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ABSTRACT: A simple, fast, and inexpensive method was developed for
detecting heavy metals via the ion mobility spectrometry (IMS) in the negative
mode. In this method, Cl− ion produced by the thermal ionization of NaCl is
employed as the dopant or the ionizing reagent to ionize heavy metals. In
practice, a solution of mixed heavy metals and NaCl salts was directly deposited
on a Nichrome filament and electrically heated to vaporize the salts. This
produced the IMS spectra of several heavy-metal salts, including CdCl2, ZnSO4,
NiCl2, HgSO4, HgCl2, PbI2, and Pb(Ac)2. For each heavy metal (M), one or
two major peaks were observed, which were attributed to M·Cl− or [M·
NaCl]Cl−complexes. The method proved to be useful for the analysis of mixed
heavy metals. The absolute detection limits measured for ZnSO4 and HgSO4
were 0.1 and 0.05 μg, respectively.

Heavy metals and transition metals naturally occur in the
Earth’s crust, drinking water, airborne particulates, dust,

and living organisms in the form of single elements, complexes,
or ions. Some heavy metals such as cadmium (Cd), mercury
(Hg), and lead (Pb) are toxic and cause damage to DNA,
thereby affecting the immune, renal, nervous, and hemato-
poietic systems.1−4 However, small amounts of such metals as
zinc (Zn) or iron (Fe) are essential for the metabolic activities
and blood cell production in organisms.5,6 Therefore, the
detection and measurement of metals in foods, drinks,
vegetables, and blood samples are of great interest.
A significant effort has been devoted to the development of

techniques and innovative methods of heavy-metal detection.
Such methods as Fourier transform infrared (FTIR) spectros-
copy,7,8 electron spin resonance (ESR) spectroscopy,9 chem-
iluminescence (CL),10,11 capillary electrophoresis (CE),12 ion
chromatography,13,14 extended X-ray absorption fine structure
spectroscopy (EXAFS),15 and spectropolarimetry16 have been
used for the detection and analysis of transition metals. The
conventional methods employed to measure heavy-metal ions
in aqueous solutions or in the solid phase include inductively
coupled plasma−mass spectrometry (ICP-MS),17,18 instrumen-
tal neutron activation analysis (INAA),19 atomic absorption
spectroscopy (AAS),20 X-ray fluorescence (XRF) spectrosco-
py,21 and anodic stripping voltammetry (ASV).22 Despite their
accuracy and sensitivity, these methods are usually expensive
and require complicated sample preparation procedures in
some cases. The present article presents a simple and cost-
effective method for the analysis of certain heavy and transition
metals by ion mobility spectrometry (IMS).
IMS is a fast, simple, and inexpensive technique for the

detection and analysis of organic volatile compounds.23−29 In
IMS, the sample is initially vaporized and ionized. A continuous
current of ions is then pulsed by a shutter grid and drifted

under a constant electric field at atmospheric pressure. While in
the drift region, the ions are separated according to their
mobility, which, in turn, is dependent on their mass, charge,
and size. The arrival times of ions are registered by a Faraday
cup to yield the ion mobility spectrum.
IMS is usually used for the analysis of volatile organic

compounds. However, inorganic compounds have rarely ever
been studied by IMS, because of their high melting points.
Subjecting metals to IMS was first reported by Hill et al.,30 who
used an electrospray to produce cations in the gas phase.
Detection of solid inorganic samples with high melting points
requires a proper means for bringing them into the gaseous
phase. Laser vaporization has been employed by Fye and
Jarrold31 to vaporize and analyze metal-coated fullerenes by
IMS. In addition, the use of thermal ionization (TI) for the
study of alkali salts by IMS was first reported in our previous
work.32 To the best of the authors’ knowledge, no other study
of ion mobility spectra of heavy metals has been reported in the
literature. As the continuation of our TI-IMS work,32 in the
present work, we attempted to extend the application of IMS to
a wider range of cations by introducing a simple and fast
method for the detection of transition and heavy metals in the
negative mode. For this purpose, a Nichrome filament was
employed for the vaporization process, and NaCl was used as
the ionizing reagent.

