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A B S T R A C T

Lead (Pb) contaminants in wastewater have inhibited microbial activities and thus exerted high energy con-
sumption in wastewater treatment plants (WWTPs). Current Pb monitoring has been conducted ex situ and off
line, unable to affect real-time proactive control and operation. This study targets the crucial challenge of better
and faster Pb monitoring by developing novel mm-sized screen-printed solid-state ion-selective membrane (S-
ISM) Pb sensors with low-cost, high accuracy and long-term durability and that enable real-time in situ mon-
itoring of Pb(II) ion contamination down to low concentrations (15 ppb–960 ppb) in wastewater. An innovative
pH auto-correction data-driven model was built to overcome the inextricable pH inferences on Pb(II) ISM sensors
in wastewater. Electrochemical impedance spectroscopy (EIS) and cyclic voltammograms (CV) analysis showed
(3,4-ethylenedioxythiophene, EDOT) deposited onto the mm-sized screen-printed carbon electrodes using
electropolymerization effectively alleviated the interferences from dissolved oxygen and improved long-term
stability in wastewater. Monte Carlo simulation of the nitrification process predicted that real-time, and high
accurate in situ monitoring of Pb(II) in wastewater and swift feedback control could save ∼53 % of energy
consumption by alleviating the errors from pH and DO impacts in WWTPs.
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1. Introduction

Lead (Pb) (II) has been widely used in numerous industrial appli-
cations, such as lead-acid batteries, printing pigments, fuels and pho-
tographic materials, and has been discharged into wastewater without
efficient monitoring (Li et al., 2016; Zhao et al., 2012). As a highly toxic
pollutant, Pb(II) adversely affects human soft tissues and organs and
acts synergistically with other carcinogens at low concentrations
(Andjelkovic et al., 2019; García-Lestón Julia et al., 2010;
Jarosławiecka and Piotrowska-Seget, 2014; Triantafyllidou and
Edwards, 2012). Pb(II) is easily bound by complex organic molecules
and reduces microbial bioactivity in wastewater treatment plants
(WWTPs) (Bruins et al., 2000; Zhao et al., 2012). Conventional methods
for Pb(II) monitoring, such as inductively coupled plasma mass spec-
trometry (ICP-MS) and atomic absorption spectroscopy (AAS), possess
high accuracy (Jenner et al., 1990), but they are costly and bulky and
have high operator training demands. In addition, these off-line ex situ
methods require water samples to be transferred from WWTPs to the
laboratory, and thus causing the problems of sample quality variation
and lagging times for system operation. Therefore, a low-cost, minia-
ture and accurate Pb(II) detection method capable of real-time in situ
monitoring is indispensable for swift contaminant control and energy-
saving in WWTPs.

Many types of Pb(II) sensors have been developed, including col-
orimetric, biomimetic, voltammetric, and amperometric sensors.
Nevertheless, the reusability of the colorimetric sensors are poor, since
they are coated with acid-capped gold nanoparticles (AuNPs) and can
only be used single-time due to the irreversible aggregation of AuNPs
(Kalluri et al., 2009). Biosensors such as oligonucleotide-based lead
biosensors and G-quadruplex based label-free fluorescent biosensors
usually possess high selectivity (Guo et al., 2012; Jarczewska et al.,
2015), but their electron donors/acceptors (e.g. potassium ferrocyanide
/ oxygen, potassium ferricyanide) are oftentimes costly and the short
lifespan of microbial cells and enzymes makes them unfeasible for
continuous monitoring of Pb(II) in wastewater. Voltammetric sensors
suffer from severe interferences from complex chemicals in wastewater
and have poor sensitivity and selectivity for low Pb(II) concentrations
(the regulated level:< 150 ppb) in wastewater (Kang et al., 2017). For
instance, at Pb(II) concentrations lower than 1 µM, the sensitivity of
copper-based voltammetric sensors dropped by 10 % caused by the
interference with zinc (Zn) in the wastewater (Kang et al., 2017).
Amperometric sensors such as G-quadruplex (G4) (Li et al., 2011) and
sulfur-doped graphitic carbon lead sensors (Zou et al., 2020) exhibited a
declined accuracy in wastewater. The requirement of external voltage
to obtain the current readings (μA or mA) posed an obstacle for con-
tinuous monitoring in a real time mode. Furthermore, these Pb(II)
sensors (e.g., Pb(II) ion optical sensors, copper-based voltammetric
sensors, Co O3 4 nanosheets Pb sensors) suffer from ill-defined but sig-
nificant interference from pH, dissolved gases (particularly O2) in
wastewater leading to substantial errors (Ensafi et al., 2009; Yu et al.,
2017). For example, the copper-based sensors exhibited a variation of
22 % and 34 % at pH values of 5 and 4.65, respectively. Another ob-
stacle of existing Pb(II) sensors is poor stability, mainly caused by se-
vere contamination and fouling of the sensor surface immersed in
wastewater, necessitating their frequent replacement (Bansod et al.,
2017; Deng et al., 2019; Huang et al., 2014; Zou et al., 2018). Until
now, long-term accuracy and stability of Pb(II) sensors in real waste-
water were not achieved.

To tackle the critical challenge of Pb(II) monitoring in wastewater,
this study explored an innovative mm-sized sensor using Pb(II) solid-
state ion-selective membranes (S-ISM) on screen-printed carbon elec-
trodes (SPEs), which are capable of real-time in situ monitoring of ultra-
low Pb(II) concentration (as low as 15 ppb, and up to 960 ppb) at low-
cost (< $1 each sensor), high accuracy and durability, while requiring
only simple potentiometric instrumentation. To eliminate pH influences
and to enhance the accuracy of Pb(II) monitoring in wastewater, an

auto-correction sensor assembly was developed by integrating Pb S-ISM
sensors with pH S-ISM sensors; this was combined with an innovative
data-driven model built based on a dataset of sensor readings at dif-
ferent pH values to compensating for the impact pH has on the Pb(II)
sensor readings. Furthermore, 3,4-ethylenedioxythiophene (EDOT) was
deposited onto the SPE electrodes using electropolymerization. This
formed a conducting polymer layer (PEDOT) that reduces the inter-
ferences from dissolved oxygen (DO) in wastewater and prevents the
formation of a water layer between the ISM and the electrode. The
fundamental mechanisms of the PEDOT layer to sustain the stability of
the sensor potential (mV) readings were explored through electro-
chemical impedance spectroscopy (EIS) and cyclic voltammograms
(CV). Lastly, the long-term accuracy and mechanic stability of Pb(II) S-
ISM sensor was examined in real wastewater. Hydrophobicity of sensor
surface was monitored over time and correlated with the sensor elec-
trochemical and anti-fouling performance. The capability of the Pb(II)
S-ISM sensor to capture transient Pb(II) shocks at different pH and DO
were also examined in real wastewater.

