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tween halogenated alkanes
containing the same halogen based on the reaction
kinetic parameter using negative ion mobility
spectrometry at atmospheric pressure
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Sixing Xi,b Feng Liu,b Zhi Zhao*b and Yannan Chu*a

Electron adsorption ionization ion mobility spectrometry can be used to detect halogen-containing volatile

organic compounds with high sensitivity. However, this traditional electron attachment detection method

cannot distinguish between volatile organic compounds containing the same halogen. For different organic

compounds containing the same halogen, the product ions formed by the dissociation electron attachment

process are the same. In this article, we propose a novel negative corona discharge ion mobility

spectrometry method to distinguish between and detect halogenated alkanes containing the same

halogen according to the different electron attachment rates and reaction kinetic parameters of the

different halogenated alkanes. Although these halogenated alkanes, which contain the same halogen,

produce the same type of ions through the electron attachment process, their electron attachment rates

are different from each other. In this work, the kinetic information is used as the fingerprint information

for the tested samples to distinguish different halogenated alkanes. Five halogenated alkanes were

successfully detected using this method. The results show that the method based on the electron

attachment rate constant is feasible for the determination of halogenated alkanes containing the same

halogen.
1. Introduction

Halogenated alkanes RX (X ¼ Cl, Br, and I) are ubiquitous
environmental contaminants and important environmental
pollution sources owing to their wide range of applications in
the chemical, pharmaceutical, electrical, and food industries,
paint formulations and so on.1–5 These halogenated alkanes,
used either indoors or outdoors, are not only harmful to human
health, but also detrimental to our surroundings.6–8 Therefore,
it is essential to develop analytical methods for the analysis of
halogenated alkane compounds.

There are several detection approaches used to detect these
compounds, including gas chromatography,9,10 mass spec-
trometry,11,12 spectroscopy,13,14 electronic noses,15,16 and other
types of sensors.17,18 The halogenated alkanes have a very strong
electronic attachment capability. Therefore, some experimental
techniques use a low-energy electron attachment method to
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ionize such compounds. These ionization methods include the
electron swarm,19,20 owing aerglow Langmuir probe,21,22

Rydberg collisional ionization,23,24 electron cyclotron reso-
nance25,26 and so on.

In a few cases, ion mobility spectrometry (IMS) has been
observed to detect volatile organic compounds (VOCs) at
atmospheric pressure.27–31 In the IMS technique, different ions
are separated according to their individual velocities driven by
an electric eld as they move through a dri tube. IMS is
a simple, inexpensive, and highly sensitive analytical method
with a small size (enabling portability) and a fast response time
that is used for the detection of organic trace compounds
compared with other gas analyzers. Owing to the advantages,
the IMS technique has been widely used in many elds, such as
the detection of drugs and explosives,32,33 monitoring of envi-
ronmental pollution,34,35 disease diagnosis,36,37 structure anal-
ysis of clusters and biomolecules,38,39 and other applications for
trace measurements.

Halogenated alkanes can also be detected very well in the
negative mode of ion mobility measurements. The detection is
mostly based on the electron attachment behavior of the
samples owing to the high ionization efficiency. In many
apparatus, the ionization source applied in IMS is a 63Ni
source.40–42 The radioactive source is stable, simple, and the is
RSC Adv., 2020, 10, 29441–29449 | 29441
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no need for an extra power supply, however there are inevitable
disadvantages in terms of the regular leak tests and waste
disposal. In addition, the ion generation rate of the 63Ni source
is not high enough and results in a limited sensitivity and low
measurement range. In recent years, a corona discharge ioni-
zation source has been used in the IMS technique. The ion
intensity of the corona discharge ionization source is larger
than that of the 63Ni ionization source in order to obtain
a higher signal-to-noise ratio and better sensitivity.43–45 Using
a negative corona discharge, the ionization source can offer
a high intensity electron signal to meet the needs of the electron
attachment of halogenated alkanes.

