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g r a p h i c a l a b s t r a c t
� An all-solid-state lead-selective
microelectrode is described for pore
water analysis.

� The microsensor allows the direct
measurement of Pb2þ in a coastal
sediment core.

� In-situ measurements of the vertical
profiles of Pb2þ in pore water is
achieved.
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Methods for in-situ measurements of heavy metal ions in coastal sediment pore water to elucidate fine-
scale biogeochemical and environmental processes are highly required but have rarely been reported. In
this work, an all-solid-state lead-selective microelectrode (Pb2þ-ISmE) based on a poly(3,4-
ethylenedioxythiophene)-poly(sodium 4-styrenesulfonate) (PEDOT/PSS) modified gold wire with a
diameter of 14 mm has been fabricated. The proposed Pb2þ-ISmE is capable of in-situmeasurement of Pb2þ

in coastal sediment pore water at millimeter depth intervals. The Pb2þ-ISmE shows a Nernstian response
for Pb2þ within the activity range of 2.1� 10�9-2.1� 10�4M (S¼ 28.1 ± 1.3 mV/dec, R2¼ 0.998) in 0.5M
NaCl, and the detection limit is 6.4� 10�10M. By lowering the microelectrode into a coastal sediment
core with a micro-manipulator, the proposed Pb2þ-ISmE allows the direct measurement of the vertical
distribution profile of Pb2þ in the pore water. The in-situ measurement of Pb2þ using the microsensor
could avoid the problems of sample handling. Moreover, the detection system can be extended to assess
the vertical distribution profiles of other heavy metal ions in sediment pore water by using different ion-
selective microelectrodes.
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1. Introduction

Coastal sediments would have large amounts of heavy metals
due to the transportation through rivers [1,2] and the trapping ef-
fect of particles [3]. Pore water is the intermediate medium for the
exchange of heavy metals between sediments and overlying water
layers [4]. The release of heavy metals from the sediments into the
pore water would cause a secondary pollution under a change of
the environmental conditions [5]. Therefore, the accurate, rapid
and direct determination of heavy metal ions in coastal sediment
pore water is of great significance for evaluation of their impacts on
water quality and ecological environment.

Pore water analysis has been commonly performed by combi-
nation of sample extraction via centrifugation of the bulk sediment,
or via squeezing the sediment core with subsequent laboratory
tests [6]. In recent years, techniques based on diffusive equilibrium
in thin films (DET) and diffusive gradients in thin films (DGT) have
been widely used for detecting total dissolved and labile trace
metals in the sediment pore water with high resolutions [7].
However, extensive sample preparation procedures may destroy/
disturb the sediment samples and change the microenvironment of
the sediment pore water [8]. Therefore, in-situ measurements
without sampling processes are still highly required. Moreover, the
microscale structures and the rapidly changing conditions of pore
water require methods that enable high-resolution spatial
investigations.

Electrochemical methods have been widely used in measure-
ments of trace heavy metals with the attractive features of high
sensitivity, low cost and sufficient accuracy. Pore water profiles of
Mn, and Fe at (sub)millimeter resolution could be measured by
using voltammetric microelectrodes [9]. Gel integrated single mi-
croelectrodes or gel integrated microelectrodes arrays combined to
voltammetric in-situ profiling system have been applied for the
detection of heavy metals in natural waters and other complex
media [10,11]. However, dissolved oxygen could induce a serious
interference for in-situ measurements of heavy metals in pore
water [12]. Microsensors based on polymeric membrane ion-
selective electrodes (ISEs), with attractive features such as fast
response time, low detection limit, and broad dynamic response
range, show promising applications in pore water analysis and
could resolve the spacial profiles at fine scales. Since the ISEs with
low detection limits were reported in 1997 [13], the development
and applications of potentiometric microsensors have made great
progress. Most of the potentiometric sensors are liquid-filled mi-
croelectrodes with glass capillaries [14,15]. These potentiometric
microelectrodes were used to monitor ion concentrations in
various fields, including biological analysis [16,17], environmental
monitoring [18e20], and corrosion process investigation [21].
However, their applications for pore water analysis are rather
difficult because of the disadvantages of fragility, short lifetime and
low sensitivity. In recent years, all-solid-state potentiometric mi-
croelectrodes have been developed with good stability and high
sensitivity [22e24]. However, direct measurement of heavy metal
ions in coastal sediment pore water by using the all-solid-state
potentiometric microsensors has not been reported. Herein, an
all-solid-state ion-selective microelectrode (ISmE) with a low
detection limit is proposed for in-situmeasurements of heavymetal
ions in sediment pore water. Lead, as one of the well-known highly
toxic heavy metals, which poses a serious threat to the environ-
mental ecosystem and human health, has been selected as a model.
The selectivity, reproducibility and potential stability of the Pb2þ-
ISmE have been characterized. The proposed microelectrode has
been used for in-situ measurements of pore water profiles of lead
ions.
2. Materials and methods