This study consisted of six individual tasks: First, novel mechani-
cally stable screen-printed S-ISM sensors were developed for mon-
itoring Pb(II) and pH. Linear correlation between the sensor potential
readings (mV) and the ultra-low concentration of Pb(II) (< 150 ppb)
was established. Second, accuracy and selectivity of the Pb(II) S-ISM
sensors in the presence of competing ions in different types of aqueous
solutions were examined. Third, the pH influence on the Pb(II) S-ISM
sensor was determined and an auto-correction data-driven model was
built to eliminate the pH influence. Fourth, a conducting polymer
PEDOT was deposited onto the carbon electrode surface to enhance the
sensor reading stability in wastewater. The fundamental mechanisms of
PEDOT to minimize DO impacts were explored through EIS and CV
analysis. Fifth, the long-term stability of Pb(II) S-ISM sensors were ex-
amined in real wastewater over a 2-week period. Lastly, a stochastic
and Monte Carlo simulation was built to predict the energy-saving in
WWTPs as a consequence of the accurate real-time in situ Pb(II) S-ISM
sensors.

2. Materials and methods

2.1. Fabrication of Pb(II) and pH solid-state ion selective membrane (S-
ISM) sensors with PEDOT layer

The overall sensor (length: 3.5 cm, width: 1.5 cm, height: 0.1 cm)
was fabricated by screen printing technology (SPT) (Fig. 1a). A con-
ducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT) was
coated onto the carbon-based working and reference carbon-electrodes
(radii: 1.5 mm) using galvanostatic electrochemical polymerization in a
de-aerated aqueous solution containing 0.01 M EDOT (Sigma-Aldrich)
and 0.1 M supporting electrolyte poly(sodium 4-styrenesulfonate)
(NaPSS) (Sigma-Aldrich). A constant current of 0.014 mA (0.2mA/cm )2

was applied for 714 s in the polymerization process in order to produce
a polymerization charge of 10 mC (Bobacka, 1999). The PEDOT layer
was dried on the electrode surface under the room temperature for
around 12 h.

Subsequently, the Pb(II) ISM mixture consisting of liquid-state Pb
(II) ionophore IV (tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioa-
cetamide) – 5 wt%) (Sigma-Aldrich), o-NOPE (2-nitrophenyloctylether
– 48 wt%) (Sigma-Aldrich), NaTFPB (sodium tetrakis[3,5-bis(tri-
fluoromethy)phenyl]borate – 2 wt%) (Sigma-Aldrich) as the cation
exchange component and PVC (polyvinyl chloride – 45 wt%) (Sigma-
Aldrich) as the supporting polymer. This ISM mixture was first dis-
solved in 500 µL of tetrahydrofuran (THF); then 4.5 µL of this mixture
solution was carefully drop-cast on the top of the PEDOT layer of the
working carbon-electrode (radius: 1.5 mm) and dried on the electrode
surface in a sealed container filled with N2 at room temperature over 24
h to form the solid-state ISM (S-ISM) sensor.

The pH sensing membrane consisted of liquid-state hydrogen
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ionophore V (tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioaceta-
mide) – 10 wt%) (Sigma-Aldrich), o-NOPE (2-nitrophenyloctylether –
89.3 wt%) (Sigma-Aldrich), and NaTFPB (sodium tetrakis[3,5-bis(tri-
fluoromethy)phenyl]borate – 2 wt%) (Sigma-Aldrich). This mixture
was first dissolved in 500 µL of tetrahydrofuran (THF) and 4.5 µL of
this solution solution was carefully drop-cast on the top of the PEDOT
layer of the working carbon-electrode (radius: 1.5 mm). The drying
procedure of the pH ISM mixture was the same as for the Pb(II) sensor.

Then, the pH S-ISM sensor was calibrated in pH buffer solutions in the
range from pH 5 to 9. The potential (mV) readings of the pH sensor
were recorded for each pH buffer solution using an electrochemical
working station (CHI 660D).

Surface characterization of the Pb(II) S-ISM sensor was achieved
using a scanning electron microscope (SEM) (FEI Nova NanoSEM 450),
after sputter-coating with gold-palladium layer (Polaron E5100 Sputter
Coater) for 2 min, and equipped with an Energy Dispersive X-ray
Spectroscopy (EDS) Microanalysis Equipment (Oxford AZtecEnergy
Microanalysis System with X-Max 80 Silicon Drift Detector).

2.2. Calibration and selectivity tests of Pb(II) S-ISM sensors

Pb(II) S-ISM sensors were calibrated in aqueous solutions (Pb(II)
concentration: 15, 30, 60, 120, 240, 480–960 ppb) by sequentially
adding Pb(NO )3 2 concentrated solution (1000 ppb) into 100 mL deio-
nized water every 50 s. The pH of the water solution was maintained at
5.0 to prevent the precipitation of Pb(OH)2. The potential (mV) read-
ings of the Pb(II) S-ISM sensor was recorded using the electrochemical
working station (CHI 660D).

Selectivity of the Pb(II) S-ISM sensor was examined in a water so-
lution by sequentially adding different non-target ions, including KNO3
(150 ppb), Fe(NO )3 3 (150 ppb), Mg(NO )3 2 (150 ppb), Ca(NO )3 2 (150
ppb),Cd(NO )3 2 (150 ppb),NaNO3 (150 ppb), Zn(NO )3 2 (150 ppb). After
adding the interfering salt solutions, a Pb(NO )3 2 solution (150 ppb) was
injected to examine whether the Pb(II) S-ISM sensor exhibited the ac-
curate potential (mV) response. In a parallel test, these non-target ions
and Pb(NO )3 2 in the aforementioned concentration range were si-
multaneously added into a water solution and then the sensor readings
were recorded.