■ EXPERIMENTAL SECTION

Ion Mobility Spectrometry. The IMS equipment used in
this work was manufactured by TOF Tech. Co. (Iran).33 The
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IMS cell that was constructed, 16 cm in length, consisted of
aluminum rings. The cell temperature was 200 °C, with a drift
field of 467 V/cm. A Bradbury−Nielson shutter grid, with an
opening time of ∼100 μs at 20 ms intervals, was mounted on
the fourth ring to pulse the ions into the drift region (11 cm). A
thin Nichrome filament was also used to vaporize the heavy-
metal salts and to ionize the alkali salts. The filament was
mounted at the beginning of the IMS tube, with a potential of
200 V, with respect to the first ring (Figure 1). The filament

was electrically heated by an isolated power supply with its
voltage adjustable in the range of 0−10 V. Dry air was used as
the drift gas after its residual water content had been removed
by a 13X molecular sieve (Fluka) trap. No carrier gas was
needed in this work. More instrumentation details can be found
in the relevant literature.32,34

Sample Preparation. The selected heavy-metal salts were
purchased from Sigma−Aldrich, except for lead acetate and zinc
sulfate, which were obtained from William & Hopkins. The
NaI, NaBr, NaCl, and NaF used were Fluka products.
Deionized distilled water was used as the solvent in all the
solutions prepared.
For each experiment, a solution was prepared containing the

heavy-metal salt (1%) and NaCl (1%) as the ionizing reagent or
the dopant. Ten microliters (10 μL) of the solution was
deposited dropwise on the filament to be heated by applying a
voltage of 4−5 V until its solvent evaporated and a solid
mixture of the heavy metal salt and NaCl remained on the
filament surface. The filament was then inserted into the
ionization region of the IMS tube (Figure 1) and heated
electrically. In this situation, the IMS equipment was operating
in the negative mode, so that only the anions would be
detected. Additional experiments were carried out in the
positive mode to find that most of the metal salts did not show
any stable or strong signals in the positive mode in the presence
or absence of NaCl. Furthermore, blank experiments were also
carried out in the negative mode without the ionizing reagent
(NaCl), and no signal was observed. Clearly, the selected
metals would then be optimally detected in the negative mode
and in the presence of NaCl as the ionizing reagent. The
efficiencies of NaF, NaBr, and NaI used as ionizing reagents
were also investigated. The most-intense and less-interfered
spectra were only observed when NaCl was used as the dopant.

■ RESULTS AND DISCUSSION
Ion Mobility Spectra. Figure 2 shows the ion mobility

spectra of both pure NaCl and NaCl mixed with CdCl2,

HgSO4, NiCl2, Pb(Ac)2 (where Ac denotes acetate), and
ZnSO4 in the negative mode. The upper spectrum belongs to
pure NaCl with its peak at 5.6 ms and a reduced mobility of 2.5
cm2 V−1 s−1, probability because of the presence of the
[NaCl]Cl− species, rather than the Cl− anion, because the Cl−

peak produced by the corona discharge characteristically
appears at a lower drift time of ∼4.5 ms in the negative
mode. Other peaks in the NaCl spectrum could be related to
the different complexes of NaCl with Cl−, such as
[NaCl]nCl

−.32 Since the heavy-metal salts did not exhibit any
signals in the absence of NaCl, it was concluded that the peaks
observed in the spectra must have been related to the adduct
ions of the heavy metals and [NaCl]nCl

− ions. Similar to
normal ion mobility spectra, the first few peaks, denoted by
dashed lines, could be regarded as reactant ion peaks (RIPs).
It is observed in each spectrum that the heavy metals

exhibited strong additional product ion peaks, in addition to
those of NaCl-RIPs. Two strong sharp peaks were also
observed for CdCl2, Pb(Ac)2, and ZnSO4 in each case, while
NiCl2 and HgSO4 showed only one product peak. The drift
times of the observed peaks, relative to the first NaCl peak, are
reported in Table 1.

Peak Assignment. Precise assignment of the observed
peaks can be accomplished using a mass spectrometer, which is
coupled with an IMS system. However, some structural
information about the reactant and the product ions may be
obtained from the thermal ionization mass spectrometric
studies of alkali salts reported in the literature and further

Figure 1. Schematic setup of the thermal ionization−IMS used for the
detection of heavy metals.

Figure 2. Ion mobility spectra of pure NaCl and mixtures of metal
salts and NaCl in the negative mode.

