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ABSTRACT
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The objective of this study was to investigate the effect of humidity and concentration of chemical
on the detection efficiency of ketones by the differential ion mobility spectrometry. Nine compounds
from ketone family were examined due to the presence of ketones in waters and their adverse impact
on the human and environment. The experiments were conducted at ambient temperature and pressure
with a flow rate of 2.8 lit/min of purified air. Gas generator with permeation source was utilized as
the sample introduction system. For the adjustment of concentration dilution air was added. The
gravimetric method was applied for the permeation calculation which is based on weight loss of
sample over a certain period.

The humidity study shows that DMS-AIMS2 could work in the elevated level of humidity at the
ambient temperature and pressure. These experiments display that the sensitivity of DMS-AIMS2 can
be substantially increased by increasing the concentration. Besides, limit of detection values might

be decreased outstandingly when larger molecules are utilized.
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LIST OF SYMBOLS AND ABBREVIATION

A

C
Ccv
ds

d2

D
DMS

DT

FAIMS
FEP

FIS

P12
PDMS
Pc

ppb

Polymer area

Concentration

Compensation voltage

Inside diameter tube

Outside diameter of tube

Diffusion coefficient

Differential ion mobility spectrometry
Diffusion tube

Permeation tube activation energy
Field asymmetric ion mobility spectrometry
Fluorinated ethylene propylene Teflon
Field ion spectrometry

Tube thickness

Molecular weight

Pressure on the sides of the tube
Polydimethylsiloxane

Permeability constant

Parts per billion



pPpm

PTFE

PT

Pw

IDWS

Qd

Parts per million

Polymeric tetrafluoroethylene Teflon
Permeation tube

Water vapor pressure

Saturation vapor pressure
Permeation rate

Flow rate

Molar gas constant

Solubility constant of the gas in the polymer
Separation voltage

Absolute temperature

Distance

Correction factor

Concentration of gas

Reduced mass of buffer gas



1 INTRODUCTION
1.1 DMS HISTORY

The first efforts for the design of differential ion mobility spectrometry were created in the Soviet
Union in 1980 (Schneider et al., 2010); (Guevremont, 2004) and for a long period of time this
technology was pointed out by the moniker Gas Analyzer of ions which was the idea behind the
separation procedure in differential ion mobility(Schneider et al., 2016). The efforts for the
advancement of this technique carried on in the Soviet Union. (Schneider et al., 2016). In the end
of 1980s and beginning of 1990s, the cylindrical shape of the device was found and called Field
lon Spectrometer. After ten years, those Field lon Spectrometers renamed to High Field
Asymmetric Wave Form lon Mobility Spectrometry. (Guevremont, 2004).
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Figure 1 History of DMS



In 1991, further researches in Siberia and Tashkent lead to the innovative design of the sensors.
Initially, this planar design was called drift spectrometer. For a device with such a geometry
capable of creating a uniform electric field, expressive name differential ion mobility was
chosen.(Schneider et al., 2016). In the beginning of 2000, advancement of DMS and FAIMS
integrated with mass spectrometry was taken place in North America. Figure 1 provides a summary
of the advancement procedure of coaxial and planar geometry in different research centers and

institutes. (Schneider et al., 2016)

1.2 DMS PRINCIPLE THEORY

Differential ion mobility technology is an analytical method for separation, characterization, and
detection of ions in the gas phase (Eiceman et al. 2003; Krylov, 2012). Separation is done
according to the difference between the mobility of ions in low and high electric field. Thus, ions
are differentiated depending on their mobility. (Schneider et al., 2016). DMS is introduced as high
field-asymmetric waveform ion mobility spectrometry (Kuklya et al., 2015) or Field ion
spectrometry (FIS) (Krylov, 2012).

Differential ion mobility device is consisting of an ionizer, adjustable differential mobility filter,
and detectors (Kolakowski and Mester, 2007). The sample is introduced into the ionization source
which is commonly purified air or No(Schneider et al., 2010b) however, due to the flexibility of
DMS another sort of ionization sources can be applied in this system. (Shvartsburg, 2009). Hence,
it is ionized by ionization source resulting positive and negative ions. Then, the charged ions are
carried by a gas flow to the filter region which is composed of two electrodes (Eiceman et al.
2014).
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Figure 2 Schematic view of differential ion mobility spectrometry method (Eiceman et al. 2014).

The geometry of the plates can be planar (usually referred to DMS) and cylindrical (commonly
referred to FAIMS)(Anderson et al., 2008). An asymmetric waveform of 2000 v/cm or more than
it and -1,000 v/cm (separation voltage, SV) is applied to one electrode vertically to the direction
of the gas flow while the other electrode is grounded. Electric strength forces the ion swarm to
move along the electrodes to reach the detectors. The schematic view of differential ion mobility

is shown in the above figure. (Eiceman et al. 2014).

1.3 MOBILITY THEORY

The presence of electric field and buffer gas assist increment in the movement of ions which make
this moving pattern complex. The reason why this motion is very intricate is that the gas separates
and moves off the ions in different directions quickly because of the diffusion. Despite that, a stable
electric field in all parts and equilibrium state provide consistent velocity along to the electric field.

Concurrently, the size of ion bulk rises owing to diffusion ( Wilkins and Trimpin, 2011).

There is a correlation between drift velocity and the electric field strength in weak electric fields as
below. Where v and E are drift velocity(cm/s) and electric field strength(\V/cm) respectively also K
is called mobility coefficient. (Krylov et al., 2002); (Karpas et al., 2004).
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Equation 1

v =KE

In the weak electric field, K value is constant, usually called K(0) (low field mobility
constant).(Schneider et al., 2016). To obtain Ko the equation called conventional equation should be
used as follows. The drift length d (cm), drift time t (s), electric field E(\V/cm), pressure p(torr) and
temperature T(K).(Borsdorf and Eiceman, 2006).