2.3. Developing auto-correction data-driven model to determine the pH
influence on Pb(II) S-ISM sensors

Due to constant variations of pH values in WWTPs, the pH-depen-
dent readings of the Pb(II) sensor should be corrected frequently to
minimize the measurement errors. In this study, the readings of Pb(II)
S-ISM sensors were first obtained under a series of Pb(II) concentrations
(15, 30, 60, 120, 240, 480–960 ppb) at different pH values (5, 5.5, 6,
6.5 and 7). The pH of these solutions was monitored using the pH S-ISM
sensors in a real-time mode. The potential (mV) readings of both Pb(II)
and pH S-ISM sensors were integrated to fit a regression model using
the Minitab program, through which three variables (Relative Potential:

E, pH value and Pb(II) concentration) were integrated into a pH auto-
correction model. The pH auto-correction model was then described in
3-D figures using the Python Matplotlib Program.

The pH auto-correction model was verified in simulated wastewater
by measuring Pb(II) concentrations (60 ppb and 120 ppb) with pH
ranging from 5.0–7.0. The measurement errors of these two Pb(II)
concentrations with the pH auto-correction model were compared with
the corresponding errors without the pH-auto-correction model (as a
control).

2.4. Examination of the impact of dissolved oxygen (DO) on Pb (II) S-ISM
sensor

The Pb(II) S-ISM sensor with the PEDOT conducting polymer layer
was examined in a beaker (volume: 200 mL) holding a water solution
(Pb(II) concentration: 150 ppb) saturated with dissolved oxygen (DO: 9
mg/L) through aeration (Shi et al., 2015). The performance was com-
pared side-by-side with a Pb(II) S-ISM sensor without PEDOT (as a
control) deployed in the same beaker. The potential readings (mV) of
both sensors were recorded simultaneously at an interval of 1 s using
the electrochemical working station (CHI 660D). During the test period,
O2 was continuously pumped into the water solution for around 50 s.

Electrochemical impedance spectroscopy (EIS) and cyclic

Fig. 1. (a) The calibration curve of the Pb(II) S-ISM sensor at different Pb(II)
concentration (15 ppb to 960 ppb) (Insert: the structure the Pb(II) ionophore
tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide)). (b) The EDS
image of Pb(II) S-ISM and atomic percentage. (c) Selectivity test for the Pb(II) S-
ISM sensor by adding interference metal ions sequentially. (d) Selectivity test
for the Pb(II) S-ISM sensors by adding interference metal ions and Pb(II) ions
simultaneously.
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voltammograms (CV) were performed to characterize the electro-
chemical property of the printed carbon electrodes (with and without
PEDOT) in the aerated solution. Specifically, EIS was conducted in a 0.1
M KCl solution at the reference electrode potential of 0.2 V. The results
were recorded in the frequency range 100 kHz to 0.1 Hz by using an
excitation amplitude ( Eac) of 10 mV before and after pumping oxygen.
CV was performed in the potential range 0.5 to -0.5 V at a scan rate of
0.1 V/s in 0.1 M KCl solutions before and after pumping oxygen.

2.5. Long-term stability test of Pb(II) S-ISM sensors in wastewater

Long-term stability of Pb(II) S-ISM sensors was examined by im-
mersing three sensors fabricated in the same batch into an aqueous
solution (Pb(II): 150 ppb) for 2-week period. The readings (mV) of these
three sensors were compared to reflect the variations of sensitivity.
Every three days, Pb(II) S-ISM sensors were taken out of the water so-
lution and calibrated at different Pb(II) concentrations (ranging from 15
ppb to 960 ppb), through which the long-term accuracy and sensitivity
of these sensors were determined over the 2-week period. In the
meantime, the morphology of the Pb(II) S-ISM sensors was observed
weekly using a scanning electron microscope (SEM) (FEI Nova
NanoSEM 450). The hydrophobicity of the Pb(II) S-ISM surface was
examined by measuring the contact angle using the CAM 101 optical
surface tension meter (KSV Instrument Inc.).

2.6. Capturing transient shocks in real wastewater

Transient shock tests were performed by adding a highly con-
centrated Pb(NO )3 2 solutions (1000 ppb) twice in a container (volume:
100 mL) holding real wastewater collected from the Wastewater
Treatment Plant at the University of Connecticut. The Pb(II) con-
centration in wastewater was measured by the Salicylate Method
(Method 850) using Hach DR2800. The theoretical Pb(II) concentration
in the container after transient shocks was calculated based on the in-
itial concentration and the injected volume of the Pb(NO )3 2 shock so-
lution. Consequently, the pH of the solution in the container was ex-
pected to change due to the addition of the Pb(NO )3 2 shock solution.
The Pb(II) S-ISM sensor in the container was examined to capture the
prompt potential change of the Pb(II) concentrations. Auto-correction
model was applied to compensate the pH impact. The result with pH
auto-correction was side-by-side compared with the one without pH
auto-correction (as a control) to examine the accuracy of the pH auto-
correction data-driven model.

3. Results and discussion

3.1. Calibration and selectivity of Pb(II) S-ISM sensors in simulated
wastewater

The solid-state ion selective membrane (S-ISM) contains critical
sensing functionalities with the main elements of C, O and Cl at the
atomic percentage of 83.52 %, 10.57 % and 4.41 %, respectively (the
Energy Dispersive X-ray Spectroscopy (EDS) image (Fig. 1b). For the
mm-sized screen-printed Pb(II) S-ISM sensor, the detection limit as the
intersection of the two slopes was 2 ppb (Fig. S1) in wastewater, which
is substantially improved over that limit reported for a polypyrrole-Zr
(IV) Pb(II) selective electrode (detection limit: 662.4 ppb) and Pb(II)-
ISE electrode based on GC/ISM (detection limit: 82.4 ppb) (Jiang et al.,
2019; Khan et al., 2016). A previous study found that detection limit
was positively associated with the transmembrane fluxes of the target
ion (e.g., Pb(II) in this study) (Püntener et al., 2004). The thickness of
the Pb(II) ISM was increased in this study by applying higher sup-
porting polymer ratios (45 wt%) to lower transmembrane ion flux
(Lisak et al., 2012), thus leading to a better detection limit.