Table 1. Drift Times of the Peaks Observed for the Selected
Metals and NaCl, Relative to That of the First NaCl Peak

Drift Time

compound Peak 1 Peak 2 Peak 3

NaCl 1 1.12 1.25
CdCl2 1.5 1.81
Pb(Ac)2 1.61 1.85
ZnSO4 1.69 1.43
NiCl2 1.93
HgSO4 1.90
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supplemented by only a few additional experiments. The first
reactant ion peak originating from NaCl is probably [NaCl]Cl−,
which is the product of NaCl thermal ionization on the
filament. Because of the high concentration of NaCl on the
filament, the Cl− peak was not observed. The other RIPs were
assumed to originate from the combination of Cl− and gaseous
NaCl molecules, as described in ref 32. Other peaks appearing
in the presence of metal salts could be considered to be the
product ion peaks (PIPs). Since these peaks appeared only in
the presence of NaCl, and also because the intensity of the
NaCl reactant ion peaks was reduced, at the same time, it was
concluded that their corresponding product ions either formed
via the charge transfer from RIPs or they were the adduct ions
formed by the attachment of Cl− or its clusters to the heavy
metals. Given the fact that chlorine has a high electron affinity,
relative to metals or metal salts, no charge transfer from the Cl−

ion or its clusters could have occurred; thus, the attachment
assumption seems to be the more likely event in which the
adduct ions (M·Cl−) were produced via Cl− transfer from the
[NaCl]nCl

− ions to the metals. Alternatively, it could be
postulated that a product ion of (M[NaCl]nCl

−) was produced
because of the attachment of [NaCl]nCl

− to the metals.
However, since it is difficult for product ions with a large n to
form, the observed PIPs must have been formed due to either
M·Cl− or M[NaCl]·Cl−.
In the case of adduct formation, a different product ion is

produced if the reactant ion is changed. This was investigated
by performing experiments with different reactant ions, and
different sodium halide salts were used as the dopants. Then,
ZnSO4 was added to each sodium halide salt and the resulting
spectrum was recorded. The background spectra of pure alkali
salts in the negative mode are shown in the Supporting
Information (Figure S1(a)). New major product ion peaks are
denoted by asterisks in Figure 3 to compare the IMS spectra of
ZnSO4 with those of NaF, NaCl, NaBr, and NaI as ionizing
reagents. In all of the spectra, the first peaks were assumed to
originate from the [NaX]X− anions (X = F, Cl, Br, and I)32

with the drift times in the order of

< < <− − − −[NaF]F [NaCl]Cl [NaBr]Br [NaI]I

These peaks have been marked as “a”, “b”, “c”, and “d”,
respectively, in Figure 3. The order of the new product ion
peaks in the drift time scale was also found to be similar to that
observed for the reactant ions. It was revealed that the product
ion was an adduct containing the halide reactant ion and the
metal. Similar behavior was observed with other metals.
No product ion was observed when NaI was used as the

dopant. Nevertheless, comparison of the spectra shown in
Figure 3 and the similar trend observed with other metals
indicate that [NaCl]Cl− is a better ionizing reagent than
[NaF]F− and [NaBr]Br−, because it provides stronger and
more separated peaks.
Based on the observations in Figure 3, we may assume that at

least one product ion was in the form of M·Cl− or
M[NaCl]Cl−. If the latter is true, a mixture of NaF and NaCl
must produce two different product ions, that is, M[NaF]F−,
M[NaCl]Cl−, and a new speciesM[NaF]Cl− or M[NaCl]F−,
which expectedly appeared between the two original product
ion peaks. To explore the possibility of the formation of
Zn[NaCl]F− or Zn[NaF]Cl−, the IMS spectrum of ZnSO4 was
recorded in the presence of a mixture of NaF and NaCl as the
ionizing reagent. Figure 4 compares the spectra of ZnSO4 +

NaF and ZnSO4 + NaCl with that obtained in the presence of a
mixture of NaF and NaCl. If the observed peaks “A” (7.45 ms)
and “B” (9.25 ms) were due to Zn[NaF]F−and Zn[NaCl]Cl−,
respectively, a new peak Zn[NaCl]F− or Zn[NaF]Cl− would
then be expected to have appeared within a drift time of ∼8.35
ms. It is clear from Figure 4 that the new peak (“X”) emerging
in the spectrum of the mixture was located exactly on the drift
time of 8.35 ms. This new peak was not observed in any
background spectra of NaCl, NaF, or even NaCl + NaF (see
the Supporting Information).
The product ion peaks observed in Figure 4, denoted by the

letters “A” and “B”, cannot be related to [ZnF]− and [ZnCl]−,
since the emergence of the new peak in the spectrum of ZnSO4
with a mixture of NaF + NaCl would not be justified. In other
words, based on the drift times of peaks A, B, and X, at least the

Figure 3. IMS spectra of ZnSO4 with NaF, NaCl, NaBr, and NaI used
as ionizing reagents. Different ionizing reagents exhibit different
product ion peaks (denoted by asterisks). The reactant ions coming
from NaF, NaCl, NaBr, and NaI peaks are shown by the letters “a”,
“b”, “c”, and “d”, respectively.

