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ABSTRACT: Trace elements play important roles in many physiological processes. The disorder in the metabolism and/or
homeostasis of the trace elements will cause pathogenic changes, and finally lead to the development of diseases. This present work
aimed to investigate the effect of anticancer metallodrug cisplatin on the homeostasis of trace metal elements, iron (Fe), zinc (Zn)
and copper (Cu), in both human HEK293 normal cells and A549 lung cancer cells by using inductively coupled plasma mass
spectrometry (ICP-MS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). The levels of trace metal elements in both
whole cells and nuclei subjected to cisplatin treatment were measured by ICP-MS, and results showed that accompanying with the
increasing concentration of cisplatin, the content of Fe inside whole cells and
nuclei of both normal and cancer cells increased, implying that cisplatin may
induce ferroptosis, contributing to its anticancer activity. While the level of Cu
and Zn in the whole cells increased with increase in cisplatin concentration,
the level of Cu and Zn, in particular the latter, in nuclei decreased with increase
of cisplatin concentration. These implicate that cisplatin may compete with Zn
for binding to metalloproteins in nuclei, leading to efflux of Zn from nucleus.
The normalized signal intensity of Fe, Zn, and Cu in single cells detected by
ToF-SIMS increased accompanying with increased cisplatin concentration,
being in line with that obtained by quantitative ICP-MS on large quantity of
cells. These findings provide novel insights into better understanding in the
mechanism of action of cisplatin.

INTRODUCTION

For example, after 24 hours of intravenous cisplatin administration,
65-90% of cisplatin is bound to plasma proteins, most of which
(50-72%) is attached to serum albumin, and a small amount is
linked to transferrin.5, 6 These proteins are also the main functional
proteins for the storage, transport, and uptake of trace metal
elements in human.7

Platinum-based drugs, such as cisplatin, carboplatin, and
oxaliplatin, are widely used in the treatment of solid tumors, for
instance, ovarian, lung, bladder, head, and neck cancers. They are
injected intravenously to patients and enter cells through passive
diffusion and active transport of membrane proteins.1, 2 Before
they reach the nucleus and interact with the ultimate target, DNA,
these drugs are inevitable to interact with proteins inside and
outside the cells, such as human serum albumin (HSA), transferrin
(Tf), copper transporter 1 (CTR1), metallothionein (MT), etc.3, 4
www.at-spectrosc.com/as/article/pdf/2021106

Trace metal elements, such as iron, zinc, copper, are essential in
the human body as they consist of many metalloproteins or
enzymes which are involved in vital physiological regulation
processes and play crucial roles in maintaining the normal function
166
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of biological systems. The disturbance of cellular homeostasis of
these trace metal elements, i.e., deficiency or excess in quantity, or
abnormal distribution could cause pathological changes.8, 9 Fe is
one of the most abundant trace metal elements in the human body,
and mainly in the form of iron porphyrin complex. Fe deficiency
can easily lead to iron deficiency anemia and affect mental and
intellectual health,10 while excessive amounts of Fe is also harmful
as it may induce oxidative stress of cells. Some diseases can cause
the imbalance of trace elements. For example, tumor would induce
disorder of Fe metabolism in major organs, resulting in an increase
of Fe level in the liver, kidney, and muscle.11 Zn is another essential
trace element playing a key role in the cell division, DNA synthesis,
immunity, and development of organs. It is essential in the
composition of structure or as the catalytic center of more than 200
enzymes. One of the most important proteins containing
coordinated Zn is superoxide dismutase (SOD), which has been
reported to be related to the resistance of platinum drugs.12-14 Cu is
essential for energy production, connective tissue formation, the
central nervous system, and melanin synthesis. It has been
reported that cisplatin can utilize copper transport proteins like
CTR1 and chaperone proteins, for example, antioxidant 1 copper
chaperone (Atox1) as transporters to enter the cells and
accumulate in organelles, while other copper proteins like ATPase
copper transporting alpha (ATP7A) and ATPase copper
transporting beta (ATP7B) can pump cisplatin out of cells, which
may be relevant to platinum resistance.15-17

The present study aimed to combine the time of flight secondary
ion mass spectrometry (ToF-SIMS) and ICP-MS to assess the
effect of cisplatin administration to the homeostasis of trace
elements (Fe, Zn, and Cu) in both cancer cells and normal cells for
comparison. This may give us a new sight into the action
mechanism of cisplatin, and will also provide a new platform for
the research on the metabolic balance of biological trace elements
at the single-cell level.

EXPERIMENTAL
Materials. The adenocarcinoma human alveolar basal epithelial
cell line A549 and the human embryonic kidney cell line HEK293
were obtained from the Center for Cell Resource of Peking Union
Medical College Hospital (Beijing, China). Nuclear extraction kit
was bought from BestBio (Shanghai, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum, trypsinEDTA, and penicillin/streptomycin were obtained from Gibco
(Thermo Fisher Scientific, USA). Cisplatin was obtained from
Beijing Ouhe Technology Co., Ltd. (AR, Beijing, China), PBS
buffer was purchased from Solarbio for cell culture (Beijing,
China), ammonium acetate was obtained from J&K Scientific Ltd.
(Beijing, China) and used as supplied. The Fe, Cu, Zn standard
solutions were from Guobiao (Beijing) Testing & Certification Co.,
Ltd. (Beijing, China) and HNO3 (TraceMetal Grade) for trace
metal ICP-MS analysis was obtained from Thermo Fisher
Scientific. The deionized water used in the experiments was
prepared by a Milli-Q system (Millipore, Milford, MA).

There are many methods to measure trace metal elements in
cells, including HPLC, X-ray fluorescence imaging, transmission
electron microscopy (TEM), magnetic resonance imaging (MRI),
and mass spectrometry imaging,18-20 of which each has certain
limits. For instance, X-ray fluorescence is harmful to the human
body, which requires professional technicians to operate in a
specific environment. TEM can obtain subcellular imaging of
heavy metal elements such platinum, but it is not sensitive enough
to image iron, zinc, copper and platinum simultaneously in cells.2123 The emerging mass spectrometry imaging techniques, such as
laser ablation inductively coupled plasma mass spectrometry (LAICP-MS), matrix-assisted laser desorption/ ionization mass
spectrometry (MALDI-MS) and desorption electrospray
ionization mass spectrometry (DESI-MS) are challenged to meet
the requirements of single-cell measurements. In recent years,
secondary ion mass spectrometry (SIMS) has attracted wide and
increasing attentions especially in biology research. It can detect
all elements and their isotopes in the periodic table with many
advantages, such as high lateral resolution, low detection limit and
the ability of 2D and 3D imaging,24-27 and has been used to study
the distribution of Fe and Cu in cells28-31 as well as the subcellular
distribution of platinum, ruthenium and gold anticancer
compounds.32-35 However, these studies are in lack of more
evidence and support from other comparable methods and do not
involve the influence to the homeostasis of trace elements by the
administration of metallic anticancer drugs.
www.at-spectrosc.com/as/article/pdf/2021106

Cell culture and drug treatment. A549 cells and HEK293 cells
were cultured in 90% DMEM with 10% fetal bovine serum and 1%
penicillin/streptomycin at 37 ºC in a humidified incubator with 5%
CO2 overnight to adhere. Cisplatin was dissolved in deionized
water to prepare 1.0 mM stock solution and further diluted with
the culture medium to the desired concentration before being
added to the culture media.
Sample preparations for ICP-MS. A549 or HEK293 cells with
a density of 1×105 were cultured for 24 h in each dish and then
incubated in culture medium with 0 M, 20 M and 50 M
cisplatin for another 24 h. After rinsing with PBS, all dishes of cells
were collected and counted by a cell counter (LunaTM, Logos
Biosystems, South Korea). Then, the cells were divided into two
groups for the whole cell and nucleus analysis, respectively. The
first group of the cells was washed with deionized water and
collected by centrifugation. The nucleus of the second group of
cells was extracted following the protocols of nuclear extraction
kit. The cells and nucleus extracts were stored at −80 °C, until
analysis.
The above cells and nucleus extracts were digested by 2 mL 50%
HNO3 at 200 °C three times and evaporated to dryness. The
residues were resolved in 2 mL 1% nitric acid and injected to

167

At. Spectrosc. 2021, 42(4), 166-174

Fig. 1 Quantitative analysis of trace elements in A549 cells by ICP-MS. Since the concentrations of some elements were quite low, for clarity the detected
concentration values are magnified 10 times or 100 times larger and marked as 10 or 100, respectively.

inductively coupled plasma mass spectrometry (ICP-MS 7700,
Agilent, USA) to determine the concentration of Fe, Zn, Cu, and
Pt. The ICP-MS data was calibrated with a certified standard
solution for each element, respectively. The level of various
elements in cells or nucleus were calculated and reported in
nanogram per 106 cells (ng/106 cells). All samples were prepared
and detected in triplicate to get the average and standard derivation.

The IONTOF software (SurfaceLab, version 6.8) was used for
SIMS data collection and analysis. The spectra were calibrated
using CH+, CH3+, C2H3+, C2H5+, Si5+, Si6+ peaks in positive mode.
The region of interest (ROI) of cells was created by the threshold
of C5H15NO4P+ image. Raw data were pretreated by normalization
of ion signal intensity to the intensity of total ions.

Sample preparations for ToF-SIMS. A549 cells and HEK293
cells were cultured on silicon wafers at a density of 1 × 104
cells/cm2 for 16 – 24 h in a culture dish for cell attachment,
respectively. The silicon wafers had been cleaned by sonication in
methanol, dichloromethane, acetone, and ethanol and deionized
water in sequence before use. Culture medium containing 0 M,
20 M or 50 M cisplatin was added, respectively. After
incubation of 24 h, the cell-adhered silicon wafers were removed
from media and washed three times by PBS and 150 mM
ammonium acetate, respectively. Then, the silicon wafers were
merged into the liquid nitrogen for quick freezing and transferred
intermediately
into
a
LGJ-12
lyophilizer
(Beijing
Songyuanhuaxing Technology Develop Co., Ltd, China) at a low
temperature between −65 °C and −80 °C for freezing-drying
overnight.

RESULTS AND DISCUSSION
To investigate the effect of cisplatin on the metabolism and
distribution of trace metal elements in cells, ICP-MS was firstly
applied to quantitatively analyze the trace metal elements in A549
cancer cells and HEK293 normal cells before and after cisplatin
treatment. Since the levels of Fe, Cu and Zn are significantly
different in cells, to guarantee the accuracy of the data we
measured separately these three elements by ICP-MS using
different numbers of cells so as to fit the linear range of the
standard working curves. The results for A549 and HEK293 cells
are shown in Fig. 1 and Fig. 2, respectively, which show that the
concentrations of all three trace metal elements in A549 cancer
cells were higher than those in HEK293 cells under cisplatin-free
conditions, perhaps due to the demand for more nutrition
consumptions of cancer cells.

ToF-SIMS measurements. Measurement of trace element level
in single cells was performed using an IONTOF TOF-SIMS 5
spectrometer (ION-TOF GmbH, Münster, Germany) equipped
with a liquid metal primary ion source. Before analysis, a 10 kV
Ar1700+ cluster (5.9 nA) was used as a sputter gun to etch an area
of 200 × 200 μm2 for three times to remove the cell membrane and
other impurities on the cell surface. A 30 keV Bi3+ primary ion
beam was used to scan an area of 100 × 100 μm2 at the center of
the crater with a frame of 256 × 256 pixels. A low energy electron
flood gun was used for charge compensation.

www.at-spectrosc.com/as/article/pdf/2021106

After incubating with 20 M cisplatin for 24 h, the
concentrations of Fe, Zn, and Cu in A549 cells increased both in
the whole cells and in nuclei (Fig. 1). Further increasing the
concentration of cisplatin to 50 M, the whole cell level of all
three elements elevated more obviously, accompanied with
significant amount of Pt detected. However, in the nuclei, distinct
variations appeared. The concentration of Fe was elevated as that
of Pt, whereas the Zn and Cu levels decreased. This means that
low concentration of cisplatin induced increasing cellular uptake
of all three elements in cancer cells, but the high concentration of
168
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Fig. 2 Quantitative analysis of trace elements in HEK293 cells by ICP-MS. Since the concentrations of some elements were quite low, for clarity the detected
concentration values are magnified 10 times or 100 times larger and marked as 10 or 100, respectively.

distribution of the trace elements in single cells. ToF-SIMS is a
very sensitive surface analysis technique. To get more accurate
MS data, we chose to use a spectrometry mode with high mass
resolution but relatively low image resolution to image the three
elements in cells. In this case, all naked Fe, Zn, and Cu ions peaks
could be well discriminated from background and interfering
signals, though their signal intensity were quite low (Fig. 3). With
a spatial resolution of 200 – 300 nm, ToF-SIMS image is able to
visualize the subcellular distribution of chemicals.26, 35-40 However,
the low content of trace elements and complex components in cells
made it difficult to obtain high quality of images which can
discriminate the trace element located in cytoplasm and nuclei of
the single cells as shown in Fig. 4 and Fig. 5. With regard to this,
and taking the heterogeneity of cells into account, we normalized
the ion counts of three elements to the count of total ions for each
single cell obtained by ToF-SIMS analysis so as to compare
exactly the levels of Fe+, Cu+, and Zn+ ions in single cells with and
without cisplatin treatment. The results were shown in Fig. 6 for
A549 cells and Fig. 7 for HEK293 cells, respectively.

Fig. 3 The typical mass spectrum of naked iron, zinc and copper obtained
by ToF-SIMS.

cisplatin caused more Zn and Cu elements to escape from the
nuclei and accumulate in the cytoplasm. In contrast, Fe level in
nuclei still increased with the elevated Pt concentration.
Similar elevation of all these three elements at the whole cell
level was also observed in HEK293 normal cells when incubated
with increased cisplatin concentration (Fig. 2a). The zinc elevation
is the most significant among the three elements in the whole cell,
however, its level in the nucleus changed oppositely compared to
that in the whole cell (Fig. 2b). This indicates that zinc ions may
be pumped out from the nucleus to cytoplasm due to the increased
Pt amount into the nucleus where the final target of cisplatin,
genomic DNA, localized. A gradually slow increase was observed
for the Cu level accompanied with the elevated Pt concentration
both in the whole cell and in the nucleus. The iron level was nearly
unchanged after 20 M cisplatin administration, but showed about
a 3-fold increase when the cisplatin concentration increased to 50
M. Similar variation was also observed for the Fe level in the
nucleus (Fig. 2b).

The normalized intensities of the three trace metal elements in
both A549 (Fig. 6) and HEK293 (Fig. 7) whole cells were
increased along with the elevated cisplatin concentration from 0 to
50 M, showing a similar tendency to those observed by ICP-MS
analysis of large number of cells. When sampling for ICP-MS and
SIMS analysis, only live cells were collected, and dead cells were
washed away. Therefore, the results obtained by ICP-MS analysis
of large number of cells and those by ToF-SIMS measurement of
limited single cells were consistent, which both indicated that with
the increase of cisplatin concentration, the level of trace elements
in the surviving A549 cells and HEK293 cells was increasing.
It has been reported that tumors may induce disorder of trace
elements in tissues or organs. Iron content, especially the ferritin

Next, ToF-SIMS was applied to analyze the cellular uptake and

www.at-spectrosc.com/as/article/pdf/2021106
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Fig. 4 Representative ToF-images of A549 cells without exposure to cisplatin (top panel), and treated with 20 M (middle panel) or 50 M (bottom panel)
cisplatin for 24 h.

Fig. 5 Representative ToF-images of HEK293 cells without exposure to cisplatin (top panel), and treated with 20 M (middle panel) or 50 M (bottom panel)
cisplatin for 24 h.

content, drastically extended in the liver, lung, and muscle of mice
after tumor implantation.11 Several studies compared the trace
elements levels in cancerous tissues, para-carcinoma tissues and
control normal tissues, and showed that the concentration of iron
in cancerous tissues of the kidney was higher than that in paracarcinoma tissues,41 and the concentration of zinc in cancerous
www.at-spectrosc.com/as/article/pdf/2021106

tissues of urinary bladder was also higher than that in normal
tissue.42 In serum of bladder cancer sufferers the concentration of
copper was increased, but the concentration of iron and zinc were
decreased as compared to those in healthy persons. The level of
trace elements varied in distinct organs and remarkably changed
in the tissues of tumor lesions which may be related to the causes
170
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Fig. 6 Normalized intensity of trace elements in A549 cells examined by ToF-SIMS.

Fig. 7 Normalized intensity of trace elements in HEK293 cells examined by ToF-SIMS.

of cancer occurrence.43 In our study, we found the levels of all
three trace elements in A549 cancer cells were higher than those
in HEK293 cells, in agreement with proviously reports.41-43 Trace
element levels have been reported be associated with the
sensitivity to drugs, curative effect, and toxicity.44, 45 A previous
study reported that cancer cells with acquired resistance to
cisplatin exhibited substantial alterations in the intracellular trace
elements content and in the levels of regulatory proteins involved
in the cellular uptake, storage and efflux of these elements.46
Hence, modulating trace elements in the diet44 or adding metal
chelators to synergize with chemotherapy for cancer treatments47
may promote the activity, reduce the toxicity of antitumor
drugs,and even improve the prognosis.48 On the other hand,
determining the variations of trace element level in cells treated
with anticancer drugs will be helpful to better understand the
mechanism of action, and to guide and improve their clinical
applications.

via coordination with GSH.52
On the other hand, cisplatin could induce excessive ROS
generation and give rise to fatal lesions inducing cell deaths.53 It
has been reported that the antioxidant protein, human ferritin (HFerritin, FHC) is underscored by varied mechanisms leading to its
transcriptional and post-transcriptional up-regulation in response
to oxidative stimuli.54, 55 This could cause an increase of iron or
iron-related proteins in cells, being consistent with our
experimental results in some aspects.
In the clinic, cisplatin chemotherapy has also been observed to
increase iron and zinc levels in the blood, which may also be
related to oxidative damage or toxic side effects.56, 57 Cisplatin
could enter the tumor cells via competing with copper to bind to
the major copper transporter CTR1, and that ATP7A and ATP7B
contributed to the influx and efflux of cisplatin, respectively.
Consequently, the level of intercellular and intracellular copper
might affect the intake of cisplatin, and then influence its efficacy
and side effects.58 Many scholars had reported that elevated CTR1
expression could be induced by Cu chelation, resulting in reduced
intracellular Cu and thereby lowered cisplatin resistance.59-61 In
contrast, the overexpression of hCTR1 was demonstrated to
increase cellular uptake of copper in breast cancer cells.62 In our
studies, the treatment of cisplatin did increase the concentration of
cellular Cu, probably due to up-regulation of the CTR1 transporter
by cisplatin stimulating.

Iron is one of the most abundant trace elements in cells, and its
overload is thought to be one of biomarkers of ferroptosis which
has been recently defined to be an iron-dependent form of
programmed cell death.49, 50 Cancer cells usually contain high
concentration of glutathione (GSH) which scavenges reactive
oxygen species (ROS), inhibiting ferroptosis and lead to resistant
to cisplatin.51 Therefore, Erastin and GPX4 inhibitors were applied
to induce ferroptosis of cisplatin-resistant cancer cells.50, 51 Here,
we demonstrated that the iron level of A549 cancer cells increased
with the increase of cisplatin concentration, suggesting that
cisplatin may trigger ferroptosis by depleting intracellular GSH51
www.at-spectrosc.com/as/article/pdf/2021106

The similar circumstance was also occurring for Zn uptake
subjected to cisplatin treatment. It has been reported that cisplatin
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treatment could significantly induce expression of THAP domaincontaining protein 5 (THAP5), which is a human zinc finger
protein and mainly locate at nuclei.63 The presence of more zinc
also up-regulated the metallothioneins expression which may
increase cisplatin-resistance.64 In our previous study, cisplatin was
showed to occupy two histidine sites on serum albumin, replacing
Zn ions binding to serum albumin.65 This implicated the ability of
Pt to compete with Zn in other Zn-containing proteins, for
example, metallothioneins.66 Although the level of Cu and Zn
were elevated in whole cells, the subcellular distribution of them,
especially Zn, was disturbed to some extent by cisplatin. Zn level
in nuclei significantly reduced with increase in cisplatin
concentration, implying that cisplatin may displace Zn in Zncontaining protein in nuclei, leading to release of Zn from nuclei.
Taken together, our results revealed that the changes of level and
distribution of trace elements subjected to cisplatin administration
are more likely related to the function and location of
metalloproteins.
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ABSTRACT: In this work, the characteristic emission lines of Cu, Au, Ag, Al, Ni, and Pd are obtained in a Q-switched Nd:
YAG laser-induced plasma. Furthermore, the signal enhancement is carried out separately by making use of the continuous-wave
(CW) CO2 laser as well as the spark discharge. The former enhances the
signal intensity via plasma heating according to the inverse
Bremsstrahlung (IB) mechanism, whereas the latter relies on plasma
reheating and subsequent lifetime elongation. As a consequence, both
methods lead to the temperature rise of the plasma. In addition, the
corresponding electron density of the plasma is notably elevated in sparkassisted LIBS (SA-LIBS). It is also shown that the enhancement of the
ionic lines is much higher in SA-LIBS against the other one. Although the
CW- CO2 laser benefits an electrodeless arrangement, SA-LIBS is
considered to be a better candidate due to its facile and low-cost setup.