2.1. Chemicals

The lead ionophore [tert-butylcalix [4]arene-tetrakis(N,N-
dimethylthioacetamide)], 2-nitrophenyl octyl ether (o-NPOE), high
molecular weight poly(vinyl chloride) (PVC), monomer 3,4-
ethylenedioxythiophene (EDOT, > 97%), poly(sodium 4-
styrenesulfonate) (NaPSS, MW¼ 70 000), and NaCl (99.999%)
were purchased from Sigma-Aldrich. The lipophilic cation-
exchanger sodium tetrakis[3,5-bis(trifluoromethyl) phenyl]borate
(NaTFPB) was purchased from Alfa Aesar. Gold wires (99.9%) with a
diameter of 14 mm were purchased from Alfa Aesar. The standard
seawater samples (NASS-6) were purchased from the National
Research Council of Canada. All other chemicals were of analytical
reagent grade. Deionized water (18.2MU specific resistance) used
throughout was obtained with a Pall Cascada laboratory water
system.
2.2. Fabrication of the AumE/PEDOT(PSS)/Pb2þ-ISE

The all-solid-state microelectrodes based on the gold wire
electrode (AumE) with a diameter of 14 mm were prepared as
described before [23]. The AumE electrodes were modified with
PEDOT(PSS) as solid contact through the galvanostatic electro-
chemical polymerization [25,26]. The electrodeposition system
consisted of a Pt wire as the counter electrode, an Ag/AgCl/3M KCl
microelectrode with a tip diameter of 8e10 mm as the reference
electrode [27], and the AumEs as the working electrode. The poly-
merizationwas carried out in a deaerated solutionwith 0.1M EDOT
and 0.01M NaPSS. A constant current of 50 nA was applied for
different times to produce polymerization charges from 2 to 7.5 mC.

After electrodeposition, the AumE/PEDOT(PSS) electrodes were
rinsed with deionized water, and then allowed to dry at room
temperature. The polymeric membrane composition contained
1.57wt% of the lead ionophore, 0.48wt% of NaTFPB, 65.30wt% of o-
NPOE, and 32.65wt% of PVC. 200mg of the membrane components
was dissolved in 1.6mL of THF. 0.8 mL of the lead ion-selective
membrane (Pb2þ-ISM) cocktail solution was applied on the AumE/
PEDOT(PSS), and left to dry overnight. For comparison, the cocktail
solution was also applied on the bare AumE to prepare the AumE/
Pb2þ-ISE. The prepared Pb2þ-ISmEs were conditioned in a
10�3M Pb(NO3)2 solution for 2 h before measurements.
2.3. Apparatus and measurements

Potentiometric measurements were performed at room tem-
perature using CHI 760C electrochemical workstation (Shanghai
Chenhua Apparatus Corporation, China). The Pb2þ-ISmE and Ag/
AgCl/3M KCl microelectrode were used as indicator and reference
electrodes, respectively. The ion activities were calculated by the
Debye-Hückel equation [28] and the potentiometric values were
corrected for liquid junction potentials according to the Henderson
equation [29].

