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Speciation analysis of heavy metals in suspended particulate matter (SPM) in water helps evaluate health
risks, understand pollution status, trace pollution sources, and select a remediation approach. In this
study, electrochemical mass spectrometry (EC-MS), which combines extraction, reaction and electrolysis
with in situ electrospray ionization mass spectrometry (ESI-MS), is established to directly analyze heavy
metal speciations in SPM. The samples were first collected in a homemade electrolytic cell by filtration,
followed by sequential extraction. Water and methanol were first used to extract water-soluble and
organic metal speciations, respectively. EDTA-2Na was used to react with the insoluble metal to form
a soluble EDTA-metal chelate. For elemental speciation, electrolysis was used to convert them into
metal ions. The extracted speciations were online and transferred to ESI for ionization. Four kinds of
speciations, including water-soluble, organic, insoluble, and elemental could be detected in 1 hour with
high sensitivity. A proof-of-concept application was carried out to sequentially analyze metal speciation
in the SPM in a lake. The experimental results indicated that the SPM from the lake water contained Zn,
Cu, Mn, Pb, and Fe in a water-soluble state, Pb, Zn, Cu, and Ni were in an insoluble state, and no heavy
metals in organic and elemental states were found. Compared with the traditional methods, this method
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1 Introduction

Heavy metal is a kind of typical pollutant in water that can cause
serious health risks." Suspended particulate matter (SPM) in
water is an important carrier for heavy metals,* such as micro-
plastics,>® ferrihydrites,”® etc. The metals on the SPM can exist
in different species forms, such as water-soluble, organic,
insoluble, and elemental forms. Information on speciation can
reveal toxicity, mobility, bioavailability, and transformation of
heavy metals.® For example, water-soluble and organic Pb are
more toxic than the insoluble Pb. Moreover, when environ-
mental conditions change, specific speciation can desorb and
suspend sediments and cause secondary pollution.' Therefore,
speciation analysis of heavy metals on SPM helps evaluate
health risks, understand pollution status, trace pollution sour-
ces, and develop processes to mitigate the effects of pollution.

Generally, speciation analysis involves sample pretreatment
and instrumental analysis. Metal compounds were first extrac-
ted from the SPM using various chemical reagents to form
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offering unique possibilities for advanced applications in environmental monitoring and risk assessment.

analytes. Then, chromatography techniques, including gas
chromatography (GC),"* high-performance liquid chromatog-
raphy (HPLC),"” supercritical fluid chromatography (SFC),'
capillary electrophoresis (CE)**** and size exclusion chroma-
tography (SEC),"® were used to identify speciation using reten-
tion time, followed by coupling to ICP-MS'"*® for quantitative
analysis and ESI-MS™ for structural analysis, which required
expensive instruments and complex operation. On the other
hand, offline separation techniques have also been widely used
in metal speciation analysis, such as multi-stage continuous
extraction methods (Tessier,?* BCR*') and solid phase extraction
methods.””** Based on different chemical activities of heavy
metals, through a series of reagents with different chemical
reactivities, heavy metals of different speciations in the SPM
were extracted step by step based on the order of the reaction
strength between metals and reagents. However, these multi-
stage extraction methods were coupled with ICP-MS, which
could not obtain the molecular structure of organic metal
compounds. Each method has unique advantages, but it is
noteworthy that most of the aforementioned methods require
complicated sample preparation and separation processes,
which increase analytical errors and lengthen analysis time.
Moreover, these methods cannot be used for analyzing inor-
ganic and organic metal compounds simultaneously.

This journal is © The Royal Society of Chemistry 2023
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Herein, an electrochemical mass spectrometry (EC-MS)
method was developed for the sequential analysis of metal
speciation on SPM by combining online sequential extraction
and ESI-MS analysis. Water-soluble, organic, insoluble, and
elemental species were sequentially extracted by H,O, CH;OH,
EDTA-2Na, and electrolysis, followed by online transfer to ESI for
ionization. The most prominent feature of the present method
was that no sample pre-treatment was required, and only simple
instrumentation was needed, resulting in a fast and low analysis
cost.