Calibration tests were conducted in aqueous solutions with Pb(II)
concentrations ranging between 15 and 960 ppb, including the

regulated Pb(II) concentrations in drinking water (15 ppb) and waste-
water (150 ppb) (EPA, 2017). The pH value (pH 5) was controlled
using nitric acid (HNO3) to prevent Pb(II) precipitation (Sari et al.,
2007; Wang et al., 2009). According to the Nernst equation, an ex-
cellent linear relation was obtained with a Nernstian slope
( = ×k RT

zFPb(II)
2.3026 ) of 28.998 per decade of Pb concentration ( >R 0.992 )

(Fig. 1a), which was close to the ideal Nernstian response for divalent
cations (29 mV per decade) (Bu, 1998). This sensitivity was higher than
the Pb(II) sensors previously reported (polypyrrole-Zr(IV) phosphate Pb
(II) selective sensor: 26.37 mV dec−1, graphene Th(IV) Pb(II) selective
sensor: 27.65 mV dec−1) (Khan et al., 2016; Rangreez and Inamuddin,
2016). We ascribed the higher affinity of the chelate p-tert-butylcalix[4]
arene (Fig.1a) used containing the soft sulphur donor atoms with a high
affinity for the soft Pb(II) cations, combined with a large enough cavity
of the calix[4]arene to fit the large Pb(II) cations (119 pm) (Lisak et al.,
2013).

Wastewater contains numerous types of ions and poses severe in-
terference for real-time in situmonitoring of Pb(II). In order to eliminate
measurement errors generated from the high chloride contents
(5000−10000 mg/L) in wastewater (Rajkumar et al., 2007), the Ag/
AgCl reference electrode normally used in water sensors (Polk et al.,
2006) was replaced in this study by a screen-printed carbon reference
electrode. The accuracy of the screen-printed carbon reference elec-
trode was compared with the Ag/AgCl reference electrode in aqueous
solutions of NaCl (Cl concentration: 5−50 mg/L). The potential
readings (mV) of the carbon reference electrode were invariant with the
presence of chloride, whereas the readings of the Ag/AgCl reference
electrode deviated strongly in the presence of chloride (Fig. S2).

To determine the electivity of our Pb(II) sensor, different mono-
valent, bivalent and trivalent metal ions commonly present in waste-
water such as Na(I), Fe(III), Mg(II), K(I), Cd(II), Ca(II), Zn(II) were
sequentially added into an aqueous solution. The potential (mV)
reading of the Pb(II) sensor was only little affected by these interfering
metal ions (Fig. 1c). In contrast, when the targeted Pb(II) ion was added
into the water solution, the mV readings of the S-ISM sensor responded
sharply and promptly (within 5 s) (Fig. 1c). This response time is much
faster than that of sensors in previous studies (polyphenylenediamine
lead electrode (Huang et al., 2011) and 2,2’[propane-1,3-diylbis(oxy)]
dibenzaldehyde Pb(II) electrode (Kaur and Aulakh, 2018). This ex-
cellent selectivity was ascribed to the lipophilic ion-exchanger sodium
tetrakis[3,5-bis[trifluoromethy]pheyl]borate (NaTFPB) present in the
membrane and the cavity of calix[4]arene in Pb(II) S-ISM sensor
(Pechenkina and Mikhelson, 2015), which lowered the membrane re-
sistance of neutral carrier-based electrodes and only accommodate the
dimension of +Pb2 cations (119 pm), respectively. Compared with other
Pb(II) ionophores (e.g., tertiary amide, diaza-crown ethers and pyr-
idinecarboxy-imide), p-tert-butylcalix[4]arene offered dual features
(polar: lower rim; non-polar: upper rim) that could effectively enhance
the selectivity towards Pb(II) over other metal ions (Yang et al., 2015).
It should be noted that Ag(I) cations (at a concentration of 150 ppb)
also interfered with the potential (mV) readings of Pb(II) S-ISM sensors
(Fig. S3) since its affinity of the thioamide derivatives for this also also
soft and large ion is also high (Kulesza and Bocheńska, 2011). However,
the concentration of Ag(I) in municipal wastewater is normally too low
(1 ppb ∼ 40 ppb) (Kühr et al., 2018) to affect the Pb(II) sensors. Fur-
thermore, in a parallel test that all the non-targeted ions were si-
multaneously added along with Pb(II), the Pb(II) S-ISM sensor still
exhibited the excellent selectivity to explicitly capture the target Pb(II)
ion without the minimal interference of these non-targeted ions
(Fig. 1d), ensuring the high selectivity of the Pb(II) S-ISM sensors with
the presence of numerous non-targeted ions in wastewater.

3.2. pH influence on the accuracy of Pb(II) monitoring

In WWTPs, the pH values vary frequently due to influent variations

Y. Fan, et al. Journal of Hazardous Materials 400 (2020) 123299

4



and different biochemical reactions (e.g., nitrification, denitrification
and anoxic reactions) (Chua et al., 2003). pH variation in wastewater
has caused severe measurement error for Pb(II) monitoring (Huang
et al., 2017; Liu et al., 2019; Rozendal et al., 2008) since at high proton
concentrations, the protons directly compete with Pb(II) ions for
bonding with the ionophore. At relatively lower proton concentrations
(5.00 pH 7.00), the large variation in the potential (mV) response
with the pH values is caused by the change of the speciation of the Pb
(II) ions (Sari et al., 2007; Wang et al., 2009):

+ =+ +Pb OH PbOH2 (1)

=
+

+K [PbOH ]
[Pb ][OH ]1 2 (2)

At low pH ( 5.00), the total Pb(II) concentration exists in the form
of ‘free’ +Pb2 ions (Fig. 2a). When pH value reached to 5.0, hydro-
xylated Pb(II) complexes started to form, thus the total Pb(II) con-
centration consist of the species +Pb2 and +PbOH . The formal deproto-
nation of the hydrated Pb(II) ions began at pH value above 5.00–7.00
(Fig. 2a). However, the cavity of calix[4]arene only fits the dimension
of +Pb2 cations (119 pm), while +PbOH (269 pm) is unable to enter into
the cavity of calix[4]arene, resulting in a reduced sensitivity (Fig. 2a).
The variation of sensitivity with pH values verified that the +Pb2 S-ISM
sensor could only capture +Pb2 ions rather than the total Pb(II) species
( +Pb2 and +PbOH ). The Nernstian slope of Pb(II) concentration dropped
by approximately 38 % when pH value increased from 5.0–7.0
(Fig. 2b), again showing that the Pb(II) S-ISM sensor became inaccurate
to monitor the total Pb(II) at pH higher than 5.0. At pH higher than
7.00, Pb(OH)2 precipitation sets in, as performed also in conventional
Pb-removal methods (Marani et al., 1995). Previous studies also found
the pH influence deteriorated the accuracy of ISM sensors (Li et al.,
2009; Liu et al., 2019). Until now, there has been no sensor material or
effective method capable of eliminating the pH influence on Pb(II)
sensors.