For selectivity measurements, the glassy carbon electrodes
(GCE, 3mm in diameter) modified with PEDOT(PSS) were used to
prepare the GC/PEDOT(PSS)/Pb2þ-ISEs as described before [23]. The
GC/PEDOT(PSS)/Pb2þ-ISEs were conditioned in a 10�3M NaCl so-
lution overnight before potentiometric measurements. Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were carried out in a 5mM K4[Fe(CN)6]/K3[Fe(CN)6]
solution containing 0.1M KCl.
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2.4. Sample analysis

In order to investigate the vertical distribution profiles of Pb2þ in
coastal sediment pore water, the sediment samples were collected
on November 12, 2018 (37�260 N, 121�340 E). The Pb2þ-ISmE and
reference microelectrode were mounted onto a MMD-4 micro-
manipulator (Narishige, Japan) with a distance of 5mm (Fig. S1).
Electromotive force (EMF) values were measured using a PXSJ-216
Leici pH meter (Shanghai, China). The movements of the two mi-
croelectrodes were precisely controlled by the micro-manipulator.
The electrode detection system was kept in a Faraday cage to
shield external electromagnetic interferences.

Since potentiometry using ion-selective electrodes measures
free ion activities in samples, salinity is a potential factor which
would influence the performance of the proposed microsensor in
real samples. Salinity determines the ion strength of the seawater
sample, thus influencing the activity of the free lead ion, which is
directly measured by the ion-selective microelectrode. In addition,
salinity can change the electrode's potential values due to the
change in the liquid junction potential of the reference electrode.
For the in-situ analysis, the salinities of the seawaters overlying on
the sediments were measured and the EMF values were corrected
for the ion strength and liquid junction potential.

3. Results and discussion

3.1. Electrodeposition of the PEDOT(PSS) film

The bulk redox capacitance of PEDOT(PSS) can be well
controlled by the amount of the polymerization charge [30]. As
shown in Fig. 1A, the redox currents of Fe(CN)64�/3- and the redox
capacitances of the electrodes are found to increase with increasing
polymerization charge. The values of the redox capacitances for the
Fig. 1. (A) CVs and (B) EIS of the AumEs in a 5mM Fe(CN)64�/3�solution containing 0.1M
KCl, after polymerization to obtain the transducer films with (a) 0, (b) 2.0, (c) 3.0, (d)
5.0, and (e) 7.5 mC. Scan rate, 50mV s�1; frequency range, 0.01 Hz-10 kHz; excitation
amplitude, 50mV. Inset in Fig. 1B is the equivalent circuit. Rs¼ solution resistance,
CPE¼ constant phase element, Rct¼ charge transfer resistance.
AumE/PEDOT(PSS) electrodes are much higher than that of the bare
AumE. The equivalent circuit is shown in the inset of Fig. 1B. The
diameter of the semicircle is directly related to the charge transfer
resistance, Rct, and Rct is inversely proportional to the polymeri-
zation charge [31,32]. The Rct of the AumE/PEDOT(PSS) is much
lower than that of the bare AumE. The resistance remains almost
constant when the polymerization charge is higher than 5.0 mC. In
this case, the resistance of the AumE/PEDOT(PSS) was 2.4± 0.3MU
with a deposition time of 100 s. For a lower resistance and shorter
deposition time, the polymerization charge of 5.0 mC was selected
for the electrodeposition.
3.2. Characterization of the AumE/PEDOT(PSS)/Pb2þ-ISE

The selectivity coefficients of the Pb2þ-ISM toward various
interfering ions were examined by the separate solution method
[33]. As shown in Fig. 2A, the results obtained are consistent with
those of the Pb2þ-ISE in the literature [34]. The selectivity co-
efficients toward sodium ions is log Kpot

