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Plasma-induced vapor generation technique
for analytical atomic spectrometry

Abstract: Chemical vapor generation is widely used as
an efficient sample-introduction technique for atomic
spectrometry. Plasma-induced vapor generation (plasma-
CVG), where the dissolved ions are converted to volatile
species by the plasma-induced chemical process, is an
emerging green vapor generation technique. The most
distinguished characteristic of plasma-CVG is that it
avoids the use of chemical reduction/oxidation reagents.
Comparing with conventional vapor generation method,
plasma-CVG offers several other advantages: sensitive and
simple in operation, high vapor generation efficiency, and
rapid reaction kinetic speed. Its analytical applications
have been demonstrated in analysis of Hg, Cd, Se, Zn, As,
Sh, Te, Os, and 1. This review summarizes the develop-
ments of plasma-CVG, including solution cathode glow
discharge plasma and dielectric barrier discharge plasma,
for several analytes determination. We also discuss the
possible mechanism and future trends in plasma-CVG in
this review.
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Introduction

Chemical vapor generation is an effective sample-intro-
duction technique (Wu et al. 2010, Slachcifiski 2014).
Metal or nonmetal ions in liquid sample can be con-
verted into volatile species by various chemical vapor
generation techniques, which not only greatly increase
the sample introduction efficiency but also reduce the
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matrix interference effectively. Several chemical vapor
generation techniques have been developed, including
conventional chemical vapor generation, electrochemi-
cal hydride generation, photochemical vapor generation
(photo-CVG), sono-induced vapor generation, thermo-
chemical vapor generation, and plasma-induced vapor
generation (plasma-CVG).

Conventional chemical vapor generation technolo-
gies (Smichowski and Farias 2000, D’Ulivo 2004, D’Ulivo
et al. 2011, Long et al. 2012), including hydride genera-
tion (HG), elemental vapor generation, alkylation, halide
generation, and metal-carbonyl generation, usually
make use of chemical reducing agents for vapor gen-
eration. For example, sodium tetrahydroborate (III) was
commonly used in HG for reduction. This HG reaction
is very efficient and can be accomplished in both batch
and online systems. However, these reducing agents are
expensive and unstable (i.e., freshly prepared reagents
are required). In addition, traditional tetrahydroborate
(III)-based chemical HG methods are prone to interfer-
ences by transition metals due to their interaction with
the reducing reagent or catalytic decomposition of the
reaction products on the surfaces of the reduced con-
comitant metals (He et al. 2007a). Electrochemical vapor
generation (EcHG) (Denkhaus et al. 2001a,b, Laborda
et al. 2007), which uses electrons as reductants, has
been shown to be a suitable alternative to chemical HG.
The most significant advantage of electrochemical gen-
eration is that it obviates the need for chemical reducing
reagents. However, there are several shortcomings for
EcHG (Denkhaus et al. 2001a). First, the cathode material
must be carefully selected because it strongly influences
the performance of the electrochemical process. Second,
the cathode surface requires frequent conditioning, typi-
cally on a daily basis. Transition metal ions interfere with
the vapor production by being reduced and deposited on
the cathode surface. Furthermore, adsorption of gaseous
reaction products reduces vapor generation efficiency.
Photo-CVG (He et al. 2007a, Bendicho et al. 2010, Yin et al.
2011) utilizes a photoreaction process based on UV-vis
irradiation. Hydrogen and carboxyl radicals that arise
from photodissociation of low molecular weight organic
acids (e.g., formic, acetic, and propionic) are employed to
reduce metal or nonmetal ions to the volatile vapor. This
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process obviates the need for expensive and high-purity
reducing reagents (i.e., NaBH, or SnClz), is amenable to
speciation analysis with or without chromatographic sep-
aration, and is less prone to interference from concomi-
tant ions. Sono-induced vapor generation technique has
also been reported as a green vapor generation method
(Gil et al. 2006, Ribeiro et al. 2007), which also eliminates
the need for conventional reducing agents. Reduction of
Hg* to Hg® was accomplished in a sonoreactor owing to
the reducing gases and radicals formed upon sonolysis of
formic acid added to the sample solution. A drawback of
this method is that the presence of oxidizing substances
in the sample precludes the reduction of Hg?* to Hg® by
ultrasound (Gil et al. 2006). In addition, it is used only in
a batch system and is difficult to couple with flow injec-
tion (FI). Thermo-chemical vapor generation technologies
by using oil bath heating (Sturgeon and Luong 2013) or
microwave oven (Wu et al. 2012a) irradiation have also
been reported for mercury determination. In the presence
of formic acid, only Hg? can be converted to mercury cold
vapor (Hg®) by microwave irradiation, while both Hg? and
methylmercury (MeHg) can be converted to Hg® at a tem-
perature of 85°C by oil bath heating after a long reaction
time over 10 min. Thermolysis of formic acid may account
for the generation of numerous reducing radicals, identi-
cal to those produced by its UV photolysis.