INTRODUCTION

homogeneous ablation, and optically thin plasma, Ciucci et al.6
developed a calibration-free technique that requires no external
calibration standards presuming that all species contained in the
sample are detected. This method has also been successfully
applied for the compositional analysis of oxide materials,7 food,8
metallic alloys,9-12 and soils.13,14

Laser-induced breakdown spectroscopy (LIBS) is an analytical
technique based on atomic emission spectroscopy. Applying a
high-power laser beam on the target and delivering enough energy,
the evaporation and atomization of the sample will simultaneously
occur, which induces a small crater on the surface. The ionized
vapor emission consists of atomic and ionic spectral lines
proportional to the elemental compositions. The advantages of
LIBS with respect to conventional analytical techniques include
robustness, fast response, and high sensitivity (generally in ppm
range), which makes it attractive for applications where fast
multicomponent analysis is required.1,2 A variety of samples with
any shape can be analyzed by implementing this method without
the necessity of an analytical chamber or surface treatment, and
recently its portable version is also available.3 Furthermore, the
capability of applying LIBS for remote sensing without sample
preparation makes it a reasonable choice in any environment, from
on-line measurements in industry to space exploration.4,5 In
addition, for quantitative analysis, the calibration-free (CF)
technique coupled with LIBS has been developed. Based on three
main hypotheses, i.e. local thermal equilibrium (LTE),
www.at-spectrosc.com/as/article/pdf/2021023

On the other hand, over the last two decades many attempts
have been made to improve the sensitivity and the limits of
detection of LIBS. Current effective approaches, including spatial
or magnetic confinement,15,16 double or multiple-pulse
excitation,17,18 microwave emission,19 glow or spark discharge,20,21
and laser-induced fluorescence and resonance enhancement,22,23
have been reviewed in addition to other methods by Li et al.24 Most
of these techniques rely on plasma reheating and lifetime
elongation by applying an additional excitation source. Killinger
et al. 25 used a simultaneous CO2 laser pulse at 10.6 𝜇𝑚 to
enhance the LIBS emission on a high purity alumina target. The
enhancement factor on the order of 25 to 300 times was achieved,
depending on the emission lines. They found that the timing
overlap of the dual laser pulses within 1 microsecond is critical to
attain the enhancement factor. Shoursheini et al.26 investigated
175
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enhancement of the Cu emission lines in LIBS due to the thermal
effect of simultaneous irradiation of a Q-switched Nd: YAG and a
CW-CO2 laser. In order to avoid distortion of the samples, the
focal point of the laser was located ~1 𝑚𝑚 above the surface to
generate the plasma in the air rather than on a solid surface. They
noted that the far infrared laser irradiation preheats the sample,
leading to a rise in plasma temperature. Nassef et al.27 combined
LIBS with a spark discharge operating in a laser-trigger mode
using Al and Cu targets in the air under atmospheric pressure. They
found that the enhanced spectral intensity and signal-tobackground (S/B) ratio in spark-assisted (SA)-LIBS gives rise to
a significant reduction in the required laser energy against the
standard LIBS. The fundamentals, instrumentation, development,
and applications of the SA-LIBS technique were reviewed by
Zhou et al.28 Recently, high repetition rate laser ablation sparkinduced breakdown spectroscopy was implemented combined
with the CF method for the quantitative elemental analysis of
aluminum and silver alloys.29,30 Eventually, single-shot SA-LIBS
was successfully used for gold fineness assessment based on the
CF method.31

Fig. 1 DB-LIBS and SA-LIBS setup, including Q-SW Nd: YAG laser,
CW-𝐶𝑂2 laser, spark generator circuit, digital oscilloscope, spectrometer,
electrodes, HV probe, Rogowski coil, and focusing lenses L1, L2, L3,
and L4.

In this study, the characteristic line intensification of a Qswitched Nd: YAG laser-induced plasma is investigated in dualbeam LIBS (DB-LIBS) and SA-LIBS arrangements employing a
CW-CO2 laser and a spark discharge, respectively. These methods
enhance plasma emission by elevating the plasma temperature.
According to the inverse Bremsstrahlung mechanism, DB-LIBS
enhances the signal intensity via plasma heating, whereas SALIBS relies on plasma reheating and lifetime elongation.
Regarding the plasma electron density measurements, the LTE
criteria are strongly satisfied in SA-LIBS due to its higher electron
number density. Although the CW- CO2 laser benefits an
electrodeless arrangement, SA-LIBS is better when used in
portable devices in terms of cost and compactness.

microscope). A commercial collimating quartz lens L2 of 6 𝑚𝑚
diameter and 8 𝑚𝑚 focal length was placed 50 𝑚𝑚 away
from the sample and aligned at an angle of 45 degrees with
respect to the direction of the laser beam. This forms an image of
plasma on the input of a fiber bundle (Avantes, FC-UVIR200-1).
The fiber output was coupled to the slit of a compact wide-range
spectrometer (Avantes, AvaSpec 2048, 200–1100 nm, 0.4 nm
precision), where it is externally triggered using an AvaTrigger to
start signal integration with a minimum delay time of 1.2 𝜇𝑠
with an integration time of 1.1 𝑚𝑠 . A semiconductor detector
(PIN diode, EG&G, FNT100) was used to detect the optical signal
intensity through a lens L3. The electric signals were also
simultaneously monitored with a digital storage oscilloscope
(Good Will, GDS-1054B). Different pure samples (99.99 %), i.e.,
Au, Cu, Ag, Ni, Al, and Pd, were chosen as targets during the
experiments. The target foil was mounted on a motorized twodimension x-y moving stage to expose a fresh spot for each trial.
The target's surface was manually polished using 150-grit fine
sandpaper before the next shot to provide nearly identical exposure
conditions. The spectral measurements were repeated over 10
shots to obtain the relative standard deviation (RSD) values.

EXPERIMENTAL
Standard LIBS. Fig. 1 illustrates the experimental setup,
consisting of a laser source, focusing and conducting optics,
spectrometer, high voltage power supply, PIN diode, voltage and
current probes, and a digital oscilloscope. A master oscillatoramplifier Q-switched Nd: YAG laser (1064 𝑛𝑚, 10 − 100 𝑚𝐽,
10-ns duration, 1 − 10 𝐻𝑧 ) was used as a coherent source. A
Coherent joule meter (Field Master, LM-P10, and LM-P5100
heads) was employed for the absolute pulsed energy
measurements of the laser shots. The laser beam was focused on
the metal target at an angle of 45 degrees with respect to the
sample surface using a plano-convex lens with a 20 cm focal
length. The target was located at a position of 18 cm far from the
lens L1 so that the laser beam is focused below the sample surface.
Subsequently, maximum peak power of approximately 10 MW
was obtained for a single shot, delivering ~30 GW⁄cm2 at the
sample surface for a 200-𝜇𝑚 diameter spot (measured using a
www.at-spectrosc.com/as/article/pdf/2021023

Dual-Beam LIBS. A home-made sealed CW-CO2 laser beam at
10.6 𝜇𝑚 with 5 𝑚𝑚 diameter and mean power of up to 30 𝑊
was focused on the target. A ZnSe lens L4 with 150 𝑚𝑚 focal
length was situated in front of the beam to scale up the power
density. Before the Nd: YAG laser shot, the CO2 laser beam is
irradiated on the sample, while the focal point was located 3 𝑚𝑚
above the target surface. The surface temperature was measured
using a calibrated Fluke 52 II thermometer with 0. 1℃ resolution.
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Fig. 2 Optical and electrical signals during a typical SA-LIBS experiment. The voltage output of (a) PIN diode, (b) H.V probe, (c) Rogowski coil, and
(d) the multiplication of 𝑣(𝑡) × 𝐼(𝑡) addressing the discharge power. The zero position on the x-axis corresponds to the onset of the laser shot.

Consequently, when the capacitor’s voltage reaches zero, the
inductive energy sustains the current so that the capacitor's voltage
becomes negative. The phase difference between the voltage and
the current was approximately 90°which arises from the low
equivalent resistance of the discharge path. This was calculated to
be ~1.3 𝑜ℎ𝑚𝑠 , which includes equivalent resistance of the
plasma and the wires.

Spark Generator. The spark generator consists of a high voltage
power supply and a pair of electrodes made of stainless steel in the
form of cylindrical rods, 2 𝑚𝑚 in diameter, with a curve-shaped
tip. The gap between the electrodes was set to be 6 𝑚𝑚 which is
located 5 𝑚𝑚 far from the target surface, in order to avoid the
electric self-breakdown at 7 𝑘𝑉 . The sample was electrically
insulated from the stage. A home-made variable power supply
( 1 − 12 𝑘𝑉 10 𝑚𝐴 ) was fabricated to generate the spark
discharge. The laser irradiation ignited the electric breakdown
between the electrodes via the electron injection into the middle of
the gap. The voltage shape was measured using a Pintek 15-HF
high voltage probe, and the current was monitored by means of a
calibrated Rogowski coil accordingly.

Based on the numerous experiments performed, the peak
current of the electric discharge becomes stable due to the low
plasma impedance, and the shot-to-shot jitter of the delayed
discharge current is measured to be less than 200 𝑛𝑠.
Plasma Emission. Fig. 3 illustrates the typical integrated spectra
of plasma generated from the metal samples. Several experiments
are carried out to analyze each sample, i.e. LIBS at 10 𝑚𝐽 and
100 𝑚𝐽, and DB-LIBS and SA-LIBS at a laser pulse energy of
100 𝑚𝐽. Furthermore, the atomic and ionic characteristic lines of
Au, Cu, Ag, Ni, Al, and Pd are identified and labeled. The
characteristic lines of nitrogen and hydrogen arise most likely
from the background gas and humidity in the ambient atmosphere.
The gate of the CCD of the spectrometer is set to be triggered at
1.5 𝜇𝑠 after the onset of the laser shot to minimize the
background continuum emission, and the integration time is tuned
to be 1.1 𝑚𝑠. The observed background continuum emission is
notably higher in the SA-LIBS spectra with respect to the other
arrangements. In the case of LIBS at 100 𝑚𝐽 , the spectral
intensity is considerably higher than that of LIBS at 10 𝑚𝐽. In

RESULTS AND DISCUSSION
Discharge characteristics. Fig. 2 depicts the temporal optical and
electrical signals of a typical experiment where the inter-pulse
delay is set to be 6 𝜇𝑠. The PIN photodiode signal undergoes a
peak when the laser is triggered and elevates once again after 6 𝜇𝑠
following the occurrence of the peak current and smoothly decays
at a lower rate (Fig. 2a). At the onset of the electric breakdown, the
voltage across the capacitor drops rapidly from 7 𝑘𝑉 to zero (Fig.
2b), and the current rises to 1 𝑘𝐴 passing through the plasma (Fig.
2c). As a result, the discharge peak power reaches 1.5 𝑀𝑊 (Fig.
2d). As the current passes through the circuit's parasitic inductance,
part of the electric energy is stored in the form of magnetic energy.
www.at-spectrosc.com/as/article/pdf/2021023
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Fig. 3 Optical emission spectra of the LIBS at 10 mJ and 100 mJ per pulse, CO2 +LIBS, and SA-LIBS at 100 mJ per pulse for various targets (a) Al, (b)
Cu, and (c) Ag, (d) Au, (e) Ni, and (f) Pd. The spectra are shifted vertically for better clarity. CCD gate width: 1.1 m𝑠, spectrometer gate delay: 1.5 μs.

intensity in DB-LIBS and SA-LIBS with respect to the LIBS 100
mJ for a better assessment of the signal enhancement rate. The
signal intensity is deduced by subtracting the continuum emission
intensity at the signal's base from its peak intensity. As a result, the
different background levels in the given spectrum are taken into
account. The corresponding lines include Cu I at 521.6 nm, Cu II
at 229.4 nm, Au I at 583.7 nm, Au II at 299.4 nm, Ag I at 328.0
nm, at Ag II at 241.9 nm, Pd I at 421.2 nm, Pd II at 229.6 nm, Al I
at 237.8 nm, Al II at 281.6 nm, Ni I at 324.3 nm, and Ni II at 229.7
nm. The error bars indicate the signal deviations corresponding to
10 repeated measurements. It is evident from the graph that the
higher enhancement rates are attributed to the SA-LIBS spectra for
both atomic and ionic lines. Furthermore, the ionic lines are more
intensified against the atomic lines in DB-LIBS and SA-LIBS.

Fig. 4 Signal enhancement rate of atomic and ionic lines of the samples
corresponding to DB-LIBS and SA-LIBS with respect to LIBS at a laser
pulse energy of 100 𝑚𝐽.

Plasma temperature, electron number density, and LTE.
Plasma temperature is known as a significant parameter in the
characterization of plasma processes. Regarding LTE
approximation, the relationship of an optically thin transition
between two levels of 𝐸𝑗 and 𝐸𝑖 of an atomic species and the
corresponding emission is given by: 33

fact, the larger number of atoms ablated from the sample surface
contributes to extra photon emissions. Comparing the effects of
CW-CO2 laser and spark discharge, the spectra collected in SALIBS demonstrate more intensity enhancement. The plasma
lifetime is obtained indirectly via changing the gate delay time of
the spectrometer as long as the plasma emission could not be
detected any longer.32 In SA-LIBS, the plasma lifetime is
increased from 20 𝜇𝑠 to more than 120 𝜇𝑠. This provides more
photons to be collected by the spectrometer, which results in
spectral intensity enhancement. The signal enhancement follows
the same trend for all metal samples. Because of employing a
30 𝑊 CW-CO2 laser and good heat conduction between the
samples and the holder, the sample's temperature does not exceed
25℃.

𝜆𝑖𝑗 𝐼𝑖𝑗
𝐹𝐶 𝑠 ( 𝐸𝑗 )
=
𝑒 𝑘𝑇
ℎ𝑐𝐴𝑖𝑗 𝑔𝑗 𝑈(𝑇)

where 𝐼𝑖𝑗 and 𝜆𝑖𝑗 are the intensity and wavelength
corresponding to transition from i to j, respectively, c and h are the
speed of light and the Planck’s constant, 𝐶 𝑠 and k are the number
density of the emitting species and the Boltzmann’s constant,
𝐴𝑖𝑗 is the transition probability between level i and j, F and 𝑔𝑗 are
an experimental factor and the statistical weight of upper energy
level 𝐸𝑗 , and 𝑈(𝑇) is the partition function at the plasma
temperature T. Taking the natural logarithm on both sides, the

Fig. 4 illustrates the ratios of the atomic and ionic lines signal
www.at-spectrosc.com/as/article/pdf/2021023

(Eq. 1)
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Fig. 5 Boltzmann plots and corresponding plasma temperature using emission lines of Cu I obtained from the spectra in (a) LIBS 10 mJ, (b) LIBS 100
mJ, (c) DB-LIBS, and (d) SA-LIBS.

atomic transitions used in this work are tabulated in Table 1.

Table 1. The Wavelength, Upper-level Energy, Upper-level Degeneracy
and Transition Probability for the Cu I Used for Plasma Temperature
Calculation34

427.51

Upper-level
energy(eV)
7.73

𝐠 𝐤 × 𝐀𝐤𝐢
(𝟏𝟎𝟕 𝐬 −𝟏 )
27.6

Cu I

465.11

7.73

30.4

Cu I

510.55

3.81

0.8

Cu I

515.32

6.19

24

Cu I

521.82

6.19

45

Cu I

570.02

3.81

0.09

Cu I

578.21

3.78

0.33

Atom/Ion

Wavelength(nm)

Cu I

Fig. 5 illustrates the typical Boltzmann plots and the
corresponding plasma temperatures from Cu I transitions
according to the spectra collected in a series of experiments during
LIBS (10 𝑚𝐽 , 100 𝑚𝐽 ), DB-LIBS, and SA-LIBS. The RSD
values of 10 repeated shots are obtained to be less than 6% .
Regarding the calculated temperatures, an increase in laser pulse
energy from 10 𝑚𝐽 (Fig. 5a) to 100 𝑚𝐽 (Fig. 5b) does not
necessarily lead to a remarkable plasma temperature rise. In fact,
the higher laser pulse energy almost imparts in creating more
ablated mass instead of heating the plasma. As a result, the relative
signal intensity enhancement certainly occurs. Conversely, the
plasma temperatures in DB-LIBS and SA-LIBS demonstrate to be
lucidly higher than those of standard LIBS. In DB-LIBS (Fig. 5c),
in which the plasma temperature is elevated ~6%, once a particle
has evaporated, it starts absorbing the incoming coherent photons
through the inverse Bremsstrahlung mechanism. The absorption
cross-sections (𝑐𝑚2 ) of the IB processes are given by: 36

Boltzmann plot equation is obtained as follows:
𝜆𝑖𝑗 𝐼𝑖𝑗
1
𝐹𝐶 𝑠
ln (
)
)= −
(𝐸𝑗 ) + 𝑙𝑛 (
ℎ𝑐𝐴𝑖𝑗 𝑔𝑗
𝑈(𝑇)
𝑘𝑇

(Eq. 2)

when In (𝜆𝑖𝑗 𝐼𝑖𝑗 /ℎ𝑐𝐴𝑖𝑗 𝑔𝑗 ) versus 𝐸𝑗 is plotted, the electron
temperature 𝑇𝑒 is determined based on the slope of the linear
graph. The spectral parameters are collected from the database of
the National Institute for Standards and Technology (NIST).34 To
minimize the self-absorption effect, the lines corresponding to the
transitions with energy levels 𝐸𝑖 under 1.4 𝑒𝑉 (11000 𝑐𝑚 −1 ),
including the ground state, have been omitted.35 Hence, seven
characteristic lines of Cu I are examined for the plasma
temperature calculations. The corresponding parameters of the
www.at-spectrosc.com/as/article/pdf/2021023

𝜎𝑖𝑏 (𝜆)𝑎𝑡𝑜𝑚−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 =
𝜎𝑖𝑏 (𝜆)𝑖𝑜𝑛−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 =

𝑒2
𝜋𝑚𝑒 𝑐𝜈2

3.7×1018
1/2 3
𝜈

𝑇𝑒

𝑛𝑒 𝑛0 𝜎𝑐𝑜𝑙𝑙 (

𝑍 2 [𝑒𝑥𝑝 (

ℎ𝜈
𝐾𝐵 𝑇𝑒

8𝐾𝐵 𝑇𝑒
𝜋𝑚𝑒

)

(Eq. 3)

) − 1] 𝑛𝑒 𝑛𝑖 (Eq. 4)

where 𝑛𝑒 , 𝑛𝑖 , and 𝑛𝑜 are the electrons, ions, and neutral atoms
number density and the electron density (in 𝑐𝑚−3 ), respectively,
𝜈 is the laser irradiation frequency, 𝑚𝑒 and Z ascertain the
electron mass and the ionic charge, and 𝜎𝑐𝑜𝑙𝑙 is the cross-section
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for electron–atom collision. It is evident that the absorption crosssections are strongly dependent on the laser wavelength
( 𝜎𝑖𝑏 (𝜆)𝑎𝑡𝑜𝑚−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ∝ 𝜆2 ) . Note that in weakly ionized
plasmas, the atom-electron processes are dominant. In fact, while
IB absorption is significant at longer wavelengths (10.6 𝜇𝑚, CO2
laser), it notably reduces at shorter wavelengths (1.064 𝜇𝑚, Nd:
YAG laser).37 Supposing a laser-induced plasma lifetime of
~20 𝜇𝑠 , then a 30 𝑊 laser power would supply ~0.6 𝑚𝐽 of
additional energy compared to the 100 𝑚𝐽 Nd: YAG laser shot.
However, regarding 10 times larger wavelength, the incident CWCO2 laser beam gives out ~100 times greater power absorption
rate. Therefore, the contribution of the CW-CO2 laser to plasma
heating due to the IB process is quite considerable due to the IB
process.

Table 2. Typical Electron Density and Corresponding RSD Values
Obtained Using 𝐻𝛼 Line and Saha-Eggert Equation from the Cu Spectra
During LIBS at 10 mJ and 100 mJ, DB-LIBS and SA-LIBS at 100 mJ

𝑛𝐼𝐼
𝑛𝐼

=

2 (2𝜋𝑘𝑚𝑒 𝑘𝐵 𝑇)1.5 𝑈 𝐼𝐼 (𝑇)
ℎ3

𝑛𝑒

𝑈 𝐼 (𝑇)

𝑒

𝐸
− 𝑖𝑜𝑛
𝑘𝐵 𝑇

𝐼𝐼

=

2 (2𝜋𝑘𝑚𝑒 𝑘𝐵 𝑇)1.5 𝑔𝐼𝐼 𝐴𝐼𝐼 𝜆𝐼
𝑛𝑒

ℎ3

𝑔𝐼 𝐴𝐼 𝜆𝐼𝐼

𝑒

−

𝐸𝐼𝐼 −𝐸𝐼+𝐸𝑖𝑜𝑛
𝑘𝐵 𝑇

LIBS 100 mJ

1.24

5.3

1.12

4.7

DB-LIBS 100 mJ

2.84

4.3

2.68

4.2

SA-LIBS 100 mJ

9.3

6.8

7.9

6.3

(Eq. 5)

(Eq. 6)

𝐻𝛼 : 𝐹𝑊𝐻𝐴 = 0.549 𝑛𝑚 × 1012 (

𝑁𝑒
1023 𝑚 −3

)

0.67965

(Eq. 7)

Fig. 6 depicts the Lorentz fitted profile of the Stark broadened
𝐻𝛼 lines during a typical SA-LIBS experiment. The typical
electron densities obtained from the spectra in LIBS (10 𝑚𝐽 ,
100 𝑚𝐽), SA-LIBS, and DB-LIBS are tabulated in Table 2. The
calculated electron density values from both methods are in good
agreement. The corresponding RSD values in 10 repeated shots
were determined to be less than 7% . It is apparent that the
electron number density elevates 2 times as laser pulse energy
increases from 10 𝑚𝐽 to 100 𝑚𝐽 in standard LIBS. The CWCO2 laser reheats the plasma leading to a further increase of 𝑛𝑒
(2 times), whereas in SA-LIBS, the average electron density
elevates up to one order of magnitude.

Fig. 6 Fitted Lorentzian profile of the 𝐻𝛼 at 656.28 nm from the data
collected in SA-LIBS.
www.at-spectrosc.com/as/article/pdf/2021023

RSD (%)
----

The electron number density is an equally vital parameter in
order to study the degree of thermodynamic equilibrium in laserinduced plasmas. Its value plays a crucial role in estimating the
LTE departure, which is a critical condition for employing the
calibration-free technique. The 𝑛𝑒 can be obtained from Eq. (6)
once an ionized and an atomic line intensity besides the plasma
temperature are predetermined. Furthermore, the measurement of
the Stark broadened 𝐻𝛼 line profile (originated from atmospheric
humidity) is recognized as a reliable method to estimate 𝑛𝑒 in
laser-induced plasmas.41 It is worth mentioning that in SA-LIBS,
the substantial Stark broadening of the hydrogen lines provides
sufficiently accurate linewidth measurement, even using a lowresolution spectrometer. The Doppler broadening is calculated to
be less than 0.02 nm and the instrumental broadening ∆𝜆𝑖𝑛𝑠 is
determined to be 0.35 nm by measuring the spectral broadening of
the Hg line at 546.07 nm emitted from a low-pressure mercury
lamp. After subtracting ∆𝜆𝑖𝑛𝑠 from the observed line profile, the
electron number density is calculated via the full width at half area
(FWHA) to be much less sensitive to ion dynamics effects than the
usual full width at half maximum (FWHM) according to the
following relation:42

where 𝑛𝐼 and 𝑛𝐼𝐼 ascertain the number densities of the
neutral atomic and singly ionized species, respectively, 𝐸𝑖𝑜𝑛 is
the first ionization energy for an isolated system, and 𝑚𝑒 is the
mass of the electron. Based on Eqs. (1 and 5), the ionized 𝐼 𝐼𝐼 to
atomic 𝐼 𝐼 line intensity ratio can be deduced as:
𝐼𝐼𝐼

Saha-Eggert
0.55

According to the above equation, it can be seen that an increase
in plasma temperature promotes the ionization degree such that the
upper levels become more populated, and this addresses the
appearance of more intense ionic lines in DB-LIBS and SALIBS.40 In addition, part of the metastable nitrogen atoms' energy
may also enhance the spectral intensity.