However, there are two weaknesses in the halogenated
alkanes detection process using a negative corona discharge ion
source. One weakness is that if a high concentration of the
sample molecules diffuse into the discharge region, the
discharge will be extinguished. Another weakness is that if the
hydrocarbons contain the same halogen, the product ions of the
electron attachment reaction in the spectra give the same
signals because of the dissociative electron attachment. This
makes it very difficult to distinguish between samples con-
taining the same halogen.

In this work, the dri tube was improved to avoid the
quenching phenomena by preventing the sample from entering
the ionization source in the detection process. Different
samples, particularly those samples containing the same
halogen, were distinguished based not on the product ion, but
on the reaction rate constant.
2. Experimental section
2.1 Equipment and conditions

The dissociative electron attachment experimental processes
for the halogenated alkanes were performed using a homemade
IMS, as shown in Fig. 1. The apparatus mainly consists of the
IMS dri tube and data processing section.
Fig. 1 Schematic diagram of the corona discharge ion mobility spectro

29442 | RSC Adv., 2020, 10, 29441–29449
The dri tube is 20 cm long (4 cm internal diameter), which
consists of the ionization source, ion–molecule reaction region,
dri and separate region, ion shutter and ion collector. The
ionization source is a continuous point-to-plane corona
discharge source. The discharge voltage between the corona
brass needle and the brass plate can be adjusted in the range of
3 to 5 kV. During the experiments, the discharge gas used was
a high pure nitrogen gas with ow rates from 50 to 300
mLmin�1. The corona discharge of nitrogen can produce a high
concentration of electrons. In order to avoid the corona
discharge quenching when the high concentration electron
attachment samples enter, there is a special electrode ring
behind the discharge plate, called the curtain ring, with a hole
of about 0.5–0.8 mm in the center of the electrode ring.46 The
nitrogen gas enters the mobility tube through a curtain ring
between the curtain electrode ring and the discharge plate to
prevent the sample molecules diffusing into the discharge area.

The corona discharge can maintain a continuous and
constant current under the action of the curtain ring and the
curtain gas. The electrons can enter into the reaction region to
be attached by the halogenated alkane molecules. The product
ions can move forward under the effect of the electric eld. The
electric eld along the axis of the dri tube can be formed using
a high voltage, which is distributed through a series of 2 MU

resistors on the electrode rings. The electrode rings of the dri
tube are electronically insulated from each other using a 1 mm
thick Teon spacer. The electric eld strength in the dri region
is adjusted in the range of 200–500 V cm�1. An ion shutter
consists of two interdigitated and parallel Bradbury–Nielsen
wire arrays between the reaction region and the dri region. The
product ions can enter the dri region through the ion shutter
when the shutter is open. The ionic pulse width can vary from
50 to 300 ms. Therefore, the ion shutter converts the constant
stream of electrons produced in the reaction region into a chain
of pulses to enter the dri region. At the end of the dri area
there is a Faraday plate to collect the accumulated ion current.
The current signal amplied by the current amplier is fed into
meter.

This journal is © The Royal Society of Chemistry 2020
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the computer data processing system. Switched gain ranges of
10�9 to 10�6 A V�1 of the amplier allow the measurement of
electrons or ion currents over the range of 1 nA to 1 mA. The dri
gas enters the tube from the end of the dri region close to the
detector and ows countercurrent to the carrier gas to sweep
neutral molecules out of the dri tube. The dri gas ow rate
can be adjusted from 300 to 800 mL min�1 as needed. The
carrier gas enters into the dri tube from behind the curtain
ring to carry the sample gas into the reaction region.

The IMS instrument was operated under atmospheric pres-
sure from 740 to 750 Torr, measured using a mercury barometer.
The operating temperature was at an atmospheric temperature of
20 or 25 �C, measured using a digital thermometer.
Fig. 2 The spectrum of the electron peak.
2.2 Introduction system and samples

Halogenated alkanes of different concentrations can be ob-
tained using a linear injection syringe pump apparatus. The
glass micro-injectors with volumes from 1 to 100 mL lled with
headspace vapor are xed onto the syringe pump. The syringe
pump speed can be adjusted according to the volume and
internal diameter of the micro-injector. The sample from the
syringe pump is injected into the dri tube using the carrier gas.
Therefore, the sample concentrations in real time can be
calculated using the initialization concentration, the syringe
pump linear movement speed and the ow rate of the carrier
gas. Different sample concentrations can be obtained by
adjusting the volume of a glass micro-injector, the injection
pump injection speed and the ow rate of the carrier gas.

