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Abstract In this paper, we demonstrate that humidity is a
crucial parameter for analysis of aromatic compounds of low
polarity with planar differential ion mobility spectrometry.
Utilization of polar modifiers which are usually applied for
the improvement of separation ability of DMS based systems
does not improve the separation of aromatic compounds.
Moreover, the peak area of the model compounds decreases
with the increase of the modifier (water vapors and 2-
propanole) concentration. The influence of the polar modifiers
on the DMS separation ability was proven on examples of the
six aromatic compounds (BTEX, 1,2,4-trimethylbenzene
(TMB), and naphthalene) and one aliphatic compound (hex-
ane). The influence of the modifier concentration on the
compensation voltage, peak area, and peak width was inves-
tigated and discussed. The strong influence of the proton
affinity of analytes on the peak area in the measurements with
modifiers was demonstrated. Some notable aspects of the
formation of the reactant ion positive are demonstrated and
discussed.
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Introduction

The importance of the development of new analytical methods
for the analysis of aromatic compounds cannot be overstated.
Continuously increasing production and use of fossil fuels
have significantly increased the contamination of water re-
sources, particularly groundwater and aquifers. The contami-
nation of aquifers and groundwater by fuels constitute an
environmental issue of major concern worldwide and may
lead to risk of drinking water supply [1, 2]. Due to the leaking
of oil tanks and pipelines the groundwater is contaminated by
petroleum products such as gasoline, diesel fuel and heating
oil. This is the one of the most common sources for contam-
ination of groundwater with BTEX (benzene, toluene, ethyl-
benzene, xylenes) and PAHs (polycyclic aromatic hydrocar-
bons). BTEX accounts for as much as 90 % of the gasoline
components that are found in the water-soluble fraction, when
a gasoline contacts with the water [3]. The total contribution of
all C3-benzene isomers was found to be about 1 % of the total
aromatics. The same study demonstrates that naphthalene and
its methylated derivatives are the dominating compounds in
the water fraction among the others PAHs which were found
in trace amounts. Therefore, BTEX, 1,2,4-trimethylbenzene
(TMB), and naphthalene were chosen as a model compounds
for this study.

Most of the existing methods for the analysis of
gasoline contaminated samples include the GC or LC
pre-separation steps [4]. Despite the fact that the chro-
matography is an effective and well-established method,
in the case of the complex samples it can be very time
consuming. The methods based on the ion mobility can
significantly enhance the chromatographic separation or
even be considered as an alternative to the chromatog-
raphy [5, 6].

The differential ion mobility spectrometry (DMS),
also known as planar high field asymmetric waveform
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ion mobility spectrometry (FAIMS), is a rapidly advanc-
ing technology that is both sensitive and fast, operates
at atmospheric pressure, and provides a unique type of
selectivity, which is orthogonal to most of other separa-
tion techniques [7, 8]. In contrast to the conventional
Time of Flight Ion Mobility Spectrometry (ToF-IMS), in
which the separation of ions is based on specific coef-
ficients of ion mobility in a uniform electric field, DMS
separates ions based on a nonlinear dependence of the
mobility coefficient on the electric field strength.

The dependence of the ion mobility coefficient on the
electric field can be explained by the reversible cluster forma-
tion model, which describes field dependent cluster forma-
tions that lead to variation of the average ion cluster cross
section [9]. The functional principles of the DMS are de-
scribed elsewhere [10, 11].

Initially, in the most of DMS/FAIMS applications the
gaseous samples were analysed. Over the last years,
however, a number of applications for DMS/FAIMS-
MS coupling [8, 12], as well as stand-alone DMS/
FAIMS for direct liquid sample analysis [13, 14], were
presented. In case of the direct measurements of the
liquid samples the increased level of the humidity in
the DMS can be expected. In case of the polar com-
pounds of high proton affinity the increased humidity
does not lead to the reduction in the sensitivity and can
even results in increased separation power of the DMS
[14].

