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a b s t r a c t

The feasibility of an electrospray coupled with a 63Ni-differential ion mobility spectrometer (DMS) for the
analysis of water samples was proven on examples of 2-hexanone, fluoroacetamide, L-nicotine and
1-phenyl-2-thiourea water solutions. The model substances were selected in order to cover the vapor
pressure range of 0.3–1467 Pa. To reduce the inline humidity, which demonstrates a strong influence on
the analyte compensation voltage, two units with a desolvation region lengths of 15.5 and 7 mm were
examined. The counter gas (heated to 100 1C nitrogen) with flow rates of 100 mL min�1 and
30 mL min�1 for short and long desolvation units, respectively, was essential for the efficient reduction
of humidity. The reduction of water content in the carrier gas to 2.2–2.4 g m�3 and to 1.8–2.0 g m�3 for
the short and long desolvation unit, respectively, was achieved at an electrospray flow rate of
1000 nL min�1. With this adjusted experimental setup, the detection of model substances in the water
solutions, in the range of 0.1–50 mg L�1, was performed. No correlation between the vapor pressure and
signal area was observed. The high stability of the inline humidity, and the correspondingly stable carrier
gas flow rate, were found to be essential for an acceptable reproducibility.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The quality of drinking water is an important issue nowadays.
Due to the potentially rapid spread of water contaminants within
the public distribution network, the continuous improvement of
an early warning systems, and the development of new online
water monitoring methods is essential. However, most of the
existing methods are laboratory-based and therefore require
sampling. In many cases the derivatization or extraction steps
are required. Therefore, interest in simple, inexpensive, and fast
techniques for on-site monitoring has grown in recent years.

In this paper, the development of a new method of measuring
aqueous samples, by means of planar differential ion mobility
spectrometry (DMS), also known as planar high field asymmetric
waveform ion mobility spectrometry (FAIMS), is described. This
method allows for the analysis of aqueous samples directly from
the liquid phase and requires no extraction or derivatization steps.
The presented method involves the nebulization of the liquid
sample by the electrospray (ES), the subsequent desolvation of the
analyte, and lastly, the ionization by 63Ni source.

The DMS is a rapidly advancing 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
separation techniques.

The working principle of DMS is based on the nonlinear
dependence of the ion mobility coefficient (K(E)) on the applied
electric field. In contrast to the conventional Time of Flight Ion
Mobility Spectrometry (ToF-IMS), in which the separation of ions
is based on specific coefficients of ion mobility in a uniform
electric field, DMS separates ions based on a nonlinear depen-
dence of the mobility coefficient on the electric field strength.

The DMS separation ability is based on the utilization of a high
frequency periodical wave function containing both the high
and the low field components. Due to the nonlinear dependence
of the ion mobility coefficient on the electric field, the net
displacement of the ions during each oscillation is proportional
to the difference of the ion mobility coefficients at the high and
low electric fields.

The dependence of the ion mobility coefficient on the electric
field 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 [1]. The functional
principles of the DMS are described elsewhere [2,3].

In the last decade, a huge number of publications have
described the measurements of gaseous samples using DMS/
FAIMS, and liquid samples using DMS/FAIMS-MS coupling, but
there are only a few examples of the successful application of
stand-alone DMS or FAIMS for liquid sample measurements [4–7].
However, many of the analytes have a low Henry constant, and as
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a result, cannot be effectively detected by the headspace analysis.
Therefore, the development of analytical methods for the detec-
tion of nonpolar compounds of limited volatility, directly from the
water phase, is essential.

ESI, atmospheric pressure photo ionization (APPI), and atmo-
spheric pressure chemical ionization (APCI) are the most fre-
quently used ionization techniques, which enable the analysis of
the analyte from the liquid samples in the gas phase.

ESI was introduced in 1985 by Fenn and coworkers as a soft
ionization method for the liquid chromatography-MS interface [8].
In this method, the solution is sprayed by means of a high voltage
followed by a rapid but gentle desolvation. This method works
perfectly for the ionization of polar compounds, which can be
protonated or deprotonated well. However, for the ionization of
nonpolar compounds the application of electrospray ionization
is very limited and frequently involves a derivatization of the
nonpolar analyte [9].

