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We herein proposed a sample introduction technique based on solution cathode glow discharge (SCGD)
of a portable design for inductively coupled plasma-optical emission spectrometry (ICP-OES) and its ap-
plication in sensitive determination of mercury. The products from SCGD containing mercury vapor, were
transported by an Ar flow to ICP spectrometer for detection. A gas liquid separator (GLS) and a dryer
were used to condense and remove most of the accompanying moisture, which greatly improved both
the stability and sensitivity of the signal. The detection limit (DL) acquired by this developed method
was 0.22 pg/L (194.1 nm), which was nearly 82 times lower than that obtained by pneumatic nebuliza-
tion (PN). The relative standard deviation (RSD) was 1.4% (n = 14) for a 50 pg/L standard. Blank solution
(HNOs, pH 1) can effectively elute mercury residue. Its accuracy and practicality were also demonstrated
by the determination of GBW10029 (fish) certified reference material, shrimp, crawfish, soil and human
hair samples. The results showed good consistency with the certified values and the values obtained us-

ing inductively coupled plasma—mass spectrometry.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The accurate determination of mercury has aroused widespread
interest due to its ultra-high toxicity to human organs, such as
lungs, even at an extremely low concentration level [1,2]. Hence,
trace and ultra-trace analysis of mercury is in great demand, and
the samples are frequently accompanied by a relatively compli-
cated matrix. This brings great challenges to some analytical tech-
niques now available, such as inductively coupled plasma-optical
emission spectrometry (ICP-OES), which is extensively used for its
high stability, multi-element simultaneous analysis and convenient
operations. Pneumatic nebulizer is commonly adopted to intro-
duce liquid samples in this technology. However, the sensitivity of
some elements (e.g., Hg) is not satisfying due to the low transport
efficiency [3]. Consequently, alternative sample introduction tech-
niques are being developed to perform online separation and/or
preconcentration prior to measurement [4-6].

Chemical vapor generation (CVG) is an important sample in-
troduction technique, which brings about effective separation of
matrix, high transport efficiency and selectivity [7,8]. Traditional
CVG technologies are mainly based on chemical reducing agents,
such as tetrahydroborate acid (THB-acid) system for hydride gen-
eration (HG). With mature instrument and high vapor generation
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efficiency, HG is considered to be the most extensively used and
successful method at present [9,10]. The aforementioned tetrahy-
droborate (NaBH4/KBH,4), however, is expensive and unstable, and
needs to be prepared afresh. Photochemical vapor generation
(PVG) technology avoids the use of expensive chemical reagents
(NaBH4/KBH4) and merely requires low-molecular weight organic
compounds (LMWOCs) doped in the sample [11,12]. The addition of
LMWOCs is an essential step in the PVG process, and photocatalyst
or metal sensitizer are usually added to the sample to optimize the
efficiency, which means that the method usually needs a relatively
complex reaction medium [13-15].

Recently, considerable attention has been paid to technologies
of vapor generation induced by microplasma, including dielectric
barrier discharge (DBD) [16-23], alternating current driven solution
electrode glow discharge (ac-SEGD) [24,25], solution anode glow
discharge (SAGD) [26,27], electrolyte-as-cathode glow discharge
(ELCAD) [28], and its derivative techniques, e.g., solution cathode
glow discharge (SCGD) [29-33], hanging drop cathode-atmospheric
pressure glow discharge (HDC-APGD) [34]. Although the mecha-
nism of plasma induced vapor generation (PIVG) remains to be
clarified, it is believed that the plasma is rich in solvated elec-
trons, excited states, ions, free radicals (e.g., *H, "OH) and other
reactive substances (e.g., Hp, H50,), which are related to reduc-
tion reactions and directly induce the almost instantaneous gener-
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ation of volatile species during sample introduction [10,22,35-37].
Therefore, PIVG technique is considered to be an excellent alterna-
tive sampling technique with the advantages of fast analysis speed,
small matrix effect and simple reaction medium.