Recently it was demonstrated that addition of the appropri-
ate amount of volatile organic compounds (modifiers) to the
transport gas can significantly enhance the resolving power of
planar DMS [12, 15-17]. For curved geometries the introduc-
tion of a solvent vapor of high concentration is problematic,
since the focusing effect causes a dramatic decrease in ion
signal or even a complete signal loss. [18, 19]. The intensity of
the ion signal in the spectrometers with planar electrodes
geometry is not as affected by solvent vapors due to the lack
of ion focusing effect. Typically polar modifiers (e.g. 2-
propanol, acetone, ethylacetate, acetonitrile, water vapors
etc.) were utilized for improvement of the spectrometer re-
solving power. It is assumed that polar modifiers may induce
the cluster/decluster mechanism, which provides increasing of
the ion separation in comparison with the measurements with
pure nitrogen. The separation efficiency is dependent on the
strength of the interaction between the analyte and the
modifier.

In this paper, we demonstrate that utilization of polar
modifiers (e.g. 2-propanol and water vapor) which are
usually applied for the improvement of separation ability
of DMS based systems does not improve the separation of
aromatic compounds. Moreover, the peak area of the
model compounds decreases with the increase of the
modifier concentration.
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Experimental
Experimental setup

The principle scheme of the experimental setup used in this
study is shown in Fig. 1. The overall nitrogen flow entering
the DMS was prepared by mixing the main flow of pure
nitrogen, controlled by a mass flow controller (MFC,
Pneutronics, VSO-GC), with an additional nitrogen flow con-
taining the modifier (water vapors or 2-propanol). The main
flow of the pure nitrogen was dried over molecular sieves
(4 A, Typ 514, Roth). The homemade vapor generator (VG)
included a temperature controlled saturated vapor source and a
flow of nitrogen. The nitrogen flow containing the moisture
was controlled by a mass flow controller (GFC17, 0—
50 mL min ' N,, Aalborg, USA). The overall nitrogen flow,
controlled by a solid state flow meter (Restek 6000, Restek,
UK) located on the exhaust of DMS, was kept constant at
270 mL min™'. The pressure was monitored using the pressure
sensor from the DMS, which is built on the input to the
analyzer. The humidity was measured with MDM-300 ad-
vanced dew-point hydrometer (Michell Instruments, UK).
The minimum humidity level reached with the current setup
was 6.5 ppm.

Chemicals

To check the influence of the modifier concentration on the
compensation voltage and signal area seven compounds of
low polarity were selected. Six of these compounds, namely
benzene (AppliChem, 99+ %), toluene (J.T. Baker, 99.9 %),
ethylbenzene (Fluka, 99+ %), p-xylene (Fluka, 99+ %), 1,2,4-
trimethylbenzene (Aldrich, 98 %), and naphthalene (Sigma-
Aldrich, 99 %) represent aromatic compounds. n-Hexane
(Sigma, 97+ %) was taken to compare the behavior of the
aromatic and aliphatic compounds in the presence of modi-
fiers. Water was prepared by treating of deionized water with
purelab ultra (Elga). To compare the behavior of the com-
pounds of low and high polarity in the presence of humidity,
2-hexanone (Sigma-Aldrich, 98 %) was taken as a represen-
tative compound of high polarity. The molecular weights, the
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Fig. 1 The principle scheme of the experimental setup: differential ion
mobility spectrometer (DMS), humidity sensor (HS), mass flow
controller (MFC), mass flow meter (MFM), molecular sieves reservoir
(MSR), vapor generator (VG)
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proton affinities, and the vapor pressures of the model com-
pounds are summarized in Table 1.

The samples for the measurements were prepared as fol-
lows: an analyte sample volume of 1 ml was transferred into a
20 mL vial under nitrogen atmosphere. The vial was closed
with the screw cap equipped with Butyl/PTFE septa (S/N
100032, BGB, Germany) and equilibrated for a 1 h at 20 °C.
Each sample was a mixture of 0.5 pL of the headspace over
the analyte and 4.5 uL of the nitrogen (99.999 %, Air Liquide,
Germany). 0.5 uL of the sample was introduced using 5 pL.
syringe (SGE, Australia) by manual injection through a
silicone/PTFE septum (VWR, Germany).