2 Experimental section

2.1 Chemicals and measurements

Lead nitrate (Pb(NOs),), trimethyllead chloride ((CH3);PbCl,
TML), potassium carbonate (K,CO;), and EDTA-2Na are all
analytically pure and purchased from Sinopharm (China). Both
acetonitrile and methanol were of HLPC grade and were
purchased from Fisher Scientific and Merck (America), respec-
tively. Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS) with a conductivity of 200 s cm ™" was purchased
from Cool Chemistry Technology Co., Ltd (Beijing). A poly-
tetrafluoroethylene filter membrane with a 13 mm diameter and
0.22 um aperture was purchased from Tianjin Jinteng Co., Ltd
Deionized water used for the experiments was produced using
a Millipore ultrapure water system.

The experiments were performed on an LTQ-MS instrument
(Thermo Scientific). The flow rate of the standard solution was
4.0 uL min~" supplied by a syringe pump. The same flow rate
was used elsewhere in this study. The mass spectrometry
conditions when detecting inorganic metal ions in negative ion
mode: ion source voltage/—3 kV, capillary temperature/250 °C,
capillary voltage/—30 V, and lens voltage/—100 V. Mass spec-
trometry conditions for detecting organic lead in positive ion
mode: ion source voltage/3 kV, capillary temperature/250 °C,
capillary voltage/20 V, and lens voltage/90 V. CHI 660E electro-
chemical workstation (Shanghai Chenhua Instrument Co., Ltd).

2.2 Preparation of the calibration curve for TML and Pb**

Standard solution: Pb(NO,), was used as the source of Pb*". A
series of working solutions of Pb>* with different concentrations
(1 ppb, 10 ppb, 20 ppb, 50 ppb, 100 ppb, 200 ppb, 500 ppb) was
prepared in 0.05 mM EDTA of H,O/CH;CN (v/v = 1/1) solution.
A series of working solutions of TML with various concentra-
tions (1 ppb, 10 ppb, 20 ppb, 50 ppb, 100 ppb, 200 ppb, 500 ppb)
was prepared in CH;OH/H,O (v/v = 1/1).

2.3 Preparation of the artificial miscellaneous Pb compound

An artificial sample containing different speciations of lead
components (water-soluble (Pb(NOj3),), organic (TML), insol-
uble (PbCO3), and elemental (Pb)) was prepared on a conductive
film. The conductive film was prepared by coating the PTFE
filter member with 5% PEDOT:PSS via filtering. The sheet
resistance of the conductive film was 1000 Q. Elemental Pb was
first prepared by the electrochemical deposition method using
Pb(NO;), solution as the electrolyte, and the mass of the
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elemental Pb was calculated to be 0.6 ng based on the quantity
of electricity m = M x I x t/e, where M is the molar mass of Pb, I
is the faradaic current of electrochemical deposition, ¢ is the
duration of electrochemical deposition, and e is the electricity
quantity of electron (1.602 x 10 '°). Add excess Pb(NO;),
solution to the quantitative K,COj; solution to make K,COj; react
with Pb(NOj3), to obtain insoluble PbCOj3; excess Pb(NO3), is
reserved as soluble Pb(NOj3),. Simultaneously, the solution was
mixed with an appropriate amount of TML solution, and the
mixed droplets were naturally dried on the conducted film to
obtain mixed samples of insoluble (0.3 ng), water-soluble (0.2
ng) and organic lead (0.2 ng) components. Then, conductive
film loaded with artificial standard mixtures was assembled in
a homemade electrolytic cell for analysis.

2.4 Lake water sample collection

The study was conducted between February and May 2022.
Water containing suspended particulates came from an artifi-
cial lake on the campus of the East China University of Tech-
nology. The sampling site was near the shore of the lake. A
500 mL water sample was collected at a depth of about 0.5 m
and then left to stand for 24 h before analysis.

2.5 Sequential speciation analysis

Fig. 1 depicts the experimental protocol for the sequential
analysis of metal speciation in SPM in water. An electrolytic cell
was designed for particulate sampling and analysis, as shown in
Fig. 1, and marked with a purple solid line ellipse. An explosive
view of the homemade electrolytic cell is shown in the inset of
the figure. It comprises 3 key components. (1) A shell could be
attached between the syringe and the needle. The shell was
made of Teflon to resist oxidation and chemical corrosion. (2) A
conductive film has the functions of filtering and conducting
electricity. (3) Three electrodes, one Ag/AgCl and two Pt were
employed as reference, counter, and working electrodes,
respectively. Among them, the working electrode was connected
to the conductive film. The EC-MS device used in this experi-
ment mainly included three parts: sample channel, reagent
channel, and electrospray ion source. The sample channel
comprised injection needle II, the electrolytic cell and the
electrochemical workstation. To avoid the interference of elec-
trolysis from the ion source voltage, the sample channel was
grounded. The reagent channel comprised injection needle I