3.3. Developing auto-correction data-driven models to minimize pH impact

An auto-correction sensor assembly was developed by integrating a
pH S-ISM sensor with the Pb(II) S-ISM sensor to compensate the pH
influence (Fig. 2c). The readings of Pb (II) and pH sensors under a series
of concentrations of Pb(II) (in the range from 15 to 960 ppb) and pH
(5.0–7.0) were continuously fed into a data-driven model. The results
showed that there was an excellent linear relationship between poten-
tial (mV) and pH values (R2 value: 0.9973) at the pH range of 5–7,
allowing a real-time pH monitoring and correction (Fig. 2c).

For the Pb(II) S-ISM sensor, Nernstian slopes of different pH values
possessed an excellent linear relation with its corresponding pH
(R2 >0.98) (Fig. 3a), based on which a model between the slope and
the pH was established (Eq. 3):

= +k k pHPb(II) pH (3)

Where kPb(II) is the Pb(II) Nernstian slope under various pH values, kpH
is the pH coefficient, is the pH adjustment coefficient. Based on this
relationship of the slope of the Pb(II) S-ISM sensor and pH, an auto-
correction data-driven model could be built for the relative potential
response ( E, mV) of the Pb(II) S-ISM sensor under two variables (pH
and Pb(II) concentration) by fitting all the data into the Nernstian
equation (Eq.4).

= + +k log C log CE pHpH 10 Pb(II) 10 Pb(II) (4)

WhereCPb(II) is the concentration of Pb(II) in water sample, pH is the pH
value in a water solution, E is the relative open circuit potential (OCP)
generated by the Pb(II) S-ISM sensor, is the adjustment coefficient for
the auto-correction model. This auto-correction model
( = +E 2.668 pH log C 38.82 log C 26.99)10 Pb(II) 10 Pb(II) was plotted
using the Python code, in which the red dots were the original data of
the Pb(II) S-ISM sensor and the green flat plane was the auto-corrected
values regressed from the model (Fig. 3b). The details of this Python

Fig. 2. (a) The hydrolysis process of Pb(II) ions ( +Pb2 and +PbOH ) at pH range from 1.00 to 7.00. (b) The potential-time ladder for the Pb(II) S-ISM sensor at different
Pb(II) concentration (15 ppb to 960 ppb) with the pH range from 5.00 to 7.00. (c) The calibration curve of the integrated pH sensor at different pH values from 5 to 9.
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codes for the auto-correction data-driven model were shown in Table
S1. The regression values almost covered all of the original sensor data
with a high R2 value of 0.9862, demonstrating an excellent fitted 3-D
regression, through which the Pb(II) concentration in water solution
could be accurately predicted based on the relative potentials of the Pb
(II) and pH sensors.

In order to evaluate the accuracy of the pH auto-correction model, a
validation test was performed by measuring Pb(II) concentrations (60
ppb and 120 ppb) in simulated wastewater of pH ranges between 5.0
and 7.0. The measurement errors of of the uncorrected measurements at
60 ppb and 120 ppb Pb(II) concentration at the pH of 7.0 was as large as
44 % and 39 %, respectively. In contrast, the measurement error ob-
tained for the Pb S-ISM sensor for which the correction model was
applied at a pH of 7.0 was only 0.5 % (60 ppb) and 2.6 % (120 ppb)
(Fig. 3c), satisfying the error requirement of the EPA (<5%). These

results demonstrated the efficiency of using the pH auto-correction
model to correct the large deviation of the Pb(II) S-ISM sensor readings
under different pH values in wastewater.

3.4. The influence of dissolved oxygen on Pb monitoring

Dissolved oxygen (DO) in wastewater is essential to sustain micro-
bial activity to degrade contaminants in WWTPs (Changqing et al.,
2011; Holenda et al., 2008). But DO causes potential (mV) reading
errors of the Pb(II) S-ISM sensor (Fig. 4a). One effective approach to
stabilize the electrochemical sensor readings under fluctuating oxygen
environments is to apply an electroactive polymer as the ion-to-electron
layer due to its high electrical conductivity and capacitance (Meng
et al., 2017; Naveen et al., 2017). Electrical conductivity is closely as-
sociated with the ion-to-electron transduction competence, which is

Fig. 3. (a) The calibration curve of the Nernstian slopes at different pH values (5.00 to 7.00). (b) The 3D plot of the fitted auto-correction model (plane) based on the
Pb(II) sensor data in the range for Pb(II) concentration (15 ppb to 960 ppb) and pH (5.00 to 7.00). (c) Performance comparison of the Pb(II) S-ISM sensor with pH
correction and without correction (as a control) at the pH range from 5.00 to 7.00 for two different Pb(II) concentration (60 ppb and 120 ppb).
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determined by the band gap of the materials (the energy difference
between the valance band and the conduction band). Compared with
other conducting polymers such as polypyrrole (PPy) (band gap: 3.1
eV), poly(phenylene vinylene)s (PPV) (2.5 eV) and polyaniline (PANI)
(3.2 eV), PEDOT possesses a much lower band gap (1.1 eV), which
contributes to its high conductivity (300 S/cm) (Moon et al., 2018;
[nullS]). Thus, PEDOT was chosen in this study as the intermediate
layer deposited onto the screen-printed carbon electrode so as to alle-
viate the DO interference towards Pb(II) S-ISM sensors (Fig. 4a).

