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a b s t r a c t

A sensitive approach, based on semi-quantitative measurement of the characteristic fragments in multi-

stage extractive electrospray ionization mass spectrometry (EESI-MSn), was developed for fast detection of

trace levels of lead in aqueous liquids including mineral water, lake water, tap water, energy drinks, soft

drinks, beer, orange juice, and tea. A disodium ethylene-diamine-tetraacetic acid (EDTA) aqueous solution

was electrosprayed to produce negatively charged primary ions which then intersected the neutral sample

plume to generate anions of EDTA-Pb(II) complexes. The charged EDTA-Pb(II) complexes were character-

ized with multistage collision induced dissociation (CID) experiments. The limit of detection (LOD) using

EESI-MS3 was estimated to be at the level of 10–13 g/mL for directly detecting lead in many of these

samples. The linear dynamic range was higher than 2 orders of magnitude. A single sample analysis could

be completed within 2 min with reasonable semi-quantitative performance, e.g., relative standard

deviations (RSDs) for deionized water were 4.6–7.6% during 5 experimental runs (each of them had 10

repeated measurements). Coca-cola and Huiyuan orange juice, representative beverage samples with

complex matrices, generated recovery rates of 91.5% and 129%, respectively. Our experimental data

demonstrated that EESI-MS is a useful tool for the fast detection of lead in various solutions, and EESI-MS

showed promises for fast screening of lead-contaminated aqueous liquid samples.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Lead is toxic to human beings beyond a certain exposure level
[1–3]. Lead poisoning results from exposure to divalent lead Pb(II)
through inhalation or ingestion. Lead can interfere with a variety of
biochemical processes in human bodies, such as inhibiting porpho-
bilinogen synthase and ferrochelatase. The interference conse-
quently may cause severe damages to hearts, bones, intestines,
kidneys, and the reproductive and nervous systems [2–8]. A
common antidote for lead poisoning is ethylene–diamine–tetracetic
acid (EDTA) [3,9,10] because it has a strong affinity for lead to form
complexes. Although worldwide atmospheric lead concentration
has significantly decreased in the past two decades due to the
increasing usage of lead-free gasoline, lead poisoning is still often
reported because of contaminated environmental sources including
air, dust, food, toys, and beverages [11–14]. Studies have shown that
children in some areas of China have a lead level in blood 4 times
ll rights reserved.
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higher than the WHO’s safe limit [15–18]. In the United States, lead
poisoning is still the most common disease of environmental origin,
annually affecting approximately 250,000 children between the age
of 1–5 years old [19,20]. As an important manner of contamination,
lead in beverages may come from contaminated water, fruit, land,
and cans. Because of their easy contact with internal organs, the
estimation of human risk to lead contamination can be performed
through monitoring lead in beverages [21–23]. Therefore, it is useful
to develop novel approaches for the fast, sensitive, and reliable
determination of lead in aqueous liquid samples, not only for
environment assessment but also for clinical significance.

Currently, representative techniques for lead detection include
colorimetric assay, atomic absorption spectrometry (AAS), atomic
emission spectrometry (AES), electrochemistry methods, biosen-
sors, nuclear magnet resonance, and mass spectrometry [24–27].
Inductively coupled plasma mass spectrometry (ICP-MS) has been
widely used to detect lead in biological fluids, tissues, environ-
mental samples, and oils [28–35]. However, most traditional
analytical techniques do not allow direct analysis of lead especially
in complex media. Time-consuming pretreatment procedures are
generally required to clean matrices and concentrate analytes
before the actual detection. Recently, breakthrough of mass