On the other hand, the electric discharge generates excessive
high-energy electrons to reheat the plasma, leading to the higher
temperatures. The properties of spark discharge plasmas are
governed by various processes of electron generation and loss.
Heating is a statistical process that transfers the directed energy
obtained from the electric field into random energy of thermal
motion. The total energy gained by electrons from the field is
transferred to the gas due to the collisions with atoms and
molecules.38 As a consequence, the average plasma temperature
elevates ~18% (Fig. 5d). The ionic to the atomic concentration
ratio 𝑛𝐼𝐼 ⁄𝑛𝐼 can be obtained using the Saha-Eggert equation: 39
𝑛𝑒

𝑵𝒆 (× 𝟏𝟎𝟏𝟕 𝒄𝒎−𝟑 )
RSD (%)
𝑯𝜶
5
----

Sample
LIBS 10 mJ
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The LTE is a state in which the temperature of all species is
assumed to be the same. In order to assess the LTE, three criteria
are investigated in this work. The McWhirter criterion is a
condition to ensure that collisional events dominate over radiative
processes such that the deviation from LTE becomes negligible. It
is given by: 43

magnitude, where LTE firmly holds. Eventually, it is expected that
the low-cost SA-LIBS will act as a better technique against DBLIBS, in addition to the ability to incorporate it into portable
devices for field analyses.
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where Δ E is the highest energy value of the corresponding
electronic transition. The right-hand expression in Eq. (7) is
calculated for Cu(I) at 276.63 nm, which give out ~1.2 ×
1016 𝑐𝑚 −3 , much lower than the smallest value of 𝑛𝑒 obtained
in this work ~5.5 × 1016 𝑐𝑚 −3 . As a result, due to larger
electron number densities, SA-LIBS satisfies the McWhirter
criterion more confidently than DB-LIBS and standard LIBS. In
the case of inhomogeneous and transient plasmas, two more
criteria are proposed by Cristoforetti et al. 44 to allow for a more
careful assessment of the LTE condition. The first one indicates
that the diffusion length 𝜆̅ of the atoms/ions should be shorter
than the variation length of the plasma temperature and the
electron number density during the relaxation time. The second
one deals with the time to reach excitation and ionization
equilibrium 𝜏𝑟𝑒𝑙𝑎𝑥 , which should be much shorter than the
variation time of the thermodynamic parameters in the plasma.
Here, the value of 𝜏𝑟𝑒𝑙𝑎𝑥 and 𝜆̅ is estimated using Cu(I)
resonant transitions based on the Eqs. (13) and (15) in Ref 43.
Considering a plasma diameter 𝑑 of ~2 𝑚𝑚 , the longest
diffusion length is determined to be ~3 μm so that criterion 𝜆̅ ≪
𝑑 is well fulfilled. Subsequently, a maximum value of
𝜏𝑟𝑒𝑙𝑎𝑥 ~ 150 𝑝𝑠 was obtained, which is considerably shorter than
the plasma expansion time of ~ 1 𝜇𝑠 . Therefore, the plasma
enjoys the LTE conditions since all of the above criteria are well
satisfied.
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ABSTRACT: In this work, the depth profile analysis capability with direct current glow discharge mass spectrometry (dcGD-MS) was evaluated by examining molybdenum disulfide (MoS2) films on Al and steel substrates. The optimized glow discharge
conditions for obtaining an ideal flat crater and an efficient signal intensity were a discharge current of 1.0–1.5 mA and a discharge
pressure of 4.7 mPa. The dc-GD-MS depth profile analysis provided depth resolutions of 0.55 μm for the MoS2/Al sample and 0.70
μm for the MoS2/Steel sample. The interface of 4.46 μm for MoS2/Al and 4.55 μm for MoS2/Steel determined by dc-GD-MS was
close to the thicknesses of 4.85 μm and 5.45 μm, respectively, as
measured by field emission scanning electron microscopy (FESEM). A high-carbon steel standard sample (NIST SRM 1264a)
was used to validate the reliability and accuracy of the method.
Relative errors of less than 12% were obtained compared with the
certified concentration and the relative standard deviation (RSD,
n = 20) of typical elements within 10%. The dc-GD-MS depth
profile analysis provided an efficient and reliable approach for the
depth analysis of the MoS2 film.

INTRODUCTION

mass spectrometry (SIMS), X-ray photoelectron spectroscopy
(XPS), laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), and auger electron spectroscopy
(AES) have been used for surface analysis and depth profile
analysis.10-16 Noël et al.14 analyzed the depth profile of inorganic
electrodes and organic layers in organic light-emitting diode stacks
by TOF-SIMS. Oswald et al.15 used XPS to investigate the depth
distribution of Ti/Al multilayers and Ti-Al alloy layers. Detriche et
al.16 reported a fast approach with XPS depth profile analysis for
gaining elemental distribution of the oxide layer on metal surfaces.
Although these techniques are used in the depth analysis of layer
materials, there are still the challenges of obtaining accurate
concentration or distribution information of the elements in the
depth direction without standard reference materials.

Various thin films and coatings have been synthesized and applied
into the microelectronics, space equipment and optics fields to
improve the physical or mechanical properties.1-5 Molybdenum
disulfide is one of the promising films due to its chemical stability,
high temperature, high pressure resistance, and high vacuum
resistance.5-6 As reported in the literature, the concentrations or
distributions of trace impurities or doping elements in the films
and coatings may affect the major physical or mechanical
properties of the synthesized materials; therefore, it is significant
to obtain detailed information on the elemental distribution or the
trace impurities in films or coatings by adequate analytical
techniques with the ability of high depth resolution and direct solid
analysis.8-9

Glow discharge (GD) source coupled with mass spectrometry
or optical emission spectrometry provides an alternative technique

At present, many analytical techniques including secondary ion
www.at-spectrosc.com/as/article/pdf/2021070
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for high resolution depth profile analysis of layered samples.18-20
During the sputtering of the GD source, atoms are separated from
the material surface layer by layer; moreover, the GD source is a
very stable atomization and ionization source, and a flat crater can
be obtained on the sample surface after sputtering,7 which allows
GD spectrometric techniques to efficiently determine depth profile
analysis of the samples. Glow discharge mass spectrometry (GDMS) is one of the most effective tools to directly analyze the
elements of solid samples22-28 and has been increasingly applied
for the depth profile analysis of thick and thin layers.17,21,29 The
majority of the latest studies on depth profile analysis by GD-MS
were performed with a time-of-flight mass spectrometer (TOFMS).17-18,21 Pisonero et al.17 applied pulsed rf-GD-TOF-MS to
measure the depth profile of B-implanted Si samples. Bouza et
al.29 determined the depth profile of elements in coated glasses by
rf-PGD-TOF-MS. GD-MS with a double-focused magnetic sector
has been successfully used for elemental determination and depth
profile analysis.9,30-31 Based on the high sputtering rates and long
count integration times of the MS detector, these techniques could
achieve high sensitivity and low detection limits. Di Sabatino et
al.30 analyzed impurities in multicrystalline p-type silicon samples
by dc-GD-MS and obtained a depth resolution of approximately
0.5 μm. These reports have made a significant contribution to the
progress of GD-MS for the direct analysis and the depth profile
analysis of various samples.

Materials and Sample Preparation. Aluminum and steel
substrates (2 cm × 2 cm × 2 mm) were purchased from Shenzhen
Rong Da Ltd. (Shenzhen, P.R. China) and used for the preparation
of MoS2/Al and MoS2/Steel samples. Analytical grade chemical
reagents, Na2MoO4·2H2O and CS(NH2)2, were used in this work.
A standard reference material, high-carbon steel NIST SRM
1264a, was used for validation of the dc-GD-MS system.
Molybdenum disulfide films were deposited on the aluminum
and steel substrates by a hydrothermal method. First, the
aluminum and steel substrates were polished with 800 grit paper
and cleaned with deionized water and alcohol for 10 min and 15
min by ultrasound, respectively. For preparation of the
molybdenum disulfide materials, 0.173 g Na2MoO4·2H2O and
0.271 g CS(NH2)2 were placed into a beaker, 25 mL deionized
water was added, and the mixture sonicated for 20 min to
completely dissolve the solute particles. The solution was
immediately transferred to a 35 mL reaction kettle, and the
processed aluminum or steel substrate was placed in the inner tube
of the reaction kettle. The sealed reaction kettle was placed in an
oven and heated to 210 ℃ for 24 h. After the reaction kettle was
cooled to room temperature, the samples were taken out, washed
with deionized water and alcohol, and then dried.
Instrumentation and Conditions. The GD-MS measurement
was carried out with an Auto Concept GD 90 glow discharge mass
spectrometer (Mass Spectrometry Instruments Ltd., U.K.), which
was equipped with a direct current power and a double-focusing
Nier-Johnson magnetic sector. The GD ion source consisted of a
discharge chamber and a sample holder (Fig. 1). High purity (>
99.9999%) argon gas was injected into the source chamber. The
discharge cell was pre-cooled with liquid nitrogen to reduce the
background noise from residual gases. During the experiments,
the high intensity peaks (above 10-13 A) were detected using a
Faraday detector, and the low intensity peaks (below 10-13 A) were
detected with an ion counter with a Channeltron. The mass
resolution was maintained at around 4000 during measurements.

For depth profile analysis, a good crater shape through the
sputtering process is necessary to achieve highly resolved depth
profiles.18 The discharge conditions (such as discharge pressure,
current, and voltage) should be optimized to obtain craters with a
flat bottom, straight vertical sides, and no redeposition at the
edges.32-34 Previous studies have reported that the edge effect close
to the crater rim possibly decreases the depth resolution of the
interface.18 Moreover, the roughness of the crater bottom increases
with sputtering time, which induces a broadening of the expected
profiles.17-18,21 For evaluation of the depth profile analysis
capability of GD-MS, the crater shape and depth resolution are
critical parameters that need thorough investigation. Gubal et al.21
obtained a flat crater by optimizing the discharge conditions and
analyzed the layers of varied thicknesses (tens of nanometers to
several micrometers) using a combined hollow cathode μs-dcPGD-TOF-MS system.
In this study, dc-GD-MS was used for the depth profile analysis
of MoS2 films. The MoS2 films were prepared by hydrothermal
technology on the surface of aluminum and steel substrates. To
optimize the sputtering process, the effects of discharge pressure
and discharge current on the crater shape were studied. The
precision of the method was verified by comparing the results with
an NIST SRM sample.

Fig. 1 Diagram of discharge chamber of dc-GD-MS.
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Fig. 2 Crater profile under different conditions obtained for Al substrates: (a) the discharge pressure ranged from 3.3 mPa to 6.1 mPa with a constant discharge
voltage of 1.2 kV and a discharge current of 1.3 mA; (b) the discharge current ranged from 0.5 mA to 2.5 mA with a discharge voltage of 1.2 kV and a
discharge pressure of 4.7 mPa.

A ceramic piece with a diameter of 10 mm was used, and the
discharge voltage was fixed at 1.2 kV. The discharge current and
discharge pressure were in the range of 0.5–2.5 mA and 3.3–6.1
mPa, respectively.

shown in Fig. 2a. The discharge pressure was varied between 3.3
and 6.1 mPa, the current was fixed at 1.3 mA, and the voltage was
fixed at 1.2 kV. A flat crater was obtained by sputtering at low
pressures (3.3–4.7 mPa); as the pressure increased (5.4–6.1 mPa),
the crater profile changed to a convex shape (W-shaped crater).
The W-shaped crater was induced by edge effects,35 which
negatively affected the depth profile analysis because the edge
effects enhanced the argon ion flow to the aperture rim and caused
inhomogeneities in the sputtering.35-36 Fig. 3a shows that the
roughness (Ra) of the crater bottom gradually increased with
increasing pressure. The convex crater and high roughness of the
crater bottom may adversely affect the depth analysis by reducing
the depth resolution. Thus, high discharge pressure (5.4–6.1 mPa)
is unfavorable for depth profile analysis.18 Moreover, Fig. 4a
shows that the signal intensity of the matrix element 27Al was not
sufficient for analysis at the low discharge pressure of 3.3 mPa.
Thus, the discharge pressure was optimized at 4.7 mPa for
subsequent experiments.

To study the thickness of the MoS2 films, cross-cleavage images
of the samples were investigated by field emission scanning
electron microscopy (FE-SEM, SU 8220, Hitachi Ltd., Japan).
Crater profiles after sputtering were determined using a surface
profilometer (Dektak XT, Bruker Ltd., Germany).

RESULTS AND DISCUSSION
Optimization of experimental conditions. It has been reported
that the discharge conditions in dc-GD-MS experiments may
affect the sputtering and ionization in depth profile analysis. To
optimize the discharge conditions, we studied the effect of the
discharge pressure and discharge current on the crater shape and
signal intensity using the Al substrate with a sputtering time of 40
min for each experiment. The profile and bottom roughness of the
sputtered crater were measured using the Dektak XT surface
profilometer.

The discharge current-dependent crater profile was studied over
the range of 0.5 to 2.5 mA under the optimized discharge pressure
of 4.7 mPa and voltage of 1.2 kV. As shown in Fig. 2b, a flat shape
of the crater was obtained at the current range of 0.5–1.5 mA. At

The discharge pressure dependence of the crater profile is
www.at-spectrosc.com/as/article/pdf/2021070
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Fig. 3 Roughness (Ra) of crater bottom as an increasing trend of (a) discharge pressure and (b) discharge current at the discharge voltage of 1.2 kV.

Fig. 4 The dc-GD-MS intensity of 27Al as a function of (a) discharge pressure and (b) discharge current at the discharge voltage of 1.2 kV.

high currents (2.0–2.5 mA), the edge of the crater bottom was
deeper compared to the center of the crater bottom (W-shaped
crater), and the roughness (Ra) of the crater bottom increased (Fig.
3b), all of which indicated that high discharge currents (2.0–2.5
mA) adversely affect the depth analysis. Moreover, Fig. 4b shows
that the signal intensity was not sufficient for analysis at a low
discharge current of 0.5 mA. Thus, an optimized current of 1.3 mA
was considered for subsequent experiments.
Depth profile analysis of MoS2 films. After optimization, the
following experimental conditions were considered for the dcGD-MS depth profile analysis of the MoS2/Al and MoS2/Steel
samples: discharge voltage of 1.2 kV, discharge current of 1.3 mA,
and discharge pressure of 4.7 mPa.

Fig. 5 Crater profile after analysis: (a) MoS2/Al sample and (b) MoS2/ Steel
sample.

First, the crater features and sputtering rates of the two samples
www.at-spectrosc.com/as/article/pdf/2021070
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Fig. 6 Depth profile analysis (32S, 98Mo, 27Al and 56Fe concentrations versus
depth) of (a) MoS2/Al and (b) MoS2/Steel with discharge pressure of 4.7
mPa, discharge current of 1.3 mA and discharge voltage of 1.2 kV.

Fig. 7 SEM image of a cross-cleavage of sample: (a) MoS2/Al and (b)
MoS2/Steel (MoS2 film thicknesses were 4.85 μm and 5.45 μm, according
to SEM measurements).

(MoS2/Al and MoS2/Steel) were studied after performing the dcGD-MS experiments. As shown in Fig. 5, the crater shapes were
regular, which indicated that the glow discharge was stable during
the analysis. For the MoS2/Al sample, the sputtering rate was
calculated as approximately 0.16 μm·min-1 with a crater depth of
13 μm (Fig. 5a). For the MoS2/Steel sample, a sputtering rate of
0.18 μm·min-1 with a crater depth of 14 μm was obtained by dcGD-MS analysis.

and the crater depth.7,17 As shown in Fig. 6, the concentrations of
32S and 98Mo for the two samples were high at the sample surface
(approximately 0–4.0 μm), and rapidly decreased with increasing
depth. In contrast, the concentrations of 27Al and 56Fe increased
sharply at depths of 4.0 μm and 3.9 μm, respectively. The results
indicated that the distribution of the elemental concentrations
along the depth of the MoS2/Al and MoS2/Steel samples can be
efficiently measured by dc-GD-MS.

Next, the depth profiles (32S, 98Mo, 27Al and 56Fe concentrations
versus depth) of the MoS2/Al and MoS2/Steel samples were
investigated by dc-GD-MS under optimized conditions. The
concentrations were determined by the ion beam intensity ratios
between the measured isotope and the matrix element. Standard
relative sensitivity factors (RSFs) for the calculations were
provided by the instrument manufacturer; these factors were used
to convert the ion signal intensity to the mass content, and the
distribution of the concentrations (32S, 98Mo, 27Al and 56Fe) versus
depth was then calculated by the combination of the sputtering rate

The MoS2 film thicknesses for MoS2/Al and MoS2/Steel were
estimated from the depth profile results and compared to the
thicknesses measured by SEM. Fig. 7 shows the SEM images of
the sample cross-cleavage, indicating a film thickness of 4.75 μm
and 5.45 μm for the MoS2/Al and MoS2/Steel samples,
respectively. The dc-GD-MS depth profile results indicated an
interface depth of 4.46 μm for MoS2/Al and 4.55 μm for
MoS2/Steel.37-38 Thus, the thicknesses calculated for the dc-GDMS depth profile analysis by Dektak XT surface profilometry
were similar to the thicknesses measured by SEM.
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Table 1. Comparison of Measured Concentration and the Certified
Concentration for Elements in NIST SRM 1264a (Relative to Fe)
Elements
55

Mn
Si
59
Ni
11
B
32
S
96
Mo
28

Measured
concentration C
(g/g)

Certified
concentration C0
(g/g)

Relative
error (%)

2591.04
599.99
1241.11
116.03
260.95
4680.84

2500
670
1400
110
250
4900

3.64
-10.45
-11.35
5.48
-4.38
-4.47
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Finally, the depth resolution of the dc-GD-MS analysis was
examined. As shown in Fig. 6, the sharp transition in the
concentration curve indicates that an effective depth resolution
was obtained during sputtering. Based on previous studies,37 the
depth resolution was calculated using the interface distance
between 16% and 84% intensity (concentration). Depth
resolutions of 0.55 μm for MoS2/Al and 0.70 μm for MoS2/Steel
were obtained. The achieved depth resolution of 0.55 μm for the
14 μm depth crater was effective in the depth profile analysis of
the MoS2 films.30
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ABSTRACT:

A rapid and simple co-precipitation method for iodine separation from natural samples was developed for
determination of 129I using accelerator mass spectrometry (AMS). The method includes three steps, i.e. decomposition of organic
iodine, iodine separation and target preparation using co-precipitation, and sensitive measurement of 129I/127I ratio using AMS. The
recovery of iodine was higher than 90% for most natural water samples in the decomposition step using K2S2O8. Iodine in the
digested sample was then co-precipitated as AgI-AgCl-Ag2SO3-Ag2SO4 with a typical recovery of 95-98%. It was observed that
addition of 0.2 mg 127I carrier can significantly improve the measurement uncertainty of low-level 129I samples by enhancing iodine
ion current. The overall recovery of iodine in the entire procedure was higher than 80%, and a detection limit of 1.0×105 atoms (or
2.2×10-17 g) for 129I was achieved. The developed method was
validated by certified reference material (IAEA-418) and five types
of natural water samples in comparison with results using the
conventional solvent extraction method. Analytical results showed
good agreement with the reference values for all samples, confirming
the reliability of the developed method. The simple operation, with no
need for organic solvent and small amount of iodine carrier addition
make the developed method suitable for rapid and reliable
determination of low level 129I in natural water samples.

INTRODUCTION

plants and nuclear accidents,5,6 even up to 10-4 in the heavily
contaminated area.7-11 Iodine is a water-soluble and biophilic
element, it mainly occurs as iodide, iodate and various organic
associated forms in the nature. Due to its unique sources, chemical
properties and long half-life, the 129I has attracted high interests of
geologists, chemists and environmental scientists for its
application in dating of geological events,12 environmental
tracing,13 geochemical cycle of iodine,14,15 and safety assessment
of nuclear facilities.16 These works require a reliable, sensitive and
rapid analytical method for determination of 129I in different types

As a long-lived (15.7 Ma) radioisotope of iodine, 129I is naturally
produced mainly through spallation reaction of atmospheric Xe
with cosmic rays, the spontaneous fission of 238U, and thermal
neutron-induced fission of 235U in the earth’s crust.1,2 The natural
abundance of 129I in the hydrosphere was reported to be about
1.5×10-12 (129I/127I) based on the measurement of marine sediment
samples.3-5 However, the 129I/127I atomic ratios have been
significantly increased to more than 10-10 due to anthropogenic
input including nuclear weapons tests, spent fuel reprocessing
www.at-spectrosc.com/as/article/pdf/2021071
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of samples including water samples. Solvent extraction is the most
commonly used method for separation of iodine from water
samples.3,17 This method was used to directly separate 129I from
samples with high iodine concentration, or from samples spiked
with 0.5-2 mg of stable iodine carrier before extraction. The major
limitation of this method is that iodine concentration in the
samples has to be sufficiently high (> 0.5 mg/L) to obtain a high
chemical yield of 129I (>50%).18 In addition, the water volume is
limited to a few liters in this method due to difficulty in practical
operation. For analysis of a large volume of water samples, anion
exchange chromatography was used to pre-concentrate iodine,
which is time-consuming since the flow rate needs to be controlled
within 1 mL/min. Meanwhile, this method is not well suitable for
determine ultra-low level 129I in water sample, because 127I carrier
(0.5-2 mg) which contains some amount of 129I has to be added to
the sample in the solvent extraction operation after the
chromatographic separation. The often-used iodine reagent of low
129I content was prepared from old brine, such as that supplied by
Woodward Iodine Corporation, the measured 129I/127I ratios
normally range from 0.5 to 2.0 × 10-13,19-21 although the lowest
value of 0.2 × 10-13 has been reported.22-24 This small amount of
129I in iodine carrier might be negligible for the analysis of samples
with 129I/127I > 10-10. However, the contribution of 129I in the carrier
makes it difficult to determine ultralow level 129I, which is often
required in geological, environmental and geochemical studies. In
addition, the method of solvent extraction with CCl4 or CHCl3
generates toxic organic waste, which is not environment friendly.