The dri and carrier gases used in the experiments were all
ultra-high pure nitrogen gas provided by a compressed gas
bottle (Nanjing Special Gas Co., Ltd., Nanjing, China). All of the
chemical reagents were analytical reagents (Shanghai Haohua
Chemical Co., Ltd., Shanghai, China).
Fig. 3 The spectra of CHCl3, CCl4 and 1,1,1-C2H3Cl3 when the sample
is introduced into the IMS tube from the reaction region.
3. Results and discussion
3.1. Formation of reactant ions

The reactant ions used in this experiment were low energy
electrons (0–0.64 eV). In pure nitrogen, the electrons are effec-
tively produced through a continuous negative corona
discharge ion source. The formation process of electrons is
described by reaction (1).

N2 / N2
+ + e� (1)

The electrons can be extracted using a negative applied
electric eld and pass through the entire dri tube when there
is no sample. There is only one peak with a high intensity in the
spectrum according to the electron signal. Owing to the small
mass, the electron peak is very close to zero dri time as illus-
trated in Fig. 2. The intensity of the electron peak varies with the
voltage between the two electrodes of the corona discharge
source, the pulse width of the ion shutter grid, the electric eld
of the dri tube, and so forth.
This journal is © The Royal Society of Chemistry 2020
3.2. Detection based on product ion types

Different sampling and testing methods were examined in this
work to nd a suitable method to separate the halogenated
alkanes with the same halogen. We rst detected the samples
using the traditional detection method of IMS.

3.2.1 Detection of chlorohalogenated alkanes. Three
chloroalkane samples were studied in this work, CHCl3, CCl4
and 1,1,1-C2H3Cl3. The three kinds of sample gas from the
pump were carried into the reaction region by the carry gas. The
chloroalkane molecules can collide with the high concentration
electrons and be ionized to become product ions. The product
ions pass through the shutter grid during the opening time as
an ion cloud and can arrive at the Faraday plate at the end of the
dri region under the inuence of a uniform electric eld in
pure nitrogen gas. The dependence of the ion intensity on the
dri time is recorded by the data acquisition and analysis device
as the ion mobility spectrum. The spectra of CHCl3, CCl4 and
1,1,1-C2H3Cl3 are all illustrated in Fig. 3. In each mobility
spectrum, there is only one new ion peak, except for the electron
peak that appeared around 11 ms.

This new peak corresponds to Cl� ions. The chloride ion Cl�

is the only product ion observed in the pure nitrogen
RSC Adv., 2020, 10, 29441–29449 | 29443
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Fig. 4 The spectra of CH2Br2 and CHBr3 when the sample is intro-
duced into the IMS tube from the reaction region.
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environment, because this reaction is a dissociative electron
attachment process as shown in eqn (2).47

e� þMCl/
k
Mþ Cl� (2)

In this reaction process, the chloride ion Cl� is the only
product ion observed. The electron charge ends up on the
halogen ion. Therefore, the charges in the reaction (eqn (2)) are
balanced. The ion dri velocity in an IMS is expressed as shown
in eqn (3).

v ¼ K � E (3)

In which, v is the velocity of ions, K is the ion mobility, and E
is the electrostatic eld in the entire dri region. If the ionic
dri distance is L, the transit time in the dri region is t, the
ionic mobility can be derived according to eqn (4).48

K ¼ v

E
¼ L

E � t
(4)

The ion mobility K depends on the ionic mass, collision
cross-section, and dri gaseous temperature and pressure.
Normally, the ion mobility is normalized to the reduced
mobility K0, which is supposed to be unrelated to the gaseous
temperature T and pressure P in experiments.

K0 ¼ P

760
� 273

T
� K (5)

According to eqn (5), the reduced mobility for the peak in the
three spectra of Cl� in Fig. 3 is calculated to be 2.87 cm2 V�1 s�1.