APPI is a relatively new method applied in 2000 for liquid
chromatography-MS coupling [10,11]. With this method it was
expected to extend the range of ionizable compounds of low
polarity. However, except for some aromatic polycyclic compounds
[12], the range of compounds that can be efficiently ionized by
APPI is similar to that of APCI [10,13].

The first APCI source for mass spectrometry was developed in
1973 by Horning et al. [14]. In the APCI, the analyte solution is
usually introduced into a heated pneumatic nebulizer and sprayed
over a corona discharge needle or a ß-ionization source (e.g. 63Ni).
The MS spectra obtained with corona and with 63Ni ionization are
usually identical, so the ionization mechanism is assumed to be
the same [15].

The ionization conditions in APCI are considered to be some-
what “harder” than those in ESI. Therefore, it is assumed to be more
suitable for less polar analytes, but acid-base reactions are still the
most frequently observed analyte ionization mechanisms [13].

On the other hand, the effective ionization of the nonpolar
compounds by means of ion mobility based devices, equipped
with 63Ni or corona ionization sources similar to those that used in
APCI, was proven on many occasions [16,17].

The high water concentration in a gas mixture, originating from
the nebulization of the water containing analyte (A), leads to the
formation of heavy analyte-water clusters with a high water
content (e.g. A(H2O)nþ). These clusters have a low mobility with
negligible discrimination between the different analyte-water
clusters. This makes the sample analysis by means of FAIMS
difficult. Thus, the water content in the gas mixture should be
kept at a low value. Therefore, efficient desolvation of the analyte
prior to entering of the DMS detector is required.

2. Experimental section

In this study the electrospray (ES) was utilized for the neb-
ulization of liquid samples with nano- to microliter per minute
flow rates. This method of nebulization does not require sheath
gas and accelerates the produced droplets in the applied electric
field. Electrospray has a number of advantages over mechanical
nebulizers. The droplets, which range in size from hundreds of
micrometers down to several tens of nanometers, can be con-
trolled to some extent by the liquid flow rate and the voltage
applied to the capillary. Moreover, the size of the electrospray
droplets can be nearly monodisperse [18]. The ionization of the
analyte, prior to entering the DMS separation chamber, is per-
formed by a 63Ni ionization source. The use of the second
ionization source, embedded into the DMS, allows the use of a
desolvation unit, which is arbitrarily variable in length, with only a
minor reduction of the ion flow entering the DMS. Due to this

modification, the design of the ES-63Ni-DMS is more adjustable to
experimental and constructional demands.

The mechanism of the analyte ionization by a 63Ni ionization
source is similar to the usual for a corona-based APCI ionization
pathway [15]. In contrast to a monopolar ion source, like ESI,
which is usually used for liquid sample analysis by means of DMS,
63Ni ionization generates positive as well as negative ions. Direct
ionization following nebulization, which takes place in the classi-
cal APCI source, was assumed to be inadequate for the current
method due to the high water content in the spray, which leads to
high clustering rates at atmospheric pressure, and a longer time of
flight of ions to the detector, which leads to a significant drop in
the signal intensities. To reduce the water content in the gas
mixture, a desolvation unit was built in between the electrospray
and the ionization units (see Fig. 1). In this unit, the water content
is reduced by the flow of heated nitrogen in the opposite direction
to the electrospray.

2.1. Electrospray unit

The conic electrospray emitters were produced out of commer-
cially available capillaries of O.D. of 160 mm and an I.D. of 60 mm
(Hamilton, USA). The reproducible cutting and etching of the
emitters are important steps in order to ensure reliable results.
These steps were conducted under defined conditions, and con-
trolled microscopically. The etching was performed in accordance
with the method described by Ishihama et al. [19] electrochemi-
cally in a 1:1:1H2SO4:H3PO4:H2O solution with a 2 cm2 Pt-counter-
electrode in two steps. The first etching step was applied to a 1 cm
deep immersed tip end for 2 min (9 V DC pulse, 50 Hz, duty
cycle¼50%). The second etching step was applied to the tip end
(less than 1 mm) of the capillary under the same conditions until
no bubble formation was observed. The tip of the conic capillary
was polished vertically with a turning piece of wet 2000 mesh
sandpaper to avoid undesirable burs on the tip of the capillary (see
Supporting information, Fig. S-1).