DMS

The differential ion mobility spectrometer (SVAC-V, **Ni
185 MBq, Scionex Corp., USA) settings were as follows:
sensor temperature =80 °C, number of steps =100, step dura-
tion =10 ms, step settle time =3 ms, steps to blank =1. The
measurements were analysed in the positive (positive ions)
mode at RF-Voltage of 1000 V (20 kV ¢m ') and nitrogen
(99.999 %, Air Liquide, Germany) flow rate of 270 mL min !,
otherwise noted. For the compounds demonstrating a signifi-
cant shift on the CV scale (2-hexanone) the compensating
voltage range was set from —43 to +5 V. For other compounds
the range from —10 to +5 V was set in order to achieve a better
resolution.

For each sample, five single measurements were recorded
using Sionex Expert software (version 2.4.0). For the deter-
mination of peak parameters (centre, area, FWHM) the mea-
sured data were analysed by the fityk (version 0.9.4) program
[20]. The peaks were fitted with Gaussian functions using the
Levenberg-Marquardt algorithm.

It should be noted that the analyte signal positions on the
compensation voltage scale are very sensitive to even minor
pressure differences. To enable the comparison of spectra
obtained under different experimental conditions the method

described by Nazarov et al. [21] was used. This method
proposes utilization of E/N scaling in Townsend units (Td).
In our study, utilization of this method has minimized but not
completely eliminated the differences between the measure-
ments at different pressures. That is why the data presented in
this manuscript were recorded at the narrow pressure gap
between 14.40 and 14.54 psi.

Results and discussion
Effects of the humidity on the reactive ion positive (RIP)

The relationship between the RIP compensation voltage (CV),
the RIP area, the RIP FWHM, and the humidity are demon-
strated in Fig. 2. The shift of the RIP toward more negative
CV with the increase of the humidity was observed within the
humidity range of 20 to 550 ppm,. This shift is in a good
agreement with the reversible cluster formation model. How-
ever, for humidities lower than 20 ppm, the opposite relation-
ship between CV and humidity was observed (see Fig. 2, top).
Additionally, a substantial increase of the RIP area was ob-
served within the same humidity range.

The observed effects can be explained by the following
model. In the nitrogen of very low humidity (few ppm, and
less) the water has a minor influence on the positive ion charge
carriers. In this humidity range, the positive ion charge carriers
are represented by ions of a relatively low lifetime
([N5(H,0),]", [NO(H,0),]", n=0,1; etc. [22]) and only a
minor part of the positive charges are represented by H;0".
This results in a very weak RIP signal. With increase of water
vapor concentration the amount of the water clusters in-
creases, increasing with it the role of relatively long leaving
water clusters as the charge carriers. This leads to the observed
increase of the RIP area (see Fig. 2, top and Fig. 3). In this
range of humidity (up to 20 ppm,), however, the water

Table 1  List of compounds used in the current study with the corresponding molecular weights, proton affinities, and vapor pressures

Compound MW [g mol '] Proton Affinity [kJ mol '] Vapor Pressure at 20 °C [hPa]
Benzene 78.11 744.8-750.4 [28-30] 99.5 [31]

Toluene 92.14 782.4-784.0 [28-30] 29.1 [32]

Ethylbenzene 106.17 788.0-789.9 [29,30] 9.5 [33]

p-Xylene 106.17 785.4-794.4 [28-30] 8.7 [34]
1,2,4-Trimethylbenzene 120.19 ~837 [35] 2.3 [36]

Naphthalene 128.17 800.0-802.9 [30] 0.08 [37]

n-Hexane 86.18 672.4 [38] 160 [39]

2-Hexanone 100.16 ~840 [40] 3.6 [41]

Water 18.02 690 H'(H,0) [42] 23.3[43]

808 H'(H,0), [42]
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concentration is not high enough for the formation of a sig-
nificant number of water clusters containing multiple water
molecules. Therefore, most of the water clusters are represent-
ed by H;0" (H'(H,0),, n=1). As a result, no negative RIP
compensation voltage shift, typical for the water clusters with
higher water content, is observed. The further increase of the
water concentration results in an increase of the average water
cluster size leading to the shift of the RIP signal toward the
negative CV. The shift of the RIP toward the negative CV
values can be explained by the reversible cluster formation
model, which describes field dependent cluster formations
that lead to variation of the average ion cluster cross section
[9]. This model demonstrates that water cluster size and the
cluster mobility are dependent on the concentration of the
clustering particles, cluster temperature, and complex forma-
tion energy. With an increase of electric field strength, the
effective cluster temperature rises, resulting in a rapid
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Humidity [ppmv]