Ag/AgCl Conducting film

V“ |
ﬂ‘ |
| 1 workstation
_________ ) L'!
| Samplechannel

InJector 1

Home-made
electrolytic cell

Sample

-
Waste Reagent channel

I.n_]eclor 1
Setp 2, Analysis

Step 1, Sample collection

Fig. 1 Schematic illustration of the concept and protocol of EC-MS.
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and a capillary tube (100 um inner diameter). The sample
channel and reagent channel were connected to the electro-
spray ionization (ESI) using a “T” junction.

The electrolytic cell was first connected to a syringe con-
taining a water sample (volume of 5 mL). The particulates sus-
pended in the water sample were gathered on the conductive
film of the electrolytic cell by filtration. The water waste was
discharged into a glass beaker. After the collection of the SPM,
the electrolytic cell was assembled in the EC-MS device.

The sequential speciation analysis was carried out as follows:
(1) water-soluble speciation analysis: H,O was used as an
extraction solvent in the sample channel to extract the water-
soluble speciation, followed by reacting with EDTA-2Na from
the reagent channel in the “T” junction to form EDTA-metal
chelate. The chelate was transferred online to the ESI-MS. (2)
Organic speciation analysis: CH;OH was used as an extraction
solvent in the sample channel to extract the organic speciation,
followed by mixing with charged CH;OH from the reagent
channel in the “T” junction. The mixture was then transferred
online to the ESI-MS. (3) Insoluble speciation analysis: EDTA-
2Na was used as a reactant to react with insoluble speciation
by chelation, followed by mixing with charged EDTA-2Na from
the reagent channel in the “T” junction. The mixture was then
transferred online to the ESI-MS. (4) Elemental speciation
analysis: +0.8 V voltage was applied to the conductive
membrane to transform the elements into ions using EDTA-2Na
as an electrolyte. The produced metal ions reacted in situ with
EDTA-2Na to form EDTA-metal chelate, followed by mixing with
charged EDTA-2Na from the reagent channel in the “T” junc-
tion. The mixture was transferred online to ESI-MS.