The homemade electrospray source was operated in a contin-
uous injection mode. The analyte solutions were injected via
a syringe pump (kdScientific, KDS Legato 210) equipped with
a Hamilton gas-tight syringe of 500 mL size, connected to a
stainless steel emitter, produced as described above, over the
fused silica capillary (300 mm ID, 300 mm long), with flow rates
of 250–2500 nL min�1. The stainless steel emitter was connected
to a high voltage power supply (iseg, T1DP 050 205 EPU) and the
counter electrode (brass Swagelok 1/8 in. Tee) was connected to
the ground. When the potential difference of the electrodes was
within a range of 2.3–2.5 kV (positive polarity) and the electrode
distance was 2 mm, the electrospray was stable for at least 2 h.
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DU 
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HS 

Fig. 1. The principle scheme of the experimental setup: desolvation unit (DU),
differential ion mobility spectrometer (DMS), humidity sensor (HS), mass flow
controller (MFC), mass flow meter (MFM), syringe pump (SP), and digital micro-
scope camera (DMC).
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Observations of the electrospray were performed with a DigMicro
2.0 (DNT, Germany) digital microscope.

2.2. Desolvation unit

Two modifications of the desolvation unit (DU) were utilized in
this study (see supporting information, Fig. S-2). One was built
from the original brass Swagelok 1/8 in. Tee (long desolvation
unit). The other was a brass Swagelok 1/8 in. Tee, truncated from
the electrospray side (short desolvation unit). The truncated side
was mechanically modified in order to reproduce the original
inner tapered joint part, for a comparable spray generation. The
desolvation gas in the Tee-piece was kept at a temperature of
approximately 85 1C. The nitrogen flow, which was controlled by a
mass flow controller (MFC, Pneutronics, VSO-GC), was directed
towards the desolvation unit. In the desolvation unit, the nitrogen
flow was split into two parts. The main flow (400 mL min�1) was
pumped (Rotary Vane Pump, Thomson, G 045) towards the DMS
(Sionex Corporation, SVAC-V, 63Ni 185 MBq) carrier gas inlet, and
the minor flow (30 mL min�1 for long desolvation unit and
100 mL min�1 for short desolvation unit) was directed towards
the electrospray. The water content during the experiment was
controlled by the HIH4000 Honeywell humidity sensor. The
transfer line between the DU and DMS, built from a 15 cm long
stainless steel capillary (1/8 in. O.D., 1/16 in. I.D.), was heated to
100 1C, in order to keep the analyte in the gas phase.

2.3. DMS

For each probe, four single measurements were collected, using
Sionex Expert software at the fixed electric field of 30 kV cm�1

(1500 V), and then averaged. For the determination of peak centers
and areas, the measured data were analyzed by the fityk (version
0.9.4) program [20]. The ion signals were fitted with Gaussian
functions using the Levenberg–Marquardt algorithm.

DMS settings were as follows: sensor temperature¼60 1C, com-
pensating voltage range from �43 to þ15 V, number of scans¼200,
step duration¼50 ms, step settle time¼3 ms, steps to blank¼1, the
measurements were analyzed in the positive (positive ions) and
negative (negative ions) modes, otherwise noted.