Equation 2

" __( 273dp

=] ——= |(cm?/Vs
° | 760tET j( )

The correlation for the mobility can be expressed as follows.

Equation 3

_ 3e@r)*(ta)
16N (ukT )2 Q(T,;)

Where the reduced mass of buffer gas (u) is equal to (Mm/M+m). Besides, the terms e, N, K, Q(Tefr)
and a are electron charge, the number density of molecule, Boltzmann constant, effective collision

cross section of ion and correction factor (Eiceman et al., 2014).

Alternation of mobility coefficient with the electric field strength at the same density of supporting
atmosphere is defined by the correction factor(a). A better understanding of parameter mentioned
above can be seen in the following equation in which field dependence of K is discussed (Nazarov et
al., 2006).

Equation 4
w(E1N) = KE)=KO) _ AK(E)
K (0) K (0)

Parameters that affect the ion mobility are structure, the size of molecules (Eiceman et al.,2014),
supporting atmosphere and temperature.(Karpas et al., 2004).

10



1.4 IONIZATION

There is a different type of ionization sources for the separation of ions in gas phases such as
photoionization, laser multiphoton ionization, thermionic emission and corona spray. However, the
most typical used one is Ni source.(Hili et al., 1990). The ionization of sample in ion mobility
spectrometry has two phases including the formation of reactant ion and chemical ionization of
analyte. Chemical ionization occurs when the there is an interaction between analyte molecules and

reactant ions. (Méakinen et al., 2011)

Through beta emitters in air positive (H*(H20) ») and negative (O2"(H20) ») reactant ions are produced
in the atmospheric pressure where there is no reagent gas. As it is shown in the equation 5, because
of the reaction between the sample and reactant ion, the clustering form of ion is formed. This cluster
can be stable by substitution of the water molecule which the production of protonated monomer ioun

is the consequence of this substitution. (Borsdorf and Eiceman, 2006)

Equation 5
M+H"(H,0), & MH*(HZO); <~ MH*(H,0), , +xH,0

Sample neutral +Reactant ion Cluster ion Protonated monomer +Water

The formation of other product ions depends on sort of factors including component’s concentration,
the physicochemical features of the compounds and circumstances in the experiment. (Borsdorf and
Eiceman, 2006). By the enhancement of analyte vapor concentration and substitution of the water
molecule, the other product ion attached to the protonated monomer known as proton bond dimer can
be created as it is expressed in the equation 6 ( Eiceman et al., 2014). Proton bond dimers can be
converted. Since these two reactions (eq.5, €q.6) are reversible dissociation of proton bond dimers to
neutral and protonated molecules is feasible. Moreover, the proton can be neutralized with a monomer
ion. (Mdkinen et al., 2011)
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Equation 6
MH*(H,0), +M < M,H*(H,0), , +xH,0

Protonated monomer +Sample Protonated bound dimer +Water

The observation of proton bond trimers and tetramers under laboratory conditions does not seem to
be feasible since these ions do not last long in the purified atmosphere. The mentioned ions can be
seen in the mobility spectra at the temperatures of 10°C and below (Borsdorf and Eiceman, 2006);
(Eiceman et al., 2014).

In the same way, that cluster ion is created in the positive polarity and to produce a product ion (MO2

(H20)n-x @ molecule of water is displaced as displayed in the following equation (Eiceman et al.,
2014).

Equation 7
M +0; (H ,0), <> MO, (H,0). <> MO, (H,0). , +xH,0

Sample +Negative reactant ion Cluster ion Product ion +Water
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1.5 HUMIDITY

Typically for the measurement of the moisture in the air, two indexes, relative humidity, and dew
point temperature are utilized (Lawrence, 2005). Dew point temperature is the term which
describes the temperature that partial vapor pressure is adequate to saturate the air.(\Wood, 1970).
Relative humidity is expressed as the ratio of water vapor pressure to the saturation water vapor
pressure at the temperature of gas. Besides, it is stated that relative humidity is at all temperatures

and pressures.

Relative humidity can be obtained from the equation 8 where Py and Pws are water vapor pressure

and saturation vapor pressure respectively. (Vaisala Oyj, 2013).

Equation 8

RH =P, /P,_.100%

To attain the dew point temperature from the relative humidity (equation 10), firstly calculation of
saturation vapor pressure (hPa) is needed as it is shown in equation 9 where A, m, T, are constant
values, and T is temperature (°C). Secondly, calculation of water vapor pressure is required
(equation 8)(Vaisala Oyj, 2013). As it is clear from the equation dew point is not a temperature

dependent.

Equation 9

P.= A.10(Triln]

Equation 10
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As another indicator of humidity, absolute humidity is expressed as the measurement of the mass
of water vapor in a specific volume regardless of temperature. Assuming the ideal gas behavior,

the correlation for the absolute humidity is illustrated as below. (Vaisala Oyj, 2013)

Equation 11

A=CP,IT

Where C is constant value 2.16679 (gK/J) , Pw: vapour pressure(Pa), T: temperature(K) . (Vaisala
Oyj, 2013)

Parts per million can be explained as milligrams per liter (mg/L) which is the mass of a pollutant per
unit volume of water. This measurement is the standard unit to report water analysis. Concentrations
in water can also be stated as parts per billion (ppb). By the help of conversion correlation parts per

million and parts per billion can be converted to each other. ( Terrie K. Boguski, P.E, 2008)
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1.6 PERMEATION

Since the presence of volatile organic compounds in the environment has several adverse impacts
on human health (Tumbiolo et al., 2005)in recent years, environmental research with interest in
the extremely low concentration of impurities and contaminations have gained
importance(Mitchell, 2000a). To prepare gaseous standard in trace concentration, (the range of
parts per billion(ppb) and parts per million(ppm)), there are two methods including static and
dynamic methods (Tumbiolo et al., 2005). Due to some problems engaged with a static method,
employment of dynamic method such as permeation technique for the standard mixture

preparation is more favorable (Tumbiolo et al., 2005).