3 Results and discussion

3.1 Qualitative detection of Pb components in different
speciations by EC-MS

To characterize the analytical performance of this method for
different speciations of heavy metals, Pb components were first
selected as probe substances. Pb(NOj3),, TML, PbCO;, and Pb
were used as water-soluble, organic, insoluble, and elemental
speciations, respectively. Four kinds of Pb speciations were
deposited on the conductive membrane. The analytical proce-
dure is detailed in the experimental section.
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Fig. 2 Mass spectra of Pb components in different speciations
analyzed by EC-MS. (a) (Pb(NOs),), (b) TML, (c) PbCOs and (d) Pb. The
insets were the MS/MS spectrum of the isolated ions.
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Fig. 2a shows the analytical results of the water-soluble
speciation (Pb(NO;),). Obvious signals of m/z 145 [EDTA-
2H]", m/z 248 [Pb*°® + EDTA-4H]>~ and m/z 291 [EDTA-H]~
were observed. A collision-induced dissociation (CID) experi-
ment was performed on m/z 248 to confirm the signal of the
EDTA-Pb compound. The MS/MS results are shown in the inset
of Fig. 2a, which yielded characteristic fragments of m/z 452
[Pb*°® + EDTA-4H-CO,] by the loss of CO, and m/z 408 [Pb>*® +
EDTA-4H-2CO,] by the loss of two CO, molecules. Similar
results were also obtained for water-soluble Mn, Ni, Cu, and Zn
compound (Fig. S11). Characteristic fragments of m/z 299 [Mn°?
+ EDTA-4H-CO,], m/z 302 [Ni’® + EDTA-4H-CO,] ", m/z 307
[Cu®® + EDTA-4H-CO,] , m/z 308 [Zn®* + EDTA-4H-CO,] by
a loss of CO, and m/z 255 [Mn*® + EDTA-4H-2CO,]”, m/z 258
[Ni®® + EDTA-4H-2CO,] ", m/z 263 [Cu® + EDTA-4H-2CO,]” m/z
264 [Zn®* + EDTA-4H-2CO,]~ by loss of two CO, were obtained
(Fig. S1t). This agrees with the literature, which reported
a sequential loss of CO, from EDTA-metal with MS/MS experi-
ments.”** Fig. 2b shows the analytical results for organic Pb
(TML). Obvious signals of m/z 251 [Pb?°*(CH,);]" and m/z 253
[Pb>°%(CH;);]" were observed in the spectrum. The MS/MS result
of the ion m/z 253 is shown in the inset of Fig. 2b. The resulting
fragment ion was m/z 223 [Pb***CH,]" via a neutral loss of two
CHj;. Insoluble metal compounds, such as PbCO3, were insol-
uble in water and organic solvents. In this study, taking
advantage of the high stability of the metal-organic complexes
formed by the chelation of EDTA and Pb, EDTA-2Na was used to
dissolve PbCO; by forming an EDTA-Pb chelate. Obvious m/z
145 [EDTA-2H]>", m/z 248 [Pb**® + EDTA-4H]>~ and m/z 291
[EDTA-H] ™ are shown in Fig. 2c, indicating that the insoluble
speciation PbCO; was successfully detected. For metal
elements, electrolysis was used to transform the elemental
metals into metal ions because H,0, CH;0H, and EDTA-2Na
could not dissolve the elemental speciation. The produced
metal ion reacted with EDTA-2Na in the electrolyte in situ to
form the EDTA-metal compound. Fig. 3d depicts the analytical
results of elemental Pb. Obvious m/z 145 [EDTA-2H]*", m/z 248
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Fig.3 Quantitative analysis of Pb?* and TML by EC-MS. EIC of (a) Pb®*
and (c) TML calibration solution with different concentrations. The EIC
area of (b) Pb" and (d) TML against the corresponding mass (n = 3).
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[Pb**® + EDTA-4H]>~ and m/z 291 [EDTA-H]~ were observed,
indicating that the elemental speciation Pb was successfully
detected. In summary, the experimental results showed that the
present device and method could be used for the analysis of
water-soluble, organic, insoluble, and elemental metals.

3.2 Quantitative detection of Pb components in different
speciations by EC-MS

The quantitative performance of the present method was
investigated by preparing calibration curves for Pb>" and TML. A
series of Pb(NO;), and TML solutions with different concen-
trations were prepared, and then the characteristic peaks of
[Pb*°® + EDTA-4H]*~ and [Pb*>°®CH,]" were used as the quanti-
tative ions for Pb** and TML, respectively. The EIC of m/z 408
[Pb**® + EDTA-4H-2CO,]” and mj/z 223 [Pb*°*CH;]" with
different concentrations are shown in Fig. 3a and c, respectively.
The mass of ions in the standard solution was calculated using
the formula m = ¢ x v X t X M, where “c” is the concentration of
the ions, “v” is the injection flow rate (4 uL min™'), “¢” is the
injection duration (about 1 min), and “M” is the molar mass of
Pb”>* or TML. The EIC areas of different concentrations of [Pb>*®
+ EDTA-4H-2CO,] ™ and [Pb**®CH,]" were calculated by applying
the integration method in Origin 9.0 software. Then, two cali-
bration curves (EIC area vs. mass) of Pb>* and TML are plotted
in Fig. 3b and d with the calibration equations, respectively. A
wide linear response range of 4.0 pg to 2.0 ng with R* > 0.99 was
obtained for Pb®>" and TML. The LODs of metal ions obtained by
this method were calculated using the following equation: LOD
= 30/a, where the “¢” is the standard deviation of the blank
solution (n = 3) and “a” is the slope of the standard curve.
Therefore, the LODs were calculated to be 0.215 ppb for Pb*"
and 0.048 ppb for TML. A remarkable sensitivity of Pb ion
detection was provided by the proposed method, showing its
potential application in the analysis of trace levels of Pb in
different speciations.