2.4. Chemicals

To verify the proposed method for liquid sample analysis,
solutions of four model compounds of different volatility were
analyzed in a concentration range of 0.1–50 mg L�1. 2-Hexanone
(Sigma-Aldrich, 98%), fluoroacetamide (Acros, 98%), L-nicotine
(Acros, 99þ %), and 1-phenyl-2-thiourea (Acros, 97%) were
selected as model substances. The vapor pressures of the selected
compounds, covering a range of 0.3–1467 Pa, are summarized in
Table 1. The vapor pressures of 2-hexanone and L-nicotine are
matching in most of the sources (1467 and �5 Pa at 25 1C,
respectively). With regards to the vapor pressure of fluoroaceta-
mide and 1-phenyl-2-thiourea, the information within the litera-
ture is limited to calculated data. The vapor pressures of 132 Pa for

fluoroacetamide, and of �0.3 Pa for 1-phenyl-2-thiourea, were
estimated using a fragment constant method [21,22].

3. Results and discussion

3.1. Electrospray mode

A strong dependence of the DMS signal's shape and intensity
on the electrospray mode was observed. During the measurements
with a long desolvation unit, the formation of the Taylor cone with
a considerable jet (Fig. 2b) was necessary to provide stable analyte
signal generation. For the spray with no Taylor cone formation
(Fig. 2a), with a pulsed jet, and with multi-jet, zero to negligible
signals were observed. The probable cause of this effect is the
more efficient transport of the analyte within the electrospray jet,
resulting in the formation of the plume in deeper regions of the
desolvation unit. In the case of a multi-jet or of no jet formation,
the analyte needs to diffuse over a 15.5 mm distance, which leads
to a significant drop in the analyte concentration within the gas
entering the DMS.

(a) No formation of Taylor cone or the Taylor cone with a pulsed
jet, the potential difference is too low,

(b) formation of the stable cone-jet at proper potential difference,
and

(c) formation of the multi-jet, the potential difference is too high.

Bottom, the representative peak shapes measured with cone-
jet (jet) and with multi-jet.

In measurements using a short desolvation unit (distance of the
desolvation pass is 7 mm) the electrospray with multi-jet forma-
tion (Fig. 2c) resulted in irreproducible signals of high area with
irregular shape, or in broadening of signals. The anomaly of the
peak shape was attributed to the instability of the gas phase
humidity, which was observed during multi-jet formation. Using
a relatively longer integration time (50 ms) results in the super-
position of the analyte signals, which appear at different compen-
sation voltages at varying humidity.

3.2. Counter gas flow rate

To investigate the influence of the counter gas flow rate, the
20 mg L�1 solution of fluoroacetamide in water was measured at
varied counter gas flow rates, with an electrospray flow rate of
1000 nL min�1.

The influence of counter gas flow rate on the fluoroacetamide
signal area and carrier gas humidity, using the short and long
desolvation units, is shown in Fig. 3. At fixed electrospray flow
rates, the humidity observed with a long desolvation unit was
lower than that observed with the short desolvation unit, which is
evidence of a more efficient analyte desolvation.

When the short desolvation unit was utilized, the fluoroaceta-
mide signal area rose, despite the likely reduction of the analyte
amount entering the DMS due to the increased counter gas flow
rate. In this unit, the length of the desolvation region is less than
half (7 mm to 15.5 mm) that of the long desolvation unit, and
diffusion of the analyte through the desolvation region plays a
minor role. The increase of the signal area, however, correlates
significantly with a simultaneous decrease of the carrier gas
humidity, and hence, both observations can be matched. With an
increase in the counter gas flow rate, it was difficult to get a stable
jet formation, which is depicted by an increase in the signal area
standard deviation. At flow rates higher than 100 mL min�1 the

Table 1
List of compounds used in the current study with the corresponding vapor
pressures.

Compound Vapor pressure at 25 1C [Pa] Source

2-Hexanone 1467 Ref. [23]
Fluoroacetamide �132 Ref. [22]
L-Nicotine �5 Refs. [24,25]
1-Phenyl-2-thiourea �0.3 Refs. [21,22]
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formation of the jet was almost not realizable and therefore
further increase of the counter gas flow rate was avoided.