Plasma chemistryisarapidly expanding areain science
and engineering (Hu et al. 2011, Luo and Duan 2012, He
etal.2014). It is well known that the radicals, electrons, and
energetic charged or excited particles involved in plasma
could simulate various chemical reactions. Plasma-CVG,
which avoids the use of chemical reduction/oxidation rea-
gents, is an emerging green technique for the production
of volatile species. Compared with other vapor generation
methods, plasma-CVG has additional advantages: (1) the
device of plasma is less costly and simple to operate; (2)
the size of the device is small, and it is potentially useful
for field analysis since it can be readily adapted to portable
atomic fluorescence spectrometry (AFS)/atomic emission
spectrometry (AES) systems; and (3) the chemical kinetics
are fast and the technique can be readily coupled with FI or
high-performance liquid chromatography (HPLC). Further-
more, the vapor generation efficiency appears to be higher
than conventional vapor generation method. Considering
these advantages, plasma-CVG technology is served as a
useful alternative to conventional vapor generation for
ultra-trace element determination.

In this review, we summarize the development and the
state of the art of plasma-CVG as a sample-introduction
technique for atomic spectrometry. Moreover, we discuss
the possible mechanism and future trends in plasma-CVG.
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Development of plasma-CVG

In recent years, more attention has been given to the
development of plasma-CVG. Solution cathode glow dis-
charge (SCGD) and dielectric barrier discharge (DBD)
are the mainly reported plasmas used for element vapor
generation.

SCGD

The predecessor of SCGD, called atmosphere Electrolyte-
as-Cathode Glow Discharge (ELCAD), invented in 1992,
was first used as an optical emission source for monitor-
ing the concentrations of toxic heavy metals in waters and
wastewaters (Mottaleb et al. 2002, Mezei and Cserfalvi
2007). This new source operates using the electrolyte solu-
tion as the cathode electrode body in a dc glow discharge
while a metal counter electrode is positioned in the gas
phase above the solution. Various ELCAD-like discharge
arrangements have been investigated in different laborato-
ries, mostly for achieving miniaturized and/or simplified
analytical methods. Cserfalvi and Mezei (2005) investi-
gated the element dependency of sputtering process in
the closed ELCAD system to suggest a chemical model
for the mass transport and atomization in the cathode
glow region. The ELCAD sputtering produced about three
times higher mass transport for Al, Cr, Pb, and Cd than
for Mg and Cu. B, Ba, and Ca had an even lower signal,
while Hg showed a “super-sputtering” effect, having a
17 times higher signal with ELCAD than with pneumatic
nebulization. These authors’ results indicated that the dis-
solved Hg ion was easily transformed to vapor through the
plasma discharge. To demonstrate this, Zhu et al. (2008a)
tested the feasibility and developed a new vapor genera-
tion technique for Hg based on a closed SCGD in 2008.
The schematic diagram of the closed SCGD as a vapor
generation unit is shown in Figure 1. In this design, the
tungsten anode, tapered to a rounded point, is posi-
tioned 2 mm above the sample solution. A graphite elec-
trode (cathode) in the reservoir grounds the solution. A
1-kQ resistor inserted between the tungsten anode and
the positive output of a high-voltage power supply is
used to stabilize the discharge current. The sample solu-
tion is delivered through a glass capillary with a 1.1-mm
outer diameter and 0.38-mm inner diameter. A portion of
the solution that is not vaporized by the discharge over-
flows into a glass waste reservoir; this overflow provides
an electrical connection between the discharge and the
solution in the reservoir. In this case, the discharge is sus-
tained between the anode and the outlet of the capillary
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Figure1 Schematic diagram of SCGD according to the ref. Zhu et al.
(2008a). Copyright 2008 American Chemical Society.