The potential (mV) readings of the Pb(II) S-ISM sensor without

PEDOT deposit (as a control) drifted by 9.61 mV after aerating an
aqueous Pb(NO )3 2 solution for 50 s (DO: 9 mg/L, saturation) (Fig. 4a).
In contrast, the readings of the Pb(II) S-ISM sensor with the PEDOT
intermediate layer only changed by 0.72 mV after aeration. In order to
quantify the DO impact on the electrode potential, cyclic voltammo-
grams (CV) of the printed carbon electrode (with and without PEDOT
deposit) were recorded under oxygen saturation conditions. After
pumping oxygen, a prominent reduction peak was displayed around
-0.5 V that attributed to the oxygen reduction onto the electrode surface
(without PEDOT deposit) (Fig. 4b). However, after covering the

Fig. 4. (a) Diagram of the Pb(II) S-ISM sensor structure using PEDOT as the intermediate layer and the performance comparison of the Pb(II) S-ISM sensor with
PEDOT layer and without PEDOT layer (as a control) in the presence of interfering dissolved oxygen. (b) The cyclic voltammetry test of the printed carbon electrodes
with PEDOT layer and without PEDOT layer (as a control) in the presence of interfering dissolved oxygen. (c) The electrochemical impedance spectroscopy (EIS) test
of the printed carbon electrode with PEDOT layer and without PEDOT layer (as a control) in the presence of interfering dissolved oxygen.
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electrode with a PEDOT layer, the oxygen reduction on the electrode
only showed a slight current deviation in the scan range from 0.5 V to
-0.5 V. From this point, the PEDOT obviously possessed a small catalytic
effect on the reduction of oxygen. Meanwhile, according to previous
study (Bobacka et al., 2000), the charge (Qcv) was obtained by in-
tegration of the CV in the potential range from -0.5 to 0.5 V:

= +Q QQ
2

a c
cv (5)

WhereQa andQc are the anodic and cathodic charges, respectively. The
charge (Qcv) of the voltammograms for the electrode without PEDOT
layer before and after pumping oxygen had a difference of 58.6 %,
while the sensor with the PEDOT intermediate layer only had the dif-
ference of 2.9 % (Fig. 4b), demonstrating that PEDOT deposition was
quite effective to reduce the influence of DO. In addition, there was
almost no high-frequency semi-circle observed in the electrochemical
impedance spectroscopy (EIS) analysis of printed carbon electrodes
(Fig. 4c), indicating a fast charge transfer at the carbon electrode
PEDOT and PEDOT solution interfaces. The EIS results were fitted to the
equivalent circuit model (Fig. 4c), composed of the solution resistance
(Rs), the capacitance (Cd) and the finite-length Warburg diffusion ele-
ment (Z ).D Based on the equivalent circuit model, the capacitance of the
carbon electrode with covering PEDOT was around 258 µF , which was
obviously larger than the one without covering PEDOT (12.6 µF ,
Fig. 4c), indicating that PEDOT increased the capacitance of the elec-
trode. In terms of sensor reading stability, data drift ( E/ t) was as-
sociated with low-frequency capacitance (C) and its current (i), de-
scribed as (Bobacka, 1999):

=E
t

i
C (6)

To minimize data drifting (low E
t
) and enhance the reading stabi-

lity of the sensor, the capacitance (C) of the electrode should be in-
creased. Meanwhile, based on the equivalent circuit model (Fig. 4c), the
aeration process obviously increased the solution resistance from 130.1
Ω to 224.9 Ω for the electrode without PEDOT layer, while for the
electrode with PEDOT layer it only slightly increased the solution re-
sistance from 145.2 Ω to 158.1 Ω. Thus, the PEDOT layer was suited to
alleviate the reduction effect generated by the oxygen for the ion-
transport process from solution to electrode surface. With regard to the
influence of dissolved carbon dioxide (CO2), it altered the pH of water
solution (Cohen and Kirchmann, 2004) and thusly interfered with tra-
ditional Pb(II) sensors. The pH auto-correction data-driven model de-
veloped in this study also effectively compensates the pH impact as-
sociated with dissolved CO2.

3.5. Long-term stability of Pb II( ) S-ISM sensors in wastewater

Long-term stability is of the primary concern for the accurate Pb(II)
monitoring in WWTPs. Sensors in wastewater particularly face severe
challenges incurred from complex chemical and biological pollutants
(biofouling) on the sensor surface (Lee et al., 2006). For example, the
commercial ISM sensors were unable to continuously monitor waste-
water even for 20−30 min, suffering from severe fluctuation and
reading drifting mainly due to the biofouling, and had to be taken out
from wastewater every 30 min for cleaning by manually paper-wiping
sensor surface, meaning that the monitor could only be used as an in-
termittent one-point measurement device and/or a calibration device
for wastewater monitoring.

Thus, long-term stability tests were conducted using real waste-
water in this study. The results showed that the sensitivity of the Pb(II)
S-ISM sensor sustained around 26−29 mV per decade of Pb(II) con-
centration for two weeks in wastewater (Fig. 5a). Previous studies had
found sensors lost almost half of its Nernstian response slope over this
time (Ensafi et al., 2009; Lee et al., 2006). The readings of three pieces
of sensors tested had slight deviations (< 3 mV dec−1) (Fig. 5), which

was likely a result of the manual drop-casting fabrication procedure and
the resulting disparity of S-ISM sensor layer thickness. Mass production
using auto-casting devices will likely achieve better quality control and
more consistent readings among different sensor specimen. Further-
more, the SEM images showed that the surface morphology of the Pb(II)
S-ISM sensors did not change visibly (e.g. no bacterial attachment)
throughout the 2-week immersion period (Fig. 5a).