The reduced mobility K0 of different ions is distinguished
because of the different sizes, shapes, mass, and so forth. The
traditional IMS technology can identify different samples
through the differential reduced mobility K0 of every sample.
However, this distinction method is not suitable for same
halogen VOCs, because only one kind of the same product ions
can be obtained in the corresponding spectrum. This kind of
phenomenon also occurs in other halogenated alkanes with the
same halogen.

3.2.2 Detection of brominated halogenated alkanes. Two
brominated halogenated alkane samples, CH2Br2 and CHBr3,
were also studied in this work. The detection processes for these
brominated halogenated alkane samples are similar to the
processes for chlorohalogenated alkanes. The sample gas from
the pump is also carried into the reaction region by the carrier
gas to be ionized. The corresponding product ions arrive at the
Faraday plate to becomemobility spectra. The spectra of the two
samples are illustrated in Fig. 4. It can be seen that only one new
ion peak, except for the electron peak, appears near 12 ms in the
spectrum respectively.

This new peak corresponds to Br� ions. The reaction is also
a dissociative electron attachment process, as shown in eqn (6).

e� þMBr/
k
Mþ Br� (6)
29444 | RSC Adv., 2020, 10, 29441–29449
According to eqn (5), the reduced mobility for the Br� ion
peak shown in Fig. 4 is calculated to be 2.54 cm2 V�1 s�1. The
traditional detection method based on the reduced mobility
values for IMS cannot distinguish two samples with the same
halogen.

From the previous examples of halogenated alkanes with the
same halogen, it can be seen that the low energy electron
attachment reaction to the halide organic compounds is
a dissociative process, which dissociates to yield a negative
halide ion together with a neutral (usually a radical) fragment.
IMS cannot identify the type of sample using only the same
product ion signal. We must distinguish the halogenated
alkanes with the same halogen using other detection methods.
The method used in this work to distinguish these halogenated
alkanes is based on the electron attachment rate constant or the
reaction rate constant.

3.3. Detection based on the rate constant

Although the same product ion is obtained for the reaction of
these halogenated alkanes with an electron, the reaction rates
for each are different. The rate constants can be used as
parameters to distinguish the different samples.

3.3.1 Electron attachment rate constant. The electron
attachment reaction equation of halogenated alkanes can be
described as shown in eqn (7).

e� þRX/
k
RþX� (7)

The low energy electron attachment reaction to the halide
organic compounds is a dissociative process, which dissociates
to yield a negative halide X� ion together with a neutral (usually
a radical) fragment R as the reaction products. The electron
attachment rate for this reaction equation can be written as
eqn (8) according to the denition relation of the chemical
reaction equation.

d½X��
dt

¼ �d½e��
dt

¼ k½RX�½e�� (8)
This journal is © The Royal Society of Chemistry 2020
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In which, [X�] is the concentration of halogen ions, [e�]
represents the electron concentrations, [RX] represents the
concentrations of the neutral halogenated alkanes and k is the
reaction rate constant, respectively.

According to the conclusions drawn by Tabrizchi,49 the
electron swarm is exponentially diluted as traveling in the dri
region and can be described using eqn (9).

[e]t ¼ [e]0 exp(�k[RX]t) (9)

In this equation [e]0 and [e]t are the concentration of elec-
trons at the initial and elapsed time, respectively. The elapsed
time t can be obtained using eqn (10).

t ¼ x

w
(10)

In which, w is the electron swarm velocity and x is the trav-
eled distance. The electron attachment rate k is constant under
the xed electron energy value. It can be used to distinguish
different halogenated alkane samples. Information on the rate
constant k can be obtained using the ion trajectory in the dri
region. However, when the sample enters the dri tube from the
reaction region, the product ions are all formed before the ion
shutter. Therefore, only the product and base ions are illus-
trated in the corresponding spectrum without information for
the rate constant k. If the samples don't enter the dri tube
from the reaction region, the high concentration electrons can
pass the ion shutter during the open time. These samples can
diffuse in the dri region to become a decay exponential
distribution according to the distance from the ion shutter.
When the halogenated alkane samples are continuously intro-
duced into the dri tube from the end of the dri region, the
neutral molecules can move towards the reaction region carried
by the dri gas. Some molecules can arrive at the reaction
region to be ionized into halogen ions. These negative ions can
pass through the ion shutter during the opening time and move
towards the Faraday plate to form an ion peak. Other molecules
that do not enter the reaction region in the dri region can
capture electrons and dissociate into negative halogen ions and
Fig. 5 The spectra of CHCl3, CCl4 and 1,1,1-C2H3Cl3 when the sample
is introduced into the IMS tube from the drift region.