tube. Samples were supplied to the cell with the aid of a
peristaltic pump at a flow rate of 2.5 ml min!. When Hg-
containing samples were fed into the discharge, volatile
Hg® vapor was produced. All generated products issuing
from the plasma were swept by an argon stream through
a gas-liquid separator (GLS) and then for detection. This
cell is simpler than the design of most other ELCAD cells.
The dead volume has been reduced to 3 ml compared
with 15 ml in the common ELCAD. The power used with
an SCGD is typically approximately 70 W, which is much
less than that commonly used plasmas like inductively
coupled plasma (ICP).

The SCGD-induced Hg-vapor generation eliminates
the need for chemical reducing reagents such as sodium
tetrahydroborate or stannous chloride. In addition,
besides inorganic mercury (Hg*), organic mercury (thiom-
ersal) also can be directly transformed to volatile Hg vapor
without the need for prior oxidation (Zhu et al. 2008a).
Moreover, our group further found that both iodine (Zhu
et al. 2010) and osmium (Zhu et al. 2013a) ions in solu-
tion also can be transformed to volatile species through
SCGD-induced vapor generation. Both I and IO, could be
directly converted to volatile iodine vapor (I,) by this SCGD
system without any redox reagent. Dissolved Os ion can
also be readily converted to volatile osmium tetraoxide
vapor (0sO,) in the SCGD system without any chemical
oxidizing agents.

It was reported that the presence of organic sub-
stances in the SCGD system could affect the element
vapor-generation efficiency significantly. In a plain HNO,
medium without the addition of formic acid, the effi-
ciency of the SCGD for Hg was estimated to be about 45%,
while the efficiency of the SCGD for Hg rose to 124% in
the presence of 1% HCOOH, compared with the traditional
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approach based on SnCl-HCl reduction (Zhu et al. 2008a).
However, the ethanol and acetic acid presented in the solu-
tion increased the vapor generation efficiency of 10, but
decreased the efficiency of I (Zhu et al. 2010). The reason
for this difference was currently unknown but might be
related to differences in the vapor generation mechanism
of I'and 10,.

The vapor generation efficiency of SCGD-induced
vapor generation appears to be high. The Hg, I, and Os
signals induced by SCGD are about 16-fold (Zhu et al.
2008a), 30-fold (Zhu et al. 2010), and 28-fold (Zhu et al.
2013a) of those produced by pneumatic nebulization,
respectively. The efficiency of Hg is even better than that
of the conventional SnCl-HCl method in the presence of
HCOOH promoter. The limits of detection (LODs) for Hg?,
I, 10, and Os** determined by ICP-OES were found to
be 0.7, 0.30, 0.43, and 0.51 pg 1%, respectively. The LODs
of Hg*, I, and IO, were comparable with conventional
chemical vapor generation [0.21 ug 1* for Hg? (Grotti et al.
2005) and 0.4 ug 1" for I (Vtorushina et al. 2008)].

The interference of coexisting ions on the vapor gen-
eration efficiency of SCGD-induced CVG has also been
studied. It was found that interferences from concomitant
ions in SCGD-induced vapor generation are mild com-
pared with those of other CVG methods. For samples that
contain simple alkali-metal ions (i.e., NaCl, NaNO,, and
KNO3), at 10 mg 1, the effects were all negligible for Hg, I,
and Os. Oxidants did not suppress the signal for Hg even
at the 10 mg 1" level (Zhu et al. 2008a). And no significant
interferences from Fe**, Fe** (both 10 and 100 mg 1'), and
Cu* (10 mg 1) for Os determination were also observed
(Zhu et al. 2013a). However, the suppressive effect of chlo-
ride was observed even at the 0.001 M level for Hg vapor
generation (Zhu et al. 2008a), which was also reported in
photo-CVG (Zheng et al. 2005) and sono-induced vapor
generation (Gil et al. 2006). The suggested interference
mechanism involves stabilization of Hg?* by chloride
owing to the formation of strong complexes (Gil et al.
2006).