Fig. 1. Schematic illustration of the EESI source for detecting lead in liquids.
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spectrometry towards rapid analysis of complex samples was
made by Cooks et al. with the invention of desorption electrospray
ionization (DESI) [36,37]. After DESI, more than 20 ambient
ionization techniques were further developed, including direct
analysis in real time (DART) [38,39], surface desorption atmo-
spheric pressure chemical ionization (DAPCI) [40,41], extractive
electrospray ionization (EESI) [42], low temperature plasma (LTP)
[43,44], and easy ambient sonic ionization (EASI) [45]. Two major
advantages of ambient mass spectrometry are minimal sample
pre-treatment and high-throughput MS analysis [46–48]. Com-
pared to other ambient ionization methods, EESI has a unique
design utilizing two sprayers and aligning them along a certain
angle with respect to the mass spectrometer. Neutral droplets from
one sprayer can be ionized under ambient conditions by primarily
charged droplets generated by the electrospray ionization (ESI)
channel. The design of EESI allows samples to be dispersed in a
relatively large volume among the neutral channel, the electro-
spray channel, and the ion inlet of the MS instrument. Therefore,
EESI tolerates complex matrices, which makes it a promising
alternative to ICP-MS for directly analyzing lead in aqueous liquids.
Another merit of EESI is that samples are isolated from the direct
bombardment by charged particles or energetic metastable atoms,
and thus EESI is a relatively soft ionization method which may help
to extract valuable structure information from complexes. EESI has
been applied to the rapid characterization of metabolic biomarkers
in biological samples [49] and living objects [50,51], trace amounts
of explosives on human skin [52], drugs [53], and proteins in
solutions [54] with minimal sample pretreatment.

Most of EESI-MS studies have been carried out for the analysis
of organic compounds, although the successful detection of
uranium and its salts using EESI-MS has been reported [55]. In
this study, EESI-MS was used for the fast and sensitive detection
of trace levels of lead in aqueous liquid samples. The EDTA
aqueous solution was used in the ESI channel so that EDTA-Pb(II)
complexes could be generated online in the EESI source to
enhance detection selectivity. We further challenged the analysis
speed of EESI-MS and examined its quantitative capability for the
direct detection of lead in different aqueous liquids.
2. Materials and methods

2.1. Reagents and materials

Lead(II) acetate trihydrate (analytical grade) was purchased from
Tianjin Damao Chemical Reagent Factory (Tianjin, PR China); dis-
odium ethylenediaminetetraacetate dihydrate (analytical grade) was
bought from Shantou Xilong Chemical Factory (Shantou, PR China).
In-house deionized water was used to make a series of standard
solutions with concentrations from 1 ppt to 1 ppm which were
prepared by dissolving the corresponding chemicals in the metha-
nol/water (1:1) solution. Some beverages were purchased in local
supermarkets including Nongfu Spring mineral water (Zhejiang
Province, PR China), Master Kang mineral water (Taiwan), Red Bull
(Austria), Qingdao beer (Shandong Province, PR China), Jinggang
green tea (Jiangxi Province, PR China), Coca-cola (US), Huiyuan
orange juice (Beijing, PR China), and Woolong tea (Guangdong
Province, PR China). In addition, lake water (Jiangxi Province, PR
China) and tap water (Jiangxi Province, PR China) were also sampled
for EESI-MS analysis.

2.2. EESI-MS experiments

All experiments were performed using a linear ion trap mass
spectrometer (LTQ-XL, Finnigan, San Jose, US) coupled with a
homemade EESI source. The EESI source and the LTQ mass
spectrometer were set to work in the negative ion detection mode.
The EESI source was described previously [56], and herein we only
provided a brief description. Fig. 1 is the schematic illustration of the
EESI source. The sample channel formed an angle of 601 with the
electrospray beam, and the distance (b) between the two tips was
1.5 mm. The angle between the electrospray beam and the heated
capillary of the LTQ instrument, and the angle formed between the
sample channel and the heated capillary of the LTQ instrument were
both 1501. The EESI assembly was coaxially mounted to the heated
capillary of the LTQ instrument; the distance (a) between the inlet of
the LTQ instrument and the EESI source was 8 mm. The ESI voltage
was �3.5 kV, and a solution of disodium ethylenediaminetetraace-
tate dihydrate in methanol/water was electrosprayed with an infu-
sion rate of 5 mL/min to produce primary ions. We also tried the ESI
solvents with different amounts of acetic acid, and it was found that
the currently selected ESI solution is an appropriate choice for this
study in terms of qualitative and quantitative EESI-MS measure-
ments. The flow rate for sample infusion was also 5 mL/min, and the
gas pressure in both channels was 1 MPa. The temperature of the
heated capillary of the LTQ instrument was maintained at 180 oC.
Collision induced dissociation (CID) experiments were performed by
applying 18–35% (manufacturer defined energy unit) collision energy
to the precursor ions isolated with a mass/charge window of 1 unit.
The default voltages for the heated capillary, ion optics, and detectors
were directly used without further optimization. To remove carry-
over effect, the methanol/water mixture (1:1) was infused through
the sample channel after each analysis until the signal related to lead
was reduced to the background level.
3. Results and discussion

