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1.3 Electrochemical Sensors for In-situ Heavy Metal Measurements
and Interference Issues

1.3.1 In-situ HMIs Detection by ASV in Environmental Monitoring and
Healthcare

With the increase of industrialization and urbanization, water pollution becomes one of the
most concerning issues. In particular, heavy metal pollution is a worldwide concern, posing
the risk on public health and the ecosystem. Heavy metal ions (HMIs) primarily originate from
anthropogenic wastes such as industrial wastes, agricultural wastes, sewage, etc. Also, HMIs
are released from natural events such as weathering of metal-bearing rocks, volcanic
eruptions, etc.'®> The HMIs can transfer into water sources from these sites, and may cause a
wide dispersion in the environment.® One infamous example occurs in the Los Frailes mine
in Seville Province in Spain, in 1998. A big amount of mine tailing suspension (~5x10° m3) was
accidentally discharged due to the burst of the holding dam. Multiple HMls at the dangerous
concentration level quickly contaminated nearby rivers and traveled through waterways for
40 km in length. The removal of HM pollutants costs three years and €240 million
approximately. Despite this, the catastrophe harms the vulnerable ecosystem of Donana.
Even now, some alluvial aquifers close to the mine tailing pond are still polluted by HMIs such

as AI**, Cd?* and Zn?* ions, which flow into nearby streams and surface water.8’

Once released into the environment, HMls are able to accumulate in soil and surface water
but they are not biodegradable.'® Therefore, they can be retained in the ecosystem
persistently. Furthermore, HMIs are reported to adsorb on the surfaces of microplastics,
resulting in the deterioration of microplastic pollution at this stage.!®® Additionally, HMIs
could also induce antibiotic resistance of pathogenic microbes in natural waters, which may
further pose the risk to public safety.’®° Apart from these negative effects on the environment,
HMIs are harmful to human health upon extensive intake (Figure 1.3.1a). HMIs can
accumulate in human bodies via the food chain, disrupt intracellular homeostasis and induce
oxidative stress which is a state that the generated reactive oxygen species (ROS) overwhelms
body antioxidant protection and thus causes damage to lipids, proteins, enzymes, and DNA.*°!
Further, quenching ROS can inhibit the activity of enzymes (catalase, peroxidase, and
superoxide dismutase) in human bodies, which may cause intellectual disabilities in children,

dementia in adults, central nervous system disorder, etc.19%1%3

As such, the maximum contaminant levels of diverse HMIs have been carefully defined for
drinking water by several organizations. In Table 1.3.1, the guidelines recommended by the
World Health Organization (WHO) and Environmental Protection Agency (EPA) for HMIs in

drinking water are summarized based on the correlated scientific studies for toxicity.'94-1%
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Figure 1.3.1. Schematic illustration of (a) HMIs accumulation in the ecosystem and human
body, in-situ sensor/sensing network constructed for (b) environmental monitoring and (c)
healthcare. (d) The working principle of ASV and (e) obtained voltammograms.

In Table 1.3.1, some of the HMlIs are found highly toxic such as Hg?*, Cd?* and Pb?*, which have
extremely low maximum contaminant levels (at ppb level). On the other hand, certain HMlIs
(e.g., Cu?* and Zn?*) are nutritionally necessary for health in a small quantity; thus, a higher
maximum contaminant level (at ppm level) can be tolerated. However, the extensive intake
may cause severe diseases. For example, Cu?*ions play an important role in forming red blood
cells, and maintaining nerve cells and the immune system.'®” The amount of Cu?* acts as an
indicator in the diagnosis of rheumatoid arthritis,’®® Wilson’s disease,9%?%° and liver
cirrhosis.?%17203 Furthermore, Cu?* and other heavy metals in sweat show important variations
related to physical exercise, heat stress, and diet.2°22%* The Cu/Zn ratio may also be correlated
to coronary heart disease,3? and extensive Cu?* ions may cause hepatitis, liver cirrhosis,
jaundice, and hemolytic crisis.!%?