This journal is © The Royal Society of Chemistry 2020
alkyls. These halogen ions formed in the dri region are
distributed all along the dri tube and move towards the
Faraday plate. The dri time of these ions passing through the
dri region varies with the ionized position. The intensity of
these ions is exponentially increased with the electron distri-
bution intensity in the dri region. This phenomenon can be
recorded using the mobility spectrum. For example, CCl4 is
detected using this method and the corresponding spectrum is
illustrated in Fig. 5 (spectra a).

The high intensity ion peak at close to 11 ms in Fig. 5
corresponds to the signal for the Cl� ions formed in the reaction
region. There is a gradually increasing trail that appears to the
le of the negative Cl� ion peak. This trail corresponds to the
Cl� ions formed during the sample molecules moving towards
the ion shutter in the dri region. A similar phenomenon also
occurs in the other halogenated alkane samples as illustrated in
Fig. 5 (spectra b and c). The shapes of these trails are different
from each other because of the different electron attachment
reaction rates, k, of the reaction (eqn (7)). The electron attach-
ment rate can be obtained from the information of these trails,
which can become the distinguishing basis for different alkanes
with the same halogen. According to eqn (9) and (10), the
concentration of the negative ions formed at each point x in the
dri region during the injection time of the electron swarm, tg,
can be calculated as shown in eqn (11).

½X��x ¼ k½RX�½e��xtg ¼ k½RX�½e�0tg exp
�
�k½RX� x

t

�
(11)

The distance x can be expressed by the time taken for the
ions to travel through this length, as shown in eqn (12).

x ¼ (td � t)vd (12)

In this equation, t is the time the ions spent from the point to
the collected plate, td is the dri time of the halogen ions to
travel through the entire dri region, and vd is the dri velocity
of the ions. The dri velocity of the negative ions vd can be
calculated from the ion mobility spectrum through the ratio
between the length of the dri tube L and the dri time td of the
halogen ion peak. Therefore, the concentration of the X� ions in
eqn (11) can be described by eqn (13).

½X��x ¼ k½X�½e�0tg exp
�
� k½RX�ðtd � tÞ

w

L

td

�
(13)

The equation shows that the intensity of the X� ions can
form a tail signal before the corresponding ion peak when the
neutral molecules continuously enter the dri tube from the
end of the dri region. This agrees with the spectra traces in
Fig. 5 (a–c). The logarithm of this tail signal should be a straight
line, and the slope of this line can be obtained by taking the
logarithm of eqn (14):

Ln
�½X��x

� ¼ Ln
�
k½RX�½e�0tg

�� k½RX� td
w

L

td
þ k½RX� t

w

L

td
(14)
RSC Adv., 2020, 10, 29441–29449 | 29445
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Fig. 6 Electron attachment constants k for CHCl3, CCl4 and 1,1,1-
C2H3Cl3 at different electron energies.

Fig. 7 Electron attachment constants k for CH2Br2 and CHBr3 at
different electron energies.
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From eqn (14), it can be seen that the logarithm of the ion
current intensity versus dri time for the trail is a straight line.
The line has a slope proportional to the rate constant. The rst
two terms are the intercept of the straight line and the last term
is the slope of the line S, which can be described by eqn (15):

S ¼ k½M� L

wtd
(15)

The electron attachment rate constant of halides RX can be
calculated using eqn (16).

k ¼ Sw

½RX�
td

L
(16)

In which, the slope S can be obtained through the spec-
trum. The electron dri velocity w depends on the value of E/N,
in which E is the electric eld and N is the neutral density in
the dri region. The values for w at each E/N have been given
by Jarvis et al.50 When the dri time td, the electron velocity w
and the sample concentration are known, the electron
attachment rate constant k of halides RX can be easily ob-
tained using eqn (16). This rate constant can become the
nger to distinguish different halides with the same halogen.
In the process of detecting the rate constant, the sample
concentration can be obtained using the linear syringe pump
apparatus as described in the introduction. When the above
parameters are substituted into eqn (16), the rate constant k
can be easily obtained.