declustering due to a high collision rate at atmospheric pres-
sure. Hence, the average cluster size is reduced. A reduction in
the average cluster size may increase ion mobility significant-
ly. Under a low electric field, a higher water concentration in
the gas phase leads to an increase in the average cluster size.
An increase in the cluster cross-section, which correlates with
the humidity, results in reduced cluster mobility and a corre-
sponding increase in frequency of cluster to carrier gas colli-
sions. As a result, the difference between mobility of the ions
in the low and in the high electric fields at a higher humidity
increases, leading to increase of the signal shift on the CV
scale.

Another feature shown in Fig. 2 (bottom) is the relationship
between the RIP FWHM and humidity. Strong reduction of
the peak width is observed when humidity is increased to
20 ppm,. This effect takes place in the same humidity range
in which the increase of the RIP area and the RIP shift toward
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Fig.3 DMS spectra at humidities
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more positive CV values were observed. Therefore, it can be
assumed that all these effects have the same nature. The
reduction of the RIP width can be explained in context of
the proposed model described above. At humidities lower
than 20 ppm, the positive charges are distributed between
different charge-carriers, and as a result the peak of the RIP
is represented by the superposition of individual charge carrier
peaks. This leads to the peak broadening (see waveforms at
humidities of 6.5 and 9 ppm, Fig. 3, insert). With the increase
in humidity the fraction of the positive charge carriers repre-
sented by the protonated water clusters grows. As a result, the
peak represented by the protonated water clusters dominates
over the peaks of other charge carriers, decreasing the FWHM
of the RIP peak. The further increase in humidity (20—
550 ppm,) results in the increase of the average cluster size
with no change in the ion core nature. In this humidity range,
the FWHM of the RIP peak is almost unchanged but the shift
of the RIP peak toward more negative CV values is observed.
The DMS spectra at humidities of 6.5, 9.0, 12.4, 15.3, 176,
538 ppm, are presented in the Fig. 3.

Effects of the humidity on the compensation voltage and peak
area of model compounds

The effect of humidity on TOF-IMS signal is well investigated
[23, 24]. The influence of moisture on the ion-peak compen-
sation voltage, measured with the DMS with the **Ni-ioniza-
tion source, was previously investigated on example of organ-
ophosphorus compounds by Eiceman et al. [25] and later by
Krylov et al. [9]. Significant compensation voltage shift was
observed for all tested compounds at humidities higher than
50 ppm.
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In contrast to the polar compounds analyzed in previous
studies, hexane and all aromatic compounds except of naph-
thalene demonstrate only a minor change of the peak position
on the CV scale with the increase in humidity (see Fig. 4, top).
The most likely reason for the humidity independent CV of
these compounds is a weak interaction with the water clusters.
Due to the weak analyte-ion to water interaction, the analyte-
ion size is almost independent of the humidity and no signif-
icant dependence of the analyte peak CV on the humidity can
be observed.

In the case of naphthalene, the increase in humidity within
the range of 8-20 ppm, results in a slight peak shift toward the
more negative CV values. The following increase of the
humidity leads to the peak shift toward more positive CV
values. Unlike hexane and non-polar aromatic compounds
the polar 2-hexanone demonstrates a dependence of the CV
on humidity typical for the polar compounds. Due to the
strong interaction of 2-hexanone with water clusters, with
the increase of humidity, the difference in the ion size during
the low and high field portions increases. This results in the
peak shift towards more negative CV values.