There is two type of device for the creation of chemical compound in a very low gas concentration
which is called permeation tube(PT) and diffusion tube (DT)(Susaya et al., 2011)

Saturated Headspace

Evaporating Gas

2,

o

Figure 3 a) Schematic view of diffusion tube b) schematic view of permeation tube (Owlstone,2010).

Sample Reservoir

. Permeable Membrane

permeation tubes play a role of flow control to distribute very trace amount of permeated vapor
throughout the permeable walls of the tube at the particular temperature (Mckinley, 2008) ;
(Susaya et al., 2011) ; (Susaya et al., 2012) ; (Tumbiolo et al., 2005).

The permeation tubes and membranes are fabricated of polymeric tetrafluoroethylene
Teflon(PTFE) or fluorinated ethylene propylene Teflon(FEP) (Mckinley, 2008); (Susaya et al.,
2011). However, another type of material has been utilized in permeation tube production such as
polyethylene, polyvinyl acetate, polyvinylidene chloride, polyamide, polyester, nylon, and silicone
(Mitchell, 2000); (Tumbiolo et al., 2005). The reason behind of TFE and FEP selection for
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permeation tube is that mentioned materials are available, durable and low reactive materials
(Mitchell, 2000). It has been proven that permeation tubes are accurate (£1%) in providing a low

concentration of gaseous mixtures(Susaya et al., 2011).

Principally, the process of permeation consists of three different stages. Firstly, gas is dissolved in
the polymer, afterward, diffusion throughout the walls of tube or membrane in diffusion tube is
operated then the permeated gas is discharged to the out of the tube(Mitchell, 2000); (Tumbiolo et
al., 2005). In the permeation process sensitivity to the temperature is extremely high thus, to get
the stable and constant permeation rate this parameter must be governed (Mitchell, 2000);
(Mckinley, 2008).

Fick’s law of diffusion (Namiesnik, 1983); (Mitchell, 2000) and Henry’s law of solubility have
identified the idea behind the permeation procedure. The process can be distinguished by different
phases including saturation, steady state, and depletion. The first mentioned step is an integration
of solubility and diffusion of molecules in the membrane or walls of the tube (Mitchell, 2000)When
the permeation rate is constant and stable, it is considered as a steady-state phase that permeation
supposed to be steady until liquid residues in the tube. (Mitchell, 2000); (Susaya et al., 2012);
(Mckinley, 2008). Depletion phase demonstrates that the liquid in the tube is evaporated which
makes the permeation rate decreases to zero(Mitchell,2000).

Random molecular movement leads to the transportation of gaseous materials which is called
diffusion. For understanding the process of diffusion, Fick’s laws must be clarified. Fick’s first
law states that concentration flux due to diffusion is corresponding to the gradient of concentration.

From this law, diffusion rate can be obtained as below:

Equation 12

J =—DA¢=—D@
OX

In equation 12, D is the diffusion coefficient, ¢ is the concentration of gas and x is the distance
(Mitchell, 2000).The driving force of diffusion is concentration gradients which are happened
between the internal and external walls of tube surfaces. Diffusion starts from the region with high

concentration to low concentration (Owlstone, 2010)
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Diffusion theory (Fick’s second law) represents the proportion of accumulation of concentration
in the volume of a membrane within the diffusion is equivalent to the concentration gradient in the
field. The component is dissipated inside the tube. Then when diffusion takes place, through the
gas flow, the permeated molecules are swept from the exterior layer. The Fick’s second law and

Henry’s law take control over the permeation process in the saturation phase(Mitchell, 2000)

In permeation tube Fick’s law is shown below:

Equation 13

DSA(Pl_Pz) PGA(Pl_PZ)
a7 L L

In equation 13, qq is diffusion over polymer per unit area per unit time, D is diffusion constant, S
is solubility constant of the gas in the polymer, A is the polymer area, P1> are pressure on the
sides of the tube, L is the tube thickness, and Pg is the permeability constant. It is assumed that it
is in equilibrium state and the geometry is tube-shaped and external pressure P2 is negligible
previous equation is minimized to new equation as following:(Namiesnik, 1983); (Owilstone,
2010)

Equation 14

_ T30P,MP,

Oy = (dzj
log| —=
dl

Where gq shows permeation rate (mg/cm tube length), Pg is permeation constant (cm?/sec), d2(mm)
and di (mm) are outside diameter and inside diameter respectively(Namiesnik, 1983); (Owlstone,
2010).

Equation 15
,EV
—_pY RT
P, =PF.e

Where p% is constant and Ep, R, and T are permeation tube activation energy, molar gas constant

and absolute temperature respectively. (Namiesnik, 1983); (Owlstone, 2010).
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According to following correlation between permeation rate and flow rate of gas, the concentration
of the chemical can be calculated in which C is concentration (ppm), Q is flow rate (ml/min), and
M is molecular weight (g/mole) (Namiesnik, 1983); (Owlstone, 2010).

Equation 16
_ CQ
Oa = 724
M

Since the temperature is a critical factor in permeation process, with the help of given permeation
rate, new permeation rate at new temperature can be calculated from the following empirical
relation Where q1,2, is the permeation rates(mg/cm) at two different temperaturesTy2(K). In the
most cases, this following equation’s accuracy is £5% with a 10°C temperature change.
(Namiesnik, 1983); (Owlstone, 2010).

Equation 17
E
log G |_ (1 1
qs, ) (2303R)\T, T,
Equation 18
1 1
lo =lo —-2950| ———
g4y 94, [Tl T, j

Changing the temperature which is one of the critical parameter affects the stability of the
permeation rate Consequently, it takes some time to reach the equilibrium and steadiness (Susaya
et al., 2012); (Mitchell, 2000); (Tumbiolo et al., 2005); (Scaringelli et al., 1970). The time for
reaching the equilibrium is the function of compound, material, polymer, and thickness of the wall.
The permeation tube must be kept for a long time under fixed circumstances to attain steadiness
(Mitchell, 2000).