(Model J1303/GBWN, Jiangsu Audt riveting & pressure
equipment Co., LTD, China) was used to target preparation. An
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent
8800) was used to measure stable 127I. A 3 MV Tandetron AMS
(HEVV, The Netherlands) in the Xi’an AMS Center was used for
measure 129I /127I atomic ratio in the prepared targets.
All chemical reagents used were of analytical grade reagent,
including K2S2O8, NaHSO3, HNO3, NaNO2, and AgNO3. All
solutions were prepared using deionized water of 18.2 MΩ·cm,
produced by CascadaTM Lab Water System (Pall Life Sciences,
USA). Iodine crystal with a 129I /127I atomic ratio of 2×10-14 was
provided by Woodward Inc. (USA), and dissolved in 0.40 mol/L
NaOH-0.05mol/L NaHSO3 solution. 129I standard solution (NISTSRM-4949C) from the National Institute of Standard and
Technology (Gaithersburg, MD, USA) was used to prepare 129I
standard by mixing with certain amount of 127I (Woodward Inc.
USA). Na125I solution (Chengdu Gaotong isotope corporation,
China) as the tracer solution was diluted in 0.001 mol/L NaOH.
Niobium powders (325 mesh) was purchased from Alfa Aesar
Company (Ward Hill, MA, USA).
Separation of iodine from environmental samples. Filtered
fresh water or seawater (0.6 L) was weighed to a beaker. 0.2 mg
of 127I carrier and 5.0 kBq of 125I tracer solution were spiked. 18 g
of K2S2O8 was added to sample to a final concentration of 30 g/L,
and 3.0 mol/L HNO3 was add to adjust pH 1-2. The prepared water
sample was heated on a hotplate and incubated at 60 °C for 20 h,
in order to decompose organic substances and convert organic
iodine into inorganic forms.28 After cooled to room temperature,
0.5 mL of 2.0 mol/L NaHSO3 and 3.0 mol/L HNO3 were added to
adjust pH1-2 to reduce all inorganic iodine to iodide. After
addition of 0.5 mg chloride (as NaCl, to fresh water samples), 30
mL of 0.03 mol/L AgNO3 was dropwised to the solution (fresh
water and seawater) under stirring to form AgI-AgCl-Ag2SO3Ag2SO4 coprecipitate. 125I in the supernatant (1 mL) was measured
using a gamma detector, and the recovery of iodine in this step was
measured by comparing the 125I activity in the supernatant with 125I
standard spiked to the sample. The supernatant was decanted, and
the precipitate was separated by centrifuge. The separated
precipitated was sequentially rinsed with HNO3, H2O, and diluted
NH4OH (5-10%) (only for seawater) to remove Ag2SO3 and most
of AgCl respectively, until 1-3 mg of precipitate was obtained. The
separated AgI-AgCl coprecipitate was dried in an oven at 60-70 °C,
ground to a fine power, and mixed with five times by mass of
niobium power, which was finally pressed into a copper holder
using a pneumatic press. Procedure blank was prepared using the
same procedure but without sample. A schematic diagram of the
separation procedure is shown in Fig. 1.

A co-precipitation method has been proposed to separate iodine
from seawaters for measurement of 129I using accelerator mass
spectrometry,25-27 which can avoid the utilization of organic
solvent and large amount of 127I carrier. This work aims to further
extend this method, with focus on rapid separation and sensitive
determination of 129I in natural waters (lake, river, rain, and ground
water).

EXPERIMENTAL
Samples and chemicals. Four fresh water samples from Xi’an,
China in 2019 and one seawater from the East China Sea were
collected. The collected water was stored in PE containers. A rain
water sample was collected on the roof of Xi'an Accelerator Mass
Spectrometry Center (34° 13.42′ N, 109° 0.01′ E) on 19th May,
2019. The river water samples were first kept still for overnight to
allow for the settlement of suspending materials (mud/sand), and
the supernatants were collected. All water samples were filtered
through 0.45 μm membrane within 2 days after collection.

Measurement of 129I and 127I. Atomic ratios of 129I/127I in the
prepared AgI-AgCl targets were measured by AMS using 3MV
Tandem AMS system (HVEE) in the Xi’an AMS center. I- ions
sputtered from the ion source was accelerated, and then stripped

NaI gamma detector (Model FJ-2021, Xi'an Nuclear Instrument
factory, Xi'an, China) was used for measuring 125I to monitor
chemical recovery of iodide during separation. A pneumatic press

www.at-spectrosc.com/as/article/pdf/2021071
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Fig. 1 Schematic diagram of procedure for separation of total iodine from natural water.

in the stripper with Ar gas, I5+ was chosen, and 127I5+ was measured
as charges (current) using a Faraday cup and 129I5+ was measured
using a gas ionization detector. All samples were measured for 6
cycles and 5 min per sample in each cycle. A detailed description
of AMS system and measurement of 129I has been reported
elsewhere.29
Stable iodine (127I) in fresh water samples and seawater were
measured using ICP-MS (Agilent 8800) after dilution for 2 times
for fresh water and 20 times for seawater using 1% NH4OH. Cs+
solution was spiked to a concentration of 2 ng/mL as internal
standard. The detection limit of the method for 127I was estimated
as 3 times of blank to be 0.02 ng/mL.

RESULTS AND DISCUSSION

Fig. 2 Recovery of iodine in oxidizing decomposition using K2S2O8 (at
60 °C for 20 h), error bars are standard deviation of the recovery results in
four parallel experiments.

Decomposition of organic iodine in natural waters. For fresh
water, such as lake, river and rain water, large fraction of iodine
occurs in organic form,30,31 mainly as humic substances associated
iodine. In these substances, iodine is covalently bound to aromatic
or phenolic groups, and difficult to be separated from matrix
without decomposition of organic substances. Iodine in fresh
water is normally low (<5 μg/L), a large volume of sample (>500
mL) is therefore needed for determination of low level 129I in these
samples. Decomposition by oxidation using K2S2O8 has been
proposed to release iodine from organic substance in natural water
samples at a temperature higher than 40 °C by formation of sulfate
and/or hydroxyl radicals.28,32-34 Hydrogen ions might be involved
in the reaction with organic matter,35,36 which makes pH of the
www.at-spectrosc.com/as/article/pdf/2021071

solution critical for the decomposition of organic substances. It
was reported that the pH < 2 is helpful for reduce the loss of iodine
during decomposition of organic matter.28 Our results (Fig. 2)
show that the recovery of iodine monitored by measurement of the
spiked 125I is higher than 90% for most natural samples, and can
reach 95.9 ± 1.0% for ground water. This confirms that nearly all
iodine is kept stable during decomposition and K2S2O8 can
successfully decompose organic iodine in all water samples.
Separation of
192
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precipitation process, many precipitation reactions might be
involved, the most important reactions and their solubility
products (Ksp) of the corresponding precipitation products are
listed below:
Ag+ + I- = AgI

Ksp(AgI)=8.5 × 10-17

2Ag+ + SO32- =Ag2SO3
Ag+ + Cl- =AgCl

Ksp(Ag2SO3) = 1.5 × 10-14

Ksp(AgCl) = 1.8 × 10-10

concentration in the precipitate and improve the sensitivity of
AMS measurement of 129I. Based on the high solubility of Ag2SO3
and Ag2SO4 in acidic solution, Ag2SO3 and Ag2SO4 in the coprecipitates are easily removed by rinsing with 3 mol/L HNO3. In
this case, almost all of Ag2SO3 and Ag2SO4 precipitates are
dissolved, meanwhile, AgI particles are dispersed in the solution.
Since the amount of AgI is too small (< 50 µg), it is suspended in
the solution and could not be precipitated and handled in the
following centrifugation step. Meanwhile, it is hard to get
sufficient amount of co-precipitate (< 1 mg) to be handled in the
target preparation due to the low concentration of iodine and
chloride in the samples. Therefore, 0.5 mg of Cl- was added to the
digested sample to ensure sufficient amount of precipitate for the
AMS measurement of 129I.

(1)
(2)
(3)

2Ag+ + SO42- =Ag2SO4 Ksp(Ag2SO4) = 1.7 × 10-5

(4)

Ag+ + IO3- = AgIO3 Ksp(AgIO3) = 3.2 × 10-8

(5)

It was reported that low concentration of iodine in natural fresh
water samples e.g. 0.4-15 μg/L in rain water and 0.1-18 μg/L in
river water was measured.9,37 The chloride concentration in
precipitation in mid-continental regions (far from oceans and other
salt sources) which is less than 1 mg/L, and often less than 0.1
mg/L,38 more than thousands times lower chlorine compared to
that in seawater, 19.0 g/L.39 Therefore, a small amount of
precipitate will be formed when an excess amount of AgNO3 was
added. For 1 L of rain water with low chloride (<0.1 mg/L), less
than 0.4 mg of co-precipitate will be formed, which makes it
impossible to be effectively separated from the supernatant of the
large volume of sample. Meanwhile, this cannot cope with the
requirement for iodine target preparation, as nearly 1-3 mg
precipitate need to be pressed into holder for AMS measurement.
The amount of sulfite and chloride added as co-precipitation
agents and amount of Ag+ added to form precipitation are key
parameters for separation of iodine in large volume fresh water by
co-precipitation.

In AMS measurement, 127I intensity is measured by Faraday
Cup, while 129I is counted by ionization detector. According to the
deflection of 127I measuring position by Faraday cup, terminal
voltage of AMS can automatically be adjusted to take 129I5+
through 115° magnet as much as possible before reach to the
detector. Therefore, the 129I was adjusted according to the
measured 127I ion current, and the low iodine content in the target
causes a high uncertainty of 127I current, which consequently
influence the stability of 129I signal intensity measured in AMS. It
has been observed that the measurement stability and reliability of
129I can be significantly improved when the 127I carrier increased
from 0 to 0.2 mg.40 Since the addition of large amount of stable
iodine carrier (127I) containing small amount of 129I is not suitable
for the determination of low-level 129I in nature water, 0.2 mg of
127I carrier was added to nature water samples in this work. The
129I level in the analyzed environmental samples might vary within
a few orders of magnitude, for example, the 129I/127I atomic ratios
range from 10-12 in the deep-sea water or ground water samples to
10-8 in the surface water or rainwater. It is crucial that small amount
of 127I carrier should be used in the analysis of ground or deep-sea
water to reduce the contribution of 129I in the iodine carrier to the
sample.

During the decomposition of organic iodine, the iodine is
converted to the iodate by oxidizing reagent K2S2O8. Because of
the relatively high solubility of AgIO3 (Ksp = 3.2 × 10-8) compared
to AgI (Ksp= 8.5 × 10-17) and a low concentration of iodine in the
solution, iodate was reduced to iodide using sulfite at pH < 2 to
obtain a better recovery of iodine in the co-precipitation process.
Excessive amount of sulfite was added in this step to form Ag2SO3
precipitate. Our investigation showed that Ag2SO3-AgI coprecipitation significantly improved the recovery of iodine, which
is attributed to the similar particle sizes of AgI (mainly 0.5-2.0 μm)
and Ag2SO3 (mainly 0.5-1.5 μm) crystals.27 In this step, NaHSO3
not only converts the iodine to iodide, but also as a co-precipitation
agent forms sufficient amount of co-precipitate with iodide. It is
worth noting that sulfite compete with iodide to form precipitate
with Ag+, large amount of sulfite might reduce the recovery of
iodine if the amount of Ag added is not sufficient. In this work, 1.0
mmol sulfite (i.e. 0.5 mL of 2 mol/L NaHSO3) was added after
digestion of the sample. The excess of Ag2SO3 and Ag2SO4
precipitate needs to be removed to reduce the total precipitate to 13 mg for pressing to the target holder with niobium metal powder
for AMS measurement. Meanwhile, it increases the iodine
www.at-spectrosc.com/as/article/pdf/2021071

In this work, AgI-AgCl-Ag2SO3-Ag2SO4 co-precipitation was
used to separate iodine from the digested solution, and iodine
recoveries of 95-98% were obtained when adding 0.5 mg of Cl- in
the solution containing 1.0 mmol NaHSO3. Considering the loss
of iodine in the decomposition of organic iodine, an overall
recovery of iodine in the entire procedure is higher than 80% for
the natural water samples.
In comparison with the conventional solvent extraction method,
the reported co-precipitation method for 129I determination in
natural water has following advantages. (1) addition of less carrier
127I, which reduces the contribution of external 129I and thus
improves the reliability of analytical results for low-level 129I
samples; (2) single-step separation, which makes the separation
193
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Table 1 Results of 127I and 129I Signals in Procedure Blanks Using CoPrecipitation Separation and AMS Measurement
No

Average
I current
(nA)

127

Average 129I
count rate
(Counts/min)

Measured 129I/127I
ratio a

1

184.2

2.9 ± 0.5

(2.28 ± 0.32) ×10-13

2

88.1

1.4 ± 0.3

(2.11 ± 0.46) ×10-13

3

149.3

2.2 ± 0.4

(2.01 ± 0.34) ×10-13

4

78.3

0.9 ± 0.2

(1.85 ± 0.47) ×10-13

5

164.1

2.3 ± 0.4

(1.81 ± 0.25) ×10-13

6

110.7

1.2 ± 0.3

(1.46 ± 0.31) ×10-13

Method validation. A certified reference material (IAEA-418) for
129I value was analyzed using the developed method. The
measured 129I concentration of (24.8±3.2) ×107 atoms/L is in good
agreement with the certified value ((24.4±2.7) ×107 atoms/L),
indicating that the developed method is reliable and accurate for
determination of 129I in natural water samples (Table 2).
In additional, the developed method was validated by analysis
of five natural water samples collected from China by both the
developed co-precipitation method and the conventional solvent
extraction method.41,42 The concentrations of total 129I obtained by
two methods are presented in Table 2, which shows a good
agreement of 129I concentration (p<0.05) between two methods.
This confirms that the presented co-precipitation method is
reliable and suitable for determination of total 129I in natural water.
For lake, river and sea water samples, two aliquots of each sample
(e.g. Lake water-1 and Lake water-2) were analyzed, analytical
results of 129I in two aliquots samples for these three types of
sample agree very well, indicating a very good repeatability of the
analytical method.

-13

Average
a

precipitation in addition to the AMS instrument stability in
ionization and ion transfer and measurement efficiencies.

(1.92 ± 0.36) ×10

All data is presented as average of six measurements.

easy to operate and less time-consuming; (3) less chemicals,
especially exclusion of toxic organic solvent; (4) rapid analysis,the
co-precipitation does not only single step separation, but also
operated for a batch of sample, such as 16 or even 24 samples, so
easy to handle and analyze large number of samples.
Detection limit of analytical method for 129I. Procedure blanks
were prepared using the same procedure as the sample, and the
measurement results including the measured intensities of 127I and
129I in these blanks are presented in Table 1. The detection limit
was calculated to be 1.0×105 atoms (or 2.2×10-17 g) using three
times the standard deviation of the 129I/127I ratios, sampling volume
of 600 mL and 0.2 mg 127I carrier. For fresh water including
groundwater with iodine concentration of 1.0 μg/L, a 129I/127I ratio
higher than 3.5×10-11 can be determined in 600 mL water sample
using the developed method. For samples with 129I/127I lower than
3.5×10-11, a large size sample has to be analyzed. As for seawater,
the iodine concentration is normally 45-60 μg/L,41 which is about
two orders of magnitude higher than that in fresh water. Therefore,
the developed method can be used to determine a 129I/127I ratio
higher than 5.9×10-13 in seawater. It is critical to control the
amount of the final precipitate (AgI-AgCl) by partially removal of
AgCl with NH4OH rinsing. The variation of 127I ion currents (78184 nA) is mainly affected by the final amount of the co-

Determination of 129I in natural water samples. Table 2 shows
the analytical results of some natural water samples using the
developed method. The 129I concentrations and 129I/127I ratios in
the surface waters (lake water and river water) are (1.6-1.8) ×107
atoms/L and (4.1-4.5) ×10-9, respectively (Table 2), this is similar
to the reported value in a river water from the west of Xi’an ((1.4
±0.3)×107 atoms/L for 129I concentration and (3.7 ±0.6) ×10-9 for
129I/127I ratio).9 Meanwhile, the 129I concentration in surface water
includes surface sea water is 1-2 orders of magnitudes lower than
that contaminated region by human nuclear activities, such as
adjacent areas of nuclear fuel reprocessing plants in Europe.8,43
The measured 129I concentration of rain water collected in 2019 in
Xi’an (23.0×107 atoms/L) falls into the range of the reported 129I

Table 2. Analytical Results of Total 129I and 127I in Natural Water Samples Using Co-precipitation and Solvent Extraction for Separation and AMS
Measurement a
129

a

I concentration (×107 atoms/L)

129

I/127I atomic ratio (×10-9)

Sample

127

IAEA 418 b

56.6 ± 1.6

24.8 ± 3.2

23.3 ± 1.1

0.92 ± 0.12

0.87 ± 0.05

Lake water-1

0.83 ± 0.01

1.75 ± 0.05

1.74 ± 0.05

4.43 ± 0.13

4.40 ± 0.14

Lake water-2

0.83 ± 0.01

1.79 ± 0.07

1.86 ± 0.05

4.54 ± 0.19

4.70 ± 0.13

River water-1

0.84 ± 0.01

1.62 ± 0.06

1.55 ± 0.04

4.06 ± 0.16

3.90 ± 0.12

River water-2

0.84 ± 0.01

1.66 ± 0.05

1.63 ± 0.05

4.17 ± 0.12

4.09 ± 0.13

Rain water

4.73 ± 0.05

23.00 ± 0.32

21.43 ± 0.28

10.23± 0.18

9.55 ± 0.16

Ground water

2.06 ± 0.02

0.097 ± 0.026

0.096 ± 0.029

0.099 ± 0.026

0.098 ± 0.030

Sea water-1

11.0 ± 0.1

1.45 ± 0.07

1.59 ± 0.04

0.28 ± 0.01

0.31 ± 0.01

Sea water-2

11.0 ± 0.1

1.42 ± 0.14

1.41 ± 0.04

0.27 ± 0.03

0.27 ± 0.01

I (μg/L)

co-precipitation

solvent extraction

co-precipitation

solvent extraction

All data presented as average of six measurements; b The certified value of 129I concentration is (24.4 ± 2.7) ×107 atoms/L.
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concentration collected in the same place from 2008 to 2016
((0.33-152.9)×107 atoms/L).44 The lowest 129I concentration of
9.7×105 atoms/L and 129I/127I ratio of 9.9×10-11were measured in
the ground water collected from Longxian, China, which is more
than one order of magnitude lower than the surface water and two
orders of magnitudes lower than the rain water, which indicates
that only a small anthropogenic 129I from atmospheric deposition
entered to this ground water. However, the 129I level in this ground
water is significantly higher than the estimated pre-nuclear level
of 129I in surface water (approximate 5×104 atoms/L),8 which
might indicate that this shallow ground water has received small
fraction of modern meteoric water containing anthropogenic 129I,
this also shed a light for the application of 129I to trace the source
of ground water. The 129I concentration (1.4×107 atoms/L) in the
sea water samples collected in the coast of the East China Sea falls
within the reported range of 129I concentration in the East China
Sea ((0.7-4.0) ×107 atoms/L).10 The relatively low 127I
concentration in this seawater (11.0 µg/L) compared to the open
seawater (60 µg/L) indicates that a large contribution of runoff
water (Table 2).
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ABSTRACT:

A highly sensitive analytical technique was developed in which gaseous hydrogen selenide generated by
sodium tetrahydroborate reduction was transported and trapped on a resistively heated platinum-coated W-coil trap for in situ
preconcentration. The selenium concentration was determined using hydride generation-atomic absorption spectrometry (HG-AAS).
The surface of the W-coil was covered with platinum using the electrodeposition technique in the presence of H2 and Ar. According
to the results of Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (SEM-EDX) images, the ratio of Pt was 54.74% on the W-coil trap
surface. Various experimental conditions, such NaBH4 and hydrochloric acid
concentration, and carrier gas flow rate, were optimized. In addition, the effect of the
hydride-forming elements was quantitatively evaluated. The limit of detection for Se
was 21.1 ng/L. The proposed method was also applied to the determination of
selenium in certified reference material (SRM 1640a Trace Elements in Natural
Water) which showed that the analysis could be performed with a relative error of
about 8%. The precision of the method was evaluated and a relative standard deviation
(%RSD) lower than 10% was obtained.

INTRODUCTION

higher efficiency of the sample introduction. In addition, a larger
sample volume can be used and thus, better detection limits can be
obtained.5 There are different types of vapor generation techniques
such as hydride generation (HG), cold vapor generation and
photochemical vapor generation. Among them, hydride
generation is the most commonly used technique since it can be
applied to elements forming volatile hydrides.6 Photochemical
vapor generation is based on the radical formation from the
aqueous solutions containing low molecular weight carboxylic
acid by exposure to UV light. This phenomenon was adapted to
the determination of selenium by using photochemical vapor
generation in 2003 by Sturgeon and coworkers.7,8

Selenium (Se) and its compounds are essential for human health,
but its physiological function is changeable1 and can be toxic if
taken above a certain level. As a dietary supplement, the European
Food Safety Authority has published recommendations of 15−70
μg/d Se intake (adequate intake, AI) for humans.2 To avoid
excessive intake, the Food and Agriculture Organization of the
United Nations/World Health Organization has defined the upper
limit of Se tolerance at 90−400 μg/d per person.3 Therefore, in
order to determine trace Se in environmental and biological
matrices, reliable and sensitive analytical methods are required.4
Vapor generation atomic absorption spectrometry (VG-AAS) is
a sample introduction technique that converts the elements into gas
phase species in three steps: (1) generation of volatile analyte
species, (2) carrying volatile analyte species to the atomizer, (3)
decomposition of volatile analytes and measurement of the atomic
absorption response. The advantages of this technique include
analyte separation from its matrix and better sensitivity due to a
www.at-spectrosc.com/as/article/pdf/2021026

HG became very popular because it only requires a simple and
low-cost apparatus and provides preconcentration and separation
of the analyte from the sample matrix. This property results in
higher sensitivity with a suppression of interferences during
atomization. Another advantage is its ability to perform speciation
analysis of hydride-forming elements.9 Although interferences are
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still encountered, it is easier to minimize the interferences in
comparison with the techniques of graphite furnace or flame
AAS.10

and H2, transportation of tellurium hydride was carried out to the
tungsten coil for trapping at 390 °C and releasing at 1200 °C. A
-1
limit of detection (LOD, 3σ) of 0.08 ng mL was calculated with
1 min trapping (1.5 mL sampling volume), and the enhancement
factor was 28 compared to conventional HG-AAS.16 Barbosa et
al.17 are the prominent advocates of in situ trapping of selenium
hydride on rhodium-coated tungsten coil. In addition, Ataman et
al. 18 reported the use of bare tungsten coil to trap bismuth hydride.
Later, the use of tungsten coil to trap hydride had undergone
further investigation by several groups for the determination of
arsenic,6,19 selenium,6,15 bismuth,20 cadmium,21 and antimony22,23
in various samples.16

High introduction of the analyte and matrix separation are
obtained by reducing the analyte with NaBH4 to the corresponding
hydride with a reliable and low-cost detector coupled to HGAAS.10,11 For on-line atomization with AAS, conventional quartz
tubes are the most commonly used devices since they provide high
sensitivity and low baseline noise. Thus, running and investment
costs are low.12 Using a W-coil as a trap is an alternative to on-line
trapping and HG-AAS. A W-coil atom trap can be resistively
heated by passing electricity directly through this device. While
external heating is required for the quartz trap, higher heating can
be achieved with a W-coil atom trap. The tungsten coil from a
commercial visible tungsten lamp can be easily and economically
obtained. The W-coil atom trap operates on principles similar to
those of the quartz atom trap. The W-coil trap is located in the inlet
arm of a conventional T-tube quartz atomizer and the temperature
can be conveniently adjusted to optimized values for the collection
and revolatilization stages.13

The aim of this study was to develop a sensitive analytical
method for Se determination by using a W-coil for both trapping
and releasing hydride species and coupling this system to HGAAS. The surface of the W-coil was coated with platinum (Pt) to
lengthen the life-time of the W-coil. The novelty of this study is
that platinum coating was used for the first time in the
determination of Se by HG-AAS. Chemical hydride generation is
included in the first volatilization step and is followed by trapping,
revolatilization and finally atomization in an externally heated
QTA where a transient AAS signal is obtained. Interference of the
hydride-forming elements of As, Sb, Sn, Bi, and Hg on Se
determination was investigated. The accuracy of the method was
tested by using SRM 1640 Trace Elements in Natural Water and
the analytical figures of merit were determined.