Table 1.3.1 The maximum tolerated HMls concentration in water

Metal WHO (ppm) EPA (ppm)
Ni?* 0.07 0.04

Cu? 2 1.3

Zn? 3 5

Cd? 0.003 0.005
Hg?* 0.001 0.002
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Pb2* 0.01 0.015
As?* 0.01 0.01
Sh3* 0.02 0.006

Given the risk of HMIs in the ecosystem and health, it is critical to detect trace HMIs in the
environment under their maximum contaminant level and to monitor HMIs in biofluids to
prevent extensive intake or exposure. Accordingly, in-situ sensing networks in natural waters
are highly needed for environmental monitoring (Figure 1.3.1b). Also, wearable HMIs sensors
to provide information for public hospitals are useful for the prognosis of certain potential
diseases (Figure. 1.3.1c).

Standard techniques for HMlIs detection (e.g., ICP-MS) feature high sensitivity, accuracy and
specificity for the analytes as low as part per trillion (ppt) level.*** However, they require long-
testing time, complicated sample pretreatment, professional personnel, and expensive and
bulky equipment in laboratories. For example, to monitor the concentration of HMiIs in
natural waters, the conventional method, so-called spatial distribution, typically involves 1)
high cost of human labor, complicated manual operation, 2) inaccurate results originating
from the additional storage and transfer of samples to laboratories. Improper storage and
transfer may change HMIs configurations which are sensitive to the change in pH, UV
exposure and temperature.?®> With the increasing demand for in-situ sensing networks as
discussed in Chapter 1.1, user-friendly or even fully automatic sensing strategies are preferred;
however, these standard techniques cannot satisfy this preference.

Exploration of new sensing techniques with rapid and simple measurements has been
ongoing. In particular to low-cost sensors, their use is expected to spread throughout
resource-limited regions. Accordingly, electrochemical sensors become good candidates due
to their low cost together with rapid tests, high portability and simplicity as discussed in
section 1.2. Even more excitingly, many studies have shown that the fabrication of
electrochemical sensors is compatible with printing techniques and nanomaterials, which
further decreases the sensing cost and enhances their sensing performance.'%

Amongst various electrochemical sensing techniques, the stripping voltammetry is able to
detect multiple HMIs simultaneously with high sensitivity and simplicity. It is a collection of
electrochemical techniques including anodic stripping voltammetry (ASV), cathodic stripping
voltammetry (CSV), and adsorptive stripping voltammetry (AdSV). ASV is regarded as the most
used technique to detect HMls.2%

ASV primarily consists of two steps (Figure 1.3.1d): 1) Deposition step: A negative constant
potential is applied on the working electrode so that HMIs are reduced and deposited on the
surface of the working electrode; 2) Stripping step: the reduced heavy metals are
oxidized/stripped by a released potential to zero. The released potential is in a specific
waveform such as linear sweep, staircase sweep, differential pulse sweep, and square-wave
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sweep. Meantime, the potential and current are recorded, generating a voltammogram
where an oxidative peak provides information of HM species by peak potential (Figure 1.3.1e).
To obtain quantitative results, the calibration is established between concentrations and the
oxidative peak current or area in the voltammogram. As such, when the sensor is tested with
an unknown solution, the concentration can be determined by the fitted calibration curve.

Based on its working principle, detecting HMIs by ASV is found to match most of the criteria
for in-situ measurements (proposed by J. Holmes et al.), namely high sensitivity, high
selectivity, high testing speed, continuous testing ability, the safety of sensing materials and
portability.207

First, in terms of high sensitivity, the LOD via ASV has been reported down to ppt level.2%¢ The
high sensitivity is derived from the deposition step, in which the target HMIs can be pre-
concentrated on the surface of the WE effectively by trading off a small amount of testing
time.

Second, good selectivity is possible to achieve by ASV, for the oxidative peak are typically
discrete, which potential can be corresponding to different HMIs species. By tuning
deposition potential, target HMIs with interest can be identified. However, in practical use,
mutual interference between multiple HMIs may influence the selectivity via peak splitting or
overlapping, which brings troubles to identification and quantification. The state-of-art
solutions will be discussed in the next section of 1.3.4. Fortunately, the alkali metal ions e.g.
Na*, K*, Ca%*, Mg?* commonly appearing in natural waters and biofluids, have minimal
interference on the sensing signals by ASV.2%%210 |t can be attributed to the difficulty of
depositing alkali metal ions requiring much more negative potential than typical HMlIs such
as Cd?*, Cu?*, and Hg?*21!