For utilizing permeation tube as analytical standard, first permeation tube needs to be calibrated.
Varying techniques exist for calibration of permeation tubes including gravimetric, volumetric,

manometric and thermogravimetric. (Mitchell, 2000).
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Commonly, the gravimetric method is used to calibrate the permeation tubes (Tumbiolo et al.,
2005). In this method, the permeation tube must be weighted during the time to learn the weight
loss of tube as a function of time. The best balance for this purpose is the one which is potential to
measure weight to milligram or smaller (Mitchell, 2000).

1.7 APPLICATION OF DMS

The importance of differential ion mobility has been raised in recent years due to the application
in environmental area (Campbell, Larry., Le Blanc, 2015). This technique has been found as a
powerful device for the separation and identification of the gas-phase ions (Maziejuk et al., 2014).
The technology of differential ion mobility spectrometry provides a full range of application due
to its features such as rapidness, sensitivity, inimitable selectivity, small size and simple
instrumentation which make this technology applicable in different areas (Kolakowski and Mester,
2007); (Krylov et al., 2010).

DMS can be utilized in different areas including detection and analyzing of explosives used in the
airports to screen the objects (Eiceman, Krylov, and Krylova, 2004), recognition of drugs,
chemical and biological (Kolakowski and Mester, 2007) warfare agents (Krylov et al., 2010).
Besides, it is used for the military usage, security purposes and having control over the
dissemination of the agents (Kolakowski and Mester, 2007), analysis of poisonous compounds,
sulfuric chemicals, organic and (Eiceman et al., 2001) inorganic compounds (Eiceman et al.,
2004).

As another application, differential ion mobility spectrometry can be employed in the
environmental field. (Kolakowski and Mester, 2007). Differential ion mobility approach has been
utilized regarding air quality assessment, and it has been proven that DMS is capable of
distinguishing and measuring the quality of air. (Eiceman et al., 2001). Moreover, DMS has been
operated for the study of surface water in which DMS device was used as a sensor to investigate
1,2,4-trichlorobenzene in surface waters. (Kanu and Thomas, 2003)

DMS device also can be applied in various industries such as petroleum and fuel cell industry. For

instance, observation of species and quantity of sulfur mixture increases the importance of DMS
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approach in petroleum and fuel cell industry. Basically, DMS device plays a role of gas

chromatography detector for the detection of mercaptans. (Kolakowski and Mester, 2007).

The application of this technique in the pharmaceutical industry can be divided into four main
parts including compound characterization, reaction monitoring, formulation validation and
cleaning validation. For instance, due to the batch production of medicines, equipment might be
operated for a different type of medication, for this reason, it is necessary and vital to confirmed
that there is not any pollution from the previous batches to the next one. In the food industry, it
can be applied in the food safety and quality process, the bioprocess like beer production.
(Eiceman et al.,2014).

The technique of DMS can be applicable in areas related to the human health. (Kanu and Thomas,
2003) Take, for instance, the potential of differential ion mobility merged with a tandem mass
spectrometer was studied to examine the nicotine and other components in the liquid of electric
cigarette in which further research could lead to the advancement of this approach in the clinical
and forensic application. (Kanu and Thomas, 2003). The other use in human health can be the
recognition of vaginal infection, analysis of breath for the diagnosis of specific diseases. (Eiceman
et al.,2014)

Integration of DMS with other techniques also has been published (Krylov et al., 2010) like a smart
smoke alarm which is a result of the combination of gas chromatography and differential ion
mobility spectrometry. Implementation of this coupled system could result in the recognition of
the origin of fire through the characterization of vapor mixture. (Eiceman et al., 2002).
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1.8 DISCUSSION OF KETONES

Ketones are detected in several kinds of waters as these are commonly applied as solvents. Ketones
were found in drinking water samples, also in natural water samples. Also, these sorts of volatile

chemicals have been discovered in the water sewage from the oil industry (Rathbun and Tai, 1981).

Ketones as organic compounds consist of a carbonyl group. (Patnaik, 2007). In the structure of ketone
demonstrated below R and R’ can be alkyl, alkenyl, acyl and aryl group. There is no hydrogen bond
joined to the carbonyl group in ketone compare to the aldehyde which has the similar structure to
ketones.(Patnaik, 2010).

O

PR

R R

Figure 4 2D-structure of ketones

Ketones with the low molecular weight which are volatile compounds are more toxic than those with
the high molecular weight.(Patnaik, 2007). In the production of resins, dyes, esters and some other
organic compounds, the low molecular weight ketones are utilized. Moreover, many ketones play the
role of industrial solvents such as acetone and butanone.(Patnaik, 2010). For instance; acetone is
employed in the production of acetic acid, chloroform, photographic film and explosives as a typical
solvent in paint and paraffin. (Patnaik, 2007).Some of the ketones are released into the environment

through the chemical and combustion processes. (Patnaik, 2010).

As an example, exposure to 300-500 ppm of Acetone for 5 minutes can lead to irritation to humans.
High dosage of Acetone has a different type of adverse impact on human including dizziness, dryness
of the mouth, headache, weakness in muscles. Drinking of 200-250 mL causes puking, insensibility,
and coma in humans. Besides, the effects on some species of animal have been reported.(Patnaik,
2010) . 2-butanone as the other low molecular weight ketone is operated as a solvent in the production
of smokeless powder, white synthetic resins and surface covering. Its effects on human are
exasperation of the eyes and nose and headache because of inhalation. It is soporific at high

concentrations. Swallowing might cause dizziness and puking.(Patnaik, 2007)
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2 EXPERIMENTAL
2.1 INSTRUMENTATION

The schematic view of the instrument utilized in this study is represented in figure 5. A prototype
planar DMS-AIMS2 (Environics OY, Mikkeli, Finland) was utilized to investigate the effect of
moisture and chemical concentration on detection efficiency of ketones. The dimensions of the DMS
are as follows: hight,0.25mm; width, 6mm; length, 14mm and the dimensions of AIMS-2 are; height,
1.5mm; width, 6mm; length, 25mm. The experiments were conducted at ambient temperature with a
flow rate of 2.8 lit/min of purified air. Additionally, the duty cycle was set at 5%. Contamination and
moisture were eliminated by passing air through the particle and humidity filter. The instrument is
equipped with AM-241, 5.92 MBq alpha source. The electric field was provided by the asymmetric
waveform from 200V to 650V. Besides, the compensation voltage supplied a scan of CV from -12V
to +12V which can be operated with a resolution of 16 bit. Schematic of the DMS-AIMS2 detector

of Environics are illustrated in figure6.