Pb;Na ¼�7.6, and a theoretical
detection limit for lead ions in the presence of 0.5M Naþ can be
Fig. 2. (A) Comparison of the selectivity coefficients for the present Pb2þ-ISM obtained
with the separate solution method [33] and those reported in the literature [34]. (B)
Potential reproducibility of the Pb2þ-ISmE evaluated by alternatively measuring 10�6M
and 10�5M Pb(NO3)2 (n¼ 4). (C) Chronopotentiograms for the AumE/Pb2þ-ISE (solid
line) and AumE/PEDOT(PSS)/Pb2þ-ISE (dotted line) recorded in a 10�7M PbCl2 solution
in the background of 0.5M NaCl. The applied currents were ±0.01 nA for 60 s.
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calculated to be 3.1� 10�9M [35]. According to the literature, the
amount of dissolved lead in pore water ranges from micromole to
nanomole [4,36,37], therefore, the proposed Pb2þ-ISmE has a po-
tential application in pore water measurement. Moreover, the
Pb2þ-ISM shows good selectivity coefficient toward Hþ (log Kpot

Pb;H
¼�7.9), which indicates that the Pb2þ-ISM is insensitive to sample
pH.

The reproducibility of the Pb2þ-ISmE was investigated by alter-
natively measuring 10�6 and 10�5M Pb(NO3)2 (Fig. 2B). The stan-
dard deviations of the potential values were calculated to be
±0.84mV for 10�6M Pb(NO3)2 and ±0.82mV for 10�5M Pb(NO3)2
(n¼ 4), respectively.

The short-term potential stabilities of the AumE/Pb2þ-ISE and
AumE/PEDOT(PSS)/Pb2þ-ISE were evaluated by the current-reversal
chronopotentiometry [38]. Fig. 2C shows the typical chro-
nopotentiograms for both electrodes. The potential drift of the
AumE/PEDOT(PSS)/Pb2þ-ISE calculated from the ratio DE/Dt, is
36.0± 9.7 mV/s for the current of 0.01 nA, which is much lower than
that of the AumE/Pb2þ-ISE (448.0±118.9 mV/s). Therefore, the po-
tential stability of the Pb2þ-ISmE can be significantly improved by
using the PEDOT(PSS) film as solid contact. The long-term response
stability of the Pb2þ-ISmE was also investigated (Fig. S2). A slight
change of the detection limit of the Pb2þ-ISmE was observed after
72 h. Since the thickness of the polymeric membrane was only a
few micrometers, the leaching of the membrane components such
as the ionophore, borate and plasticizer to the sample solution
would be much pronounced, which would make the response be-
haviors of the microelectrode deteriorated in a few days [39].

The potentiometric responses of the Pb2þ-ISmE were investi-
gated in Pb(NO3)2 solutions. As shown in Fig. 3Aea, the micro-
sensor shows a linear response in the concentration range of
1.0� 10�9-1.0� 10�3Mwith a slope of 29.9± 1.2mV/decade (n¼ 5,
Fig. 3. (A) Potential response traces of the proposed Pb2þ-ISmE in Pb(NO3)2 at different
concentrations in the absence (a) and presence (b) of 0.5M NaCl. (B) Calibration curves
of the proposed Pb2þ-ISmE in Pb(NO3)2 in the absence (a) and presence (b) of 0.5M
NaCl.
R2¼ 0.999), and the detection limit is 6.3� 10�10M (Fig. 3Bea). The
Pb2þ-ISmE can reach a low detection limit (6.4� 10�10M) with the
slope of 28.1± 1.3 mV/dec (n¼ 5, R2¼ 0.998) even in the high
electrolyte background of 0.5M NaCl in the activity range of
2.1� 10�9-2.1� 10�4M (Fig. 3Aeb, Fig. 3Beb). This phenomenon
may be ascribed to the more efficient ion diffusional transport due
to the small size of microelectrode. The rapid diffusion process at
the membrane/solution interface due to the small size of micro-
electrode could decrease the concentration of primary ions leach-
ing from the membrane into the sample solution [40,41]. Therefore,
the Pb2þ-ISmE could be used for the in-situ measurement of Pb2þ in
coastal sediments.
3.3. Analytical applications