The physical and analytical tube lifetime of the bare tungsten
tubes is typically about 250 firings. A smooth glassy structure is
observed on the surface of the tungsten tubes, modified with
platinum. Probably, a Pt–W alloy, consisting of 63.5 to 95.3 atomic
percent of tungsten and exhibiting a melting point of about
2500 °C, is formed on the surface of the tungsten grains. Thus,
platinum is thermally stabilized (melting point of pure platinum is
1769 °C) and provides a permanent modification of the tungsten
tube for efficient trapping of the selenium hydrides.14

EXPERIMENTAL
Instrumentation. A hydride generation (VGA 77) atomic
absorption spectrometer (Agilent Technologies 200-series),
equipped with a selenium hollow cathode lamp (HCL), was used
in the detection step. The lamp current was set to 10 mA, the
wavelength to 196 nm and the spectral band pass to 1.0 nm. Since
the peaks were very sharp, peak height absorbance was used as the
basis for the measurements.

In a recent study, a modular trap and atomizer device has been
developed to trap Se hydride. A device consisting of a gold wire
absorber was employed for Se collection. The major advantage of
a modular design is that it allows easy and quick replacement of
the inlet arm which acts as a trap.11 Kula et al. 15 developed a new
analytical technique in which gaseous hydrogen selenide
generated by sodium tetrahydroborate reduction was transported
and trapped in a resistively heated gold-coated W-coil atom trap
for in situ preconcentration. Gold coating on the W-coil was
prepared by the electrodeposition method using an organic Au
solution.15 The capability of in situ trapping of selenium and
arsenic hydrides within a bare and modified (Pd, Pt, Ir, and Re)
tungsten tube atomizer was conducted by electrothermal atomic
absorption spectrometry and a radiotracer technique by using 75Se
radionuclide. Trapping was found to have low efficiency (below
5%) within the bare tungsten tube. Besides, modification with 100
mg of Pt, Ir and Re, respectively, was found to have increased the
efficiency of trapping significantly.14 In a study, in order to
determine tellurium, a sensitive and basic method was developed
in combination with electrically heated quartz tube atomic
absorption spectrometry and tellurium hydride trapping on
platinum-coated tungsten coil. By using a mixture consisting of Ar
www.at-spectrosc.com/as/article/pdf/2021026

The quartz T-tube atomizer was heated externally by an airacetylene flame. The length of the horizontal arm of the quartz Ttube was 140.0 mm, while the vertical arm was 100.0 mm. The
inner and outer diameters of the horizontal arm were 15 and 18
mm, respectively. The inner and outer diameters of the vertical arm
were 6 and 9 mm, respectively.
For the separation of hydrogen selenide from the liquid phase, a
cylindrical gas liquid separator (GLS) was employed. A mixture
of H2 and Ar was used in the on-line atomization mode or in the
collection mode. The W-coil used for trapping was obtained from
commercially available slide projector bulbs (HLX 64633,
OSRAM, Munich, Germany) and placed in the inlet arm of a
quartz T-tube atomizer placed 5.0 cm from the connection point to
the horizontal arm. A variable potential power supply (TTTTECHNI-C) and a 750 W transformer, connected to electricity
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produced with a Milli-Q system, was used throughout this study
(Millipore, USA). For preparation of the working Se solutions, the
necessary dilutions were made from their stock standard solutions:
1000 mg L-1 Se. For acidification of the analyte solutions, 37%
(w/w) HCl was used. The reductant was a 0.3% (m/v) solution of
NaBH4 in 0.5% (m/v) KOH, filtered after preparation, then stored
frozen. For the interference studies, 1000 mg mL-1 stock solutions
of As(III), Sb(III), Sn(II), Bi(III) (Fluka, Germany) and Hg(II)
were used in the preparation of the working solutions and the blank
which contains a constant Se concentration as the analyte.
Platinum coating of the W-coil. 1000 mg/L platinum in 10% HCl
was used as a solution (PerkinElmer, USA). A 20 μL aliquot of
platinum solution (PerkinElmer Pure, 1000 mg/L in 10% HCl)
was manually pipetted onto the W-coil surface. The W-coil was
then subjected to the following heating schedule: 3.8 A, 60 s; 4.2
A, 30 s; 0 A, 5 s; 7.0 A, 5 s. This process was repeated several
times. During the coating process, the H2 and Ar flow rates were
kept constant at 40 mL min− 1and 300-mL min− 1, respectively.20
The device used during the coating process is shown in Fig. 1. The
SEM (JEOL JSM-7600F instrument from MSKU Material
Research Laboratory, Turkey) images were analyzed to determine
the W-coil surface and the platinum coating. The SEM and EDX
results of the bare W-coil and platinum-coated W-coil surfaces
were obtained separately. The SEM images of bare W-coil and
platinum-coated W-coil are shown in Fig. 2a and Fig. 2b,
respectively. The EDX results showed that the surface of the
platinum-coated W-coil was 54.74% Pt by weight (Fig. 3).

Fig. 1 The shape of the device used in platinum coating of the W-coil.

Fig. 2 SEM images of W-coil: (a) bare W-coil, (b) platinum-coated W-coil.

Procedure. Te measurements were performed by using both Ptcoated W-trap HGAAS and conventional HGAAS. The same
atomizer (Quartz T-tube atomizer) was used with both techniques
and heated externally on a stoichiometric air acetylene flame. This
unit was placed in line with the burner head and then aligned with
the beam pathway of the spectrometer. The HCl and NaBH4
concentrations were optimized in the on-line atomization mode
studies using a 1.0 μg L-1 Se solution containing 7.0 mol L-1 HCl.
The blank was 7.0 mol L-1 HCl solution. The reductant and sample
solutions were pumped at the flow rates of 4.95 mL min-1 and 4.55
mL min-1, respectively. The generated hydrogen selenide was
transported to an air-acetylene flame heated quartz T-tube. The Ptcoated W-trap in the HG-AAS procedure consisted of two steps:
trapping and releasing. Optimization of the applied temperature is
important to provide efficient trapping. The selenium signal
increased up to 240 °C, and 190 °C was selected as optimum since
at higher trapping temperatures the lifetime of the coil decreases
(Fig 4). In the trapping step, the trap was resistively heated to
optimum temperature (190 °C) and hydrogen selenide was
collected on the platinum-coated W-coil. During trapping, the
carrier gas consisted of 475 mL min-1 Ar with 30 mL min-1 H2.

Fig. 3 EDX result of platinum-coated W-coil.

Fig. 4 Optimization of trapping temperature.

(220 V ac) through a power switch, were used to manually control
the coil temperature.

The working range was selected from 190 °C to 1200 °C in the
releasing step (Fig 5). At low temperatures, the shapes of the
signals were broad and smaller in magnitude. When the

Reagents. All chemicals were of analytical reagent grade and
obtained from Merck (Germany). Ultra-pure quality water,
www.at-spectrosc.com/as/article/pdf/2021026
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kept the Se in the +4 state during the experiment and provided best
sensitivity for hydride production.
Optimization of carrier gas flow rate. One of the most important
variables to obtain the best trapping efficiency in terms of hydride
collection in a Pt-coated W-coil was the effect of the carrier gas
flow rate. The carrier gas was a mixture consisting of Ar and H2 in
-1
which the flow rates were optimized and fixed at 475 mL min
and 30 mL min-1 during the trapping step, respectively. Kratzer and
Dědina 25 concluded that in an environment rich in hydrogen, H2Se
is formed and transported to a quartz T-tube that is externally
heated for atomization. Kula et al. 15 stated that H2 gas was needed
in both the collection and the releasing steps. In our present study,
only H2 gas was needed in the collection step. In the releasing step,
the flow of H2 gas was cut off from the system since H2 gas was
no longer needed. It is important to note that Pt, as a noble metal,
has a relatively high resistance to oxidation.26

Fig. 5 Optimization of volatilization temperature.
Table 1. Optimized Analytical Parameters for the Platinum-coated Wtrap HGAAS System
Analytical parameters
Carrier solution
Reductant solution
Sample solution
Trapping carrier gas
Releasing carrier gas
Trapping temperature
Releasing temperature

Optimum values
7.0 mol l-1 HCl, 4.95 mL min-1
0.3% (w/v) NaBH4, stabilized in 0.5%
(w/v) NaOH, 4.95 mL min-1
1.0 μg L-1 Se, 4.55 mL min-1.
475 mL min-1 Ar; 30 mL min -1 H2
475 mL min-1 Ar; 0 mL min -1 H2
190°C
925°C

The mechanism between Pt and Se is explained in the study by
Buchkov et al. 26 The PtSe2 films were prepared in a dual-zone
gradient tube furnace, which was heated to a growth temperature
of 550 °C under a 5% H2/ 95% Ar gas flow (high temperature
zone). The PtSe2 layers were obtained by direct sеlenization from
the Se vapor as well as by reaction with hydrogen selenide (H2Se),
which is formed at high temperature with the Ar/H2 gas mixture
which reacts with Se as follows:26

temperature was increased from 925 °C to 1200 °C, the signals
became sharper and the signal peak height increased significantly.
Therefore, 925 °C was selected as the optimum value. When the
volatility temperature increased, the signal increased up to its
maximum volatility efficiency, then remained constant with an
increase in temperature. Temperatures higher than 925 °C were not
used to prevent deterioration of the coated W-coil. The enriched
hydride was released by increasing the Pt-coated W-coil to 925 °C
for about 1.0 s; the flow of H2 gas was cut off from the system.
Finally, the hydride was further transported to the heated quartz Ttube for atomization and a sharp, transient signal was recorded.
The optimized analytical parameters for the Pt-coated W-trap HGAAS technique are listed in Table 1.

2𝐻2+𝑆𝑒2 ⇔2𝐻2𝑆𝑒

𝑃𝑡 + 2𝐻2𝑆𝑒 ⇔ 𝑃𝑡𝑆𝑒2 + 2𝐻2

Eq. 2

Interference studies. The interference of As, Sb, Sn, Bi and Hg
on the Se determination was investigated because volatile types of
these elements were efficiently co-produced with selenium
hydride.11 No significant interferences were observed except for
Hg, which can produce severe interference in the process of
hydride generation. The comparison of the interference extent in
the online atomization mode and the preconcentration mode is
shown in Table 2.
Table 2. Interferences of the Co-exited Hydride-forming Elements on
Se Determination in the On-line Atomization Mode and in the
Preconcentration

RESULTS AND DISCUSSION
Optimization of hydride generation. The acidity of the sample
and the concentration of NaBH4 are important variables affecting
the selenium determination. The reductant concentration was
found to range from 0.10 to 0.80% (w/v). The NaBH4 flow rate
-1
was fixed at 4.95 mL min and the optimum concentration of
NaBH4 was found to be 0.3% (w/v). In the preparation of the
NaBH4 solutions and to obtain better stability, the dilution with 0.5%
(w/v) NaOH was used. Only freshly prepared solutions were used.
When HCl alone was used as the pre-reduction agent, high
concentrations of HCl ( 6 mol L-1) were needed to ensure
quantitative results.24 The best concentration of HCl in the blank
and the sample solutions was chosen as 7.0 mol L-1. This value
www.at-spectrosc.com/as/article/pdf/2021026

Eq. 1

200

Interference

Mode

As

Preconcentration
On-line
Preconcentration
On-line
Preconcentration
On-line
Preconcentration
On-line
Preconcentration
On-line

Sb
Sn
Bi
Hg
a

Recoveries (%) in the presence of an
interference concentration a (g L-1)
1

10

100

1000

976
985
1003
1011
1002
1003
999
1055
1027
1004

934
955
1044
1042
1075
1103
965
1034
1265
1123

905
936
1072
1092
1124
1144
918
1006
1436
1093

838
904
1105
1143
1179
1233
863
963
1655
1064

Analyte concentration of 1 g L-1.
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forming elements. The lifetime of an individual W-coil is an
important parameter in W-coil studies. Since oxidation of the -coil
takes place, the sensitivity of the system declines with time. In
optimum conditions, the Pt-coated W-coil can be used at least 300
times. The structure of the Pt-coated W-coil trap is quite simple
and inexpensive with the advantage that as a noble metal, Pt has
relatively high resistance to oxidation. Therefore, the expensive H2
gas is not needed in the releasing step. The proposed Pt-coated Wcoil trap method is a good and low-cost alternative for Se
determination in comparison to using the relatively expensive
instruments such as ICP-MS, ICP-OES and AFS.

Table 3. The reported LOD Values in Similar Studies
Techniques
Rh-coated W-coil-trap-ETA
Au-coated W-coil-trap-HG-AAS
Purge-and-trap collection
A trap-and-atomizer device with
a gold absorber
Collection on gold wire-AFS
Pt-coated W-coil-trap-HG-AAS
HG-AAS

LOD, ng L-1
50
39
1300
7

Ref.
[17]
[15]
[27]
[11]

5
21.09
205.1

[28]
This study
This study

Analytical figures of merit. After the optimization step, a
calibration graph was drawn for Se by using the Pt-coated W-trap
HG-AAS system. Se was studied in the range of 0.05-10.0 g L-1.
The calibration plot was linear from 0.25 to 10 g L-1 for Pt-coated
W-coil trap HG-AAS measurements.
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The LODs value of several studies published in recent years for
the determination of Se is given in Table 3. As can be seen from
Table 3, the LOD of the proposed method is comparable to Rhcoated W-coil-trap-ETA,22 Au-coated W-coil-trap-HGAAS13 and
better than those obtained by purge-and-trap collection.27 In the
study by Guo and Guo;28 the Pt wire was investigated by testing
the SeH2 collection efficiencies. The Pt wire trapped SeH2, but it
could not be released from the Pt wire surface. However, the
present study proved that SeH2 was successfully trapped and
released on the Pt-coated W-coil surface which is an important
finding added to the literature.
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ABSTRACT: Damaged coins can be identified effectively via spectral analysis based on LIBS, which is of great significance
for coin recycling. This paper takes the Renminbi (RMB), the Chinese currency, as the example, including the denominations of YI
FEN, ER FEN, WU FEN, YI JIAO, WU JIAO and YI YUAN. Some
characteristic lines of Mg, Al, Fe, Cr, Cu, Sn, Ni, Na and Ca were observed in the
spectra, as well as the molecular bands of AlO. Principal component analysis
(PCA) was used to reduce the dimension of the spectra of the different RMB
coins. The samples after dimension reduction are classified by k-Nearest
Neighbors (KNN), and 4 categories were obtained with a classification accuracy
of 100%. Further, new spectra of different denomination RMB coins were added
to the original data for the same analysis. The results are in good agreement which
shows the potential of the combination of LIBS, PCA and KNN for the analysis
and identification of different coins.

INTRODUCTION

coins for subsequent recasting. This problem is also encountered
with ancient coins found in archaeological digs which are often
worn and damaged coins6 and prove difficult to determine their
category and dynasty.

The use of coins for payment of goods was introduced around the
6th century BCE.1,2 In ancient Rome2 and ancient China1 coins
were once made of copper alloy. With the developments in
commerce over time, coins have been continuously circulated as a
kind of currency.3 At the same time, the technology of coin casting
has gradually improved, and the material used for making coins
has also changed.4 In modern times, the issue and use of
coins/paper money and their circulation are closely related to
people's lives, playing an important role in the promotion of
economic development and contributing to the completion of
transactions and for accounting.

Due to the similar size and color, many broken coins cannot be
judged directly and rapidly by the naked eye. To identify worn and
damaged coins, laser-induced breakdown spectroscopy (LIBS) is
used to detect the elements of the coins. In addition, in order to
recognize a large number of coins, it is necessary to classify them
according to the different alloys. The spectral information of coins
is dispersed in the principal component space by means of
dimension reduction with principal component analysis (PCA).
The thought of classification is to cluster the samples in the
principal components space. Coins of the same material will
gather in one area. Based on K-Nearest Neighbors (KNN), coins
of different denominations can be classified. For coin detection
work in a bank, this method can be a quick means to analyze the
types of coins and reduces the time and economical cost involved.

In the circulation of coins, damage is inevitable.5 In general,
worn coins are recycled by banks for which they first need to
establish financial statistics. After classification, these coins will
be recast into new ones to enter the market. However, it is often
difficult to distinguish the denomination of coin due to serious
wear and tear, which increases the difficulty of replacing such
www.at-spectrosc.com/as/article/pdf/2021128
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LIBS is a kind of spectral measurement method which can
quickly extract the spectrum of substances.7-20 Compared to other
conventional techniques such as X-ray fluorescence, LIBS
requires minimum sample size, non-contact analysis, total
elemental analysis, and rapid analysis in real-time.21,22 It can
widely detect solid,11-13 liquid,17-18 and gases (smoke).19 The size
of ablation is in micron scale, which can be considered as
industrial semi-destructive testing technology. At the same time,
this method is not restrictive due to environmental conditions,
which means that only relatively simple treatment needs to be
carried out while preparing the samples. LIBS is widely used in
medical,12 environmental,15,19 archaeological,22 and other fields
because of its fast and real-time analysis.

Fig. 1 Schematic diagram of the experimental setup.

PCA is an unsupervised analysis of classification (exploratory
data analysis). High-dimensional data can be projected into a
lower dimensional space by calculating the principal component,
which means that only a few variables need to be used to divide
the sample data of multiple variables into several groups.23 Several
principal components to represent most of the information
depends on the contribution rate of principal components; that is,
the higher the contribution rate of a single principal component to
the whole data, the more representative is the whole data. The
variables between different samples are discrete wavelength
values. The greater difference of variables between different
samples, the more obvious the classification effect.

EXPERIMENTAL
Experimental setup. The schematic diagram of the LIBS
experiment is shown in Fig.1. To analyze all samples and excite all
elements, a high-power Q-switch Nd:YAG (neodymium-doped
yttrium aluminum garnet) laser with a fundamental wavelength of
1064 nm was used. One single pulse has 10 ns duration and 10 Hz
operating with a pulse energy of 60 mJ. The spot size value of the
laser is about 7 mm, and the irradiance is about 1.6 × 107 W/cm2.
The direction of the laser beam is changed through the mirror, and
the sample is irradiated by a quartz convergent lens with a focal
length of 5 cm. The processed coin sample is placed on the
platform and ablated into the plasma by laser. The radiation of the
plasma is collected directly by the optical fiber. Since the laser can
only interact with the small area of the sample surface at a time,
the coin will be moved so that most of the surface of the coin has
a chance to interact with the laser. The optical signal is received by
the detector and then enters the LIBS spectrometer (AvaSpecULS2048-4Channel-usb2.0, Avantes)28 through the coupled fiber
bundle. The spectral window of the spectrometer ranges from 200
nm to 890 nm and is divided into four channels. The spectral
resolution of the spectrometer is about 0.1 nm. To synchronize the
detection part with the Nd:YAG laser, a time delay device between
the laser and the spectrometer was set. To achieve better spectral
resolution, the delay was set at 1.5 μs.29 The entire surface of the
coin is sampled by raster mode. 600 samples of each coin were
collected, and some samples with better spectral characteristics
were selected for processing.

KNN is a kind of classification approach. The existing set of
example data is used as the training set and a corresponding label
(category) is given to each data. When a new piece of data is
obtained without a label, the new piece of data is compared with
each existing data. Then, the most similar pieces of data (the
nearest neighbors) will be taken, and their labels will be checked.
The top most similar k pieces of data from the known dataset will
be checked; this is where the k comes from (k is an integer, which
is usually less than 20.). Lastly, a majority of votes will be taken
from the most similar pieces of k data, and the majority is the new
class that is assigned to the data asked to be classified.24-26
However, the previous LIBS study of coins is to analyze and
compare ancient coins from different periods.22,27 The object of
comparison are coins from different periods from the same area,
and the differences in the elements found reflect their history,
which is of great archaeological significance.
In this paper, different denominations of currency in circulation
are compared and classified. A large number of coins with
different denominations can be classified quickly and accurately.
It is convenient to facilitate the subsequent coin recycling work.
First, LIBS is used for the rapid detection to obtain the spectra of
different coins and to distinguish the elements corresponding to
the spectral peaks. Then, based on the dimension reduction by
PCA, KNN is used as a means to classify the coins. New samples
of different denominations are used to verify this classification
method.
www.at-spectrosc.com/as/article/pdf/2021128

Sample preparation. Six kinds of coins were purchased online
and used in the experiment, including YI FEN, ER FEN, WU FEN,
Table 1. The Equivalence of the Six Coins
Symbol
A
B
C
D
E
F
204

RMB coin
YI FEN
ER FEN
WU FEN
YI JIAO
WU JIAO
YI YUAN

Equivalent coin
1 cent
2 cents
5 cents
10 cents
50 cents
100 cents
At. Spectrosc. 2021, 42(4), 203-209

Table 2. Part of the Peak Wavelengths of Characteristic Spectral Lines
of AlO Free Radical

YI JIAO, WU JIAO, and YI YUAN. The equivalence relationship
of the six coins is shown in Table 1. For simplicity, coins of
different denominations will be represented by “A” to “F”. The
cleanest looking coin from each kind of coin was chosen as the
experimental sample. To simulate the real situation, these coins
were simply cleaned and wiped with alcohol and mirror paper.
After alcohol evaporation, each coin was wiped again. After
repeating the operation five times, it can be considered that the
grease and stains on the coin surface have been removed. Among
them, the YI FEN (A), WU FEN (C), YI JIAO (D), WU JIAO (E)
and YI YUAN (F) coins were used for detection and classification,
the ER FEN (B) coin was used for verification.

Δν = +1
464.825nm
467.229nm
469.495nm
470.294nm
471.624nm
473.617nm

Δν = 0
484.320nm
486.685nm
488.914nm
493.491nm
/
/

Δν = -1
508.010nm
510.325nm
512.379nm
514.301nm
516.092nm
/

Δν = -2
533.703nm
535.835nm
537.713nm
539.463nm
540.960nm
542.205nm

RESULTS AND DISCUSSION
Rapid elemental determination in RMB coins
Considering the characteristics of the LIBS technique, the spectral
characteristics of the coin's surface are analyzed in this paper. In
the detection part, coin A, C, D, E, F will be selected as the
experimental objects for spectral analysis. Referring to the
National Institute of Standard and Technology (NIST30) and
related data, the result of the identification of elements can be well
represented.
The spectral lines of different elements show the information
contained in the coins. The spectral lines with the highest intensity
were normalized according to all the spectral data of each sample.
Fig. 2 shows the spectral range (200 to 595 nm) for coin A and
coin C. In the identification process, it can easily be seen that the
characteristic lines (marked by lines in red) of coin A and coin C
are the same, which means that the elements contained in the two
coins are consistent. The band from 595 nm to 890 nm, which
shows the characteristic spectrum of air elements obviously rather
than the metal elements, will not be shown in the following
presentation.

Fig. 2 Spectral range from 200 to 595 nm for coin A(a) and coin C(b). The
lines in red are the emission lines characteristic of the elements present in
the two coins.