2.1 PROCEDURES AND SAMPLE INTRODUCTION
Nine ketones with carbon numbers of 3, 4,6,8,9,10 and 12 were obtained from Sigma Aldrich in the
purest available form. 3-nonanone and 3-hexanone were taken to compare the effect of humidity and
chemical concentration and detection efficiency of DMS on isomers. The properties of investigated

substances are summarized in table 1. The proton affinity values are taken from NIST website.

To start the measurements, sample preparation was as follow: approximately, 4 ml of analyte was
transferred into a diffusion tube (purchased from Owlstone Inc). A PDMS (polydimethylsiloxane)
membrane was applied to conceal the hole (shown in figure 7 and 8). The diffusion tube was
positioned in the preheating oven temperature ranged from 30°C to 50°C. Thereafter, the preheated
samples were placed in the OVG-4 oven at constant temperature which was functioned from 30 °C to

100 °C with the accuracy of £0.1°C to generates stable concentration of sample vapor in ppb range
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Figure 6 Schematic of the DMS-AIMS2 detector of Environics

Table 1 Properties of investigated ketones

Name Formula Wz/il;r!i?;}rirol) Boiling Point (°C) Purity Proton Affinity(kJ/mol) Vapo(rle;;e;ssure
Acetone  CHO 58.08 56 99% 812 38
2-Butanone  C,H,O 72.107 79 99% 827.3 10.5
3-Hexanone  CH,,0 100.16 128 95% 841 0.36
2-Hexanone C,H, 0 100.16 128 99.5% 843 0.5
2-Octanone  C,H O 128.21 173 99.5% - 0.18
3-Noanone  C,H,,O 142.24 192 98% - 0.08
2-Nonanone  C,H,.O 142.24 192 99.5% 853 0.21
2-Decanone  C,H,0 156.27 211 98% - -
2-Dodecanone C,,H,,0 184.32 247 98.5% - -
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Figure 7 diffusion tube

£ 4

Figure 8 PDMS Membrane

By changing the temperature of oven obtaining various analyte concentration in gas stream was
feasible. Moreover, in conditions with the need of more diluent or extremely low vapor concentration
OFC-1 was utilized which performed alongside OVG-4 and OHG-4. OHG-4 (Owilstone humidity
generator) provides a range of relative humidity concentration (1% to 90%). The airflow is controlled
by a mass flow controller in OHG-4. By Using two needle valves on the front panel the humidity of
the output air was controlled. Setting the favorable concentration of the analyte was feasible by
altering the flow rate via OVG and OFC. The water vapor content of final stream was monitored with
a humidity sensor. The calculation of the concentration of the sample in the gas stream was made

based on the weight depletion of diffusion tube over the specific period. The samples were weighted
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by Sartorius MSA-225S-000-DI Cubis Semi-Micro Balance over several days and each measurement

was repeated at least three times.

The concentrations of the samples were calculated by the equations 19 and 20 where w1 ,wW2, Qq, C,
Q, M, and At are the initial and final weight of the sample, permeation rate, concentration, flow rate

and time respectively. Permeation rates are demonstrated in figure 9-17.

Equation 19

(w—w, )x10°
B = At, — At

Equation 20

_CQ
U =27

M
For each analyte ten measurements were recorded in positive mode. For the observation of the signals,

was provided in a web browser or saved data. Dispersion plots were created by means of MATLAB

software.
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3 RESULT AND DISCUSSION

Examination of the influence of humidity and sample concentration of ketones on the performance
of the prototype of DMS-AIMS2 was the principal aim of this research. Among nine studied
chemicals two of them (2-hexanone, 3-hexanone, and 2-nonanone, 3-nonanone) which are isomer
selected to determine the capability of the instrument in differentiating isomers. To observe the
process of ion formation and peak intensity of ions, ketones were analyzed at the constant level of
concentration in moisture study. Furthermore, at the constant moisture, different concentrations were
tested for investigation of chemical concentration effect. The concentration range was different in
each chemical due to differences in the permeation rates since the permeation rate is the influential
parameter in providing a range of concentration. The operation temperature was selected for each
chemical by considering the permeation rate to adjust the concentration.. Dispersion plots for ketones
in the air at ambient pressure displayed in this section are attained by means of separation fields range
from 200V to 650V in which compensation voltage can be seen.

3.1 INFLUENCE OF MOISTURE
The table below provides the conditions and result of moisture study. The constant concentration of
all compounds was selected based on the most appropriate observed response regarding humidity
range. As it is represented in the table 2, the minimum possible humidity level in the instrument was
200 ppm and all the samples were examined at 200 ppm as the driest feasible condition. The peak
intensity of the samples become visible since the neutral molecules of analyte interact with reactant
ions which leads to ion formation. lonization reactions are influenced by intensification of water

concentration in ion source noticeably.