3.1. Qualitative characterization

Selective detection of trace levels of analytes such as cocaine in
beverages [57] and diethylene glycol in toothpastes [58] has been
demonstrated with EESI tandem mass spectrometry implemented
with selective ion/molecule reactions. In this study, EDTA selec-
tively combined with lead in the EESI source because EDTA has a
high affinity for Pb(II). An EDTA solution of 10 ppm was first
infused through the ESI channel, and a lead acetate solution of
5 ppm was nebulized towards the electrospray beam, where
micro liquid droplet–droplet extraction/ionization occurred. The
micro liquid droplet–droplet extraction was proven to play an
important role in EESI ionization [59]. Fig. 2 showed a typical
EESI-MS spectrum collected from such experiments. The most
abundant (major) ion was that of m/z 291.10 due to deprotonated
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Fig. 2. A typical EESI-MS spectrum of EDTA-Pb(II) complexes. A disodium EDTA solution of 10 ppm was infused through the ESI channel while a lead acetate solution of

5 ppm was infused in the sample channel.

Fig. 3. Qualitative characterization of EDTA signals observed in the EESI-MS/MS

spectra of (a) deprotonated EDTA of m/z 291; (b) [EDTAþNa-2H]� ions of m/z 313;

(c) [EDTAþ2Na-3H]� ions of m/z 335.
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EDTA primarily generated by the ESI channel. The assignment was
based on tandem mass spectrum of the precursor ions of m/z 291
(Fig. 3a). The major fragments were those at m/z 273, 247, and
201; the precursor ions (m/z 291) lost H2O to produce the
fragment ions at m/z 273, and lost CO2 to yield the fragments at
m/z 247. The peak at m/z 201 was generated by the loss of CO2,
H2O, and CO from the precursor ions (m/z 291). The peaks at m/z

313.03 and 335.02 in Fig. 2 were due to [EDTAþNa-2H]� and
[EDTAþ2Na-3H]� , respectively. In Fig. 3b, the precursor ions
[EDTAþNa-2H]� lost H2O to generate the peak at m/z 295, and
lost CO2 to form the peak at m/z 269 which further lost Na, CO2, and
HO to yield the peak at m/z 185. [EDTAþ2Na-3H]� in Fig. 3c lost
H2O and 2(H2O) to produce the product ions with m/z 317 and 299,
respectively. The fragmentation patterns were in consistent with
those previously observed [60]. In addition, as shown in Fig. S1, we
collected the EESI-MS3 spectra of [EDTA-H]� , [EDTAþNa-2H]� , and
[EDTAþ2Na-3H]� , targeting the peaks at m/z 273 (from precursor
ions at m/z 291 in Fig. 3a), 185 (from precursor ions at m/z 313
in Fig. 3b), and 317 (from precursor ions at m/z 335 in Fig. 3c),
respectively. These data confirmed the existence of primary EDTA
ions generated by the ESI channel which were expected to ionize the
neutral sample droplets in the EESI source.

Lead has four major natural isotopes: 208Pb with a natural
abundance of 52.4%, 207Pb with a natural abundance of 22.1%,
206Pb with a natural abundance of 24.1%, and 204Pb with a natural
abundance of 1.4%. The inset in Fig. 2 showed the amplified view
of the MS spectral region between m/z 490 and 500. The intensity
ratio of peaks at m/z 497, 496, and 495 was 1:0.49:0.60, which
approximately agreed with the lead natural isotopic ratio
(1:0.42:0.46) although our experimental values were higher than
the theoretical estimate [61]. In addition, we found that the peak
at m/z 493 was not very stable especially when analyzing complex
samples, and an example of a high peak collected in our experi-
ments was shown in Fig. 2. Although further studies are neces-
sary, one of the possible reasons for the isotopic ratio difference is
that EESI has a different ionization mechanism than that of ESI.
The isotopic ratio in this study was measured in the liquid phase
by EESI where solvent-dependent extractive process plays an
important role [59], while the previous study was conducted by
ESI in the gas phase [61]. The peak at m/z 497 was tentatively
assigned to [EDTAþ208Pb-3H]� . This assignment was further
confirmed by tandem mass spectrometry. Fig. 4a showed the EESI
tandem mass spectrum of the precursor ions at m/z 497, which
lost H2O to produce the peak at m/z 479, lost CO2 to yield the peak
at m/z 453, and lost 2(CO2) to generate the peak at m/z 409. In the
EESI-MS3 spectrum (Fig. 5a), the m/z 479 ion was isolated and
then lost CO2 and CO consecutively to generate ions at m/z 435 and
those at m/z 407. Similarly, the peaks at m/z 496 and 495 in Fig. 2
were assigned to [EDTAþ207Pb-3H]� and [EDTAþ206Pb-3H]� ,
respectively. In Figs. 4b-4c and 5b-5c, the same fragmentation
patterns were observed compared to that of [EDTAþ208Pb-3H]� in