In PIVG technologies, ELCAD was first chosen to serve as a sam-
pling unit [28], and its spin-off technologies have also been prelim-
inarily proved to have the potential to generate vapors of various
elements (e.g., Ag, Bi), especially Hg [29,31-34]. In 2008, Zhu et al.
[33] used SCGD as a new sample introduction method for ICP-OES
to overcome the weakness of low sensitivity of ICP-OES in the de-
termination of mercury. The analysis signal was approximately 16
times higher than that obtained with conventional pneumatic neb-
ulization (PN). Furthermore, the intensity of the Hg emission was
even higher by a factor of 2-3 in the presence of LMWOCs added
to the sample solution. Subsequently, the same arrangement was
also successfully applied to generation of the volatile species of Os
[29] and I [31]. Very recently, Swiderski et al. [34] reported the use
of HDC-APGD as a new method of sample introduction for ICP-OES
with a low sample uptake (0.56 mL/min) and entire sample con-
sumption. The developed arrangement resulted in higher intensi-
ties of emission lines of studied elements (2 times higher on aver-
age) than those obtained with PN.

It is universally known that a certain amount of water, whether
in the form of aerosol droplets or water vapor, will affect the tem-
perature and electron number density of ICP, thus affecting the sta-
bility and strength of the signal [38,39]. And the moisture con-
tained in carrier gas will cause the dilution of the mercury va-
por and additional consumption of energy of ICP [40]. However,
the water vapor produced by SCGD is cooled and aggregated into
droplets during transportation or gets into a subsequent detector
with relatively high content [33,34]. Therefore, the performance of
the hyphenated technique can be improved by further reducing the
water load.

Thus, we herein presented a new sample introduction for ICP-
OES based on SCGD-induced vapor generation technology. A gas-
liquid separator (GLS), a dryer and a spray chamber were used to
remove as much water as possible, further improving the robust-
ness of ICP. Experimental parameters thereof, e.g., acid type, dis-
charge voltage, solution flow rate, discharge gap, carrier gas flow
rate and ICP power were thoroughly optimized. Besides, analyti-
cal figure of merit was determined. The detection limit (DL) of this
method was compared with that obtained by PN and the results of
similar works.

The design of SCGD closure is shown in Fig. S1 (Supporting in-
formation). The SCGD used a tapered tungsten rod (¢ = 2.6 mm) as
the anode and right below the tungsten rod was a glass capillary
(2 in/out = 0.38/1.1 mm). The solution overflowed from the tip of
the capillary to conduct with a grounded graphite rod (¢ = 5 mm).
The graphite rod had a hole drilled for vertical insertion of the cap-
illary. A peristaltic pump (BT100-1 L, Lange Constant Flow Pump,
Baoding, China) transported the sample solution in the glass cap-
illary and the waste. The distance between the tip of the tung-
sten rod and the surface of the sample solution was fixed at ap-
proximately 3 mm. The SCGD closure avoided the existence of
waste reservoir for conduction, consequently improving its porta-
bility and assemblability. The gas inlet was continuously filled with
flowing argon gas, which delivered the substances including atoms,
ions and free radicals produced by the microplasma. High voltage
power supply (HSPY-600, Hansheng Puyuan, Beijing, China) pro-
vided around 1000 V applied between the two electrodes, and a
ballast resistor (1.2 kQ, 150 W) was inserted in the circuit to pre-
vent the conversion of glow discharge to arc discharge. The knotted
part of the injection pipeline refrained from the potential disconti-
nuity of the introduction. In this work, by squeezing the elastic air
chamber, the solution height was the highest in an instant, so as
to realize rapid ignition.
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Fig. 1. Schematic diagram of the SCGD-ICP-OES system.

