
was modelled for the different geometries with Simion for a tra-
jectory along the centre line of the tube. Liu et al. [17], for example,
modelled the !eld homogeneity in dependence of the electrode
geometry in order to make recommendations for an optimized
design of a drift tube with stacked rings, but did not corroborate
their suggestions with experimental measurements. The modelling
data for the different electrode distances is given in Fig. 6B and
shows a magni!cation of the !eld strengths calculated for a section
along the central axis of the drift tube. The inhomogeneities are
small, the maximum amplitude of about 0.2 V mm!1 for the
12.3 mm pitch amounts to less than 1% "uctuation of the !eld
strength (of about 50 V mm!1), but show a trend to increasing

Fig. 7. A) Effect of electrode width from 0.5 to 2 mm on a pitch of 3.5 mm on the
resolving power for T6. Experimental conditions as for Fig. 3. The error bars are the
standard deviations for 3 measurements, each of which was taken after a reassembly
of the drift tube.
B) Homogeneity of electric !eld along the central axis as modelled by Simion.
Magni!ed in the vertical dimension and offset for clarity.

Fig. 8. A) Mobility spectra for a mixture of 2 mg L!1 each of BAC-C12, -C14, C16, and
5 mg L!1 T8 as internal standard. Operating conditions as given in Table 1, except for
the injection time of 300 ms, and a gate closing voltage of 60 V$
B) Effect of the gate opening time on peak area and resolving power for T6.

Fig. 9. Mobility spectra for the cleaning products. Operation parameters as given in
Table 1, except for the injection time of 300 ms, and a gate closing voltage of 60 V.
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Fig 4. Mobility spectra for the cleaning products
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