Third, ASV techniques typically offer a rapid detection of HMIs. The deposition time ranges
from 60 to 300s, and the quiescent and stripping time is minimal.?'2 This feature is useful for
in-situ investigation of natural waters, whose aqueous chemistry can change from minute to
minute dynamically, responding to natural tides, storms and effluent discharges.?%’
Moreover, long-term stability for continuous monitoring can reduce the cost and
inconvenience of replacing electrodes. In this sense, inert carbon-based electrodes can be
reused for decades times. Compared to metallic materials (such as Bi, Sn, Hg, and Sb) which
may form amalgam and alloy during depositing, inert carbon materials could sustain in reused
cycles with better stability.?!3

Additionally, the ASV technique allows for high portability with the development of
microfabrication in the past few years as we discussed in section 1.2.2, which facilitates its
use in in-situ measurements. The fabricated micro/nanoelectrodes possess low IR (voltage)
drop and high signal-to-noise ratio, which are able to detect HMIs in the original sample at
low ionic strength without requiring any additional supporting electrolytes.*’ In particular,
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printing planar electrodes in the micro or even nanoscale range further boosts their
application in in-situ systems.?%’ Also, the associated sensing system including potentiostat,
battery, wireless communication module, etc., tend to be more integrated. An ideal format is
a wearable device, which has been reported to be worn on the skin for the detection of HMls
in sweat.?!* Therefore, electrochemical sensors using ASV seem to satisfy most criteria of in-
situ HMIs measurements.

However, it is noteworthy that in-situ HMIs sensors should exclude manual sample collection,
which is the imperative difference from on-site and field-deployable measurements.
Necessary functions based on ASV’s working principle, such as sampling, pretreatment (e.g.,
filtration) and mixing with supporting electrolytes must be integrated into a sensing system
and can be realized in an unmanned way. Accordingly, a fluidic sensing system has been
commonly used to control testing solutions and supporting electrolytes in its channels. With
the assistance of embedded sensing probes and a potentiostat, it can transmit commands
and signals to users.?®

With this aim, we review the studies about electrochemical in-situ HMIs detection operated
by ASV in both environmental natural waters and biofluids.

1.3.2 State-of-Art Studies of In-situ HMIs Detection in Environmental
Monitoring

The studies of in-situ heavy metal sensors by ASV are summarized In Table 1.3.2. As expected,
most of the studies are carried out by fluidic systems e.g., flow/sequential injection analysis
(FIA/SIA) and batch injection analysis (BIA). In FIA and SIA, the sample is injected into a
hydraulic system and forced (by syringe, peristaltic pump, etc.) to be processed on its way to
the sensor mechanically. With the use of multiple port valves based on FIA, SIA allows the
complicated handling of multiple samples and reagents in one device (Figure 1.3.2).

Table 1.3.2. The studies of in-situ HMIs sensors by ASV
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Figure 1.3.2. (a) Schematic illustration of the flow cells used in FIA and SIA systems. (b)
[llustration of the basic working principle of (i) FIA and (ii) SIA systems. The sample is
introduced into the flow stream using an injector (left) and the corresponding signal is
recorded over time (right).23°

An exemplary study reported an automatic sensing system to detect Cd?* ions in natural water
samples.??® Henriquez et al. fabricated a testing loop based on FIA consisting of a flow cell
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(with an embedded electrode), a potentiostat, multiple channels, a pump and several valves
to control the testing solution. This system further enhanced the sensing signal of Cd?* ions,
for the continuous flow of testing solution renders more HMIs to preconcentrate on the
electrode in the deposition step than in the static system. Besides, the FIA system realized
multiple functions such as mixing, in-situ plating Bi film on the electrode and cleaning
between measurements. This study demonstrates the merits of using a fluidic system—
automatic sample extraction and sensing, showing great potential for in-situ HMIs detection.