Fig. 4. EESI-MS/MS spectra of anions of EDTA-Pb(II) complexes. (a) Anions of

EDTA-208Pb complex of m/z 497; (b) anions of EDTA-207Pb complex of m/z 496,

showing the same fragmentation pattern observed in Fig. 4a; (c) anions of

EDTA-206Pb complex of m/z 495, showing the same fragmentation pattern observed

in Figs. 4a and 4b.

Fig. 5. EESI-MS3 spectra of anions of EDTA-Pb complexes. (a) Anions of

EDTA-208Pb complexes; (b) anions of EDTA-207Pb complex of m/z 496, showing

the same fragmentation pattern observed in Fig. 5a; (c) anions of EDTA-206Pb

complex of m/z 495, showing the same fragmentation pattern observed in Fig. 5a

and 5b.

C. Liu et al. / Talanta 98 (2012) 79–8582
that the precursor ions lost H2O, CO2, 2(CO2) in EESI-MS/MS experi-
ments and lost CO2 and CO consecutively in EESI-MS3 spectra.
Therefore, the reported data confirmed the successful detection and
identification of EDTA-Pb(II) complexes using EESI.

More interestingly, we found that the peak at m/z 248.12 (Fig. 2)
could be due to the doubly charged [EDTAþ208Pb-4H]2� complex.
As shown in Fig. S2, [EDTAþ208Pb-4H]2� ions at m/z 248 lost 2(H2O)
to produce the peak at m/z 230, and they lost CH2COO to generate
the peak at m/z 219 in the EESI-MS/MS spectrum. Similarly, the
peaks at m/z 145, 156, and 167 were assigned to [EDTA-2H]2� ,
[EDTAþNa-3H]2� , and [EDTAþ2Na-4H]2� based on the tandem
mass spectrometry data (not shown). EDTA has the ability to chelate
many metal ions to form 1:1 EDTA-to-metal complexes; for the case
of EDTA-Pb(II) complex the logKf is 1018, which means that the
interaction between EDTA anions and Pb(II) ions should be very
strong. The commonly used EDTA compound is its disodium salt, and
when dissolved in water the species of [EDTA-H]� and [EDTA-2H]2�

can be observed and detected by ESI-MS [62], which fits well with
our results using EESI-MS. [EDTAþPb-3H]� and [EDTAþPb-4H]2�

ions in aqueous solutions have been observed by NMR spectroscopy
[63]. The gas phase ions of [EDTAþPb-3H]� and [EDTAþPb-4H]2�

were also previously characterized using ESI-MS and ICP-MS
[61,62,64]. With the presence of Pb(II) ions, EESI-MS readily detected
the complex ions of [EDTAþPb-3H]� and [EDTAþPb-4H]2� in this
study. We also noticed that the intensity of [EDTAþPb-4H]2� ions
was smaller than that of the [EDTAþPb-3H]� ions. This difference
showed up probably because multiply charged anions are unstable
due to the strong Coulomb repulsion between excess charges.

3.2. Direct and semi-quantitative measurement using EESI

To improve selectivity and reliability, Pb(II) quantification was
based on the characteristic fragments at m/z 407 in the EESI-MS3

experiments of [EDTAþ208Pb-3H]� ions, which were generated
from the online ion/molecule reaction in the EESI source. When
analyzing samples with complex matrices, we found that EESI-MS2

spectra were generally noisy than EESI-MS3 spectra. The quantita-
tive performance of EESI-MS3 was better than that of EESI-MS2 in
this study, except that the detection limit was a little bit worse.
Therefore, we decided to use EESI-MS3 to carry out further experi-
ments. Semi-quantitative measurement of lead was performed
using several water-based samples (e.g., deionized water, tap water,
lake water, beer, tea brew, Coco-cola, etc.) spiked with trace
amounts of lead (1 ppt–100 ppb). Fig. 6a showed the external
calibration curve for quantifying Pb(II) spiked in deionized water,
and the curve had a linear signal response range of 1–100 ppt. In
this concentration range, the response curve could be expressed by
an equation y (�103 cps)¼0.0019x (ppt) þ0.1444 (R2