3.3.2 Detection of attachment rate constant. There are
obvious trailing tails on the rising edge of the product ion
peaks as illustrated in Fig. 5. The strength and shape of these
trailing signals contains information about the electron
attachment rate constants. The electron attachment rate
constants of the halogenated alkanes can be calculated using
the slope of the lines according eqn (16).Using this method,
the electron attachment rate constants of the halides at
different electron energies are obtained. Spectrums with an
electric eld intensity of 200–500 cm�1 are measured, with
a corresponding electron energy from 0.29 to 0.64 eV. The rate
constants of the ve halogenated alkanes at different electron
29446 | RSC Adv., 2020, 10, 29441–29449
energies are given in Fig. 6 and 7. From the data in these two
gures, it is can be seen that the electron attachment rate is
a function of the electron energy. The rate constant values of
the samples obtained in this work are compared with other
reported data acquired using different methods in the refer-
ences illustrate in Fig. 6 and 7.51,52 The data of the rate
constants measured using other research methods in the
references are given in Fig. 6 and 7. From the two gures, it can
be seen that the electron attachment rates of CHCl3, CHCl4,
1,1,1-C2H3Cl3 and CHBr3 obtained in this work are in good
agreement with most of the other data in the references. For
CH2Br2, we have not found comparative data for the electron
energy from 0.29 to 0.65 eV at room temperature. The tting
curves and the error ranges (error bar) of all samples are given
in the two gures. The correlation coefficient R2 values of the
tting curves are around 0.96–0.99.

3.3.3 Discussion on the CHCl3 spectrum. It can be seen
from Fig. 5 that there is only one ion peak in the spectra of CCl4
and 1,1,1-C2H3Cl3 when the samples are injected from the
reaction region. However, there are two peaks in the spectrum
of CHCl3. When the sample is injected from the end of the dri
region, the neutral sample molecules move towards the ion
shutter carried by the dri gas. Neutral halogenated alkane
molecules will attach electrons in the dri region or reaction
region and dissociate into the halogen ions, Cl�. These halogen
ions Cl� not only collide with nitrogen molecules, but also
collide with neutral halogenated alkane molecules. Therefore,
there are aggregation reactions or clustering reactions between
the halogen ions Cl� and neutral halogenated alkane molecules
occurring in the dri region (as shown in the following
equation).

Cl� þRCl!ki ðRClÞ$Cl� (17)

For CCl4 and 1,1,1-C2H3Cl3, there is one peak in the spectra
shown in Fig. 5. There are two peaks in the spectrum of CHCl3,
the second peak corresponds to the cluster ions (CHCl3)$Cl

�.
Owing to the different kinetic parameters of the different
halogenated alkanes, the efficiency of this reaction varies
signicantly. However, there are no second ion peaks in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The spectra of samples a and b when the samples are intro-
duced into the IMS tube from the drift region.
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spectra of other halogenated alkanes. For CHCl3, the Gibbs
energy of the reaction shown in eqn (17) is about �8.7 kcal
mole�1 smaller than the other halogenated alkanes (�2.1 to
�6.5 kcal mole�1), which improves the opportunity of the
clustering reaction. The dissociation half-life of (CHCl3)$Cl

� is
about 0.44 ms which is also larger than the other halogenated
alkanes with weaker associations with the Cl� ion.53,54

3.3.4 Discriminating between samples containing halo-
gens. Based on the electron attachment rate constant and the
sample introduction from the dri region, halogenated alkanes
containing the same halogen can be distinguished using corona
discharge-IMS. When the unknown halogenated alkanes are
detected, the samples rst enter the dri tube from the reaction
region to be ionized and arrive at the Faraday plate to form the
mobility spectrum. Then, the reduced mobility K0 can be
calculated utilizing eqn (4) and (5). Using the K0 values, it can be
determined whether the samples are halogenated alkanes. If
the samples are halogenated alkanes, they can be distinguished
through the sample introduction from the dri region based on
the different rate constants.