In practical use, the access to the natural environment (e.g., lake, river) is inconvenient to
operate in-situ measurements, which always requires automobiles with human labor on deck.
As shown in Table 1.3.2, although most reported sensing systems were portable and able to
extract samples and sense HMIs automatically, they were operated in laboratories or in the
field with the lack of field validation for this reason.

To solve this issue, Tercier-Waeber et al. proposed a submersible sensing probe equipped in
a boat to detect Hg?* pollution in seawater by a gold-based microelectrode array.??® Field
validation was successfully performed in Arcachon Bay in France. However, this study still
involved trained personnel on deck to assist in the measurement. Hence, to further eliminate
the involved manual processes, Wang et al. presented an unmanned kayak to detect Zn?* in
seawater based on a microfluidic system, where a liquid crystal polymer-modified Bi electrode
was embedded. The kayak was driven to measure Zn?* in seawater under the commands of
an operator via remote control. However, some issues remained such as poor portability of
the kayak, high reliance on the operator, and sensing instability caused by the bubble issue in
the fluidic system.

In summary, even though many publications have presented innovative sensing systems for
HMIs detection based on FIA, SIA and BIA, field validation has rarely been reported for
environmental monitoring. Particularly, the fully unmanned vehicle equipped with an
automatic, portable and robust sensing system has never been reported as far as we know.
Besides, the fabrication of most electrodes in Table 1.3.2 relies on cleaning-room techniques,
which could be altered by other low-cost methods. Moreover, the electrodes’ sensing
materials are metals e.g., Au and Bi with good affinity to HMIs; however these metals result
in high cost of fabrication, possible recycling issues, and limited repeatability caused by the
formed alloys with electrode material in the deposition step. Additionally, sustainable sensing
platforms, for example, paper-based fluidic sensors are emerging.

1.3.3 Wearable Devices for HMIs Detection in Sweat for Healthcare

Apart from environmental monitoring, HMIs also play important roles in physiological
reactions in the human body, and thus, several point-of-care sensing devices for the detection
of HMls in sweat and urine have been reported.33210231.232 Amongst those sensors, the HMIs
sensor in a wearable format offers a user-friendly, convenient and potential real-time
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detection for the prognosis of certain diseases and the risk evaluation under extensive HMls
exposure.

As the definition of a wearable sensor indicates, a wearable sensor should be worn on the
surface of the human body targeting non-invasive sampling. Interstitial fluid, tears, and sweat
are typical samples for wearable sensors. In particular to sweat, it is abundant with simple
composition, containing many biomarkers for pathologies, which has been utilized to be
tested in wearable sensors.?3323° Electrochemical sensors have been reported to detect the
biomarkers in sweat such as electrolyte ions, bacteria, and hormones.?*° However, only a few
publications about wearable electrochemical sensors for HMIs detection in sweat have been
presented.

An exemplary study was presented In 2016. Gao et al. reported Au and Bi microelectrodes
fabricated by photolithography to detect Zn?*, Cu?*, Cd?*, Pb*" and Hg?* cations in sweat
simultaneously. Thanks to a microchamber where the sensing microelectrode was embedded
in a wristband, sweat samples were collected from the glands, stored and tested (Figure
1.3.3a-c). The on-body HMIs detection in real time has been performed successfully lastly
(Figure 1.3.3d). In this sensing system, a commercial potentiostat was employed, which is not
either portable or conformable to be wearable.?'4

(a) Parylene (b)
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Figure 1.3.3. Wearable electrochemical sensors to detect Cu?* and Zn?* in sweat: (a) Schematic
of wearable sensing electrodes including a T-sensor(temperature sensor). (b) Digital photo of
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the wearable sensor with its connector and (c) sweatband where wearable sensor embedded.
(d) Validation of wearable sensor tested on skin with the reference of ICP-MS.?'* (e) Paper-
based reagentless electrochemical sensor to detect Cu?* in sweat. 24