SCGD-induced vapor generation is virtually instanta-
neous and occurs as soon as the sample is introduced into
the SCGD; thus, the technique can be readily coupled with
FI and HPLC. SCGD-induced vapor generation as interface
to online coupled HPLC with AFS for the speciation of Hg?,
MeHg, and ethylmercury (EtHg) was further developed by
our group (He et al. 2011). It was found that in addition to
Hg*, MeHg and EtHg also can be directly transformed to
elemental mercury by SCGD. The decomposition of organic
mercury species and the reduction of Hg* could be com-
pleted in one step with this proposed SCGD-induced vapor
generation system. Both 2-mercaptoethanol in the mobile
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phase and formic acid mixed in the sample solution were
effective in enhancing the mercury fluorescence signal.
Under the optimum conditions of separation and determi-
nation, the three mercury species were fully resolved with
amobile phase of 0.06 mol 1 NH,Ac and 0.1% 2-mercapto-
ethanol at pH 6.8 and the separation was completed within
13 min. Figure 2 shows the chromatograms obtained from
shrimp tissue extract with and without standard addi-
tion of 100 pg 1 of mercury standards by HPLC-SCGD-AFS
system.

DBD

DBD was first introduced to the analytical chemistry com-
munity by Miclea et al. (2002). The term DBD refers to a
kind of gas discharge in which plasma is separated from
one or two electrodes by a dielectric barrier. DBD is an
old nonthermal plasma generation technique that can
produce highly energetic electrons (1-10 eV), and then
various radicals and ions are generated when these elec-
trons collide with the ambient gas molecules. In contrast
to other plasma techniques, DBD provides several unique
advantages of excellent dissociation capability for molec-
ular species, simplicity, low gas temperature, and low cost
for instrumentation as well as operation at atmospheric
pressure, and thus, new measurement methods based on
DBD are of growing interest in the field of analytical spec-
trometry (Hu et al. 2011, Meyer et al. 2011). For example,
DBD has been used as a low-temperature atom reservoir
for AAS (Zhu et al. 2006) and AFS (Zhu et al. 2008b), as an
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Figure 2 Chromatogram of shrimp tissue extract sample spiked
with or without 100 pg |* of each Hg species by HPLC-SCGD-AFS
system. Reproduced from He et al. (2011) with permission of
Elsevier.
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excitation source for AES (Yu et al. 2008, 2014, Zhu et al.
2008c), as a soft-ionization source for mass spectroscopy
(MS) (Na et al. 2007, Harper et al. 2008, Hayen et al. 2009)
or GC detector (Kunze et al. 2003, He et al. 2007b), etc.