The products from SCGD containing mercury vapor, was succes-
sively transported to the GLS, dryer, cyclonic spray chamber, and
ultimately reached the torch of ICP-OES (Agilent 725, Agilent Tech-
nology, Shanghai, China). The discharge gas, i.e., carrier gas, flowed
in the pipe of nebulizer gas. Its flow rate was directly controlled
by the operating system of the ICP spectrometer, so no additional
gas flowmeter was required. GLS was simply composed of a sealed
container and the dryer had a similar structure with some desic-
cant in it. Calcium chloride was used as a desiccant in this work.
The employment of GLS and dryer greatly ameliorated the obstruc-
tion of gas pipe and ICP instability caused by water vapor conden-
sation in the gas path. On the other hand, mercury vapor was en-
riched while water vapor was removed. GLS and dryer here also
acted as gas buffers. A scheme of the SCGD-ICP-OES experimental
setup is given in Fig. 1.

The emission line of Hg at 194.1 nm was selected in param-
eter optimization experiment, anti-interference test, stability test
and memory effect evaluation due to its lowest DLs. Followingly,
the DLs of the other two sensitive lines (184.8 nm and 253.6 nm)
under the optimal conditions were calculated for comparison with
the results in the literature. The operating conditions of the ICP-
OES instrument with PN are shown in Table S1 (Supporting infor-
mation). For SCGD-ICP-OES, the added optimization of radio fre-
quency (RF) power and nebulizing Ar (carrier gas) flow rate will
be discussed in detail later. All measurements were made in eleven
replicates (n = 11), and average values were taken into considera-
tion.

The detailed experimental reagents as well as sample treatment
are given in Text S1 (Supporting information).

In the proposed method, SCGD acted as the sampling system,
and its operating conditions (acid type, discharge voltage, solution
flow rate, discharge gap), which are related to evaporation effi-
ciency, were optimized here to obtain the best analytical perfor-
mance.

Acid with pH 1 is a common electrolyte solution. One fact to
note is that different acid matrices will introduce different anions
at a high concentration (0.1 mol/L) into the sample, which has a
certain impact on the analysis results. Therefore, the effect of dif-
ferent acids (HNOs, H,SO4, HCl, pH 1) on the analytical perfor-
mance of the method was studied. It can be seen from the op-
timization results in Fig. S2a (Supporting information) that when
H,SO,4 and HCl were used, the signal and DLs of mercury were
significantly worse than those using HNO3. The ionic radii of Cl-,
NO5;~ and SO42~ are 181, 165 and 244 pm, respectively [41]. The
relatively large anion size of H,SO4 leads to the lower mobility
(conductivity), current and power of the electrolyte, resulting in
the lower vapor generation efficiency [42,43]. The lowest signal in-
tensity of Hg with HCI as the substrate is mainly due to the forma-
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tion of strong complex with Hg*, which caused severe signal sup-
pression. In addition, considering that HNO3 is a promising aque-
ous sample digestion reagent with good chemical compatibility, it
was selected.

The voltage applied affects the stability and energy of discharge,
and the result of optimization is shown in Fig. S2b (Supporting in-
formation). With the increase of voltage, the energy and power of
microplasma enhanced, and higher mercury vapor generation ef-
ficiency was obtained [44]. However, when the voltage was great
enough, red heat effect occurred. Even if stronger signal intensity
was obtained in higher voltage, the DLs were not significantly im-
proved due to the larger background fluctuation. And long-term
stable discharge could not be maintained, which was not con-
ducive to the practical application. Similar results have been re-
ported in many literature [41,45,46]. Furthermore, long time high
voltage supply will accelerate the loss of anode rod and the for-
mation of oxide layer on its surface. For the above reasons, the
discharge voltage was set to 1030 V.