Therefore, in the later wavelength display, only the spectrum of
coin A is shown, see Fig. 3 and Fig. S1-S3, which shows the
relationship between wavelength and normalized intensity. The
typical spectrum of coin A shows the Al31 and Mg lines.
Meanwhile, the AlO free radical has characteristic emission bands
in the range of 465 to 515 nm. Coin D contains Fe and Cr, coin E
contains Cu and Sn, and coin F contains Ni. Also, the Mg (lines in
purple from Fig. 3), Ca (lines in blue from Fig. S1), and Na (lines
in orange from Fig. S3) appear repeatedly in all coins, as the
colored lines show.
As shown in Table 2, for the AlO free radical, there are four
spectral bands (including Δν = +1, Δν = 0, Δν = -1, Δν = -2). Each
of the spectral bands with four to six peaks can be clearly observed
in Fig. S2. Aluminum in AlO comes from the coin, while oxygen
may be inherent in the coin itself, or it may come from the air.32
Unsupervised analysis of five coins
Fig. 3 Spectral range from 210 to 330 nm for coin A (a), coin D (b), coin E
(c) and coin F (d). The lines in purple (Mg) are the emission lines
characteristic of the same elements present in the coins.

www.at-spectrosc.com/as/article/pdf/2021128

To simplify the identification and sorting of broken coins or
ancient coins and to eliminate the mistakes caused by naked eye
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and the other three coins belong to three categories, respectively.
This result also verifies the conclusion that the material of coin A
and coin C is the same as above.
In the second way, after observing Fig. 3 and Fig. S1-S3, the
spectral range from 215 nm to 240 nm with relatively more
characteristic spectral lines in a small range is selected for PCA.
The normalized spectral data from the above paper are used in
PCA. The cumulative contribution rate (PC1+PC2) is 67.404% as
shown in Fig. 4a. The first three emission lines, more responsible
for cluster formation, are 229.668 nm, 229.602 nm, and 231.570
nm. And the five coins can be better separated in Fig. 4b. The
reason is that the coincidence degree of the spectral lines of several
coins in this band is the lowest, and the elemental difference is
large. Thus, the classification effect is better.
Supervised analysis of five coins
The distribution characteristics of the samples in the principal
component space indicate the feasibility of classification. KNN is
a simple and effective data classification method. The first two
principal components of the samples and their categories are used
as the training set and the labels for KNN. The samples are from
five denominations of coins, so the respective denominations of
the samples are used as labels. Data is standardized, KNN adopts
Euclidean distance, and the number of adjacent points is 1.
Distance weight adopts equal distance.34 The classification
accuracy is 81.2%.
To improve the classification accuracy, the KNN model is
optimized. Multiple iterations are carried out using various KNN
methods. The distance measurement and distance weight of KNN
are changed and repeated iterations are carried out. The distance
measurement methods used include: City block, Cosine, Jaccard,
Chebyshev, Spearman, Euclidean, Hamming. The number of
adjacent points ranges from 1 to 128. Distance weight includes
equal distance, inverse distance and inverse distance squared. The
classification accuracy of the optimized KNN is 84.3% by the
optimized KNN. As shown in Fig. 5a, only the samples belonging
to coin A and coin C were misclassified. It tends to be stable after
the 14th iteration, and the minimum classification error is 0.156 in
Fig. 5b. Combined with the above research, it is reasonable to
believe that coin A and coin C is of the same category.

Fig. 4 (a) The cumulative contribution of the first 10 principal components
from 215 nm to 240 nm, (b) the result of PCA of five coins from 215 nm to
240 nm.

identification, it is necessary to identify the elements of different
coins with LIBS and reduce the dimension with PCA. The types
and contents of elements in different coins are different, and their
positions in the principal component space are also different. In the
experiment, 600 samples were collected from each coin, and 50
samples with obvious spectral characteristics of each coin. There
are two ways to analyze with PCA: (1) the whole wavelength
range (from 200 nm to 890 nm) and (2) the partial wavelength
range.33
In the first way, the spectrum data from 200 nm to 890 nm will
be selected. At the same time, to reflect the spectral information of
the coin to a certain extent, there was no normalization. The
contribution rates of the first principal component (PC1) and the
second principal component (PC2) are 40.007% and 25.693%,
respectively. The cumulative contribution rate (PC1+PC2) is
65.701%, which can represent most of the spectral information of
the samples. (Fig.S4a shows that the first 10 principal components
add up). Fig. S4b shows the distribution of the samples in the space
formed by PC1 and PC2, where it is easy to see that the distribution
of the five coins can be divided into four categories. The samples
of coin A and coin C overlap and are then divided into one category,
www.at-spectrosc.com/as/article/pdf/2021128

Based on this idea, the samples from coin A and coin C are
changed into the same label. Based on the new tag, the optimized
KNN is repeated. At this time, the classification accuracy of the
optimized KNN is 100%. As shown in Fig. 6, it tends to be stable
after the 6th iteration, and the minimum classification error is 0.
Therefore, coin A and coin B are indeed of the same category,
consistent with the previous conclusion. Thus, the classification is
successful, coin A and coin C is of the same class, and each of the
remaining coins is of their own class, respectively.
Coins of different denomination or material can be classified in

206

At. Spectrosc. 2021, 42(4), 203-209

Test of the other kind of coin
Using LIBS to detect coins rapidly, after dimensionality reduction
in PCA, KNN can effectively classify different kinds of coins. To
prove the feasibility of this method, samples from coin B will be
used to test the process of classifying unknown coins. The spectral
data of coin B will be directly used with PCA. Similarly, two ways
of PCA can be used. Fig. S5a is the result of PCA from 200 nm to
890 nm and Fig. S5b is the result from 215 nm to 240 nm. It can
be seen that coin A, coin B, and coin C gather together. Therefore,
the samples from coin A, coin B and coin C are changed into the
same label. Also, the classification accuracy of the optimized
KNN is 100% and the minimum classification error is 0 in Fig. S6.
Coin A, coin B, and coin C are of the same class, and each of the
remaining coins is of the same class.

(a)

To verify the above conclusion further, coin B is detected and
compared with the spectrum of coin A, as shown in Fig. S7a and
Fig. S7b. It is easy to see that the spectral lines of coin A and coin
B are identical, which means that the elements contained in them
are consistent, which is consistent with the classification results.
Verification of LTE
Since laser-induced plasma in the LTE state is the premise of
quantitative analysis, it is necessary to verify whether plasma is in
this state.35 According to the McWhirter conditions,36 the plasma
in the LTE state will satisfy the following formula (Eq. 1):

(b)

1

𝑁𝑒 ≥ 1.6 × 1012 𝑇 2 (∆𝐸)3

Fig. 5 (a) Scatter diagram of optimized KNN classification; (b) minimum
classification error graph of optimized KNN classification.

(Eq. 1)

𝑁𝑒 is the electron number density, 𝑇 is the plasma temperature,
and ∆𝐸 is the energy difference between the upper and the lower
levels of the transitions.
In this study, 𝑇 is about 12496K, which can be calculated by
the Saha–Boltzmann equation. 37 Among the six characteristic
spectral lines of Al (226.309 nm, 226.837 nm, 265.202 nm,
265.998 nm 308.157 nm and 309.196 nm), the maximum
difference between the upper and lower levels is 5.487eV. Fig.S8
shows the spectrum line fitted with a Lorentzian curve, and it can
calculate that 𝑁𝑒 is about 4.76 × 1017 𝑐𝑚 −1 .37 The plasma in
the LTE state satisfies.38

CONCLUSIONS
Different from the existing LIBS detection and coin classification
method, in this paper, five kinds of coins in circulation were
successfully analyzed by LIBS, and then classified by KNN after
dimension reduction by PCA which is convenient to facilitate the
subsequent coin recycling work. In the case of rapid analysis, the
surface of coin A (YI FEN) and coin C (WU FEN) contained the
same elements, including Mg, Al, Ca, Na. At the same time, the
AlO molecular bands were also observed. The surface of coin D

Fig. 6 Minimum classification error graph of optimized KNN classification.

this way. Of course, the classification of RMB coins in this paper
is only an example based on LIBS, PCA and KNN. Coins from
different countries or different ages can be detected and classified,
and the type of coins can be judged more rapidly and accurately
when recycling damaged coins or archaeological research.
www.at-spectrosc.com/as/article/pdf/2021128
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ABSTRACT: Analysis of the elemental abundance and distribution in biological tissues by laser ablation-inductively coupled
plasma mass spectrometry (LA-ICP-MS) adds to clarifying the basic questions of metabolic research and enables bioaccumulation
and bioavailability studies in ecological and toxicological risk assessment. In this work, a method based on matrix-matched gelatin
calibration LA-ICP-MS for the determination of essential and toxic elements in biological samples was developed. By using a moldprepared procedure, the elemental inhomogeneity distributions in the synthesized gelatin gels were improved, which was verified by
using the 3D (surface- and depth-mapping) LA-ICP-MS protocols.
The limits of detection (LODs) ranged from 0.014 μg g−1 (Ba) to 48
μg g−1 (K). The results of the analysis of biological reference
materials (RMs) were in good agreement with the certified values.
Furthermore, a reliable bio-mapping LA-ICP-MS method is
proposed for studying the metabolism of heavy metals in rat liver
injected with CdS/PbS quantum dots. Our results show that the high
concentration of Pb and Cd co-exist (positive correlation as high as
78%) in hepatocytes and sinusoids, which indicates that the PbS/CdS
quantum dots are not dissociated into toxic heavy metal ions (i.e.,
Pb2+, Cd2+) in the metabolic process of the liver.

INTRODUCTION

Laser ablation-inductively coupled plasma mass spectrometry
(LA-ICP-MS), as a direct solid sample analytical technique with
high spatial resolution (i.e. 4~10 μm), has drawn increased interest
for elemental quantitative analysis and mapping of biological
samples.6-12 However, the non-stoichiometric effect, also known
as the elemental fractionation effect,13,14 hinders the accurate
quantitative analysis of biological samples. Synthesis of biological
matrix-matched standards to minimize the fractionation effect 15,16
is used in many laboratories, because there are no commercial
solid CRMs available for the majority of biological samples. The
conventional method for the synthesis of biological matrixmatched standards involves spiking analytes into similar organic
microtome sections and further freezing them.3,17,18 However, the
operation of freezing the microtome section is complex and

Studying specific elements and their concentrations, distribution,
element species or biomolecules in biological tissues is attracting
more and more attention in the emerging field of bioanalytics.1
Many essential elements are involved in innumerable metabolic
processes in the biological systems, often functioning as structural
components of larger molecules and biocatalysts in diverse
biological reactions.2, 3 Quantum dots are frequently used to study
the metabolism of organisms. However, quantum dots may also be
toxic to tissues, especially when they have decomposed.
Understanding the metabolism of quantum dots and its
components in tissues is helpful to study the toxic effect of
quantum dots on organisms.4 It is, therefore, vital to understand the
abundance and distribution of elements in biological tissues5.
www.at-spectrosc.com/as/article/pdf/2021068
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homogenization changes the tissue’s physical properties, while the
cutting processes increase the uncertainty between batches of
standards, potentially introducing systematic errors.19 Besides,
standards originating from different tissues have different
characteristics. The tedious and complicated preparation and the
susceptibility towards systematic errors have encouraged
investigation into other standard materials which are easier to
manufacture, offer improved traceability and show less variability.

Table 1 LA-ICP-MS Operating Parameters

Hydrocolloid gel-based materials are now becoming a
promising material for use as the matrix-matched calibration
standard for biological samples.20 In our previous work, spiked
agarose gels were used as matrix-matched external standards for
conducting quantitative analysis of various food samples.21
Compared with plant-based food samples, the quantitative results
of animal-based samples are obviously poor. The main reason for
such problems is that agarose gels are extracted from plants, and
the matrix of agarose gels is more similar to plant-based samples.
It well-known that the gelatin extracts from animal leather have
similar properties as the protein macromolecules and match most
animal samples. Therefore, spiked gelatin may be an appropriate
calibration standard for animal-based samples.

Laser ablation system

GeoLas HD

Wavelength
Energy density
Repetition rate
Spot size
Line scan speed
Carrier gas (He) flow rate
Makeup gas (Ar) flow rate
ICP-MS instrument
RF power
Auxiliary gas (Ar) flow rate
Plasma gas (Ar) flow rate
Dwell time per isotope
Measured isotopes

193 nm
3 J/cm2
6 Hz
60 μm (Bulk analysis); 32 μm (Imaging)
32 μm/s
0.70 L/min
0.85 L/min
Agilent 7700x
1550 W
0.85 L/min
15 L/min
10 ms
23
Na, 25Mg, 31P, 39K, 43Ca, 53Cr, 55Mn, 57Fe,
60
Ni, 63Cu, 66Zn, 111Cd, 137Ba, and 208Pb

coupled plasma mass spectrometer (ICP-MS, Agilent
Technologies, USA). The LA system was warmed up for 30 min
before operation and optimization. Helium (0.8 L/min) was used
to transport the ablated aerosol from the ablation cell to the ICPMS, then mixed with argon (0.95 L/min) as the dilution gas before
the aerosol was introduced into the plasma. Optimization was
conducted by ablating NIST SRM 610 to obtain maximum signal
intensity for U+, while keeping the ThO/Th ratio <0.3% and the
U/Th ratio close to 1. The optimized operating parameters for LAICP-MS elemental imaging are given in Table 1.

Gelatin has good solubility, which makes it possible to mitigate
the problems associated with homogenates from raw animal
tissues.22-25 However, the obvious phenomenon of elementdependent heterogeneities is found in both gelatin and agarose-gel
films. This is caused by the so-called “coffee stain” (visible in the
elemental image since higher concentrations are found at the edges)
and the “Marangoni” (visible as higher elemental concentrations
in the center) effect.22, 25 The reason for this phenomenon may be
that during the drying process, the moisture in the edge area dries
quickly, and the internal moisture tends to flow to the edge,
resulting in the formation of a concentration gradient.

Reagents and materials. Ultrapure water (18.2 MΩ cm) was used
for cleaning the materials and preparing the gelatin standards. A
multielement standard solution was prepared from 1000 μg/mL
single-element standard solutions purchased from the National
Center for Analysis and Testing of Steel Materials (Beijing, P.R.
China). Gelatin powder and antifoaming reagent were purchased
from Hubei New Universal Chemical Mall (Wuhan, P.R. China).
Four biological reference standards (NIST 1566b Oyster tissue,
NIST 1577c Bovine liver, GBW08552 Pork powder, GBW08573
Fish meat) were purchased from the National Institute of
Standards and Technology (Gaithersburg, MD, USA) and the
National Institute of Metrology (Beijing, P.R. China), respectively.
After drying for 4 h at 105 ℃, the reference standards were placed
into a 10-mm diameter mold and pressed at 15 MPa for two
minutes to form pellets for the analysis by LA-ICP-MS. The
concentration of carbon (as the internal standard) in these
standards and the gelatin were determined using the C-S analyzer
(CS-900, Beijing Wanlian Dashin Instrument Co. Ltd., P.R. China).

In this work, we developed a method by which a "mold" is made.
and used to form gelatin gels for bio-mapping by LA-ICP-MS
analysis. Mold-prepared gelatin forms a more regular shape and
flat plane, reducing the influence of the chromatographic effect.
After optimization of the prepared conditions of the initial
concentration of the gelatin, such as salinity, pH and drying
temperature, the elemental homogeneity of the synthesis of the
gelatin gels was checked using a 3D LA-ICP-MS protocol. A
series of biological powder standard reference materials (SRMs)
were used to evaluate the suitability of the gelatin as a matrixmatched external standard. Furthermore, the proposed elemental
imaging LA-ICP-MS method was used to investigate the
metabolism of the quantum dots in mice liver tissues.

EXPERIMENTAL
Experimentation. Laser sampling was performed using a 193 nm
ArF excimer laser ablation system (Geolas 2005, Lambda Physik,
Germany), which was coupled to an Agilent 7700x inductively
www.at-spectrosc.com/as/article/pdf/2021068

Fig. 1 Photograph of gelatin with (Upper row) and without (Lower row)
mold-preparation.
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sent to Wuhan Bayer Biotechnology Co., Ltd., for gradient alcohol
dehydration and dipping wax packaging. A wax section of 20 μm
thickness was cut and subjected to H&E staining. The detailed
treatment process can be found in another paper.17 In addition,
multiple indicators of the rats in the experimental group and the
control group were measured within 72 h of their arrival at the
laboratory.

RESULTS AND DISCUSSION

Fig. 2 Spatial distribution of Cd and Pb with and without mold-preparation.

Characterization of the Gelatin Standards
In the preparation of the multi-elemental gelatin calibration
standards, one of the most important difficulties is to achieve
homogeneity of the elements in the gelatins. The obvious
phenomenon of element-dependent heterogeneities is found in
hydrocolloid gel-based films (i.e., gelatin and agarose-gel films).
The main reason for the element-dependent heterogeneities both
in gelatin and agarose-gel films is due to the different evaporation
rates of water in different places when the gel is in the drying
and/or forming stage.22,25 The conventional method is to drop the
hot gelatin solution on a slide before drying. Due to the surface
tension of the liquid, the gelatin droplets will appear hemispherical,
which causes the water evaporation rate at the edge area to
accelerate, leading to an increase in elemental concentration. In
our experiment, to make the water evaporate evenly and to reduce
the concentration gradient of the final gelatin, the hot gelatin
solution was put dropwise into a PVC ring with a diameter of 12
mm and a height of 3 mm. After the solution cools naturally, the
PVC ring was pulled off. Fig. 1 shows the gelatin both in a mold
and without a mold and put directly onto the glass slide. The
gelatin in the mold has a regular cylindrical shape and the surface
is flat. Because of the surface tension of the liquid, the gelatin
without a mold has a circular arc and an irregular edge. Fig. 2
shows the 3D spatial distribution of the spiked elements of Cd and
Pb with and without a mold. The elemental signal relative standard
deviation (RSD) of the sample in the mold is less than 5%.
However, the imaging elemental signal intensity RSD of the
gelatin prepared dropwise onto the slide is larger than 10%. The
element content in the marginal zone is higher than that in the
central zone, especially in the irregular marginal zone. The moldpreparation method makes the water evaporate evenly and reduces
the influence of the chromatographic effect to a large extent as well
as improves reproducibility.

Fig. 3 Relative standard deviation (RSD) of elemental signal in gelatin
gels by LA line scanning under different parameters: initial content, pH,
solution salinity and temperature. Note: temperature of 10, 20, 30℃ for
drying in the oven; 30*、40* ℃ for drying at room temperature.

Preparation of gelatin standards. Gelatin powder was added to
the multi-elemental solution and left standing for 30 min at room
temperature. Then the fully swollen gelatin was heated in a 60 ℃
ultrasonic bath until the solution was clarified. The hot gelatin
solution was transferred to a PVC mold (diameter 12 mm, height
4 mm) and placed on a clean glass pane. After 20 min, the mold
was carefully pulled out and the synthetic semi-solid gelatin gels
were placed in an oven at 30 ℃ for 3 h to prepare a gelatin film.
The final concentrations of the spiked elements in the prepared
gelatin samples were validated by using solution nebulization ICPMS (SN-ICP-MS) after digestion by hydrogen peroxide and nitric
acid. In order to verify the homogeneity of the elements in the
gelatin samples, we performed 3D element imaging in a gelatin
sample by LA-ICP-MS.
Preparation of rat liver tissue. Eight-week-old female C57B/6
rats were purchased from the Wuhan University Animal
Experimental Center and housed in a SPF-class animal breeding
room. The rats were randomly divided into an experimental group
and a control group. The experimental group was injected with
100 μL of PbS/CdS quantum dots in the tail vein, while the control
group did not receive any treatment. After 72 h of drug
administration, the rats were dissected. After removing the liver, it
was fixed with 4% paraformaldehyde for more than 24 h, and was

www.at-spectrosc.com/as/article/pdf/2021068

During the preparation process, we found that the initial
contents of the gelatin, solution salinity, pH and drying
temperature also affect the final gelatin properties. We also
optimized these conditions which may affect the final gelatin
properties. Fig. 3 shows the signal relative standard deviation
(RSD) of the LA-ICP-MS line scanning on the surface of the
gelatin synthesized under different conditions. The initial contents
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for more than a week at dry room temperature.
Analytical performance of gelatin standards
In this work, synthesized homogenized gelatins were used as the
quantitative calibration standards to measure the elemental
concentrations of some biological samples. The analytical
performance of the proposed LA-ICP-MS method was evaluated
in terms of linearity, limits of detection and accuracy.

Fig. 4 Ablation crater of gelatin (a) and the signal of the elements (b).

The reference concentrations of the elements in the synthesized
gelatin standards were confirmed by acid digestion and solution
nebulizer ICP-MS (SN-ICP-MS) analysis. As listed in Table 2,
most elements in this series of gelatins (Gel-0 is the blank sample,
Gel-1, Gel-2, Gel-3 is the spiked elements gelatin.) have a
concentration ranging from 1~50 μg/g. Because of the high blank
value of the reagents or the gelatin powder used, the
concentrations of K, Na, Ca and Mg are difficult to control
compared with other elements, the initial concentration
determined was taken as the standard value. According to the
standard series (Gel-1 to Gel-3), the linear correlation coefficient
between the concentration and the analyte signal response was
greater than 0.99 for all elements.

of the gelatin powder affect the gel film's final thickness and
strength. When the initial gelatin powder concentration is too high,
the solution will be excessively viscous during the heating and
dissolution process, causing the bubbles to stay in the gels and
resulting in an uneven distribution of the elements. When the
initial gelatin concentration is 12%, a better analysis result can be
obtained. The solution pH and its salinity affect the gelatin
solubility. The spiked elements were preserved inacidic conditions.
The pH and salinity of the gelatin were affected by the amount of
added standard solution. When the pH of the gelatin solution was
lower than 4 or the salinity higher than 0.2%, insoluble gelatin
powder was found in the hot gel solution. This phenomenon may
be explained by the fact that high acidity or salinity triggers
agarose degradation,26 which results in an inhomogeneous
distribution of the elements in the gelatin. Thus, a pH of 4 and a
salinity of 0.2% were selected for preparation of the gelatin
standards. In addition, the drying temperature and the drying
method may affect the gel's homogeneity due to the temperature
gradient on the hot plate and the surrounding air.22 In this work,
the drying temperature used in the oven was 30 ℃ where gelatin
shows best homogeneity (Fig. 3).