As it can be seen from the figures (18-19) three peaks were detected for acetone. It was expected to
be observed protonated monomer and reactant ion peak respectively over the cv while it was observed
in the opposite way. The behavior of ketones, from hexanone to dodecanone is similar. Therefore,
their graphs for the rest of the ketons are provided in Appendix 1 and among all of them, the result
for 2-hexanone is selected to be discussed. Besides, 3-hexanone is presented to determine the
capability of DMS-AIMS?2 in the differentiation of isomers.
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Table 2 Study of moisture at a constant concentration

Operation Studied Minimum

Name Formula Temperature Minimum_possible Maximum_possible Concentration Moisture I\_/Iaximum
°C) concentration(ppb) concentration(ppb) (opb) (ppm) Moisture(ppm)
Acetone C,H.O 30 190 4400 465 200 1600
2-Butanone C,HO 30 14 3300 20 200 2000
3-Hexanone CH,,0 30 38 9000 300 200 4000
2-Hexanone CH,,0 30 4 1140 12 200 3000
2-Octanone CH, 0 30 4 1000 7 200 3500
3-Nonanone C,H, .0 30 2 440 100 200 5200
2-Nonanone CgH,0 30 3 806 6.5 200 3500
2-Decanone C,,H,0 80 15 380 6 200 5000
2-Dodecanone  C_H, 0 80 0.3 77 5 200 4000

As it is demonstrated in the dispersion plots below for 2-Hexanone (fig.20-21) and 3-Hexanone
(fig.22-23) up to 540 and 1080 ppm respectively no considerable change is detected and the dimer
peak remains steady up to the above-mentioned level of humidity. There is no noticeable change in
the intensity of dimer peak up to the above-mentioned level of humidity, while according to the graph
for the intensity of proton bond dimer of all ketones (fig.24) the increment in the moisture leads to
the reduction of proton bound dimer peak intensity gradually. Reduction in peak intensity of proton
bond dimers might be because of protonated monomer ion which does not tend to form proton bond
dimer with the other sample molecules since the monomer ion is very solvated. The other reason
might be due to the dissociation of proton bond dimer which is more efficient when there is an

increase in the collisions with molecules of water.

By adding more moisture, the monomer is observed and it is more influenced by humidity for a brief
time. After that, dimer and monomer peaks are disappeared. Afterwards, the reactant ion peak (RIP)
is more influential and gets more intense by increasing the humidity. Totally, raising the level of
moisture assists the formation of monomer and reactant ion peaks while at dry condition mainly dimer

peak is only detectable.
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Figure 18 Influence of moisture on Acetone at a) concentration 465 ppb, moisture 200ppm b) concentration 0 ppb, moisture 200ppm
¢) concentration 465ppb, moisture 850 ppm d) concentration 0 ppb, moisture 850 ppm €) concentration 465 ppb, moisture 1600
ppm f) concentration O ppb, moisture 1600 ppm

Peak Intensity [pA]

Mosture [ppm)

Figure 19 Response of DMS to vapor of Acetone in the air at concentration of 465 ppb VRF 506v
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To compare the result of isomers, apparently from the plots (fig 20-23) the response of isomers to
DMS is similar meanwhile the data from table 2 states that number of water molecules for the isomers
are different from each other since the moisture level is different consequently by calculation isomers
can be distinguished. These values are raised when the humidity is increased since in extended level
of concentration of water the collisions with water molecules is increased. For instance, according to

NIST n value for the acetone is five which can be more for the larger molecules.

(b) (@) ®

Figure 20 Influence of moisture on 2-hexanone at a) concentration 12 ppb, moisture 200ppm b) concentration O ppb, moisture
200ppm c) concentration 12ppb, moisture 1300 ppm d) concentration 0 ppb, moisture 1300 ppm €) concentration 12 ppb,
moisture 3000 ppm f) concentration 0 ppb, moisture 3000 ppm
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Figure 21Response of DMS to vapor of 2-hexanone in air at concentration 12 ppb, VRF 506 v

® | o m

Figure 22 Influence of moisture on 3-hexanone at a) concentration 300 ppb, moisture 200ppm b) concentration 0 pph, moisture
200ppm c) concentration 300 ppb, moisture 1700 ppm d) concentration 0 ppb, moisture 1700 ppm e) concentration 300 ppb,
moisture 4000 ppm f) concentration 0 ppb, moisture 4000 ppm
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Figure 23 Response of DMS to vapor of 3-hexanone in air at concentration 300 ppb, VRF 570 v
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Figure 24 Intensity of the proton bond dimer of the studied ketones in dependence on moisture
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Figure 25 Influence of moisture on 2-butanone at a) concentration 20 ppb, moisture 200ppm b) concentration 0 ppb, moisture
200ppm c) concentration 20 ppb, moisture1300 ppm d) concentration 0 ppb, moisture 1300 ppm e) concentration 20 ppb,

moisture 2000 ppm f) concentration Oppb, moisture 2000 ppm

For 2-butanone two peaks were detected (fig.25-26). By raising the humidity level no proton bond

dimer peak was observed. Afterward, additional moisture, made reactant ion peak appeared while

with a higher amount of water RIP peak was influential.
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Figure 26 Response of DMS to vapor of 2-butatnone in air at concentration of 20 ppb, VRF 500v

Hydration of reactant ion is grown by escalating the level of humidity. Increased cross-sectional area
results from the increased hydration decrease the mobility of the ions. As it can be seen from the table
2 by increasing moisture level reactant ion is more hydrated therefore the mobility is declined while

the size of the molecule is increased.

Ketones, which belong to the polar organic compound group have adequately high proton affinity.
The proton affinity of the ketones varies between 812kJ/mole to 853 kJ/mole. Due to the relatively
high proton affinity ions were formed in a wide range of moisture. Proton affinity of water is 641-
697kJ/mole. In general, compounds with higher proton affinity than water can react with H3O* and
replace the molecule of water to get a response in the device. In this sort of conditions, proton transfer
is conducted by hydronium ions. Higher proton affinity of ketones than that of water indicates that
response of these compounds is not strongly depended on the level of moisture. Moreover, to form a

bond with a proton, samples with more water molecule surrounded need a higher proton affinity.