In most DBD systems, the analyte in the solution
sample is often required to be pretransferred into gaseous
form (e.g., through hydride or cold-vapor generation) to
maintain plasma stability. Direct solution analysis with
DBD was very challenging, partly because typical DBD
cannot provide sufficient power for complete solvent evap-
oration and the subsequent analyte atomization. In 2011,
Hou Xiandeng’s group (Wu et al. 2011) demonstrated that
DBD-induced vapor generation technology can be used
for direct liquid analysis. They reported a novel approach
to high yield production of Hg® by using a laboratory-built
mini-DBD. Figure 3 is the schematic of the mini-DBD. The
mini-DBD consists of a large quartz tube (10 cmx5 mm
i.d.x7 mm o.d.) as a dielectric barrier and two copper
wires (1 mm in diameter) as electrodes, one of which
was inserted into a small quartz tube to protect the elec-
trode from erosion by sample solution. This small quartz
tube with the electrode inside was inserted into the large
quartz tube, which was tightly and evenly wrapped with
another electrode. A high-voltage power supply was con-
nected to the electrodes for the DBD plasma generation.
A standard solution of Hg? with or without formic acid,
together with Ar flow rate, was pumped through the DBD
cell. The DBD was ignited by adjusting the input voltage
to produce Hg® inside the DBD plasma. The mixture was
flushed to the GLS at a nominal flow rate of 2.0 ml min?,
and the waste was pumped out of the GLS at this same
flow rate, while the mercury vapor was rapidly separated
from the liquid phase and directed to the ICP for the meas-
urements. The mercury vapor can be fairly easily gener-
ated from the analyte solution in the DBD, even without
any chemicals. Moreover, the vapor generation efficiency
of mercury could be significantly enhanced with the
addition of formic acid (Wu et al. 2011). Compared with
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Figure 3 Schematic of the setup of mini-DBD used in Hg vapor
generation. Reproduced from Wu et al. (2011) with permission of the
Royal Society of Chemistry.
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conventional solution nebulization, Hg emission signal
achieved for the solution in the presence of 10% formic
was improved 38-fold. Without formic acid, the VG effi-
ciency from the DBD was estimated to be about 40% and
35% from the SnCl -HCl and alkali solution system, respec-
tively. However, in the presence of 10% HCOOH, the rela-
tive sensitivity of the proposed technique was enhanced
to 220% and 190%, respectively. The LOD of Hg was
0.090 ug 1. Therefore, the proposed technique is one of the
most highly sensitive techniques for the determination of
ultratrace mercury. Since the LOD of Hg was relatively low,
it was necessary to avoid the potential Hg contamination
from the used reagents such as acetic acid. In addition, no
significant interference from NaNO,, Fe(NO,),, Co(NO,),,
Ni(NO,),, Zn(NO,),, Cd(NO,),, Pb(NO,),, and Cu(NO,), for
Hg determination was evident, even at concentrations as
high as 100 mg 1'. However, several chloride-containing
concomitants, including NaCl, HCl, and AuCl,, induced
significant interference.

Later, Yang et al. (2011) demonstrated that Se (IV) also
could be determined with the same setup of mini-DBD. The
vapor generation efficiency of Se (IV) could also be signif-
icantly enhanced with the addition of formic acid. Com-
pared with conventional solution nebulization, Se (IV)
emission signal achieved by the DBD-vapor generation
was improved 10-fold with a LOD of 6 ug I'. For samples
that contain 100 mg 1? of Co*, Ni*, Sb**, Ge*, and Zn?*, the
effects were all negligible for Se (IV) determination, while

|
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the low concentration of Cu?* caused high interference.
In addition, the authors found that Se (VI) could not be
determined by this DBD-induced vapor generation, which
indicated that a separation of Se (IV) and Se (VI) would be
realized by this method.

At the same time, our group also developed similar
work on DBD-induced vapor generation for element deter-
mination. In 2011, we reported a DBD plasma-induced
vaporization (PIV) technique using mercury as a model
analyte (Liu et al. 2011). The schematic diagram of this
method is shown in Figure 4. This DBD system included a
70-mm-long quartz with inner and outer diameters of 5and
6 mm, respectively. A copper rod (diameter 1.9 mm), which
was embedded inside a quartz tube (2 mm i.d., 3 mm o.d.,
70 mm length) with one sealing side, acted as the internal
electrode and was placed coaxially inside the larger quartz
tube. An aluminum foil (40 mm length), surrounding the
outside of the larger quartz tube, was used as the outer
electrode. Argon gas was used as the discharge gas at a
flow rate of 300 ml min®. The analytes were introduced to
the AFS detector by the argon gas flow. The sample intro-
duction efficiency for the DBD-PIV system was by a factor
of approximately 3.5 when compared with conventional
cold vapor system (NaBH,-HCl reduction). The presence of
formic acid could enhance Hg* signal by a factor of 1.4 but
has much less effect on the fluorescence signal of MeHg
and EtHg. The LODs were all 0.02 pug 1* for Hg*, MeHg, and
EtHg. This method, in which evaporation and atomization

Quartz dielectric§ Discharge gap
Aluminum foil—
Desorption/atomization Sample—
Ar——
Copper rod

Figure 4 Schematic diagram of DBD-PIV of mercury species. HCL, hollow cathode lamp; PMT, photomultiplier. Reproduced from Liu et al.