Figure 4. Comparison of the spectra of ZnSO4 + NaF, ZnSO4 + NaCl,
and ZnSO4 + NaF + NaCl. The product ion peaks “A” and “B”
appeared at 7.45 and 9.25 ms, respectively. The new peak “X” was
observed at 8.35, exactly in the middle of the two peaks; hence, the
new product ion was in the form of Zn(NaF)Cl− or Zn(NaCl)F−.
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existence of two Cl or two F atoms in complexes A and B is
necessary to observe a heterogeneous [ZnNaFCl]− complex.
Therefore, the major anionic complexes of heavy metals with
the NaCl reagent can be assigned to M[NaCl]Cl−, where M
denotes the heavy metal. These results confirm that the first
peak in the NaCl spectrum as the main RIP is [NaCl]Cl−,
rather than Cl−.
Qualitative Analysis. Figure 5 shows the IMS spectra of

the two pairs of salts, PbI2/Pb(Ac)2 and HgSO4/HgCl2, with

similar metals but different counterions. The product ion peaks
observed in the spectra for the Pb salt pair were the same,
although their counterions were different. This was also true in
the case of Hg salts. This observation implies that the
counterion in the metal salt is not responsible for the formation
of the negative product ion complex. In addition, heavy-metal
salts decompose at high temperatures, releasing metal
atoms.35,36 Hence, the metal counterions are not stable to
form independent negative ions or to participate in the negative
complex ion. Therefore, it may be concluded that the observed
product ion peak was due to the heavy-metal element in the
form of an adduct with the reactant ion species [NaCl]nCl

−.
Mixtures. This method was employed to analyze heavy-

metal mixtures. For example, Figure 6 shows the IMS spectra
for the mixture of ZnSO4 and HgSO4 (with similar counter-
ions), as well as that of ZnSO4 and Pb(Ac)2 (different
counterions), with NaCl as the ionizing reagent. The product
ion peaks for Zn, Hg, and Pb in their pure spectra were present
in the mixture spectra. No additional peak was observed in the
spectrum for the mixture, indicating no combination of heavy
ions in the complex. Figure 6 is also important from an
analytical viewpoint, indicating that the proposed method can
be used for the detection of heavy-metal mixtures without any
interference.
Quantitative Analysis. The calibration curve for ZnSO4

obtained by the thermal ionization−IMS method is linear from
0.1 μg to 1.0 μg and saturates at ∼10 μg. An experimental
absolute detection limit of 0.1 μg was obtained for ZnSO4. The
measurement was also repeated for HgSO4 to obtain a
detection limit of 0.05 μg. The detection limits obtained
using this method are not as good as those reported for ICP-

MS17 and AAS.37 However, the thermal ionization−IMS
method is fast, simple, and inexpensive, and it works well at
atmospheric pressures without the need for any vacuum
equipment.

■ CONCLUSION
In this work, a method was proposed that extends the
application of IMS to the identification of inorganic
compounds, specifically metal salts. The technique relies on
heating and evaporating the inorganic salt, together with the
NaCl reagent in the negative mode. The [NaCl]Cl− ion thus
released acts as the reactant ion to form an adduct ion with the
metal in the gaseous phase. The product ions are believed to be
in the form of M[NaCl]Cl− complexes, although a mass
spectrometer is required to identify the ions exactly.
It was demonstrated that each metal, regardless of its

counterion, generated unique peaks characteristic of that metal.
Therefore, this can be a promising technique for the analysis
and identification of transition metals and heavy metals by IMS.
However, organic compounds cause no interference in this
technique, since they are burned and vaporized on the filament
before the metal peak appears.

Figure 5. IMS spectra of NaCl and two pairs of salts with the same
metal but different counterions: PbI2/Pb(Ac)2 and HgSO4/HgCl2.
The product ions were similar for each pair.

Figure 6. Analysis of heavy-metal mixtures, showing the IMS spectra
for mixtures of (a) ZnSO4 and HgSO4 and (b) ZnSO4 and Pb(Ac)2,
with NaCl as the ionizing reagent.
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In addition to being inexpensive, the technique is simpler to
perform than most conventional methods. Moreover, it does
not require complicated sample preparation procedures, since
the sample is directly deposited on the filament. Another
advantage of the method is its rapidity, as compared to most
existing methods. Future research may focus on the detection
of trace levels of heavy metals such as cadmium, mercury, and
lead in environments such as water, beverages, and food.
Apart from the analytical purposes the proposed method

serves, it is useful for the study of the reactions between halide
ions and heavy metal compounds under atmospheric
conditions. The kinetics and thermodynamics of such reactions
may be studied in the gas phase by IMS to provide informative
and interesting results that are useful in environmental
chemistry.
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