The results indicate that humidity had a noticeable impact on the peak intensity of the ketones.
Moreover, its impact on the formation of the peaks which highly depends on the humidity level is
considerable. In addition, although in some research the presence of humidity resulted in reactant ion

peak’s position movement, the result of this experiment shows no impact of moisture on the positions
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of reactant ion peak. The obtained results point out that differential ion mobility DMS-AIMS2
performs efficiently in terms of ketones detection. (fig. 24-27-28)
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Figure 27 Intensity of protonated monomer of the studied ketones in dependence of moisture, SV:450V
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Figure 28 Intensity of reactant ion peak in dependence on moisture SV:450V
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3.2 INFLUENCE OF CONCENTRATION

Dispersion plots of chemical concentration effect for the studied chemical in different temperature
are shown in the figures in current section. Figures for nonanone, octanone, decanone and
dodecanone are provided in Appendix 2 since the behavoir from hexanone to dodecanone is

identical. The results of concentration study are summarized in table 3.

Table 3 Study of concentration at a constant moisture

Name Formula Temperature Minimum Maximum

(°C) Moisture(ppm) Concentration(ppb) Concentration(ppb)

Acetone C,H0 30 ~500 142 1200
2-Butanon C,HO 30 ~1000 11,5 700
3-Hexanone CH,,0 30 ~3000 30 2000
2-Hexanone CH,,0 30 ~3000 3.2 740
2-Octanone C,H, O 30 ~3000 45 500
3-Nonanone CgH 18O 30 ~3000 2,5 400
2-Nonanone CyH, 0 30 ~3000 0.17 41

2-Decanone C,,H,,0 80 ~3000 15 200
2-Dodecanone  C12H240 80 ~3000 0,3 80

For all ketones except 2-butanone (fig.29-30), three peaks were detected. Quantity and quality of
the ion products depend on the concentration of the analyte. In the beginning, when the
concentration of the sample is too low no dimer peak was detected for all samples while for acetone
(fig.31-32), dimer, monomer, and RIP are observed at minimum sample concentration. For acetone
reactant, ion and monomer were not separated completely over the range of vrf. Maximizing the
concentration level makes differences in intensity and ion formation up to the point that ion source

becomes saturated. Afterwards, no more change is seen by increasing the concentration.
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Figure 29 Influence of concentration on 2-butanone at a) concentration 11.5 ppb, moisture 425ppm , b) concentration 0 ppb,

(f)

moisture 425ppm c)concentration 50ppb, moisture 425ppm, d) concentration 0 ppb, moisture 425 ppm e)concentration 700
ppb,moisture 425 ppm, f) concentration Oppb, moisture 425 ppm

Peak Intensity [pA]

0 100 200 300 400 500 600 700
Concentration [ppb]

Figure 30 Response of DMS to vapor of 2-Butanone in air at moisture 1060ppm, VRF:425ppm
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Figure 31 Influence of concentration on Acetone at a) concentration 142ppb, moisture 540ppm , b) concentration 0 ppb, moisture
540ppm c)concentration 500ppb, moisture 540ppm, d) concentration O ppb, moisture 540 ppm e)concentration 1200 ppb,moisture
540 ppm, f) concentration Oppb, moisture 540 ppm
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Figure 32 Response of DMS to vapor of Acetone in air at the moisture 540 ppm, VRF:400V
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As it is illustrated in the response curve of DMS to vapor of samples and dispersion plots, reactant
ion peak carries on being the most intense peak until the concentration of the sample is increased.
By reaching a higher level of sample concentration a decline can be perceived in the peak intensity
of RIP and monomer. The decline in reactant ion peak intensity shows the transformation of
protons which is influenced by the kinetics of the ion formation reaction.

Protonated monomer describes the ion which has lower mobility than that of RIP by increasing
sample concentration. Consequently, the proton bond dimer is detected. However, by the time that
sample vapors are eliminated from the source and concentration of the analyte is reduced the
pattern moves backward. The intensity of proton bond dimer dwindles and monomer peak grows.

Ultimately, reduction in monomer peak and rise in reactant ion peak takes place.

Due to the relatively high proton affinity of ketones, the detection limit of them is low. In addition,
utilizing molecules with higher molecular weight minimizes the limit detection. Moreover, no
significant shift in the positions over the CV was observed by adding more sample. The results
declare that how sample concentration range can affect the response of DMS-AIMS?2 to the vapor
sample in the air at the specific humidity. In other words, from 3-hexanone (fig.33-34) to 2-
dodecanone at a moisture level of 3000 ppm, the sensitivity of DMS-AIMS2 to concentration

changes is different.
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Figure 33 Influence of concentration on 3-Hexanone at a) concentration 30ppb, moisture 3000ppm , b) concentration 0 ppb,
moisture 3000ppm c)concentration 300ppb, moisture 3000ppm, d) concentration 0

o @ . -

2000 ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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120

40

20
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200 400 600 800 1000 1200 1400 1600 1800
Concentration [ppb)

Figure 34 Response of DMS to vapor of 3-Hexanone in air at moisture ~3000 ppm, VRF:550V
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Figure 36 Influence of concentration on 2-Hexanone at a) concentration 3.2ppb, moisture 3000ppm , b) concentration O ppb,

moisture 3000ppm c)concentration 100ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 740
ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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Figure 35 Response of DMS to vapor of 2-Hexanone in air at moisture ~3000ppm, VRF:506V
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4. SUMMARY AND CONCLUSION

In this investigation, the main aim was to assess the fundamental dependence of the ions mobility
in prototype DMS-AIMS2 analyzer based on systematic study of the influence of moisture and

concentration on homologous series of ketones.

The experiment was performed on nine chemicals from the ketones family in which the sample
introduction was based on the permeation process for generating vapor sample in the ppb range.
To provide humidity a humidity generator was implemented. In addition, by means of a flow
controller needs of the very diluted sample was satisfied. For the calculation of concentration

gravimetric method was applied that is based on weight loss of sample over a certain period.