Unlike the previous study of using a microchamber to guide the tested sweat, Bagheri et al.
proposed an approach of AuNPs decorated paper for highly sensitive detection of Cu?*ions in
sweat and serum based on the SWASV technique. The disposal paper fluidic system was
patterned by hydrophobic wax that was printed by the wax printing technique. The three-
electrode system was created by screen printing carbon ink (as the WE and CE) and Ag/AgCl
(as the RE). Besides, the reagents for measurements were pre-stored in the paper so that the
real sample was tested directly without any treatment (Figure 1.3.3e). The system was able
to detect Cu?* ions with LOD of 3 ppb and a linear range up to 400 ppb. The recovery was
between 93% and 101% in the spiked sweat. Most interestingly, due to the nature of cellulose,
the testing paper is sustainable for the environment. Despite these very promising
characteristics, this system has a similar problem of integration and conformity, lacking a

wearable readout system.?#

Additionally, sampling sweat in most presented sensing platforms relied on passive sweat
excretion which requires subjects to stay in high-temperature condition or do physical
exercises. The volume of sweat is not constant and difficult to be controlled, and it is different
from subject to subject. Besides, the sweat volume at a specific time, namely sweat rate,
could unproperly dilute or concentrate the target HMIs,?*?> but the normalization of sweat
rate has not been complemented in the presented studies in wearable HMIs sensors.

In 1.3.2 and 1.3.3, we briefly introduced the state of the art of in-situ HMIs sensors/sensing
systems by ASV applied for environmental monitoring and wearable HMIs sensors in
healthcare. Besides the remained issues that we discussed above, HMIs measurements by
ASV also face open issues: the interference from other targets (mutual interference) and the
sample matrix. It is even more challenging to solve them for In-situ measurements which
require direct sampling from natural waters or biofluids with minimal sample treatment.
Hence, herein we focused on the strategies to eliminate mutual interference and sample
matrix interference in section 1.3.4.

1.3.4 Mutual Interference Issues of Multiple HMIs
1.3.4.1 Issues of mutual interference: the cause and appearance

Mutual interference is a common problem when detecting multiple species of HMIs by ASV.
It is generally considered to be caused by the formation of intermetallic compounds or alloys,
and the competition of target ions during the deposition step (shown in Figure 1.3.4a-c). All
the HMIs targets are expected to be reduced to their elemental metals in the deposition step,
but in fact, they also form alloys or intermetallic compounds. For example, Cd?* and Cu?* are
known to form their alloy on the surface of boron-doped diamond electrodes (BDD) when co-
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depositing.?*> Moreover, metallic electrodes could form alloys or intermetallic compounds
with target HMls similarly, which is frequently believed to provide high sensitivity to HMIs;4
however, in some cases, the stripping peak of the metallic sensing material has a close
potential to the one of target HMlIs, resulting in two overlapping stripping peaks
corresponding to target analytes and electrode’s material. For example, bismuth (Bi)
electrodes are reported difficult to detect Cu®* ions for this reason.?* Additionally, ions’
competition also contributes in mutual interference, which frequently occurs when using
unmodified carbon-based electrodes (e.g. SPCEs) due to their limited surface area and
heterogeneous nature,'0®

(a) (d)
) HMis |

O OO"OO

L@y Ty

Working electrode E

(b) ® ® @ 1
O @)
o © o ©

Alloy ~/ 4

Working electrode E

(©) U

Working electrode

Figure 1.3.4 Schematic illustration of mutual interference caused by the formation of (a)
intermetallic compounds and (b) alloys, and (c) ions competition. Typical phenomena of
(c)peak overlapping, (d)splitting, and (e) sensing signal loss.