When the long desolvation unit was utilized, the humidity
dropped with an increase in the counter gas flow rate, analogous
to the experiments with the short desolvation unit. The fluoroa-
cetamide signal area demonstrates an initial increase up to the
counter gas flow rate of 30 mL min�1, and then continuously
drops from this point. At flow rates higher than 50 mL min�1,
the signal was no longer detectable [signal to noise ratio (S/N)o3].
The initial increase of the signal area can be attributed to a
reduction of the carrier gas humidity, similar to that observed
with the short desolvation unit. At counter gas flow rates higher
than 30 mL min�1, the inline humidity, which was in general
lower than that observed with the short desolvation unit, reached
a rather low level and no longer affected the signal area signifi-
cantly. At these flow rates, diffusion of the analyte over the
relatively long desolvation region, plays a dominant role.

3.3. Dependence of the compensation voltage on the humidity

The experiments performed with electrospray flow rates
within the range of 250 to 3000 nL min�1, demonstrate a high
dependence of the compensation voltage on the concentration of
water in the carrier gas. The combined data for all four compounds
investigated in this study, within a humidity range of 1–5 g m�3,
and performed with both desolvation units, are shown in Fig. 4. To
perform the measurements with a humidity of 4 g m�3 or higher,
the counter gas flow for the short desolvation unit had to be
reduced from 100 mL min�1 down to 40 mL min�1, with an
electrospray flow rate of 3000 nL min�1. The analyte peaks in
the measurements, with both desolvation units, appear at a
comparable compensation voltage at the same humidity.

The peak position on the CV scale demonstrates a high depen-
dence even on minor gas phase humidity variation. This depen-
dence is especially significant in the humidity range of 1–2 g m�3

0.105

0.11

0.115

0.12

0.125

0.13

0.135

0.14

0.145

-33 -32 -31 -30 -29 -28 -27

In
te

ns
ity

 [V
]

CV [V]

multijet 1(H=2.25 g m-3 ) multijet 2 (H=2.25 g m-3 ) jet 1(H=2.3 g m-3 ) jet 2(H=2.3 g m-3)

Fig. 2. Top, dependence of the electrospray mode on the applied potential difference.

0

1

2

3

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60

Counter gas flow [mL min-1]

H
um

id
ity

 [g
 m

-3
]

A
re

a 
[a

. u
.]

Signal area, normalized Humidity

0

1

2

3

4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

30 50 70 90 110

H
um

id
ity

 [g
 m

-3
]

A
re

a 
[a

. u
.]

Counter gas flow [mL min-1]

Signal area, normalized Humidity 

Fig. 3. Dependences of the carrier gas humidity and the signal area of a 20 mg L�1
fluoroacetamide solution in water on the counter gas flow rate, using the short (a) and the

long (b) desolvation units.
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(see Fig. 4). Therefore, the precise humidity control during the
experiment is of great importance for the achievement of repro-
ducible experimental data.

It should be mentioned that the shift of the analyte peak
compensation voltage, corresponding to an increase of the water
content, improves the DMS separation capability. This enhances
differentiation of the analytes, especially those whose signals have
adjacent compensation voltages. The influence of moisture on the
ion shift, for the DMS with the 63Ni-ionization source, was
demonstrated with organophosphorus compounds by Eiceman
et al. [26] and later by Krylov et al. [1]. The same effect, achieved
by the addition of polar modifiers to the transport gas, is reported
by Schneider et al. [27].

The increase of separation ability can be explained by the
reversible cluster formation model [1]. This model demonstrates
that the water to analyte cluster size, and the cluster mobility, are
dependent on the concentration of the clustering particles (in this
case, on nitrogen, water, and analyte), cluster temperature, and
complex formation energy. With an increase of electric field
strength, the effective cluster temperature rises, resulting in a
rapid declustering due to a high collision rate at atmospheric
pressure. Hence, the average cluster size is reduced. A reduction in
the average cluster size may increase ion mobility significantly.
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 corresponding increase in
frequency of cluster to carrier gas collisions. 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 a higher
shift of the analyte. Therefore, a higher (positive or negative)
compensation voltage is required for the analyte detection.