(2011) with permission of the Royal Society of Chemistry.
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of dissolved mercury species can be achieved in one step,
consumes less sample (approximately 6 ul) and power
(<5W). It offers several additional advantages: (1) low tem-
perature (approximately 60°C), so there is no analyte loss
due to heating; (2) no analyte contamination because of
the elimination of contact between sample and electrodes,
which also extends the lifetime of the DBD-PIV unit; (3)
not only inorganic mercury but also organic mercury
species can be directly transformed to free Hg atoms, and
no prior oxidation is needed; and (4) similar intensities
of three mercury species can be obtained in the presence
of >1% formic acid. Afterward, our group further used
this DBD-PIV system for thiomersal determination (Wu
et al. 2012b). This method was also successfully applied to
directly measure thiomersal in five commercial vaccines
and was validated by comparing with results from ICP-MS.

Compared with the works of Hou’s group, less sample
volume is needed in our work. A flow rate of 2 ml min* was
employed in Hou’s mini-DBD system, where the sample
was mixed together with the Ar carrier gas before its intro-
duction to the DBD. While the sample solution was coated
onto the inner quartz tube by inserting it into the centrifu-
gal tube for 10 s in our DBD-PIV system, only about 6 ul of
the sample was consumed. Thus, it is indicated that the
setup proposed by our group is more suitable for volume-
limited samples. In addition, formic acid will obviously
cause enhancement (38-fold) for Hg* determination in
Hou’s work, while it has much less effect on the fluores-
cence signal of Hg*, MeHg, and EtHg in our work. It is

Sampling loop
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indicated that formic acid is necessary in Hou’s mini-DBD
system for Hg determination, but it is not necessary in our
DBD-PIV system.

Although DBD-induced vapor generation techniques
have produced higher sample introduction efficiency
than conventional vapor system has, they have thus
far been demonstrated to be applicable only to Hg and
Se. Shayesteh et al. (2005) reported that gaseous HgH.,
CdH,, and ZnH, molecules could be synthesized by the
direct gas-phase reaction of excited mercury, cadmium,
and zinc atoms with molecular hydrogen in the presence
of an electrical discharge. It indicated that the chemi-
cal reaction that cannot be reacted in routine condition
might be readily realized in plasma by adding different
reaction species, which could be useful to expand the
element range of plasma-CVG. To demonstrate this, our
group proposed a thin-film DBD plasma-assisted chemi-
cal process used for Cd (Zhu et al. 2013b) and Zn (Zhu et al.
2014) vapor generation with the addition of hydrogen. A
schematic diagram of the FI thin-film DBD plasma-CVG-
AFS experiment setup is shown in Figure 5. The sample
was exposed to the plasma and reacted with hydrogen
in the DBD plasma to produce volatile vapor; the gener-
ated volatile species were swept by a mixture of argon (or
helium) and hydrogen stream though a GLS, where the
volatile species was separated from liquid; and the vola-
tile species were transported to a quartz tube atomizer for
AFS detection. It was found that both atomic and molecu-
lar Cd species were produced when a solution containing

Cd** solution Waste

Copper foil

Plasma

Ar(He)+H,
 —

&l Liquid film

Glass dielectric

Copper rod

GLS

Figure 5 Schematics diagram of the instrumental setup of the Fl thin-film DBD plasma-CVG-AFS. P1, P2, peristaltic pump; SV, six-port valve.
Reproduced with permission from Zhu et al. (2013b). Copyright 2013 American Chemical Society.
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Figure 6 Schematic diagram of the hydrogen DBD plasma-CVG-AFS experiment setup. Reproduced from Yang et al. (2014) with permission

of Elsevier.