Fig. S2c (Supporting information) reveals the relevance between
sample flow rate and signal intensity of Hg. Considering the ease
and stability of ignition, sample flow rate varied from 2.7 mL/min
to 3.9 mL/min. The DL reduced when the sample flow rate in-
creased from 2.7 mL/min to 3.3 mL/min. This may be a conse-
quence of the rise of the solution surface height. The exposed sur-
face area of sample expanded and more analytes entered the mi-
croplasma. In addition, the increased conductivity is also one of the
important factors of signal enhancement. However, it was found
that too high solution flow rate resulted in poor signal strength.
The increase of the flow rate would shorten the residence time
of the analytes in the microplasma, making analytes out with the
waste before entering the plasma from the solution. Additionally,
the generated water vapor and its products may combine with the
analyte atoms, reducing the energy of the excited atoms or the
number of electrons in the microplasma. This moisture also had
an adverse effect on the ICP torch behind. Therefore, a sample flow
rate of 3.3 mL/min, was selected for all subsequent experiments.

Fig. S2d (Supporting information) shows the effect of discharge
gap. Too short, arc discharge occurs. Too long, it is difficult to
ignite. It was observed that larger discharge gap brought about
higher signal intensity. The SCGD cell with a discharge gap of
2 mm has a serious red heat phenomenon, while the ignition of
SCGD cell with a discharge gap of 4 mm was difficult and the mi-
croplasma was easily affected by the airflow, which was not con-
ducive to the subsequent optimization of carrier gas flow rate. Con-
sidering the easiness of ignition and the similar DLs with 3 and
4 mm, the discharge gap of 3 mm was finally adopted.

As the detector of the system, the influential parameters of ICP-
OES (nebulizing/carrier gas flow rate, RF power) were also opti-
mized carefully.

Argon played the role of transporting aerosol containing mer-
cury atoms. The effect of carrier gas (Ar) flow rate on the DL
values was evaluated between 250 mL/min and 650 mL/min, as
described in Fig. S3a (Supporting information). At the beginning,
with the increase of carrier gas flow rate, the transport efficiency
raised gradually, resulting in decreased DL values. When it reached
450 mL/min, the larger the carrier gas flow rate was, the higher
the detection limit would be due to the dilution and cooling effect
of carrier gas. Therefore, the carrier flow rate of 450 mL/min was
recognized as the most beneficial for Hg and considered as optimal
value for further work.

It is well known that almost all spectral line intensities in-
crease with increasing power. However, excessive power will also
lead to enhanced background radiation and deteriorated signal-to-
background ratio (SBR). The above statement makes the explana-
tion about the results of the newly proposed system (Fig. S3b in
Supporting information). With the increase of power, the signal in-
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Table 1
Effect of foreign ions on the Hg (194.1 nm) emission line intensity (expressed as
percent recovery) determined by SCGD-ICP-OES.

Concomitant Concentration (mg/L) Recovery (%)

Fe3+ 5 101 + 1.7
Mn2+ 5 100 + 1.4

Ni2+ 5 93 + 1.0

Co?* 5 90 + 0.9

Pb2+ 5 97 + 0.7

cd2+ 5 98 + 2.1

Mg+ 5 (50) 103 + 1.4 (106)
caZt 5 (50) 105 + 1.3 (101)
K+ 5 (50) 103 + 0.9 (98)
Na* 5 (50) 106 + 0.9 (101)
S042- 5 (50) 100 + 1.1 (101)
MnO,~ 5 (50) 94 + 2.2 (65)
Cr,0,% 5 (50) 100 + 1.0 (92)
cl- 0.1 mol/L 18 £ 0.3

cl- 0.01 mol/L 40 + 08

cl- 0.001 mol/L 72+15

Note: values in brackets indicate higher test contamination concentrations and cor-
responding recoveries.

creased due to increase of the excitation ability, which is consistent
with the literature published previously [29]. However, it is worth
noting that the improvement of excitation ability would also have
an effect on the background, so the DL was not significantly im-
proved, showing a slight downward trend, especially after 1.3 kW.
Therefore, considering energy consumption, the power of 1.35 kW
was selected as the optimization condition for the remaining parts
of the study.