For example, two samples were detected using this method
marked with sample a and b, respectively. The samples were
injected into the dri tube from the reaction region. The neutral
molecules captured the electrons to be ionized into halogen
ions, move through the ion shutter and arrive at the collector
plate under the inuence of the mobility electric eld. The
spectra of the two samples are illustrated in Fig. 8.

From Fig. 8, it can be seen that the mobility time is 10.6 ms
for sample a and 11.8 ms for sample b. The reduced mobility K0

values are calculated by utilizing eqn (4) and (5) and were found
to be 2.87 and 2.54 cm2 V�1 s�1, respectively. Therefore, by
comparing these values with the K0 values, it can be concluded
that sample a is a chloroalkane and sample b is a brominated
halogenated alkane. However, from this information, the types
of sample cannot be identied.

The samples were then injected into the dri tube from the
dri region carried by the dri gas, respectively. The corre-
sponding spectra are illustrated in Fig. 9.
Fig. 8 The spectra for samples a and b when the samples are intro-
duced into the IMS tube from the reaction region.

This journal is © The Royal Society of Chemistry 2020
From these traces, it can be seen that the trails in front of the
ion peak are different from each other. To determine the kind of
sample, the electron attachment rate constant k of each sample
is calculated using the method introduced above. Comparing
these values with the data given in Fig. 6 and 7, the type of
sample can be easily obtained. Sample a is 1,1,1-C2H3Cl3, and
sample b is CHBr3, respectively. The result was conrmed by
comparison with the tagged samples, indicating that this
method is credible and feasible.

3.4 Reproducibility measurements for the method

In order to test the reproducibility of the proposed method, we
measured the samples under different times and experimental
conditions. We used CCl4 as an example. From Fig. 10, it can be
seen that the peak position of the product ion does not change
when the concentration changes from 40 to 160 ppb. Although
the ion peak is in the same position, the trailing signals in front
of the ion peak have a different shape owing to the different
sample concentrations. In addition, the spectra of 40 and
80 ppb were measured on the same day, while those of 120 and
Fig. 10 The spectra of CCl4 when introduced from the drift region at
different concentrations on different days.

RSC Adv., 2020, 10, 29441–29449 | 29447
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160 ppb were measured on another day. The time interval was
35 days. It can be seen from the gure that the spectral position
of the same sample measured at different times has a good
reproducibility. This result proves that the value of the electron
attachment rate constant is feasible, which means that the
subsequent section used to detect the concentration is credible.
4. Conclusions

Halogenated alkanes containing the same halogen cannot be
distinguished between using traditional negative corona
discharge ion mobility spectrometry. The reaction product ions
are the same because the reaction between the sample and
electrons is a dissociative electron attachment. In this work,
a novel method has been developed to distinguish between
halogenated alkanes based on a novel sample injection mode.
In this method, the sample molecules are continuously intro-
duced into the dri gas from the end of the dri region and
ionized during the collision process. The spectra obtained at the
end of the dri tube includes information on the sample elec-
tron attachment rate constant. Although the same product ion
is obtained for the reaction of these halogenated alkanes with
electrons, the reaction rates are different from each other. The
rate constants can be used as parameters to distinguish
between halogenated alkanes containing the same halogen.

Five samples were detected using the method described in
this work. The method used for obtaining the electron attach-
ment rate constant is given. The rate constants of these samples
are given at the different electron energies obtained using this
method. The rate constants obtained in this work are compared
with the data in the references. By comparison, it can be found
that the data obtained in this work were in good agreement with
the data in the references. To examine the accuracy of this
method, two unknown samples were detected. The test results
show that the method is accurate and feasible, which provides
a novel method to distinguish between halogenated alkanes
containing the same halogen for negative IMS. In order to test
the reproducibility of the proposed method, the samples were
detected at different times and under different experimental
conditions. The measurement results show that the method
proposed in our work has a good reproducibility. All the results
show that this method can be used to detect and distinguish
halogenated alkanes with the same halogens.
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