Cd* was exposed to hydrogen-containing DBD plasma.
For Zn vapor generation, the volatile species of Zn gener-
ated in DBD plasma was mostly atomic (Zn°) species in
nature since there was no significant difference in Zn fluo-
rescence signal, whether the atomizer was heated or not.
The efficiency of Cd in this He-DBD plasma is even better
than that from the conventional HCI-KBH,-thiourea-Co*
system. The LODs of Cd were found to be 0.03 ng ml* (Ar-
DBD) and 0.008 ng ml* (He-DBD) and the LOD of Zn was
0.2 ug 1, which is 10- to 20-fold lower than that of conven-
tional CVG method.

Afterward, Yang et al. (2014) further demonstrated
that the common hydride generated elements, such as
As, Te, Sb, and Se, can be vaporized by hydrogen DBD
plasma-CVG (Figure 6) to replace the hydride generation
system with NaBH,. Sample solutions were converted to
aerosol by a nebulizer and then mixed with the plasma to
generate hydrides. Also, a mixture of four arsenic species
[As(IlI), As(V), monomethylarsenic acid (MMA), and
dimethylarsenic acid (DMA)] had been successfully ana-
lyzed after HPLC separation through this hydrogen DBD
plasma-CVG system. The authors further confirmed that
the enhancement of fluorescent intensities by the intro-
duction of hydrogen was caused by the hydrogen reac-
tion with sample aerosols in the plasma, not in the quartz
furnace atomizer of AFS. The absolute detection limits for
As, Te, Sh, and Se were 0.6, 1.0, 1.4, and 1.2 ng, respectively.

Possible mechanism in plasma-CVG

Table 1 summarizes the possible products of SCGD- and
DBD-induced vapor generation for several element
systems. It can be seen that both reduction and oxidation
reaction are present in the SCGD system, while only reduc-
tion reactions are reported in the DBD system. The oxida-
tion of I and the reduction of 10, could be completed in

one step to volatile I, with SCGD-induced vapor generation
system. Os*" can be readily converted to volatile osmium
tetraoxide vapor (0sO,) in the SCGD system without any
chemical oxidizing agents. For Hg vapor generation,
besides inorganic mercury (Hg*), organic mercury (MeHg,
EtHg, thiomersal) also could be reduced to Hg® in one step
without prior oxidation both in the SCGD and DBD systems.
Se* could be reduced to volatile Se hydride through DBD-
induced vapor generation system with and without the
addition of hydrogen. However, for the element Cd, Cd*
contained in a solution could be reduced to both atomic
and molecular Cd species only with the presence of hydro-
gen in the DBD system as well as the element Zn. Simi-
larly, the elements As, Sh, and Te also could be reduced
to their vaporized hydrides (presumably, AsH,, SbH,, and
H,Te, respectively) through the hydrogen DBD plasma. For
As vapor generation, four arsenic species [As(III), As(V),
DMA, and MMA] all could be reduced to the vaporized

Table1 Possible products of SCGD- and DBD-induced vapor gen-
eration for several element systems.

Analyte Product References
SCGD Hg?*/Thiomersal Hg Zhu et al. 2008a
MeHg/EtHg Hg He etal. 2011
IO3'/I' l, Zhuetal. 2010
Os** 0s0, Zhuetal.2013a
DBD  Hg* Hg Liu etal. 2011,
Wu et al. 2011
MeHg/EtHg Hg Liuetal. 2011
Thiomersal Hg Wu et al. 2012b
Cd* CdH,/Cd Zhuetal.2013b
Se# H,Se Yang etal. 2011, 2014
In* Zn Zhuetal. 2014
As(l11)/As(V)/DMA/MMA AsH, Yang et al. 2014
Te?* H,Te
Sh3* SbH,
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hydride of arsenic in one step through the hydrogen DBD
plasma without prior oxidation.