3.4. Memory effect

DMS is known for being a very fast and sensitive method, which
usually requires a pre-separation step to avoid the presence of a
compounds mixture in the ionization and separation region. The
presence of several compounds in DMS at the same time can lead to
analyte–analyte cross clustering, charge transfer, and other undesir-
able processes [28]. These processes lead to alterations in individual
analyte signal areas, which results in false quantifications. Therefore,
the LC pre-separation step is essential for DMS based systems, which
applied in the liquid sample analysis. The low volatility of the
analytes can possibly influence a residence time for the compounds

in the DMS system. This results in peak tailing, which indicates that
better pre-separation may be required.

The 20 mg L�1 solutions of each compound were sprayed for
20 min through the system, to check for the memory effects of the
system for the selected compounds, in the current experimental
setup under extreme conditions. After 20 min, the syringe pump
and the electrospray source were switched off, and the residual
analyte signal was measured. For each analyte three single
measurements were conducted and averaged, data are plotted
in Fig. 5.

Residence time of the compounds increases in accordance with
vapor pressures (see Table 1). Even for the 2-hexanone, which is a
relatively volatile compound, the residual signal was observed for
30–40 s after the electrospray was switched off. For the com-
pounds with the limited volatility, e.g. L-nicotine and 1-phenyl-2-
thiourea, the area of the signal after 60 s was about 40% that of the
initial level.

The dead volume of the transfer lines, between the electrospray
source and the DMS, is less than 1 mL, which at carrier gas flow
rate of 400 mL min�1 should not have had a significant influence
on the obtained results. In this study, all transfer lines between the
electrospray source and the DMS were heated, to keep the inline
gas temperature at approximately 85–100 1C. The detector tem-
perature was kept at only 60 1C. Under these conditions, conden-
sation of the analyte on the DMS sensor cannot be excluded. A
temperature of 60 1C was selected for sufficient resolution
between the analyte and the residual ion-water cluster peaks,
which was found to be reduced with the increase of temperature
[29,30]. The increase of the sensor temperature to 80 and to 100 1C
had a minor influence on the memory effects. Therefore, the
observed effect is related to the retention effect of the transfer
line. It should be mentioned, that in real samples, the appearance
of such high analyte amounts are not probable. Nevertheless, to
avoid the undesired retention effects, the transfer line should be
heated to higher temperatures.

3.5. Concentration dependence

The aim of the current study was not to optimize the DMS
parameters for the measurements of the chosen model com-
pounds. Therefore, it is possible and even probable, that at other
electric field strengths and/or DMS sensor temperatures, analyte
signals of higher intensity and/or spectra with better peak separa-
tion can be obtained. The aim of the current study was to
demonstrate applicability of the proposed method for the analysis
of water samples. For this purpose, the dependence of the analyte
signal area on the analyte concentration in water was investigated.
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The signal intensity, as well as humidity, demonstrates a
relatively high dependency on the position of the electrospray
emitter. This is especially important for the short desolvation unit,
in which the desolvation region is very short, and even a minor
difference in the electrospray needle position can have a large
effect. Another important issue is the precise control of the gas
flow rate in the desolvation unit. This parameter is equally
essential for both desolvation units. Deviation of the counter gas
flow, within a range of 5–10 mL min�1, can lead to significant
humidity variations (see Fig. 3), and hence, to broadening of
signals. This makes accurate quantification, especially at low
analyte concentrations, difficult. Therefore, precise control over
experimental conditions is crucial for reproducible results.

During the collection of the data presented in the current
chapter, the electrospray emitter was at an approximately iden-
tical position (2 mm electrode distance) in all of the measure-
ments. The counter gas flowwas kept at rates of 10075 mL min�1

and 3075 mL min�1 for long and short desolvation units,
respectively.