Mutual interference results in two main problems in the simultaneous detection of multiple
HMiIs 1) the problem of identifying target HMlIs due to the shift, overlap, and split of HMIs’
oxidative peaks (Figure 1.3.4 d,e); 2) the problem of quantification, attributed to the changed
peak intensity/area by the varied ratio of other HMIs’ concentrations—a variation in the
concentration of one type of HM may lead to a variation in the response of the others. In the
worst case of the latter problem, the sensing signal of a specific HM could be diminished
(signal loss) by the presence of others, making it impossible to detect HMIs even at their
dangerous level (Figure 1.3.4f). It frequently happens to carbon-based electrodes detecting
the HMIs requiring more negative deposition potential such as Zn?* and Cd?*, with the
presence of HMIs with less negative deposition potential such as Pb?*, Cu?*, and Hg?*.246-248 A
study proposed an explanation that the former HMIs (e.g. Zn?* and Cd?*) tend to deposit on
the surface of the latter ones (e.g., Pb?* and Cu?*) besides on the surface of the electrode
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surface, consequently, the substance loss of the former HMIs is induced by the stripping
step.?*® In Figure 1.3.4 a, Cd?*, Pb?" and Cu?* ions are used to be demonstrated based on it.

Due to the toxicity of Hg, the use of HMDEs is eliminated; instead, carbon-based electrodes
such as GCE, BDD, and SPCEs are favorable in the recent decade.1%8246.249 However, compared
to HMDEs or other metallic film electrodes, mutual interference is severe for carbon-based
electrodes, attributed to less affinity of HMlIs to the surface of carbon electrodes. Hence, the
state-of-art strategies to address mutual interference are summarized below, with a special
focus on carbon-based electrodes.

1.3.4.2 State-of-art strategies for addressing mutual interference effects

1) Algorithm and mathematical analysis

The peak overlapping issue shows a merged and broad peak rather than discrete peaks, which
cannot be identified. To overcome it, a mathematical transformation can be employed to
deconvolute the broad peak as several separate peaks. More efficiently, the artificial neural
network (ANN) including the input, hidden and output layers is trained to recognize the HMIs’
species and determine the concentration automatically in Figure 1.3.5. The input layer of ANN
is responsible for collecting the data to create a data space obtained from standard heavy
metal solutions with known concentrations and various combinations. The hidden layer
renders the collected data get processed through a specific algorithm such as principal
component analysis (PCA), discrete Fourier transform, wavelet transform (WT), etc. The
output layer decides how to proceed based on the hidden layer so that the simultaneous

guantification of metal species can be achieved.
Hidden
Input
Output

i Specie

J . —" ( Concentration

Combinations of multiple
HMIs

|
I

Figure 1.3.5. Schematic illustration of typical artificial neural networks for HMIs detection

Based on it, a study reported by Gutierrez et al. shows an example using an algorithm to
reduce the interference of peak overlapping. Because the oxidative peaks of TI* and In3* had
similar peak potentials with the one of Cd?*, when these three species of cations co-existed
in the same solution, the overlap of peaks influenced the recognition of Cd?*. However, the
presented algorithm successfully detected Cd?*, Pb?*, and Cu?* with the existence of TI* and
In3*, only using graphite-epoxy composite electrode without any chemical modification.
Wavelet neural network was employed, in which the hidden layer used nonlinear wavelet
basis functions in order to achieve a good recovery. In the validation step, the quantification
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of Cd?*, Pb?* and Cu?* even at the sub-ppm level was able to be determined with the
interference of TI* and In3* with the uncertainty below 5%.%°°

Besides addressing the peak overlapping issue, mathematic models can also alleviate the
inaccuracy of varied sensing signals by different HMIs’ species and ratios of HMIs’
concentrations. Machine learning and deep learning have been widely used in this case, to be
trained by abundant data collected from different combinations of concentrations and
species.?®17253 |n this way, the quantification is more accurate.

Liu et al. reported a mathematic model to improve the accuracy when detecting Cd?*, and
Pb?* with the presence of Cu?* and Zn?* as interferents by machine learning.?>? In this study,
the 2-D correlation spectroscopy method, which is typically used for spectroscopy analysis,
was employed to analyze the obtained voltammograms. It gained insight into the change of
peak currents, acquired from various HMIs with different combinations of concentration
ratios. The current intensity of identified oxidative peaks was used as the feature in the
training process of two machine learning models, namely, Feature-RF (Random Forest) and
Feature-SVR (support vector regression) models. Consequently, this method was validated to
detect Cd?* and Pb?* in a soil extract solution, which achieved a recovery of nearly 100%
compared to the gold standard method of ICP—MS as a reference.