Furthermore, the recovery of the present method in the
analysis of different Pb speciations was experimentally evalu-
ated. An artificial miscellaneous sample containing water-
soluble (Pb(NO3),, 0.2 ng), organic (TML, 0.2 ng), insoluble
(PbCO3, 0.3 ng), and elemental (Pb, 0.6 ng) speciations, was
prepared and analyzed sequentially (as detailed in the Experi-
mental section). The experimental results are shown in Fig. 4. In
the range of 0-5 min, deionized water was added to the sample
channel, and the EIC of m/z 408 [Pb*°® + EDTA-4H-2CO,]” was
selected, which reflected the soluble Pb(NO;), dissolution.
When the signal dropped to the baseline, CH;OH was used as
an eluent, and the EIC of m/z 223 [Pb*°®CH;]" was selected to
monitor the TML in the period of 10-17 min. Similarly, when
the organic component signal disappeared, 0.05 mM EDTA-2Na
(H,O/CH3CN (v/v = 1/1) was used as the eluent, and m/z 408
[Pb*°® + EDTA-4H-2CO,]  ion was chosen to monitor the signal
of PbCO; (23-26 min). Finally, EDTA-2Na in the sample channel
was employed as an electrolyte. The electrodes in the electrolytic
cell were connected to the electrochemical workstation, and
+0.8 V was applied to transform Pb into Pb*". The EIC of m/z 408
[Pb*°® + EDTA-4H-2CO,]” was observed in 30-41 min. Based on
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Fig. 4 EIC of Pb components in the artificial miscellaneous sample
analyzed by EC-MS.

the EIC (Fig. 4) area and calibration curves (Fig. 3), the recov-
eries of Pb(NO3),), TML, PbCO3, and Pb were calculated to be
96.2%, 97.1%, 85.3%, and 86.7%, respectively. The results
demonstrated that four kinds of Pb speciations in a miscella-
neous sample could be detected sequentially with high accuracy
and high analysis speed.

3.3 EC-MS analysis of the practical sample

In this study, SPM gathered from lake water was selected to
estimate water pollution. As shown in Fig. 5a, when water was
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Fig. 5 EC-MS analysis of the suspended particulate matter in the lake
water sample. Mass spectra of the metals and the corresponding EIC
when H0 (a, b) and EDTA-2Na (c, d) were used as solvents.
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used as the extractant, signals of m/z 171.5 [Mn + EDTA-4H]*",
m/z175.5 [Cu + EDTA-4H]*", m/z 176 [Zn + EDTA-4H]*", m/z 248
[Pb + EDTA-4H]*~ and m/z 344 [Fe + EDTA-4H] were obtained.
This implies that there was soluble Mn, Cu, Zn, Pb, and Fe in
the suspended particles. Fig. 5b illustrates the EIC of the metals.
After the water-soluble substances were completely dissolved,
the extraction agent was replaced with methanol. The organic
metal compound was extracted and detected in positive ion
mode. No obvious signal of organic heavy metals was found.
After the extractant was replaced with a 0.05 mM EDTA-2Na
(H,O/CH3CN (v/iv = 1/1)) solution, the insoluble metal
compounds were dissociated. Signals of m/z 175.5 [Cu + EDTA-
4H]*", m/z 176 [Zn + EDTA-4H]* ", m/z 173 [Ni + EDTA-4H]>~ and
m/z 248 [Pb + EDTA-4HJ]>~ were obtained (Fig. 5¢ and d),
implying that the existence of insoluble Cu, Zn, Ni, Pb ions
appeared in the sample. The speciation of metals in an aqueous
environment strongly depends on the composition of the
water.?® Inorganic species, such as CO;>~, SO,>~, CI~, NO; ™, or
PO,’", can easily interact with metals.?” Finally, when the
sample was treated with electrolysis, no obvious metal signal
was found (Fig. S21).

To validate the analytical ability of EC-MS, a national stan-
dard method for offline ICP-MS (Table S1t) was performed to
detect the water-soluble and insoluble metal mass of the
particulate suspended samples. The preparation of the sample
for ICP-MS analysis is provided in the ESIL. For comparison, the
EIC area of the metals in suspended particulate matter obtained
by EC-MS analysis was calculated using OriginLab software, as
shown in Table S2.1 This demonstrated that the presented EC-
MS method basically agreed with the standard method.

4 Conclusions

In summary, we reported an EC-MS for the sequential analysis
of metal speciation in SPM in water. This method features high
sensitivity (LOD of 0.048 ppb for TML), online separation of
metal components in different speciations with excellent
(>85%), high throughput, and sample
consumption (water sample of 5 mL). By utilizing this method,
Mn, Cu, Zn, Pb, Ni, and Fe compounds in the particulates were
detected successfully. Our results demonstrate that the present
method is a promising method for the speciation analysis of
heavy metals in particulates with regard to the occurrence of
metal pollution in environmental monitoring and other areas.
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