As shown in Table 1, to evaluate the suitability of the pro-
posed methods for real samples analysis, the robustness of SCGD-
ICP-OES to matrix induced interference was tested. The recoveries
of Hg?* were determined in the presence of transition, alkali and
alkaline earth metals and anions. These potential interfering ions
were added with the concentration of 5 mg/L to the single ele-
ment standard solution at the concentration of 50 pg/L. The higher
concentration (50 mg/L) of Mg2*, Ca2*, K* and Nat was dictated
by the fact that these elements are usually found in samples in
more abundant quantities. The recoveries obtained were between
90% and 110% for all metal interfering ions, sulfate and dichromate
at the tested concentrations. For MnO4~, although the response de-
creased to 65% at 50 mg/L, the interference could be negligible at
5 mg/L. Unfortunately, similar to other PIVG technologies [23,33],
chloride ions could suppress the mercury response to some ex-
tent, mainly due to the strong complexation between mercury and
chloride ions. Therefore, samples treated/digested with hydrochlo-
ric acid or perchloric acid are not suitable for direct determination
by this method.

The performance of SCGD-ICP-OES method was evaluated un-
der the optimal experimental parameters: HNO3 as electrolyte, dis-
charge voltage of 1030 V, solution flow rate of 3.3 mL/min, dis-
charge gap of 3 mm, carrier gas flow rate of 450 mL/min, and ICP
power of 1.35 kW. As shown in Fig. S4 (Supporting information),
the calibration curve was linear within the Hg concentration range
of 2—500 ng/L, with excellent linear correlation coefficient being
calculated (R? > 0.999). The DL was 0.22 nug/L (194.1 nm) under
the full set of optimization parameters (DL = n x SD/k. Where n is
the confidence coefficient and 3 is generally chosen as the exper-
imental value, SD was standard deviation of the blank solution, k
was the slope of the calibration curve). The stability of experimen-
tal detection is represented by RSD, which is shown in Fig. 2. The
signal intensities with and without a dryer were also compared. In
the study, the RSD value for 50 png/L Hg solution measured every
two minutes with a dryer was 1.4%, which was better than value
obtained without a dryer. The corresponding signal was also in-
creased to 1.2 times after adding a dryer.
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Table 2
Comparison of DLs for Hg?+ in different analytical methods.
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Detection limit (ug/L)

Method

184.8 nm 194.1 nm 253.6 nm Ref.
PN-ICP-OES 64 18 22 Agilent 725
SCGD-ICP-OES 0.31 0.22 0.25 Present work
SCGD-ICP-OES? — — 0.7 [33]
SCGD-OES - - 20 [47]
HG-ICP-OES 0.21 0.21 0.55 [48]
PVG-ICP-OES — — 0.1 [49]
DBD-ICP-OES? 0.09 — - [20]
SD-SEGD-CVG-AFSP - - 0.01 [25]
PVG-SCGD-OESTF-DBD-DBD-OES? — — 0.2,0.2 [23,50]

— Not studied.
2 Sensitization of formic acid.

b Couple to multiwall carbon nanotubes assisted matrix solid-phase dispersion (MWCNTs-MSPD).
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Fig. 2. Comparison of the stability of the emission signals of mercury standard so-
lution before and after adding dryer.
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Fig. 3. Memory effect of Hg. The graph shows the Hg signal intensity as a function
of running time (s).

Mercury absorption in tubings, spray chambers and nebulizers
accumulating in the ICP sample introduction system is a commonly
known problem. Mercury standard solutions of 30 and 150 pg/L
were sampled for 2 min continuously, and then washed with
blank. The signal profile is illustrated in Fig. 3 and no signifi-
cant memory effect was observed using the proposed system. The
residual signals of two concentrations of mercury standard solution
dropped to the background level during the washout for about 45 s
and 90 s, respectively.