The DMS spectra of 2-hexanone and L-nicotine solutions, in
positive mode (detection of the positive ions), within a concentra-
tion range of 0.5–50 mg L�1, are shown in Fig. 6. These measure-
ments were performed at an electric field strength of 30 kV cm�1

(RF¼1500 V), and an ES flow rate of 1000 nL min�1. The DMS
spectra of fluoracetamide in positive mode, and 1-phenyl-2-
thiourea solutions in both positive and negative modes (detection

of the negative ions), within a concentration range of 0.1–40 mg L�1

and under the same experimental conditions, can be found in
Supporting information. L-Nicotine was the only compound mea-
sured at an ES flow rate of 2000 nL min�1. This modification was
performed to increase the resolution between the analyte and
residual water cluster ion signals.

The reason for the observed minor variations in the analyte
peak shapes and compensation voltages, is a deviation of the
relative humidity in the gas phase during these measurements.
The humidity was within a range of 1.8 to 2.0 g m�3 and 2.2 to
2.4 g m�3, with the ES flow rates of 1000 and 2000 nL min�1,
respectively, when the long desolvation unit (counter gas flow of
30 mL min�1) was utilized. With the short desolvation unit the
humidity was within a range of 2.2–2.4 g m�3 and 3.2–3.4 g m�3,
with the ES flow rates of 1000 and 2000 nL min�1, respectively.
The unstable water concentration during the experiment, resulted
in a signal broadening that is especially significant due to longer
signal integration times. However, the peak area does not depend
significantly on the water concentration variation caused by the
observed instability of humidity.

For all of the analytes a common for nondirect ionization
mechanisms, such as APCI, nonlinear signal area to concentration
relationship was observed [28].

The amount of analyte ion formed in the ionization region is
dependent on the residence time of the sample in the source, as
well as on the concentration of sample [A] and the reactant ion [RI].
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Fig. 6. DMS spectra (positive mode) of 2-hexanone solutions within a concentration range of 0.5–50 mg L�1 (ppm), using a short (a) and long (b) desolvation unit, and of L-
nicotine solutions with short (c) and long (d) desolvation units. RF¼30 kV cm�1 (1500 V) and DMS spectra of the analyte gas phase injection under the same humidity. ES
flow rate of 1000 nL min�1 for the 2-hexanone solutions and 2000 nL min�1 for the L-nicotine solutions. Dependences of the signal area on the concentration are presented
in the inserts.
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At a constant analyte residence time in the ionization region, the
rate of product ion formation can be described by the following
equation.

r¼ k½A�½RI� ð1Þ

where k is a rate constant of the product ion formation. At very low
concentrations the analyte's influence on the reactant ion concen-
tration is negligible ([RI]Econst.) and the ionization reaction of the
analyte can be described by a pseudo-first order mechanism. In this
case, the concentration of the formed product ion should be
proportional to the concentration of analyte (linear dependence).
At higher analyte concentrations, the concentration of the reactant
ion is suppressed and the ionization reaction can be described by a
second order mechanism (see Eq. (1), exponential dependence).
Under real conditions, the ionization mechanism can be rather
complex. Therefore, the relationship between intensity and con-
centration can differ from the models described here.

Despite the observations described in the previous chapter, the
memory effect had a negligible influence on the concentration
dependencies, and only minor offsets were observed.

Calibration ranges, coefficients of determination, and limits of
detection for the 2-hexanone, fluoroacetamide, L-nicotine, and
1-phenyl-2-thiourea solutions are summarized in Table 2.

The limits of detection for linear regression were calculated as
three times the standard deviation of the regression, divided by
the slope. In addition to the linear calibration functions, the non-
linear second-order calibration functions according to DIN 8466-2
were applied [31]. Use of the non-linear calibration for the ion
mobility spectrometry based methods was found to enlarge the
range in which the analyte can be quantified. [32] The limits of
detection for the linear and non-linear calibration functions are
within the same range (1.5–9.7 and 1.8–5.3 g m�3 for the linear
and non-linear calibration functions, respectively). These limits of
detection are rather high for the analytical applications range;
hence, further optimizations of the proposed method are required.

The relevant equations for the non-linear calibration can be
found in the Supporting information section.