2) Chemical modification of carbon-based electrode by nano/micro materials

The WE has a great impact on the sensing performance of HMIs, for its interface controls the
deposition of target analytes, and thus functionalizing the WE surface is effective to improve
sensing capabilities.

Unlike the mathematical strategy to address the peak overlapping issue and improve accuracy,
chemical modification aims to recover the diminished sensing signal/sensitivity by mutual
interference, which cannot be solved by algorithms. With this aim, two strategies are typically
found in literature: 1) one is to enhance all the sensing signals of target HMIs, and 2) the other
is to improve specific selectivity toward one HM that suffers from diminished sensitivity.
Modifying nanomaterials on WE can achieve both due to its high surface-to-volume ratio,
fantastic catalytic properties, and tunable interface chemistry (in section 1.2.3). Generally,
two types of nanomaterials have been used for chemical modification: 1) using elemental
metals, mainly post-transition metals (Figure 1.3.6 a-c); 2) non-metallic materials such as
carbon-based materials or organic materials enriched in S, N, F and O (Figure 1.3.6 d). Post-
transition metals (e.g, Hg, Bi, Sn, and Sb) feature low melting temperatures and have relatively
weak metallic bonds, which facilitates the formation of their alloys with target HMIs (Figure
1.3.6b).2%® For example, Hg is the most famous to enhance HMIs detection based on the
reactions:
Hg + M™ + ne” = M(Hg) (1.1)

M(Hg) - Hg + M"™ + ne™ (2.2)
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Figure 1.3.6. Schematic illustration of mutual interference occurs on the surface of (a) carbon-
based electrodes, (b) metallic film modified electrodes, (c) metallic nanomaterials modified
electrodes and (d) non-metallic nanomaterials modified electrodes.

As such, great enhancement of sensitivity can be achieved via reducing intermetallic
compounds on carbon-based electrodes (Figure 1.3.6a). Besides, the higher surface area of
nanomaterials may increase the adsorption of HMIs and reduce the ions’ competition. (Figure
1.3.6b) To date, diverse morphologies of nanomaterials such as nanowires, nanoparticles,
nanostars, and their corresponding composites have been reported to alleviate mutual

interference.2%®

a. Metallic nanomaterials and their composites

Hg is typically electroplated on the carbon-based electrode to substitute for traditional
HMDE.?** Due to the deposited Hg film, the modified carbon-based electrodes have similar
features to HMDE, and thus reduce the effect of mutual interference.?>>2°¢ Due to the higher
surface area, Hg nanoparticles can reach the same performance as the deposited Hg film but
only require a much smaller amount as Laia et al. reported.?®” They presented a new
synthesizing approach of Hg nanoparticles assisted by polydiallyldimethylammonium chloride
(PDDA). The synthesized composite was dropcasted on the working surface of SPCE. Better
sensitivity to Cd?*, Pb?* and Cu?* ions in the simultaneous detection was achieved by the
modified electrode. Also, the diminished sensitivity toward Cd?* of SPCE was found to be
recovered. Hg nanoparticles modified SPCE showed anti-interference features, for the
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sensitivity toward Cd?* in simultaneous detection of Cd?*, Pb?* and Cu?* (8.4x10* A/ppm) was
almost the same as the one in individual detection of only Cd (5.3x10* A/ppm).

However, even though the Hg nanoparticles have been proven to alleviate mutual
interference with a wide potential window, there is a concern about its toxicity which limits

its use.2>8

Bismuth (Bi), as an alternative to Hg, has been used to be deposited on various working
electrodes such as a pencil-drawn electrode, SPCE, BDD, and GCE.?**2%0 For example, Bi-
electroplated GCE has shown the enhanced sensitivity of Zn?* and Cd?*, which reduces the
mutual interference influence from Pb?*.24°