The DLs of SCGD-ICP-OES and PN-ICP-OES were shown in
Table 2, compared with the results reported in the literature
(mainly other vapor generation devices coupled with ICP-OES).
The DL of 0.22 pg/L (194.1 nm) was reduced by nearly two or-
ders of magnitude by replacing pneumatic nebulization with SCGD
for mercury vapor generation, manifesting high sensitivity. Com-
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pared with the SCGD-CVG firstly reported [33], the DL obtained
by this method was improved. The sampling system is distinct in
the design of vapor transportation path. The combination of GLS,
dryer and spray chamber can remove moisture as much as pos-
sible, greatly enhancing the stability of signal intensity. For an-
other, more parameters directly related to signal sensitivity, such
as ICP power and microplasma discharge gap, are also discussed
here. Although not as good as DBD-ICP-OES [20] or single drop
(SD)-SEGD-CVG-atomic fluorescence spectrometry (AFS) [25], the
organic small molecule and solid phase extraction technology were
not used here for sensitization. Thin film(TF)-DBD-DBD-OES is the
application of PIVG technology in micro spectrometer, which pos-
sesses the advantage of portability and compactness [23]. How-
ever, the detection limit is one order of magnitude higher than
that of this work before using formic acid. The remaining results
show the superiority of SCGD-ICP-OES over stand-alone SCGD-
OES [47] and the comparability with other traditional CVG-ICP-
OES technologies (HG [48] or PVG [49,50]), indicating the abil-
ity of SCGD as a simple, efficient and green alternative sampling
technology.

To verify the accuracy of the developed SCGD-ICP-OES system,
it was applied in the analysis of GBW10029 CRMs, shrimp, craw-
fish, human hair and soil samples. Considering the complex ma-
trix in the soil, the standard addition method was adopted. The
obtained results (Table 3) showed a good agreement with the
certified reference values and the results obtained by inductively
coupled plasma-mass spectrometry (ICP-MS). A series of recov-
ery tests were carried out by spiking 3 ng/kg, 3 ng/kg, 3.5 pg/kg
and 10 pg/kg standard solution with the shrimp, crawfish, hu-
man hair-2 and soil samples respectively for the endogenous con-
centrations (after dilution) were below the quantization limit (QL,
QL = 10 x SD/k) of the proposed method. The results show that
the two methods were consistent in both bottom values and spiked
values.

In Summary, a solution cathode glow discharge-vapor genera-
tor, accompanied by a gas-liquid separator and a dryer, was used as
the sample introduction system of ICP-OES for ultra-high sensitive
analysis of mercury. The results showed that SCGD had excellent
vapor generation efficiency for Hg, which was comparable with
other chemical vapor generation technologies like HG and PVG.
Appliance of GLS and dryer enhanced the stability and sensitivity
of the combined instrument. Under the optimal conditions, the DL
reached 0.22 pg/L (194.1 nm) in the absence of small molecular or-
ganics. Compared with the DL obtained by traditional pneumatic
nebulization, the modified SCGD-ICP-OES system offered 82-fold
lower detection limit. In spite of good performance obtained by
this method, the mechanism of SCGD-vapor generation for sensiti-
zation is still undefined, and more efforts are needed to explore it
in the future work. In addition, the premium vapor generation ef-
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Table 3
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Determination of Hg concentration in certified reference material, shrimp, crawfish, soil and human hair samples. Mean + SD (n = 3).

Sample SCGD-ICP-OES (ng/kg) ICP-MS (ng/kg) Mercury added, Recovery (%)
detected by
SCGD-ICP-OES (ng/kg)*

GBW10029(fish) 781 + 17 839 + 37 - —

Shrimp nd nd 3.13 + 0.06 104

Crawfish nd 16 £ 1 2.86 + 0.59 95

Human hair-1 340 + 21 359 + 17 - —

Human hair-2 nd 33+1 3.23 £0.22 92

Human hair-3 236 + 20 231 + 27 — —

Soil nd nd 9.49 + 0.48 95

nd, not detectable.
* found in the test solutions (dilution ratio was 500 for soil and 100 for others).

ficiencies of SCGD for other elements deserve to be studied, which
will help to retain the superiority of multi-element simultaneous
analysis of ICP-OES.
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