Four main reasons might contribute to the good long-term stability
and sensitivity of the Pb(II) S-ISM sensors. First, the cation exchange
component (sodium tetrakis[3,5-bis(trifluoromethy)phenyl]borate) of
S-ISM improved the selectivity of the sensor by enhancing its capability
of exchanging cations with the aqueous phase, which served as a filter
to reduce the interferences from anions (Guziński et al., 2013). Second,
the plasticizer (e.g., 2-nitrophenylocty ether) improved the elasticity to
the PVC polymer matrix and the overall mechanical and chemical sta-
bility of the S-ISM membrane (Gupta et al., 2002). The moderate hy-
drophobicity (contact angle: 76.5°< 90°) of the ISM surface reduced

Fig. 5. (a) Long term test of the Pb(II) S-ISM sensor over two weeks (Insert: SEM
images of the Pb(II) S-ISM surface before and after two weeks). (b) The contact
angle test of the Pb(II) S-ISM sensor surface. (c). Aqueous-layer test for the
carbon/Pb(II)-ISM without PEDOT (as a control) and carbon/PEDOT/Pb(II)-
ISM electrodes switched between Pb(NO3)2 solution and NaNO3 solution.
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the biofouling possibility in wastewater (Fig. 5b). Third, the presence of
an aqueous-layer between ISM and electrode surface was found to de-
teriorate the sensor stability when the tested solution was changed
(Fibbioli et al., 2000). To validate this concept for the sensors devel-
oped in this study, aqueous-layer tests were conducted by switching the
sensors between a solution containing the targeted ion and a solution
containing the non-targeted interference ions and then check whether
the potential (mV) readings of the sensors changed during this switch.
The results showed that the Pb(II)-ISM electrodes without PEDOT (as a
control) clearly showed a potential (mV) drift when the solution con-
taining Pb(II) ions was change to the solution containing Na(I) (Fig. 5c),
an interfering ion, since the primary ion (Pb(II)) was slowly replaced by
the interfering ion in the S-ISM layer as the consequence of water pe-
netration onto the electrode surface. In contrast, the Pb(II) S-ISM
electrodes with the PEDOT layer showed a stable potential under the
similar solution change (Fig. 5c), indicating that the PEDOT layer
tightly deposited using electropolymerization effectively enhanced the
bond between S-ISM and electrode surface, and alleviated the aqueous-
layer formation between the S-ISM and the electrodes (Yu et al., 2011).
Fourth, zwitterionic PEDOT (NaPSS + EDOT) coated on the carbon
reference electrode (Fig. S4) could reduce fouling problem in waste-
water, since the surfactant NaPSS possessed the amphiphilic nature
capable of preventing bacterial attachment onto the electrode surface
(Yang et al., 2012), and thus alleviate the fouling of the reference
electrode and ultimately prolonged the stability of the Pb(II) S-ISM
sensors.

Main features of mm-sized S-ISM Pb(II) sensor were extensively
compared with Pb(II) sensors reported previously (Table 1). Specifi-
cally, Schiff base (Jeong et al., 2005a) and sol-gel (Ardakani et al.,
2005) Pb(II) sensors possessed good sensitivity (29.4 and 28.9 mV
dec−1), while their selectivity was compromised and interfered by the
same charge ions (e.g., Cu(II)) that form strong complex with the Pb(II)
ionophores used. Commercial ISM sensor (TruLine Lead Electrode Kit,
n.d.2020) and single-piece nanocomposite (Liu et al., 2019) Pb(II)
electrodes have a good response time (∼10 s) due to their thin film and
the enhanced ion flux into the membranes. However, high ion flux
easily caused unstable sensor readings under fluctuating environments
(e.g., DO concentration variation). Optical-sensing film Pb(II) sensors
possessed good stability in clean water solution due to durable en-
trapment of optical chemosensors (Ensafi et al., 2009). However, op-
tical sensors suffer from severe reading errors when applied in turbid
wastewater containing particles and microbial cells. Additional, optical
sensors could not achieve real-time monitoring (Ensafi et al., 2009),
since long lag times (10−20 min) are needed for the color change of

indicators. Disposable gold (Noh and Tothill, 2006) and single-piece
nanocomposite (Liu et al., 2019) Pb(II) sensors possessed an excellent
detection limit (< 10 ppb) due to the enhanced lipophilicity of sensor
surface and/or the lower amount of ion exchanger in the membrane.
However, a sensor surface with high lipophilicity suffered from fouling
by organic/inorganic matters in water solution that severely degraded
the selectivity and accuracy of ISM over time (Zhu et al., 2017). These
types of sensors only had a short lifespan (less than 2 weeks in clean
water solution). The N,N’-bis(salicylidene)-2,6-pyridinediamine Pb(II)
sensor (Jeong et al., 2005b) had great selectivity with the only inter-
ference from +K and +Ag and the lifespan was about 1 month in clean
water, but it had a poor detection limit (207 ppb) and did not meet the
regulated Pb(II) detection requirement (< 150 ppb) in wastewater.
Overall, the Pb(II) sensors reported in previous studies only meet 1–2
requirements, especially none of these sensors reported were examined
in wastewater. In contrast, the S-ISM Pb(II) sensors modified using
PEDOT possess all the distinct features of high accuracy/sensitivity (29
mV dec−1), few interfering ion ( +Ag ), fast response time (5 s), long-
term durability in wastewater (2 weeks) and low detection limit (2
ppb), ensuring the long-term continuous and accurate Pb(II) monitoring
in wastewater.

3.6. Significance of our Pb(II) sensor and its energy saving in WWTPs
through capturing transient Pb(II) shocks in wastewater

Existing Pb(II) electrochemical sensors sufferred from the inter-
ference of pH variations and dissolved oxygen (DO), and their fragile
sensor materials and structures inhibited long-term continuous mon-
itoring in wastewater. Miniature Pb(II) S-ISM sensor integrated with pH
S-ISM sensors, equipped with a data-driven correction model, and
modified using PEDOT through electropolymerization was expected to
minimize these impacts. A stochastic simulation was built using Matlab
to explore the improvement of the Pb(II) S-ISM sensors compared with
traditional Pb(II) sensors in nitrification process (Table S2). In this
model, the independent variables (pH and DO values) were randomly
changed within a range (pH: 6.5–7.0, DO: 2.0 mg/L-6.0 mg/L) to si-
mulate the real-world nitrification process, which would directly affect
the output of dependent variables (the potential readings of Pb (II) S-
ISM sensors). By applying the pH auto-correction data-driven model,
the dependent variables would be modified automatically over time
with more sensor readings fed into the model. The simulation results of
10,000 times iteration in the Matlab showed that the novel sensor as-
sembly could effectively alleviate the errors caused by pH impact from
51 % ∼ 60 % to 1% ∼ 3% and alleviated the errors caused by DO

Table 1
Comparison of S-ISM Pb (II) sensors with the sensors previously reported in terms of sensitivity, selectivity, response time, long-term stability and detection limit.