When the pure water was electrosprayed within appropriate
flow rates, and the analyte gas phase over the pure compound was
mixed with the carrier gas, the results demonstrated a signal
appearance at the same compensation voltage for 2-hexanone,
fluoroacetamide, and L-nicotine, as in the measurements of the
electrosprayed analyte solutions (see Fig. 6). These results support
the hypothesis that the droplets entering the ionization region are
relatively small, and that the behavior of the electrosprayed

analyte in the DMS can be described by the reversible cluster
formation model.

In contrast to the results obtained using ES-DMS, no signal was
achieved by the mixing of the carrier gas with the gas phase over pure
1-phenyl-2-thiourea, as well as with the gas phase over the saturated
1-phenyl-2-thiourea water solution, at gas phase injection rates of up
to 3 mLmin�1. This observation demonstrates that even for the
compounds of very low volatility (e.g. 1-phenyl-2-thiourea), a suffi-
cient analyte concentration in the carrier gas can be achieved with the
current experimental setup. The measurements of analyte solutions of
the same concentration demonstrate a signal area within the same
range, and with no clear dependence on the compound specific vapor
pressure (see Fig. 6 and Supporting information).

4. Conclusion

The feasibility of the ES-63Ni-DMS system for the analysis of
liquid samples was proven for water solutions containing four model
compounds of different volatility. The usage of an additional 63Ni
ionization source, integrated in the DMS chip, led to a high analyte
ionization rate and allowed the realization of the coupling, with an
arbitrary variable distance between the ES and the detector, with no
reduction in the analyte ion concentration prior to the detector
region. The electrospray mode and a high stability of the counter gas
flow rate were found to be crucial parameters for satisfactory
reproducibility. The current desolvation units, installed between
the ES source and DMS, have proven to be sufficient for the
reduction of the water content in the carrier gas to 2.2–2.4 g m�3

and to 1.8–2.0 g m�3 for the short and long desolvation units,
respectively. The signal position on the CV scale was found to be
dependent on humidity; therefore, precise humidity control is
important for reliable signal identification. The presence of moisture
in the above mentioned concentration range lead to a significant
increase in DMS separation ability. With the current experimental
setup, which is simple and not optimized, the detection of the model
substances in water solutions within a range of 0.1–50 mg L�1 was
performed, demonstrating the applicability of ES-63Ni-DMS coupling
for water samples analysis.
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Table 2
Calibration ranges, coefficients of determination, and limits of detection for the linear and non-linear calibrations of the 2-hexanone, fluoroacetamide, L-nicotine, and
1-phenyl-2-thiourea solutions.

Mode Linear Quadratic polynomial

Range [mg L�1] R2 LOD [mg L�1] Range [mg L�1] R2 LOD [mg L�1]

Short desolvation unit
2-Hexanone Pos 0.2–6.5 0.9804 1.5 0.2–32.5 0.9928 2.1
Fluoroacetamide Pos 0.1–10.0 0.9918 1.5 0.1–40.0 0.9946 2.8
L-Nicotine Pos 1.0–30.0 0.9576 9.7 1.0–50.0 0.9962 2.3
1-Phenyl-2-thiourea Pos 0.1–20.0 0.9448 8.3 0.1–40.0 0.9881 4.3
1-Phenyl-2-thiourea Neg 0.1–20.0 0.9883 3.7 0.1–40.0 0.9980 1.8

Long desolvation unit
2-Hexanone Pos 0.5–16.2 0.9954 1.8 0.5–32.5 0.9954 1.9
Fluoroacetamide Pos 1.0–20.0 0.9897 3.1 1.0–40.0 0.9891 5.3
L-Nicotine Pos 1.0–30.0 0.9650 8.6 1.0–50.0 0.9929 3.0
1-Phenyl-2-thiourea Pos 0.1–20.0 0.9874 3.8 0.1–40.0 0.9903 4.1
1-Phenyl-2-thiourea Neg 0.1–20.0 0.9935 2.8 0.1–40.0 0.9960 2.8

A. Kuklya et al. / Talanta 120 (2014) 173–180 179



Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2013.10.
056.
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