When performing quantitative analysis by LA-ICP-MS, the
most favorable calibration technique is based on a combination of
external standards and internal standards (IS). This strategy was
proposed by Longerich et al.27 and has been proven to be the most
reliable strategy for obtaining accurate results. The introduction of
IS is mainly to correct the variation of the ablation quantity
between the different samples. In most biological samples,
especially fresh biological samples, water accounts for a large
proportion. 13C is prove of an effective IS for calibration of the
different ablation and the water quantity.21,28,29 The IS
concentration of carbon in the gelatins and the biological reference
materials (NIST 1566b Oyster tissue, NIST 1577c Bovine liver,
GBW08552 Pork powder, GBW08573 Fish meat) was
determined in advance using the C-S analyzer. The concentration
of C in the gelatin gels were 47.51 ± 0.94 %. After a large number
of animal-based samples were analyzed for the measurement of

We also used scanning electron microscopy (SEM) to
characterize the ablation behavior of the gelatin samples. As
shown in Fig. 4, the LA crater of the gelatin has a regular shape
and the elemental signal is stable, which verified the repeatability
of the prepared gelatins. The gelatin sample synthesized under the
above optimized conditions has strong tenacity and can be stored

Table 2 The Concentration of Elements in Synthetic Gelatin Standards, μg/g
Elements
Na
Mg
P
K
Ca
Cr
Mn
Fe
Ni
Cu
Zn
Cd
Ba
Pb

Gel-0
346±19
201±11
428±23
1543±44
68±4
0.021±0.001
1.00±0.11
3.66±0.32
0.12±0.01
0.21±0.01
0.52±0.03
0.04±0.01
0.25±0.02
0.04±0.01

www.at-spectrosc.com/as/article/pdf/2021068

Gel-1
340±14
214±20
434±26
1550±41
72±5
1.36±0.09
2.38±0.15
5.09±0.45
1.32±0.08
2.45±0.09
2.55±0.09
1.54±0.08
1.55±0.02
1.25±0.04

Gel-2
351±18
228±11
440±24
1564±42
79±5
5.66±0.25
8.00±0.18
9.01±0.55
5.68±0.49
5.02±0.16
7.21±0.08
5.52±0.16
5.33±0.21
4.90±0.02
213

Gel-3
362±21
232±15
437±20
1604±52
132±6
54.20±0.45
52.15±0.33
55.24±0.66
51.59±1.05
52.85±0.46
56.55±0.18
50.25±0.29
48.34±0.27
45.36±0.07

Linear equation
y=11767x
y=795x
y=489x
y=11896x
y=21x
y=811x-533
y=16765x-10590
y=482x+0.38
y=2792x+87
y=8259x-1798
y=347x-298
y=182x-11
y=1662x+371
y=6878x-1163

R2
1
1
1
1
1
0.999
0.9996
1
0.9998
1
0.9988
0.9999
0.9999
0.9997
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Table 3 Quantitative Results of Four Biological Samples, μg/g
Elements

LOD

Na
Mg
P
K
Ca
Cr
Mn
Fe
Ni
Cu
Zn
Cd
Ba
Pb

4.25
2.41
14
48
21
0.15
0.41
2.12
0.02
0.42
0.57
0.024
0.014
0.05

Oyster tissue (NIST 1566b)

Bovine liver (NIST 1577c)

Pork powder (GBW08552)

Fish meat (GBW08573)

Determined

Certified

Determined

Certified

Determined

Certified

Determined

Certified

3021 ± 43
1015 ± 18
6324 ± 324
6687 ± 342
868 ± 64
0.420 ± 0.084
17.3 ± 0.5
194 ± 12
1.20 ± 0.11
65.7 ± 1.5
1469 ± 10
2.19 ± 0.09
9.42 ± 0.20
0.351 ± 0.039

3297 ± 53
1085 ± 23
6039 ± 789
6520 ± 90
838 ± 20
18.5 ± 0.2
206 ± 7
1.04 ± 0.09
71.6 ± 1.6
1424 ± 46
2.48 ± 0.08
8.6 ± 0.3
0.308 ± 0.009

1857 ± 20
691 ± 14
12415 ± 378
11003 ± 440
147 ± 12
ND
10.0 ± 0.4
187 ± 6
0.041 ± 0.013
301 ± 14
172 ± 6
0.089 ± 0.010
0.031 ± 0.001
0.061 ± 0.009

1950 ± 80
621 ± 50
11750 ± 270
10230 ± 640
131 ± 10
0.053 ± 0.014
10.5 ± 0.5
198 ± 0.65
0.044 ± 0.009
275 ± 4.6
181 ± 1
0.097 ± 0.001
0.063 ± 0.001

1905 ± 24
1080 ± 23
8421 ± 210
14749 ± 510
160 ± 14
0.345 ± 0.026
0.549 ± 0.064
42.8 ± 2.2
0.093 ± 0.019
3.97 ± 0.09
105 ± 1
ND
0.345 ± 0.007
0.215 ± 0.075

2020
988 ± 70
8130
14000 ± 310
147 ± 15
0.39
0.48 ± 0.09
43.6 ± 2.4
3.88 ± 0.15
94.2 ± 3.6
0.39
0.2

1659 ± 23
1407 ± 28
8954 ± 311
18010 ± 792
531 ± 40
0.364 ± 0.029
0.662± 0.018
18.0 ± 0.32
1.52 ± 0.39
1.54 ± 0.28
34.6 ± 2.4
ND
1.563 ± 0.083
0.263 ± 0.023

1706 ± 74
1320 ± 60
8514 ± 611
16347 ± 996
507 ± 100
0.43
0.604 ± 0.108
16.7 ± 2.4
1.5 ± 0.21
1.36 ± 0.13
28.8 ± 1.4
0.015
1.75
0.25

“-” No certified value; “ND” Below limits of detection.

their C concentration, we found that the C concentration in animalbased samples is almost the same and on average 46.90 ± 1.70 %.
Thus, the average C concentration was used for quantitative
calibration. The results of four reference materials by the proposed
LA-ICP-MS method are listed in Table 3. The limits of detection
(LODs) were calculated from 3 times the standard deviation for 10
replicate measurements of the corresponding analyte signal of a
gas blank (helium), as described by Longerich et al.30 The relative
sensitivity coefficient of the corresponding analyte was calculated
from the calibration curve. The LODs ranged from 0.014 (Ba) to
48 μg g−1 (K). As shown in Table 3, the relative errors (REs)
between the certified values and the determined values are below
10%, except for some ultra-trace elements (i.e., Cr and Ni).
Therefore, the proposed LA-ICP-MS quantitative method, which
combines gelatin as the external standards and carbon as IS, could
provide a universal approach to the direct analysis of biological
samples.

Fig. 5 Quantitative imaging of Pb and Cd in rat liver tissue. (a)
microscopic picture of liver tissue before LA analysis; (b) microscopic
picture of liver tissue after LA analysis; (c) Cd quantitative imaging; (d)
Pb quantitative imaging.

Elemental imaging of rat liver tissue
The proposed LA-ICP-MS method with spiked gelatin gels as the
calibration standards was also used to perform elemental imaging
analysis. In this work, the elemental distribution in a rat liver tissue
injected with CdS/PbS quantum dots was analyzed to examinate
the metabolism of heavy metals (Cd and Pb). Fig. 5a shows the Pb
and Cd distributions in the areas of distinct blood vessels of rat
liver. For the selected imaging area (313 μm × 256 μm), line scan
mode was used for imaging analysis (spot size: 32 μm, scanning
speed: 32 μm/s) and the total analysis time was 88 s. Totally, 118
data points were obtained in x-axis (laser forward direction) and
9 lines were scanned in y-axis (Fig. 5b).
As shown in Fig. 5c and 5d, a high concentration of Cd and Pb
was found in hepatocytes and sinusoids, but were almost
completely absent in the blood vessels. Fig. 6 shows the
correlation between the Cd and Pb content in rat liver tissue and
the Pearson correlation coefficient of the concentration of the two
elements was 0.7872. Based on the quantitative imaging results
www.at-spectrosc.com/as/article/pdf/2021068

Fig. 6 Correlation between the Cd content and the Pb content in rat liver
tissue.
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ABSTRACT:

A novel magnetic Ce(III) ion-imprinted polymer (Ce(III)-MIIP), grafted on organic-inorganic hybrid
monolithic vinyl functionalized Fe3O4 (Fe3O4@HM), was synthesized for the first time by using the surface ion imprinting
technology, in which Ce(III) was used as the template ion and acrylamide as the functional monomer. After the synthesized
nanocomposites were well characterized, some parameters such as pH, adsorption time, eluent type, elution time and eluent volume,
which affects the efficiency of magnetic solid phase extraction (MSPE), were studied in the determination of Ce(III). Under the
optimized experimental conditions, Ce(III)-MIIP nanoparticles were used as the MSPE matrix, followed by inductively coupled
plasma mass spectrometry (ICP-MS) determination with excellent selectivity,
strong anti-interference ability, low mass transfer resistance and high
adsorption capacity. The limit of detection, enrichment factor and adsorption
capacity were 0.008 μg·L−1, 25 and 67.8 mg·g−1, respectively. The protocol was
validated by analyzing certified reference materials and spike recoveries of
complex environmental and mineral samples with satisfactory results. The
relative standard deviations for the real samples were 1.7%~7.0%. In view of
the advantages of facile preparation, fast adsorption rate, excellent selectivity
and high adsorption capacity to Ce(III), the hybrid monolith-assisted Ce(III)MIIP-based MSPE-ICP-MS protocol is promising for the determination of
cerium in real environmental and mineral samples.

INTRODUCTION

sources.8 However, cerium usually leads to accumulated toxicity,
and with the increasing use of cerium-containing products, the
possibility of its release into the environment is also increasing. It
can accumulate in the body through the food chain, which will
cause potential harm to human health.9 Therefore, it is critical to
determine cerium in environmental and mineral samples.

Rare earth elements (REEs) are widely used in industrial fields due
to their optical and electrical properties.1, 2 As a rare earth metal
element with the highest abundance in nature, cerium plays an
important role in lighting, biological medicine and ceramics,3, 4
and is also an important part of many products, such as automotive
catalytic converters, diesel additives and plant growth regulators.5,
6 Moreover, cerium in some mineral samples can indicate its origin
and provide valuable information in traceability of origin,7 while
the cerium content of particulate matter (PM) in some specific
areas can provide valuable information about environmental

www.at-spectrosc.com/as/article/pdf/2021027

Many techniques have been reported for the determination of
cerium, such as inductively coupled plasma mass spectrometry
(ICP-MS),10,11 inductively coupled plasma optical emission
13
spectrometry
(ICP-OES),12,
X-ray
fluorescence
spectrometry,14,15 etc. ICP-MS has the advantages of high
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polymerization,26 suspension polymerization27 and so on. Keçili et
al.28 developed a novel Ce(III) ion imprinted cryogel-based bulk
polymerization technique in which 2-hydroxyethyl methacrylate
(HEMA) and N-methacryloylamido antipyrine (MAAP) were
used as functional monomers. The prepared cryogels were
successfully applied for the selective extraction of Ce(III) ions
from aqueous solutions and bastnasite ore samples. Although these
methods possess the advantage of high selectivity, they suffer
some disadvantages, such as heterogeneous distribution of the
binding sites, embedding of most binding sites, slow mass transfer
rate and incomplete removal of the templates. To overcome the
above shortcomings, the surface ion imprinting technology has
received wide attention due to its complete template removal, low
mass transfer resistance, good site accessibility for target ions,
large adsorption capacity and simple preparation.29-31 Zhang et
al.32 prepared a Ce(III)-imprinted functionalized potassium
tetratitanate whisker adsorbent by using the surface-imprinting
technique with chitosan as the functional monomer. Pan et al.33
established a surface-imprinting technique combined with a
sacrificial support process to synthesize a Ce(III)-imprinted
polymer in which attapulgite acted as the sacrificial support
material. These two methods were applied to the separation and
determination of trace Ce(III) in river sediments combined with
inductively coupled plasma-atomic emission spectrometry (ICPAES). However, there is a very complicated post-process
following the SPE procedure, such as requiring filtration and
centrifugation when applying these IIPs. Therefore, it is urgent to
develop new IIPs with a simple separation process. Furthermore,
if IIPs encapsulating Fe3O4 as nuclear can be synthesized, the
magnetic separation will replace the filtration and centrifugation
steps in a convenient and economical way. Liu et al.34 have
synthesized a Ce(III)-IIP grafted on Fe3O4 nanoparticles supported
by SBA-15 mesoporous microreactor via reversible additionfragmentation chain transfer (RAFT) polymerization for the
selective removal of Ce(III) from aqueous solution. Ce(III) was
combined with the functional monomer acrylamide (AM) by
coordination bonds, and the competitive adsorption studies
showed that Ce(III)-IIP offered the advantages of selectivity
towards Ce(III) compared with a non-imprinted polymer (NIP) in
the presence of other metal ions. However, the multistep
preparation contained magnetic SBA-15 (m-SBA-15), m-SBA15@Cl, m-SBA-15@RAFT and finally a coating m-SBA15@RAFT with the Ce(III)-imprinted layer. Some postmodification reactions were carried out for organic solvents but
they are very time-consuming.

sensitivity, wide dynamic linear range, multi-element ability, etc.,
making it the most powerful detection technology for trace
element analysis. However, the existing level of cerium in the
majority of real samples with complex matrices is lower than the
limit of detection (LOD) of ICP-MS. This causes serious matrix
effects and makes it difficult to get accurate analysis results with
direct measuring methods. Especially metal ores with a high main
metal content can cause instrumental contamination or even
damage. In order to solve these problems, a pre-concentration step
before analysis is required. Therefore, developing a suitable
pretreatment method with perfect selectivity and high sensitivity
for the determination of cerium in environmental and mineral
samples is of great significance.
Combined with the above cerium detection technologies, there
are a variety of separation and enrichment methods, including ionexchange,16, 17 solid phase extraction (SPE)18 and liquid-liquid
extraction,19 among which SPE plays an important role due to its
efficiency, simplicity and flexibility. SPE is one of the commonly
used pretreatment methods for trace metal ions with the
advantages of strong separation ability, high enrichment
coefficient, less sample and solvent consumption, etc. As one of
the latest SPE methods, magnetic solid phase extraction (MSPE)
has attracted widespread attention because no centrifugation
and/or filtration are needed after extraction with magnetic
nanoparticles (MNPs) when the static batch mode is applied. The
whole operating process is more convenient and time-saving than
ordinary SPE.20 However, the main problem with MSPE is that
most of the existing adsorbents, usually functionalized
nanoparticles, are non-specific and do not have sufficient
selectivity for certain metal ions.21 The presence of a large number
of coexisting elements is not conducive to the extraction of target
ions from the solution, and matrix interference will affect the
accuracy of subsequent ICP-MS analysis. Thus, it is critical to
develop a novel adsorbent with high selectivity and adsorption
capacity.
L Recently, ion-imprinted polymers (IIPs) have received
extensive attention because of their specific recognition to target
ions.22 Ion imprinting is a process where cross-linking functional
monomers are aligned in a predetermined orientation to their
stereo-chemical interactions with the template ions. Template ions
and functional monomers are mainly combined through noncovalent bonds, including hydrogen bonds, ionic bonds, Van der
Waals forces, etc.23 In addition, some functional monomers can be
combined with the target ions through coordination, and the
resulting IIPs have more stable binding sites and better selectivity
for target ions.24 The high selectivity of IIPs can be explained by
the polymer memory effect toward the metal ions related to the
coordination geometry, coordination number, etc.

Our previous work35 was based on the solvothermal method for
generating Fe3O4 nanoparticles and the “one-pot” method for
synthesizing organic-inorganic hybrid monolithic vinyl
functionalized Fe3O4 (Fe3O4@HM) of good chemical and
mechanical stability. In the present study, a magnetic Ce(III) ionimprinted polymer (Ce(III)-MIIP) was synthesized, during which
Ce(III) was used as the template ions, and AM, ethylene glycol

Currently, different approaches have been reported for metal ion
imprinted polymers, such as bulk polymerization,25 precipitation
www.at-spectrosc.com/as/article/pdf/2021027
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Hitachi S-3400N II electron microscope (Tokyo, Japan). Energydispersive X-ray spectroscopy (EDX) was carried out with an EX
250 spectroscope (Horiba, Kyoto, Japan) attached to the S-3400N
II SEM. Transmission electron microscopy (TEM) images were
obtained on a JEOL JEM-200CX microscope (Tokyo, Japan)
operated at 200 kV. The X-ray diffraction (XRD) patterns were
collected on a Bruker D8 Advance X-ray powder diffractometer
(Bruker, Germany) with Cu K radiation operated at tube voltage
and current of 40 kV and 40 mA, respectively. Thermogravimetric
analysis (TGA) was studied on a STA-499C thermal analyzer
(Netzsch, Germany) at a heating rate of 10 °C min−1 from 25 to
800 °C in air. Fourier-transform infrared (FT-IR) spectra of
materials were recorded on a Nicolet-6700 spectrometer (USA)
using the KBr pellet technique. The magnetism measurement was
performed using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design, USA) at room
temperature.

dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN)
were used as the functional monomer, cross-linking agent and
initiator, respectively. After characterization, the adsorption
condition on the Ce(III)-MIIP and the elution condition from the
Ce(III)-MIIP of the cerium ions were optimized. Finally, the
application potential of Ce(III)-MIIP was investigated as MSPE
absorbent for the ICP-MS determination of Ce(III) in
environmental waters, sediments, soils, atmospheric particles,
coals and iron ores.

EXPERIMENTAL
Reagents and materials. All reagents used in the following
experiments were of analytical reagent grade, unless otherwise
stated. Ferric trichloride (FeCl3·6H2O), anhydrous sodium acetate
(CH3COONa), ethylene glycol (EG), HCl, NH3·H2O (25%),
methanol and ethanol were purchased from Nanjing Chemical
Reagent Company (Nanjing, P. R. China). Tetraethoxysilane
(TEOS) and methacryloxy propyl trimethoxyl silane (γ-MAPS)
were from Alfa Aesar (Tianjin, P. R. China). Acrylamide (AM) and
cerium nitrate (Ce(NO3)3·6H2O) were from Macklin Biochemical
Technology Co. Ltd. (Shanghai, P. R. China). Ethylene glycol
dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN)
were from Aladdin Biological Technology Co. Ltd. (Shanghai, P.
R. China). Pure water (18.25 MΩ∙cm) obtained from a Milli-Q
water system (Millipore, Bedford, MA, USA) was used
throughout the experiment.

Preparation of Ce(III)-MIIP. The preparation of Fe3O4@HM
nanocomposites is referred to in our previous work.35 The detailed
procedure is given in Supplementary Material. The Ce(III) ion
imprinted polymer grafted Fe3O4@HM was prepared by using the
surface ion imprinting technology via free radical polymerization
reaction.37, 38 In detail, Ce(NO3)3·6H2O (43.4 mg) and AM (28.4
mg) were dissolved in a 100-mL mixture solution of CH3OH/H2O
(4:1, v/v). Then, Fe3O4@HM (0.8 g), EGDMA (800 L) and
AIBN (30 mg) were added to the mixture, stirred for 10 min and
transferred to a 200-mL flask. Then the reaction was initiated at
70 °C in an oil bath and maintained at that temperature for 16 h.
The obtained product was collected with a magnet and washed
with 1.0 mol·L−1 HCl several times to remove Ce(III) until no
cerium ion was detected in the supernatant by ICP-MS, and finally
dried under vacuum at 60 °C overnight. The magnetic nonimprinted polymer (Ce(III)-MNIP) was also synthesized
following the same procedure but without adding Ce(III) ions. The
schematic of the synthesis from Fe3O4 to Ce(III)-MIIP is
illustrated in Fig. 1.

In this paper, different kinds of environmental and mineral
samples were selected to evaluate the analytical performance of
the protocol. Certified reference materials GBW07403 soil sample
(GSS-3) and GBW07310 sediment sample (GSD-10) were
purchased from the Institute of Geophysical and Geochemical
Prospecting for Certified Reference Materials (Langfang, P. R.
China). Certified reference material of W-2a diabase (Al, 15.45%;
Fe, 10.83%) was purchased from the United States Geological
Survey (USGS, USA). Other mineral samples were provided by
the Technical Center for Industrial Product and Raw Material
Inspection and Testing, Shanghai Customs (Shanghai, P. R. China).
PM3.3-10 and rain water were collected at the Chemistry Building
on Xianlin Campus of Nanjing University. River water was taken
from the Yangtze River in Nanjing. All water samples were filtered
through a 0.45 μm cellulose acetate membrane before analysis.
The PM3.3-10, soil, sediment, coal and ore samples were digested
with hydrogen peroxide and aqua regia before analysis.36 The
detailed procedure is given in Supplementary Material.
Apparatus. The determination of cerium was performed on a
PerkinElmer NexION 350D ICP-MS (PerkinElmer, Inc., USA)
and the optimum operating conditions are summarized in Table S1.
The pH values of the solutions were measured with a MettlerToledo Five Easy Plus pH meter (Shanghai, P. R. China). Scanning
electron microscopy (SEM) images of materials were taken on a
www.at-spectrosc.com/as/article/pdf/2021027

Fig. 1 Schematic diagram of the procedure for preparation of Ce(III)-MIIP
and MSPE of cerium ion.
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nanocomposites were wrapped around a translucent polymer layer
with a thickness of about 50 nm.
The FT-IR spectra of the Fe3O4, Fe3O4@HM, Ce(III)-MIIP and
Ce(III)-MNIP are shown in Fig. 3A. The characteristic peak at 578
cm−1, corresponding to the stretching of the Fe-O bond, was
observed in all spectra. The characteristic peaks of Si-O, C=C and
C=O at 1120, 1635 and 1720 cm−1, respectively, were observed in
the spectrum of Fe3O4@HM. The peak at 1452 cm−1 in the spectra
of Ce(III)-MIIP and Ce(III)-MNIP was ascribed to the
characteristic absorption of C-N from the functional monomer
AM. The remarkable rise of the intensities of the C=C and C=O
peaks came from AM and EGDMA. And the peak of 2960 cm−1
was assigned to the stretching vibration of the C-H bond, which
was attributed to the formation of organics in the imprinted layer.
These results confirmed the successful preparation of the Fe3O4,
Fe3O4@HM, Ce(III)-MIIP and Ce(III)-MNIP.

Fig. 2 SEM images (left), EDX spectra (middle) and TEM images (right)
of Fe3O4 (A), Fe3O4@HM (B), Ce(III)-MIIP (C) and Ce(III)-MNIP (D).
Scale bar of SEM images: 500 nm; scale bar of TEM images: 100 nm.

The XRD patterns of Fe3O4, Fe3O4@HM, Ce(III)-MIIP and
Ce(III)-MNIP are shown in Fig. 3B. Six main peaks were
observed in four materials at the indices of (220), (311), (400),
(422), (511) and (440), which corresponded to the standard XRD
data card of the Fe3O4 crystal (JCPDS No. 19-0629). In
comparison to Fe3O4, the peak intensity of Fe3O4@HM was
weakened, indicating that the hybrid monolith was successfully
coated on Fe3O4. And compared with Fe3O4@HM, each peak
intensity of the Ce(III)-MIIP and Ce(III)-MNIP was weakened
with the peak position unchanged, suggesting that the polymer
was successfully grafted on Fe3O4@HM and did not change the
crystal structure of Fe3O4. All of the results indicated that the
crystal phase of the Fe3O4 nanoparticles was not changed upon
coating of the hybrid monolith and ion imprinting polymerization
process.