To observe the process of ion formation and ions’ peaks, ketones were analyzed at the constant
level of concentration in moisture study. Furthermore, at the constant moisture, different
concentrations were tested for investigation of chemical concentration effect. When the samples
were exposed to additional moisture a noticeable impact on the ketone’s peak intensity was
observed. It was proved that ketones can be detected at variable moisture levels. The humidity
study shows that DMS-AIMS2 instrument was operating in the wide range of humidity at the
ambient pressure and temperature. The results of concentration study declare that how sample
concentration range can affect the response of DMS to the vapor sample in the air at the specific
humidity. The concentration level impacted the quality and quantity of the ion products
profoundly. It also affects the ion formation for instance in very low level of concentration dimer
peak is not detectable. Addition of concentration does not make any shift in position and

appearance of the peaks.

These experiments present that the sensitivity of DMS-AIMS2 can be substantially increased by
increasing the concentration. Besides, it should be pointed out that limit of detection values might
be decreased outstandingly when larger molecules are utilized while the proton affinity of the

chemicals affects the limit detection.
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APPENDIX |

INFLUENCE OF HUMIDITY ON DETECTION EFFICIENCY OF KETONES (OCTANONE,
NONANONE, DECANONE, AND DODECANONE) BY DIFFERENTIAL ION MOBILITY

SPECTROMETRY
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(b) (d) 0

Figure 1 Influence of moisture on 2-octanone at a) concentration 7 ppb, moisture 200ppm b) concentration 0 ppb, moisture
200ppm ¢) concentration 7 ppb, moisture1000 ppm d) concentration 0 ppb, moisture 1000 ppm e) concentration 7ppb, moisture
35000 f) concentration 0, moisture 3500 ppm

Figure 2 Response of DMS to vapor of 2-octanone in air at concentration of 7 ppb, VRF:500v
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Figure 3 Influence of moisture on 2-nonanone at a) concentration 6.5 ppb, moisture 200ppm b) concentration 0 ppb, moisture

200ppm c) concentration 6.5 ppb, moisture 700 ppm d) concentration 0 ppb, moisture 700 ppm e) concentration 6.5ppb,
moisture 35000 f) concentration 0 ppb, moisture 3500

1H

Figure 4 Response of DMS to vapor of 2-nonanone at concentration of 6.5 ppb, VRF:506 v

54



© ©

(®) @ ®
Figure 5 Influence of moisture on 3-nonanone at a) concentration 109 ppb, moisture 200ppm b) concentration 0 ppb, moisture 200ppm
¢) concentration 109 ppb, moisture 900 ppm d) concentration 0 ppb, moisture 900 ppm €) concentration 109 ppb, moisture 5200 ppm
f) concentration 0 ppb, moisture 5200 ppm

Figure 6 Response of DMS to vapor of 3-nonanone in air at concentration of 109ppb, VRF:500v
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Figure 7 Influence of moisture on 2-decanone at a) concentration 6 ppb, moisture 200ppm b) concentration 0 ppb, moisture 200ppm
¢) concentration 6 ppb, moisture 2000 ppm d) concentration 0 ppb, moisture 2000 ppm €) concentration 6 ppb, moisture 5000 ppm f)

concentration 0 ppb, moisture 5000 ppm

Figure 8 Response of DMS to vapor of 2-decanone in air at concentration of 6ppb, VRF:500V
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Figure 9 Influence of moisture on 2-dodecanone at a) concentration 5 ppb, moisture 200ppm b) concentration 0 ppb, moisture
200ppm c) concentration 5 ppb, moisture 2000 ppm d) concentration 0 ppb, moisture 2000 ppm €) concentration 5ppb, moisture
4000 f) concentration 0 ppb, moisture 4000 ppm

Figure 10 Response of DMS to 2-dodecanone in air at concentration of 50ppb, VRF:500v

57



APPENDIX 11

INFLUENCE OF CHEMICAL CONCENTRATION ON DETECTION EFFICIENCY OF
KETONES (OCTANONE, NONANONE, DECANONE AND DODECANONE) BY

DIFFERENTIAL ION MOBILITY SPECTROMETRY
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(b)

Figure 1 Influence of concentration on 2-octanone at a) concentration 4.5 ppb, moisture 3000ppm , b) concentration O ppb,

moisture 3000ppm c)concentration 30 ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 500
ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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Figure 2Response of DMS to vapor of 2-Octanone in air at moisture ~3000 ppm, VRF:550 V
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Figure 37 Influence of concentration on 3-nonanone at a) concentration 2.5 ppb, moisture 3000ppm , b) concentration 0 ppb,
moisture 3000ppm c)concentration 102 ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 400

ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm

e

e o ]

Figure 4 Response of DMS to vaper of 3-Nonanone at moisture™ 3000, VRF:450V
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Figure 5 Influence of concentration on 2-nonanone at a) concentration 0.17 ppb, moisture 3000ppm , b) concentration 0 ppb,
moisture 3000ppm c)concentration 20ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 41

ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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Figure 6 Response of DMS to vapor of 2-Nonanone in air at moisture level of ~3000 ppm, VRF:506V
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Figure 7 Influence of concentration on 2-decanone at a) concentration 1.5 ppb, moisture 3000ppm , b) concentration 0 ppb,
moisture 3000ppm c)concentration 20ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 200

ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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Figure 8 Response of DMS to vapor of 2-Decanone in air at moisture ~ 3000 ppm, VRF:550V
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Figure 9 Influence of concentration on 2-dodecanone at a) concentration 0.3 ppb, moisture 3000ppm , b) concentration 0 ppb,

moisture 3000ppm c)concentration 20ppb, moisture 3000ppm, d) concentration 0 ppb, moisture 3000 ppm e)concentration 80
ppb,moisture 3000 ppm, f) concentration Oppb, moisture 3000 ppm
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Figure 10 Response of DMS to vapor of 2-Dodecanone at moisture 3000 ppm, VRF:600V
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