Since plasma-CVG avoids the use of chemical reduc-
tion/oxidation reagents, the reduction/oxidation reaction
in the plasma must be caused by itself. Zhu et al. (2008a)
proposed that hydroxyl radicals, atomic hydrogen, and
free electrons were all present in the SCGD, as evidenced
by experimental observation of very strong OH emission
bands and the significantly Stark-broadened (due to col-
lisions with free electrons) hydrogen atomic emission line
in its Balmer series (Mezei and Cserfalvi 2007). Thus, it
may be concluded that the hydroxyl radicals can simu-
late the oxidation reaction and the atomic hydrogen and
free electrons can simulate the reduction reaction in the
SCGD system. Earlier reports have found that a >10* cm?
electron density could be obtained during operation of a
DBD plasma (Kunze et al. 2002). The high-density, ener-
getic electrons and high excitation temperature provide a
high dissociation ability to form radicals, ions, and atoms.
It is indicated that electron that abundantly existed in the
DBD system may play an important role in the reduction
reaction. For Cd, Zn, As, Sh, Te, and Se vapor generation,
when hydrogen is introduced to Ar plasma, H, is excited
by Ar plasma to generate active hydrogen species, such as
H, H*, H,", and H.*, further forming the hydrogen plasma.
Then, the sample aerosols generate the chemical vapors
(presumably, hydrides) by the reduction abilities of those
active hydrogen species (Yang et al. 2014).

Comparing SCGD- and DBD-induced vapor gen-
eration, it is found that besides elemental (Hg, L) vapor,
oxide (0sO,) vapor can be generated in the SCGD system,
while elemental vapor (Hg, Zn) and molecular vola-
tile species (presumably CdH,, AsH,, SbH, H,Te, and
H,Se) can be produced in the DBD system. To investigate
whether hydride could be produced in the SCGD system,
Zhu et al. (2008a) tried to study the feasibility for other
known volatile hydride-forming elements (As, Se, Pb, and
Sn) in the SCGD system. However, there was no measur-
able ICP emission from these elements even when they
were introduced into the SCGD at a level of 10 mg I, a
concentration that is orders of magnitude higher than the
detection limits in the ICP by conventional solution nebu-
lization. The absence of signals from hydride-forming ele-
ments might be the result of the high temperature of the
SCGD plasma, at which the hydrides either do not form or
else dissociate or are lost in transport to the ICP. DBD is a
nonthermal plasma, and it is already demonstrated that
As, Te, Sb, and Se could be transformed to volatile hydride
vapor by DBD-induced vapor generation system. There-
fore, it is indicated that the low temperature of the plasma
is favorable for producing some unstable volatile species.
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Moreover, although the reason for organic substance
enhancement is not well investigated for Hg, Se, etc., it
might be that organic compounds such as formic acid
give rise to the formation of reducing radicals and result
in the enhancement of the vapor generation efficiency
(Wu et al. 2011). In addition, formic acid might alter the
boiling point or surface tension of the sample solution
and consequently change its vaporization rate, thereby,
may also contribute to intensity enhancement (Zhu et al.
2008a).

Future trends in plasma-CVG

In recent years, plasma-CVG was proposed and devel-
oped as a useful alternative method for introducing liquid
samples to atomic spectrometry, including ICP-AES and
AFS. Compared with conventional CVG, plasma-CVG has
many advantages, including being simple in operation
and low cost, having high vapor-generation efficiency,
and being environmentally friendly. Plasma-CVG is also
potentially useful for field analysis since it can be readily
adapted to portable AFS/AES systems.

Future directions include investigation of the under-
lying vapor generation mechanism as well as the organic
substance enhancement and extending it to other ele-
ments through adding other reagent or gas, modifying the
discharge setup, etc. The potential interference, such as
high concentration of Cl' for element vapor generation,
needs to be considered, and analysis of various samples
with different matrixes is necessary to further demon-
strate that it could be applicable to real samples. More-
over, it is useful to combine plasma-CVG with separation
techniques for elemental speciation analysis.

In addition, Tung et al. (2012) reported that Ag nano-
particles could be determined by liquid discharge atomic
emission spectrometry; thus, it is interesting to investi-
gate whether nanoparticles can be transformed to volatile
vapor by plasma-CVG technology. Furthermore, plasma
jet desorption atomization source, which was developed
by our group (Liu et al. 2012), also may be used as a vapor
generation technology in the future.
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