¼0.9874). To
be noticed, for each data point in Fig. 6a ten measurements were
repeated and the relative standard deviation (RSD) was between
4.6% and 7.6%. The RSD values for the five data points (in the order of
spiked concentration) in Fig. 6a were 7.6%, 4.9%, 6.5%, 7.6%, and 4.6%
with the corresponding standard deviation values (�103 cps) of
0.010, 0.008, 0.011, 0.018, and 0.015. Although the signal intensities
were relatively low, the signal-to-noise ratio was good (Z30). As
shown in Table 1, the limit of detection (LOD) of Pb(II) in deionized
water was estimated to be 3.0�10�14 g/mL. In addition, pure
deionized water was spiked with Pb(Ac)2 to obtain a concentration
of 5�10�12 g/mL, and a recovery rate of 100% was achieved based
on ten repeated measurements using EESI. These data proved that
EESI-MS is able to directly quantify Pb in deionized water with
acceptable precision and accuracy.

Several other aqueous liquids were selected to further chal-
lenge EESI for the direct quantitative analysis of lead. Samples
were mineral water, tap water, lake water, beer, orange juice, tea
brew, soft drinks, and energy drinks. Fig. S3 showed a typical
EESI-MS spectrum collected from a Woolong tea sample. Table 1
summarized the major analytical results achieved by EESI-MSn for
the quantitative measurement of Pb(II) in these samples. The
calibration curves for Nongfu Spring mineral water, Jinggang
green tea, and Master Kang mineral water were shown in Fig. 6
b–d, respectively. Data were collected but not shown for the
calibration curves of Pb(II) in seven other aqueous samples picked
in this study. It can be clearly seen that the linear dynamic range
was generally higher than two orders of magnitude. The calibra-
tion curves, with all R2 values larger than 0.90, had different
coefficients measured from different liquid samples due to matrix
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Table 1
Analytical results of EESI-MS3 for the measurement of lead in aqueous liquids.

Samplesa Linear equation y

(�103 cps)¼a� x (ppt)þb
R2 Linear dynamic range

(�10�12 g/mL)

LOD (g/mL) Recovery rate

(%, 5.0�10�12 g/mL)

RSD (n¼10, %)

Deionized water y¼0.0019xþ0.1444 0.9874 1–100 3.0�10�14 100 4.6–7.6

Nongfu Spring mineral

water

y¼0.0019xþ0.1438 0.9834 1–100 3.0�10�14 99.9 6.0–18.5

Master Kang mineral water y¼0.0002xþ0.1928 0.9016 1–1000 3.8�10�14 108.2 7.4–13.9