All of the tested non-polar compounds demonstrate a de-
crease of the signal area with an increase of the humidity. The
effect of the water vapor concentration on the signal intensity
of the aromatic compounds is not sufficiently investigated for
the DMS-based systems. On the other hand, this effect was
described for the proton-transfer-reaction mass spectrometry
(PTR-MS). Warneke et al. have observed that the increased
concentration of the water leads to a significant reduction of
the benzene and toluene signals [26]. Most of the other com-
pounds investigated in this study demonstrate no dependence
of the signal on the water vapor concentration. The unusual
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Fig. 4 Top: the relationship -0.1 4
between the compensation
voltage (CV) of the model
compounds and humidity.
Bottom: the relationship between
the normalized peak area of the -0.3 A
model compounds and humidity
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sensitivity of benzene and toluene to moisture was explained
by their low proton affinity. At the low water vapor concen-
tration the main proton carrier is H'(H,0), which has a proton
affinity of 690 kJ mol . All of the tested compounds, includ-
ing benzene and toluene, have a significantly higher proton
affinity (see Table 1) and can be efficiently ionized. At higher
water vapor concentration the main proton carrier was found
to be H'(H,0),, which has a proton affinity of 808 kJ mol .
Due to the lower proton affinity the ionization of the benzene
and toluene is problematic.

The results achieved in this study are in a good agreement
with the observation described above. All measured com-
pounds can be divided into three groups according to the
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proton affinity (see Table 1). Hexane and benzene, which
have the lowest proton affinities, demonstrate the strongest
decrease of the signal area with increase of humidity. The next
group is represented by four compounds: toluene, ethylben-
zene, p-xylene, and naphthalene. These compounds have
proton affinity in the range from 782 to 803 kJ mol . The
smallest loss of signal area was demonstrated by TMB, which
has the highest proton affinity among the analyzed com-
pounds. It is remarkable that TMB signal area decreases by
87 % at water vapor concentration of 540 ppm,. However, in
our previous publication we demonstrated that 2-hexanone,
which has a proton affinity comparable with the TMB
(~840 kJ mol "), can be analyzed with no significant deviation
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of'the peak area within the humidity range of 1300-7000 ppm,,
[14]. We assume that the reason for this observation is the
probable formation of the 2-hexanone/water clusters, which
should have a higher proton affinity than that of the non-
solvated 2-hexanone. However, to clarify this phenomenon
further studies are required.

Effects of the 2-propanol on the compensation voltage
and peak area of model compounds

2-Propanol is one of the most frequently used modifiers,
which improves the separation ability of DMS for many of
the polar organic compounds. The concentration of 2-
propanol in the carrier gas used in previous studies is usually
~1.5 % (v/v) [5, 27]. However, even the addition of traces of

2-propanol in the carrier gas results in a disappearance of the
peaks of aromatic compounds (see Fig. 5, bottom).

In Fig. 5 the relationships between the compensation
voltage, normalized peak area of the model compounds
and the concentration of the 2-propanol in the carrier gas
are shown. The measurements were conducted with ben-
zene, toluene and ethylbenzene. The analysis of p-xylene,
naphthalene and TMB was not possible due to the over-
lapping of the analyt and 2-propanol peaks. The peak of
the hexane was not detectable as soon as the 2-propanol
was added to the carrier gas.

Within the measured concentration range (0-0.015 %) no
significant variations of the compensation voltage of benzene,
toluene, and ethylbenzene were observed. These results sup-
port the hypothesis discussed above that the utilization of the
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polar modifiers for the non-polar aromatic compounds is not
useful or, in some cases, may be even counterproductive.

Conclusion

The influence of the humidity on the analysis of the aromatic
compounds with DMS was proven on example of seven
model compounds. Six of these compounds represent aromat-
ic compounds (BTEX, TMB, and naphthalene) and one ali-
phatic compound (hexane). It was demonstrated on example
of water vapors and 2-propanol that utilization of the polar
modifiers does not improve the separation of aromatic com-
pounds with the DMS. Moreover, the peak area of the model
compounds decreases with the increase of the modifier
(humidity and 2-propanole) concentration. At water vapor
concentration of 300 ppm, the peaks of all compounds except
TMB are no more detectable. The peak of TMB was not
detectable at water vapor concentrations higher than 600 ppm,.
The remarkable effect, explained by the change of the main
charge carrier at the humidity of ~20 ppm, was found during
the analysis of the relationships between the RIP peak param-
eters (area, compensation voltage, FWHM) and the water
vapor concentration.

The results presented in this paper demonstrate the impor-
tance of the humidity control during the analysis of aromatic
compounds with DMS. This is especially important for the
analysis of the environmental samples which are usually
containing significant humidity level. The increased humidity
during the analysis can drastically increase analytes limits of
detection resulting in the wrong quantification.
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