The performance of the proposed Pb2þ-ISmE was first evaluated
in the standard seawater sample before measuring the vertical
profiles of free lead ions in the coastal sediment by the direct
potentiometry. As shown in Figs. 4A and S3, the Pb2þ-ISmE shows
Nernstian response toward Pb2þ in the activity range of 2.0� 10�9-
2.0� 10�7M (S¼ 27.4±1.5 mV/dec, R2¼ 0.999). Experiments were
performed to determine if a stable response could be obtained
when placing the Pb2þ-ISmE and reference electrode in direct
contact with the sediment sample. Experiments revealed that the
hydrophobic polymeric film was not altered when in contact with
the sediment. Then, the proposed microsensor was used for the
measurement of the vertical distribution of lead ions in coastal
sediment pore water. The vertical distribution profile of lead ions
within the upper 2 cm of the sediment core is shown in Fig. 4B, and
the corresponding response traces are shown in Fig. S3. It can be
seen that, the Pb2þ-ISmE allows measurements at a 2mm spatial
Fig. 4. (A) Potential responses of the Pb2þ-ISmE toward Pb2þ in the standard sea water.
Inset shows the calibration curve of the electrode. (B) Profile of Pb2þ in the sediment
pore water obtained by the proposed microsensor (n ¼ 3).
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resolution. A peak concentration of 16.4 nM was observed at the
depth of 0.8 cm, which indicates that there is considerable release
of lead from the solid phase into the pore water. Due to the
complicated chemical processes in surface sediments, the concen-
trations of dissolved heavy metals in pore water are related to
various factors, such as dissolved oxygen [42], organic matters [36],
and free sulphide [43]. For comparison, the pore water samples of
the sediment core were also measured by anodic stripping vol-
tammetry (ASV) via 797 VA computrace (Metrohm Ltd.,
Switzerland) [23]. The results obtained by these two methods were
not consistent. For example, the concentration of Pb2þ at the depth
of 0.5 cmmeasured by ASVwas 27.4± 1.0 nM, which is much higher
than that obtained by the proposed microsensor (16.0± 7.9 nM).
This phenomenon may be ascribed to the existence of large
amounts of CO3

2� in real samples, which could complex with free
Pb2þ to form PbCO3. Indeed, PbCO3 cannot be detected by an ISE,
but could be measured by ASV.

While the relative standard deviation of each series of three
measurements was high, the in-situ measurement of Pb2þ through
the proposed method allows rapid detection with high resolutions
and could avoid problems of sample handling as compared to the
DGT and stripping voltammetry methods [44,45]. The proposed all-
solid-state ISmE shows high sensitivity and can be applied for in-situ
measurement of Pb2þ, Ca2þ, CO3

2�, pH and so on in seawater sedi-
ments. The detection system could be coupled with other micro-
sensors in the future work to obtain more information on heavy
metals and related factors. It should be noted that the signals of the
proposed Pb2þ-ISmE became unstable at depths greater than 2 cm.
Therefore, the robustness of the proposed microsensor needs to be
improved. Related works are in progress in this laboratory.
4. Conclusions

In this work, an all-solid-state Pb2þ-ISmE using a PEDOT(PSS)
film as solid contact has been developed, allowing real-time, highly
spatial resolution measurements of the concentration profiles of
free lead ions in coastal sediment pore water. The proposed
microsensor exhibits excellent potentiometric characteristics in
terms of low detection limit, and high selectivity. The microsensor
was successfully applied for fine-scale in-situ measurements of
Pb2þ in sediment pore water, which could capture high-resolution
spatial concentration profiles of Pb2þ.
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