Tap water y¼0.0014xþ0.1368 0.9532 1–100 3.0�10�13 93.1 7.9–16.4

Lake water y¼0.0010xþ 0.1869 0.9829 1–100 3.0�10�13 123.2 8.9–19.1

Jinggang green tea y¼0.0011xþ0.1516 0.9326 1–100 3.2�10�14 104.1 9.0–18.6

Red Bull y¼0.0012xþ0.1448 0.9019 1–100 3.0�10�13 100.1 7.1–15.1

Qingdao beer y¼0.0016xþ0.1443 0.9324 1–100 2.4�10�14 92.1 7.5–13.1

Huiyuan orange juice y¼0.0003xþ0.2388 0.9183 1–100 1.4�10�14 129.0 5.2–14.8

Woolong tea y¼1.8E�5xþ0.1842 0.9067 1–10000 3.2�10�14 108.6 6.1–14.8

Coca-cola y¼3.3E�6xþ0.1651 0.9695 1–100000 3.8�10�14 91.5 7.4–16.7

a No lead content was found from the blank samples tested in this study.
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effect. Low LOD values were obtained with a range of 1.4�
10�14 g/mL (S/NZ3) to 3.0�10�13 g/mL (S/NZ3). For Coca-cola,
this method provided the widest linear dynamic range of five
orders of magnitude. This observation is a good example demon-
strating that EESI does have high matrix tolerance, but matrix
effect is complicated in EESI and it needs more thorough studies.
As shown in Table 1, the recovery rate (5.0�10�12 g/mL) was
between 91.5% and 129.0% depending on sample matrices. The
RSD values were in the range of 4.6% (deionized water) to 19.1%
(Lake water), showing relatively good reproducibility for measur-
ing trace levels of lead in various liquid samples including
beverages. More importantly, each measurement of a sample
could be finished within 2 min. Compared to traditional methods
currently available for lead detection, EESI-MS provides a promis-
ing alternative for fast screening the presence of lead and for the
semi-quantitative determination of lead in many liquid samples.
Inorganic analytes, especially those accompanied with com-
plex matrices, are not compatible with many current ionization
techniques for rapid and direct analysis. ICP-MS can be used to
analyze metal compounds, but usually after extensive sample
pretreatment [31,33]. Since ICP-MS is a classic method to detect
lead [31,35,65–67], we also performed quantitative analysis of
lead in various samples using ICP-MS. It was found that the
performance of EESI-MSn was comparable to that of ICP-MS for
lead detection in samples with complex matrices. For example,
Fig. S4 showed a typical calibration curve for ICP-MS to measure
lead in Coca-Cola, with a linear dynamic range of four orders of
magnitude. Similar to EESI-MSn, the LODs for ICP-MS to measure
lead in different samples were generally at the level of ppt or less,
which fits well with previous studies [31,35,65–67]. However,
during ICP analysis, analytes, no matter whether they are organic
or inorganic species, are usually broken down to elemental atoms
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for further mass spectrometric analysis or spectroscopic measure-
ment. This destructive feature of ICP makes it difficult to obtain the
speciation information of analytes such as complexes formed
between metallic ions and organic ligands. Although some sample
pretreatment techniques can help in speciation analysis, these steps
are usually time-consuming, not to mention that they may bring
impurities into analysis and that they may even change the oxidation
states of analytes. In contrast, EESI-MS has high matrix tolerance
which makes it possible to carry out direct analysis of Pb(II) in
complex matrices. To be noticed, the ion/molecule reaction in the
EESI source mainly happened between EDTA and Pb(II) in this study.
Sample matrix containing lead in other states or organic acids that
have higher affinity to lead than EDTA will induce deviations in EESI-
MSn measurements, especially compared to that obtained by ICP-MS.
Since this is an important issue for the development of EESI-MS
towards a better analytical tool, we are planning quantitative
experiments to study the matrix effect using EESI-MSn to detect lead
in samples with complex matrices. The ion/molecule reaction gen-
erating EDTA-Pb(II) complexes can occur online in the EESI source,
and it does not change the speciation of lead in its original samples.
This potentially enables EESI to be used as a real-time screening tool
with high throughput capability. Last but not the least, our data
showed that EESI-MS3 can semi-quantitatively detect lead with its
original speciation in many kinds of samples with complex matrices.
Meanwhile, direct infusion ESI is often not recommended for the
detection of lead in complex samples due to matrix effect and
residue deposition problems on the ESI tip. While noticing the
perspectives of the complementary application of solid-state Raman
spectroscopy and mass spectrometry for the analysis of crystalline
samples [68], in this study we observed a fast deposition of salts on
the ESI tip when the complex samples spiked with lead were directly
infused, and that the reproducibility of quantitative measurements
was better in EESI-MSn than that in direct-infusion ESI.
4. Conclusions

A sensitive approach based on EESI tandem mass spectrometry
for the rapid detection of trace levels of lead in various aqueous
liquids was developed. During EESI, the EDTA aqueous solution was
electrosprayed to produce primary ions which combined with the
neutral droplets containing Pb(II) to form anions of EDTA-Pb(II)
complexes. The fragmentation patterns in tandem mass spectro-
metry were examined to confirm the successful lead detection. The
quantification performance of EESI-MS3 for the detection of lead in
complex matrices was investigated, providing reasonable linear
dynamic range, low RSDs, low LOD values, and acceptable recovery
rates. Semi-quantitative analysis of lead in various aqueous liquid
samples has been demonstrated, each with a 2 min analysis time.
Our experimental data proved that EESI-MSn provides a semi-
quantitative approach for the fast, sensitive, and selective detection
of toxic lead in complex matrices, showing potentially wide applica-
tions in food safety and environmental sciences.
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