Types of sensors Sensitivity Interfering ions Response time Duration test Detection limit Citation

This Study 28.998 mV
dec−1

+Ag 5 s 2 weeks in wastewater. 2 ppb —

Commercial YSI ion-selective
electrode

26−29mV
dec−
1

+Hg2 , +Ag , +Cu2 ,
+Fe2 , +Cd2

5∼10 s 20∼30 min in wastewater. 20 ppb (TruLine Lead
Electrode Kit,
2020)

Disposable gold lead(II) electrode 0.9957
ug l−1

+Cd2 , +Ca2 , +Zn2 ,
+Hg2

∼15 s Reuse 20 times after cleaning in
wastewater.

5.8 ppb (Noh and Tothill,
2006)

Lead (II)-selective polymeric electrode
based on a Schiff base complex

29.4
mV dec−1

+Cu2 , +K , +Na , 10 s The optimum equilibration time for the
membrane electrode is 24 h.

1035 ppb (Jeong et al.,
2005a)

Optical-sensing film Pb(II) sensor 0.0072
uA dec−1

+Fe2 , +Fe3 ∼10 min 1 weeks in drinking water. 18 ppb (Ensafi et al.,
2009)

N, N’-bis(salicylidene)-2,6-
pyridinediamine Pb(II) sensor

29.4
mV dec−1

+K , +Ag 10 s After one month, the electrode was
responding within 95 % of the initial
response in clean water// No test in
wastewater.

207 ppb (Jeong et al.,
2005b)

Sol-gel lead electrode 28.9
mV dec−1

+Cd2 , +Cu2 10∼20 s 2 months in clean water / No test in
wastewater.

1035 ppb (Ardakani et al.,
2005)

Single-piece nanocomposite Pb(II)
selective electrode

29.0
mV dec−1

+Cu2 , +Ag ∼10 s 2 weeks in clean water. 0.8 ppb (Liu et al., 2019)
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impact from 17 % ∼ 601 % to 1% ∼ 5% (Table 2, Fig. 6a, Table S2).
The capability of Pb(II) S-ISM sensors to accurately capture Pb(II)

transient shocks was examined by adding Pb(NO )3 2 solution into real
wastewater (pH: 6.87, DO: 2 mg/L), which caused an instantaneous pH
fluctuation (pH: 6.72 and 6.53) monitored using a pH S-ISM sensor. The
Pb(II) S-ISM sensor without the pH auto-correction model nor PEDOT
layer (as the control) promptly captured transient Pb(II) shocks, but the
measurement errors after two shocks were as large as 61.2 % and 64.7 %,
respectively (Fig. 6b). After applying the pH auto-correction model and
depositing PEDOT layer on the electrode, the measurement error was al-
leviated to 2.1 % and 2.5 % at pH of 6.72 and 6.53, respectively (Fig. 6b).

Based on this result, energy-saving and performance enhancement of a
nitrification process with real-time in situ and accurate Pb(II) monitoring
was extrapolated. For nitrification process in a WWTP with the capacity of
10,000 m3 per day, prompt and accurate capture Pb shocks is expected to
save electricity concumption of ×9.89 106 kW h (∼ 53 %) (Fig. 6c and
Table S3). In contrast, conventional Pb(II) monitoring without the auto-
correction model (presumably 3 h delay after Pb(II) shock) could result in
the deterioated microbial activities and generate electricity consumption
of ×18.68 106 kW h. This clearly reveals the great potential of the mm-
sized Pb(II) carbon/PEDOT electrode with auto-correction data-driven
model as a real-time in situ montioring technology.

Table 2
Comparison of average errors from pH variations and dissolved oxygen without and with pH auto correction model and PEDOT layer in nitrification process (The
simulation assumption and process were in Table S2).

Without pH auto-correction model and PEDOT layer With pH auto-correction model and PEDOT layer

Errors of pH from 6.5 to 7.0 51.73% ∼ 60.90 % 1.21 % ∼ 2.80 %
Errors of dissolved oxygen from 2.0 mg/L to 6.0 mg/L 17.3 % ∼ 60.83 % 1.61 % ∼ 4.86 %

Fig. 6. (a) The result of stochastic simulation for nitrification process. (b) Validation tests of the Pb(II) S-ISM sensor with pH correction and PEDOT layer and without
pH correction (as a control) under transient Pb(II) shocks in real wastewater. (c) Comparison of energy consumption with and without real-time monitoring system in
a designed wastewater treatment plant.
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4. Conclusion

This study aimed at tackling the critical problems of Pb(II) monitoring
in water and wastewater by developing miniature solid-state ion-selective
membrane (S-ISM) Pb(II) sensors with high accuracy, high selectivity and
long-term durability. An innovative pH auto-correction data-driven model
( = +E 2.668 pH log C 38.82 log C 26.9910 Pb(II) 10 Pb(II) ) was built to
overcome the complex pH inferences on Pb(II) ISM sensors. PEDOT was
deposited using electropolymerization onto the mm-sized screen-printed
carbon electrodes to reduce the interferences from dissolved O2 in was-
tewater, alleviate water penetration into the sensor entity and improve the
anti-fouling property of the reference electrode. EIS and CV tests con-
firmed PEDOT sustained the sensor accuracy under aeration and mini-
mized data drifting over time. The sensitivity of Pb(II) S-ISM sensors
maintained at 26−29 mV per decade (close to the theoretical value) for
over 2 weeks in real wastewater. Validation of the pH auto-correction
model under transient Pb(II) shocks was conducted in real wastewater and
the resulted clearly showed the effective of this model to minimize the
measurement errors under different pH values caused by the shocks. The
stochastic simulation results of 10,000 times iteration in the Matlab
showed that the novel Pb(II) sensor assembly could effectively alleviate
the errors caused by pH impact from 51 % ∼ 61 % to 1% ∼ 3% and
alleviated the errors caused by DO impact from 17 % ∼ 61 % to 1% ∼
5%. Thus, Monte Carlo simulation predicted that real-time in situ mon-
itoring using Pb(II) S-ISM sensors could save 53 % energy consumption in
a WWTP.
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