Extraction procedure. The MSPE procedure for enrichment of
cerium ions is shown in Fig. 1. In the adsorption step, the pH of 50
mL aqueous solution containing Ce(III) was adjusted to 6.0 by
adding HCl or NH3·H2O solution. Then 10 mg of Ce(III)-MIIP
nanocomposites were added to the sample solution as MSPE
adsorbent. After this solution was stirred for 15 min to obtain
adsorption equilibrium, the Ce(III) loaded Ce(III)-MIIP adsorbent
was isolated using a magnet. In the desorption step, the Ce(III) on
the adsorbent was eluted with 2.0 mL 1.0 mol·L−1 HCl under
continuous stirring. After achieving desorption equilibrium, the
concentration of Ce(III) was determined by ICP-MS.

RESULTS AND DISCUSSION

To analyze the thermal stability and content of the prepared
materials, Fe3O4, Fe3O4@HM, Ce(III)-MIIP and Ce(III)-MNIP
were characterized using thermogravimetric analysis, the results
are shown in Fig. 3C. The weight loss of the four materials was
slight at 30-160 °C, which was due to the evaporation of adsorbed
water and residual solvents on the surface of the materials. For the
TGA curve of the Fe3O4 nanoparticles, the weight loss of 3.2% at
550-600 °C was ascribed to the transformation of Fe3O4 to αFe2O3. Due to the coating of hybrid monolithic material, the same
transformation for Fe3O4@HM occurred at a higher temperature
in the range of 620-700 °C. And in the range of 400-620 °C, the
slight weight loss was ascribed to the slow decomposition of
hybrid monolithic material, indicating its great stability. The
weight loss trend of Ce(III)-MIIP was the same with Ce(III)-MNIP
due to the similar preparation process. The weight loss occurred
from 280 to 450 °C, owing to the decomposition of organic matter
in the imprinted layer of the outermost shell. The next flatter stage
occurred between 450 to 700 °C, which can be explained by the
decomposition of the hybrid monolithic material wrapped on the
surface of Fe3O4. The last stage occurred in the range of 700 to

Characterization. The surface morphology, size and composition
analysis of Fe3O4, Fe3O4@HM, Ce(III)-MIIP and Ce(III)-MNIP
were characterized by SEM, EDX and TEM. Fig. 2 shows the
SEM images, EDX spectra and TEM images of the Fe3O4,
Fe3O4@HM, Ce(III)-MIIP and Ce(III)-MNIP. As shown in the
SEM images, the average diameters of the Fe3O4 nanospheres
were 200 nm. The particle size of Fe3O4@HM was slightly
increased compared to Fe3O4, which was due to the encapsulation
of the hybrid monolithic material. The particle size of Ce(III)-MIIP
increased to about 250 nm and was slightly larger than that of
Ce(III)-MNIP. This was due to the presence of imprinted holes in
the imprinted layer, which made the surface of the material looser.
The results from the EDX spectra showed that the Ce(III)-MIIP
contains C, O, Si and Fe, indicating that the ion-imprinted layer
was generated by stepwise polymerization. The TEM images
further confirmed that the prepared materials were uniform, quasispherical in shape, and had nearly uniform distribution of particle
size. As the TEM images of Ce(III)-MIIP and Ce(III)-MNIP
showed, due to the free radical polymerization reaction during the
imprinting process, the core-shell structured Fe3O4@HM
www.at-spectrosc.com/as/article/pdf/2021027
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Fig. 3 FT-IR spectra (A), XRD patterns (B), TGA curves (C) and magnetization curves (D) of Fe3O4, Fe3O4@HM, Ce(III)-MIIP and Ce(III)-MNIP.

imprinted cavities based on the much larger surface area, as
reported by the Hu research group.39 The final magnetism was
sufficient for Ce(III)-MIIP to be separated with a magnet.
Optimization studies
Effect of loading condition on adsorption. The effect of pH on
the adsorption process is very crucial because the pH of the
aqueous solutions can influence both the ionic stability and the
number of the protonated functional groups of the polymer. In this
work, the effect of pH on the Ce(III)-MIIP adsorption percentage
was examined by adjusting the pH of the solution in the range of
pH 3.0-8.0. As indicated in Fig. 4, with the pH value increasing
between 3.0 to 6.0, the adsorption ability increased greatly and
reached a maximum at pH 6.0. However, the adsorption rate
decreased when the pH continued to increase. This could be
explained that at a lower pH, the electrostatic repulsion force
between the Ce(III) ions and the positively charged surface of the
adsorbent, which was created by protonation of the amino groups,
became stronger, leading to a lower adsorption rate. As the pH
increased, the functional monomer gradually deprotonated, so that
the adsorption efficiency increased and reached maximum value
when the pH was 6.0. When the pH was above 6.0, precipitation
of the cerium hydroxide could occur, which would reduce the
adsorption of Ce(III) on Ce(III)-MIIP. Therefore, the sample pH
of 6.0 was selected for adsorbing Ce(III) in subsequent
experiments.

Fig. 4 Influence of solution pH on adsorption rate of Ce(III) onto Ce(III)MIIP and Ce(III)-MNIP. Dose of adsorbent: 10 mg; concentration of
Ce(III): 20 μg·L−1; sample volume: 50 mL; extraction time: 15 min.

750 °C, which corresponded to the transformation of Fe3O4 to αFe2O3. The total weight loss of the Ce(III)-MIIP and Ce(III)-MNIP
nanocomposites was 35.6% and 36.7%, respectively.
To study the effect of magnetism on the separation process, the
magnetization curves of the materials were prepared. The
magnetic hysteresis loops of the Fe3O4, Fe3O4@HM, Ce(III)-MIIP
and Ce(III)-MNIP nanocomposites are displayed in Fig. 3D. Their
saturation magnetization values were 80.2, 76.1, 67.5 and 69.6
emu·g−1, respectively. The slight decrease of saturation
magnetization of the Fe3O4@HM nanocomposites compared to
Fe3O4 was observed owing to the nonmagnetic hybrid monolithic
material wrapped on the surface of Fe3O4. The significant decrease
on saturation magnetization of Ce(III)-MIIP and Ce(III)-MNIP
was attributed to the coating of the nonmagnetic ion imprinted
polymer. In addition, the weaker magnetism of Ce(III)-MIIP than
Ce(III)-MNIP was attributed to the formation of more abundant
www.at-spectrosc.com/as/article/pdf/2021027

In order to investigate the effect of contact time on the
adsorption rate of Ce(III) onto Ce(III)-MIIP, the adsorption
kinetics was evaluated in a time interval between 1 and 30 min;
the results are shown in Fig. S1. The adsorption rate of Ce(III)MIIP increased rapidly during the first 5 min, then plateaued at 15
min and reached equilibrium. In the initial stage of adsorption,
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rate increased up to 90% when the desorption time was 20 min
(Fig. 5C). The effect of eluent volume was also optimized in the
range of 0.5-5 mL, and from Fig. 5D it can be seen that 2.0 mL of
the eluent was plentiful for desorbing the target ions from Ce(III)MIIP. Considering the enrichment factor, the eluent being as low
as possible, the elution volume was ultimately set to 2.0 mL when
the sample volume was 50 mL with an enrichment of 25 times for
the cerium ions.
The adsorption capacity. The adsorption capacity is an important
factor for evaluating Ce(III)-MIIP and Ce(III)-MNIP. It is defined
as the maximum amount of metal ions per gram of sorbent. The
adsorption capacity (𝑄𝑒 , mg·g−1) and the adsorption amount at t
min (𝑄𝑡 , mg·g−1) were calculated with the following equations:

Fig. 5 Effect of type of eluent (A), concentration of HCl (B), elution time
(C) and volume (D) on elution rate of Ce(III) from Ce(III)-MIIP. Dose of
adsorbent: 10 mg; solution pH: 6.0; concentration of Ce(III): 20 μg·L−1;
sample volume: 50 mL; extraction time: 15 min. Elution conditions: eluent:
A. 5 mL 1 mol·L−1 HNO3, HCl and H2SO4; B. 2 mL HCl (0.2-2.0 mol·L−1);
C. 2 mL 1 mol·L−1 HCl; D. 1 mol·L−1 HCl (0.5-5 mL); elution time: A: 20
min; B: 20 min; C: 5-40 min; D: 20 min.

𝐶0 − 𝐶𝑒
×𝑉
𝑚

𝑄𝑡 =

𝐶0 − 𝐶𝑡
×𝑉
𝑚

where 𝐶0 , 𝐶𝑡 and 𝐶𝑒 are the initial concentration of Ce(III),
concentration of Ce(III) at t min, and the final concentration of
Ce(III) under equilibrium, respectively. 𝑉 is the volume of the
solution (L), and 𝑚 is the amount of the adsorbent (g).

large numbers of imprinting sites were available on the surface of
the adsorbent, so the adsorption was relatively quick. Over time,
the number of imprinting sites on the polymer surface that
remained unoccupied by Ce(III) gradually decreased. Therefore,
the increase of the amount of adsorbed Ce(III) continually slowed,
and finally the adsorption essentially reached saturation. In
subsequent experiments, 15 min was selected.

The isothermal adsorption curves of Ce(III)-MIIP and Ce(III)MNIP provide important information on the process of Ce(III)
adsorption by these materials. To investigate this parameter,
Ce(III)-MIIP or Ce(III)-MNIP (10 mg) were equilibrated with
Ce(III) solutions (50 mL) with different initial concentrations of 1,
5, 10, 20, 30, 40 mg·L−1 at pH 6.0. As can be seen in Fig. S3, when
the Ce(III) concentration increased, the adsorption amount first
increased sharply, then increased slightly, and finally reached
saturation. The adsorption capacities of Ce(III)-MIIP and Ce(III)MNIP were calculated to be 67.8 and 27.4 mg·g−1, respectively.
The capacity of Ce(III)-MIIP was larger than that of Ce(III)-MNIP.
This difference indicated that imprinting played an important role
in the adsorbent behavior. During preparation of the Ce(III)-MIIP,
the presence of Ce(III) encouraged an orderly ligand arrangement.
After removal of Ce(III), the imprinted cavities and specific
binding sites of the functional groups in a predetermined
orientation were formed. However, no such specificity was found
in Ce(III)-MNIP. Therefore, the memory effect owned by Ce(III)MIIP to the Ce(III) ions allowed it to possess a higher adsorption
capacity to the metal ions than Ce(III)-MNIP.

In the analysis of real samples, the sample volume is one of the
important parameters influencing the preconcentration factor.
Therefore, the effect of sample volume on the quantitative
adsorption of the Ce(III) ions was investigated (Fig. S2). For this
purpose, 10 mg of Ce(III)-MIIP was suspended in different sample
volumes (10, 30, 50, 70, 90, 100 mL) and the total amount of
loaded Ce(III) was kept constant at 50 ng. When the sample
volume was less than 100 mL, the adsorption rate of Ce(III) was
greater than 90%. Comprehensively considering the experimental
efficiency and the experimental time, we chose 50 mL as the
sample volume for subsequent experiments. If the cost of time
does not need to be considered, a higher concentration multiple
could be obtained by increasing the sample volume.
Effect of elution condition on desorption. It can be seen from the
results of the sample pH experiment that Ce(III) was hardly
adsorbed on Ce(III)-MIIP under strong acid condition. Based on
this, the reported HCl28 and other acid reagents, HNO3 and H2SO4
were selected as the eluents to release the adsorbed Ce(III) from
Ce(III)-MIIP. As shown in Fig. 5A, HCl had the best elution effect
with the same elution conditions (concentration, 1.0 mol·L−1;
volume, 5 mL). Then, the effect of the concentration of HCl on the
elution rate was investigated (Fig. 5B). The maximum elution rate
was achieved when the concentration of HCl reached 1.0 mol·L−1.
The effect of elution time on the elution rate of Ce(III) was
investigated in the range of 5-40 min. It was found that the elution
www.at-spectrosc.com/as/article/pdf/2021027

𝑄𝑒 =

The adsorption behaviors of Ce(III)-MIIP and Ce(III)-MNIP
were studied to determine the adsorption mechanism. Langmuir
and Freundlich adsorption isotherm models were used to fit the
adsorption process in this study. These models are defined by the
following two equations:
Langmuir isotherm model:
𝐶𝑒
𝐶𝑒
1
=
+
𝑞𝑒 𝑞𝑚 𝑞𝑚 𝐾𝐿
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Table 1 Distribution Ratio (Kd), Selectivity Coefficient (K) and Relative
Selectivity Coefficient (K’) Values of Ce(III)-MIIP and Ce(III)-MNIP
Mate
Cation
Ce(III)
Fe(III)
Pb(II)
Ca(II)
Ag(I)

Kd
MIIP
57.89
0.55
0.60
0.60
0.52

K
MNIP
6.27
2.77
2.32
2.40
2.81

MIIP
106.01
96.03
97.05
111.89

MNIP
2.27
2.71
2.61
2.23

where 𝐶0 and 𝐶𝑒 represent the concentrations of given metal
ions in the initial and equilibrated solutions, respectively. 𝑉 is the
volume of the solution and 𝑚 is the weight of the adsorbent.

K’

As can be seen in Table 1, Ce(III)-MIIP exhibited good
adsorption selectivity for Ce(III) in the presence of the competitive
metal ions. The adsorption ability for the four competing metal
ions was lower compared to that for Ce(III), which could be
attributed to the imprinting effect. The relative selectivity
coefficients of Ce(III)-MIIP for Ce(III)/Fe(III), Ce(III)/Pb(II),
Ce(III)/Ca(II) and Ce(III)/Ag(I) were further calculated to be
46.78, 35.47, 37.16 and 50.14 times higher than those of Ce(III)MNIP, respectively. This can be interpreted that selective binding
sites towards Ce(III) were effectively formed in the Ce(III)-MIIP.
It is clear that the polymer recognized the template Ce(III)
preferentially, and this demonstrated the successful formation of
the imprinted cavities and the significance of the memory effect of
Ce(III)-MIIP.

46.78
35.47
37.16
50.14

Freundlich isotherm model:
ln𝑞e =

ln𝐶e
+ ln𝐾𝐹
𝑛

where 𝑞𝑚 (mg·g−1) is the maximum adsorption capacity at
equilibrium; 𝐶𝑒 (mg·L−1) and 𝑞𝑒 (mg·g−1) represent the
equilibrium concentration and adsorption capacity towards Ce(III)
in solution at adsorption equilibrium, respectively; 𝐾𝐿 (L·mg−1)
is the Langmuir constant, which is related to the affinity between
the adsorbent and the solution. 𝐾𝐹 (mg·g−1) and 𝑛 (Freundlich
constants) indicate the adsorption capacity and adsorption intensity,
respectively.

Interference study. The interference of other main coexisting ions
in environmental and mineral samples includes Al3+, Na+, K+, Fe3+,
Mg2+, NO3−, Cl−, and SO42−, etc. The determination of Ce(III) was
examined using a 50 mL solution containing 5 μg·L−1 target Ce(III)
ions and a certain concentration of interfering ions as the sample
under the optimized conditions described above. The results in
Table S3 indicate that in the presence of 20 mg·L−1 Al3+, Na+, K+,
NO3− and Cl−, 10 mg·L−1 Fe3+, Mg2+, Ca2+ and SO42−, the
recoveries of Ce(III) were still in the range of 92.4-104.0%.
Therefore, the proposed method could be applied for the analysis
of Ce(III) in real samples with good tolerance of interference.

Fitting of the experimental data to the adsorption model was
performed. The curves are shown in Fig. S4 and the corresponding
isotherm constants are summarized in Table S2. The correlation
coefficients of Ce(III)-MIIP and Ce(III)-MNIP for the Langmuir
model (0.971 and 0.994, respectively) were better than those for
the Freundlich model (0.917 and 0.968, respectively) in describing
the adsorption process, indicating that the binding sites of Ce(III)MIIP and Ce(III)-MNIP were uniformly distributed on their
surfaces and the adsorption process tended to be monolayer
adsorption.

Reusability. Reusability is one of the important advantages of a
novel adsorbent. To investigate the stability and reusability of the
Ce(III)-MIIP, it was washed with 1 mol·L−1 HCl eluent and then
reused to adsorb Ce(III). We performed 15 consecutive
adsorption/desorption cycles with the same MIIP adsorbent. As
can be seen from the Fig. 6, the recovery of Ce(III) on Ce(III)-

Selectivity study. The adsorption selectivity of Ce(III)-MIIP and
Ce(III)-MNIP was investigated in the mixture containing
competitive ions. Four types of metal ions, Fe(III), Pb(II), Ca(II)
and Ag(I), were selected as competitors, which have the same
charge or similar ionic radius as Ce(III). Their ionic radii are 64
pm, 119 pm, 100 pm and 94 pm for Fe(III), Pb(II), Ca(II) and Ag(I),
respectively, which are close to 102 pm for Ce(III). 10 mg of
Ce(III)-MIIP and Ce(III)-MNIP was added into 50 mL of mixed
solution containing 20 g·L−1 of each metal ion mentioned above.
After reaching adsorption equilibrium, the concentrations of each
type of ion were determined. The distribution coefficient 𝐾𝑑 ,
selective coefficient 𝐾 and relative selectivity coefficient
𝐾 ′were calculated according to the formulas below. The results
are shown in Table 1.
𝐾𝑑 =
𝐾=

𝐶0 − 𝐶𝑒 𝑉
×
𝐶𝑒
𝑚

𝐾𝑑−𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 𝑚𝑒𝑡𝑎𝑙
𝐾𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑡 𝑚𝑒𝑡𝑎𝑙
𝐾′ =

Fig. 6 Reusability of Ce(III)-MIIP. MSPE conditions: Dose of adsorbent:
10 mg; solution pH: 6.0; concentration of Ce(III): 20 μg·L−1; sample
volume: 50 mL; extraction time: 15 min; elution condition: eluent: 2.0 mL
1 mol·L−1 HCl; elution time: 20 min.

𝐾𝐼𝐼𝑃
𝐾𝑁𝐼𝑃
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Table 2 Analytical Results of Ce in Certified Reference Materials
(mean ± SD, n=3)
Certified
Reference
Material
GSS-3
GSD-10
W-2a

Found

Reference value

Furthermore, environmental water, PM3.3-10, coal and ore
samples were used for assessing the feasibility of the protocol
developed in this work. As listed in Table S4, the analytical
accuracy was further evaluated by spiking known amounts of
standard cerium ions in these real samples. The recoveries of
Ce(III) in all spiked samples were obtained at 86.9%-114.9%. The
experimental results indicate that this proposed method could be
applied for the determination of cerium in real environmental and
mineral samples.

Recovery
(%)

(g t−1)
36.50±1.21
36.35±2.08
20.85±0.64

corresponding ores.

39
38
23

93.6
95.6
90.7

MIIP particles did not show an obvious decrease after reusing the
same Ce(III)-MIIP for 12 times, with the recovery of Ce(III) above
80%. However, it gradually decreased to 75% after the adsorbent
was used repeatedly for 15 times. The results indicated that
Ce(III)-MIIP had good stability and could maintain good retention
without any obvious loss after being repeatedly used 12 times.

Comparison with other adsorbents. Some parameters of the
published methods using an ion-imprinted polymer as the
adsorbent for Ce(III) are summarized in Table 3.28, 32-34 As is
shown, the Ce(III)-MIIP nanocomposite prepared in this work
presented comparable adsorption capacity and enrichment factor,
as well as competitive adsorption time, reusability and relative
standard deviations (RSDs). Notably, among all the listed methods,
our method exhibited the highest sensitivity. Considering all the
above parameters, it can be seen that Ce(III)-MIIP could be a good
potential candidate for extraction of Ce(III) from environment and
mineral samples.

Analytical performance. With the overall optimized conditions,
the advantages of the MSPE-ICP-MS protocol for Ce(III)
determination were evaluated. The limit of detection (LOD,
defined as 3-fold signal-to-noise ratio) was 0.008 μg·L−1 for
Ce(III), and the limit of quantification (defined as 10-fold signalto-noise ratio) for Ce(III) was 0.05 μg·L−1. The calibration curve
in this work was established in the range of 0.05-50 μg·L−1 Ce(III)
with a linear equation of y = 24.018 x + 5.8654, and a linear
correlation coefficient above 0.9986. Therefore, this protocol is
quite suitable for cerium analysis of environmental and mineral
samples.

CONCLUSIONS
A highly efficient Ce(III)-MIIP nanocomposite, grafted on vinyl
functionalized organic-inorganic hybrid monolith decorated Fe3O4,
was successfully synthesized via the surface ion imprinting
technique. The core of Fe3O4 nanoparticles prepared by the
solvothermal method was uniformly dispersed and uniform in size.
Moreover, the formation of a hybrid monolithic interlayer
endowed the resultant Ce(III)-MIIP with stable chemical property
and firmly rigid configuration. The Ce(III) ions could be captured
by Ce(III)-MIIP at pH 6.0 and quantitatively eluted with 1 mol·L−1
HCl in MSPE operation. The obtained Ce(III)-MIIP exhibited a
very high degree of selectivity and adsorption ability towards the
Ce(III) ions owing to the specific cavities based on the
coordination interaction between functional monomer (AM) and
template metal ions (cerium ions). The maximum adsorption
capacity of Ce(III)-MIIP was 67.8 mg·g−1 with a fast adsorption

Sample analysis. The accuracy of the proposed method was
verified by determining cerium in the certified reference materials
GSS-3 (Soil), GSD-10 (Sediment) and W-2a (Diabase). The
results as summarized in Table 2 indicate that the determined
values of the quantities of cerium were in accordance with the
certified values, which further proved the reliability of this
protocol. In addition, the analytical results for the resulting
supernatant of W-2a after treatment with the prepared Ce(III)MIIP by ICP-OES (PerkinElmer, Inc., Optima 5300, USA)
showed that 75.4% Al(III) and 86.8% Fe(III) were eliminated by
the MSPE procedure. The concentrations of both dominant matrix
ions decreased below their tolerance levels for Ce(III)
determination. Consequently, this Ce(III)-MIIP adsorbent could
not only realize high selective enrichment of target cerium ions,
but also effectively eliminate the interference of major metals in
Table 3 Comparison with Other Published Works
Functional monomer
2-Hydroxyethyl methacrylate
and N-methacryloylamido
antipyrine
Chitosan
Chitosan
Acrylamide

Preparation
technique

Adsorption
capacity (mg
g−1)

Enrichment
factor

Adsorption
time (min)

Reusability

Detection
technique

LOD
(μg
L−1)

RSD
(%)

Ref.

Bulk
polymerization

36.58

-

30

25

ICP-MS

50

-

28

ICP-AES

0.037

5.1

32

0.057
-

< 2.6
-

33
34

0.008

1.7-7.0

This
work

Surfaceimprinting

Acrylamide
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43

100

13

6

130.55
87.42

20
-

8
45

4
-

67.8

25

15

12

224

ICP-MS
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rate. To the best of our knowledge, this work is the first attempt at
using a magnetic ion imprinted polymer based on hybrid monolith
decorated Fe3O4 nanoparticles as a satisfactory MSPE sorbent,
combined with ICP-MS determination of cerium in complex
environmental and mineral samples, especially in ores with a high
concentration of the main metal.
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