Furthermore, Bi-based nanomaterials are deposited on the WE by sparking processes,
dropcasting, and being mixed with the ink of the WE, showing better sensitivity than
electroplated Bi film.26%261 For example, electroplating Bi particles(*100 nm) on GCE was able
to effectively enhance the sensitivity toward Zn?*, which was diminished by the presence of
Pb?* and Cd?*.262

Besides, single-walled bismuth nanotubes (SW-BiNTs) showed their capacity to recover the
Cd?* sensitivity that was diminished by the interference of Pb?*(Figure 1.3.7). SW-BiNTs were
synthesized via self-assembled octa(3-aminopropyl) silsesquioxane (OA-POSS) as nano-
templates. The precursor bismuth nitrate (Bi(NOs)s) was adsorbed on the surface of OA-POSS,
followed by the reduction via sodium boron hydride (NaBH4). After washing, the achieved
slurry of SW-BiNTs was applied on the surface of GCE with Nafion to obtain better adherence.
The bare GCE, Nafion-modified GCE, and SW-BiNTs-modified GCE were tested in the mixed
solution containing Pb?* and Cd?* (5 uM). The results showed that Cd?* was undetectable by
bare GCE, however, SW-BiNTs boosted the Cd?* signal to be observable.?®?

Figure 1.3.7. (a) TEM images, (b) HRTEM photographs, (c) selected-area electron diffraction
(SAED) pattern, and (d) stripping voltammograms of bare GCE, Nafion modified GCE and SW-
BiNTs modified GCE in a 0.2 M acetate buffer solution (pH 4.0) containing 5 uM of Pb?* and
Cd2+. 263

To realize the mass production of Bi-based nanomaterials modified electrodes, in 2005, an

approach of mixing Bi powder with printable carbon paste was presented. Bi particles were
mixed with carbon paste and printed as the WE to detect Cd?* and Pb?*. The Cd sensitivity of
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SPCE was selectively boosted by the modification of Bi powder. The sensing signal of Cd?* was
even better than the one of the screen-printed Bi-metallic electrode.?6?

Even though Bi-modified electrodes seem promising to recover the sensing signal loss of Zn?*
and Cd?* with the presence of other metals via boosting their sensitivities, Bi-modified
electrodes are difficult to detect Cu?* ions which are very common in natural waters and
sweat, for the oxidative peak of Bi could overshadow the one of Cu.?* Additionally, the
released Bi** cations from the working electrode during stripping may react with other
analytes in natural water and form insoluble compounds.2%3

Additionally, Au film-modified electrodes are commonly used for HMIs sensing, mainly
fabricated by electroplating,?®* sputter,?®>, and screen printing.!°? Au-based electrodes are
reported to have a good affinity with As®* and alleviate its mutual interference issue.?®® If the
stripping peak of interfering metal ions is at a similar potential to the one of As®*, the As®*
peak could merge with the interfering peak. In particular to Cu?*, it imposes a serious problem
in As3* detection for Cu?* is abundant at a relatively high concentration level in natural waters,
causing inaccuracy results.?°® Hence, Au nanomaterials such as AuNPs,'°? Au nanostars,?®” and
Au nanoflowers?®® have been harnessed to reduce mutual interference in simultaneous
detection.

For example, Au nanostars (shown in Figure 1.3.8a) with a diameter of ~20 nm were modified
on the working surface of SPCE to alleviate the peak overlapping issue of As** and Cu?* when
detecting both As** and Cu?* simultaneously.?®” After being modified with Au nanostars, SPCE
was able to detect As3* at 2.9 ppb and its sensitivity was not influenced by the presence of
highly concentrated Cu?* (1.3 ppm).

Figure 1.3.8 (a) TEM image of Au nanostars. (b) The stripping voltammograms of Au nanostars

modified SPCE when detecting various concentrations of As and Cu simultaneously.?®’

Besides, AuNPs were also reported by Wan et al. to alleviate mutual interference between
Cu?* and Pb?* of screen-printed gold electrodes. °2 Bare gold electrodes and AuNPs modified
electrodes were tested in the mixed solution of Cu?* and Pb?* (300 ppb). Without AuNPs, the
oxidative peaks of Cu?* and Pb?* were broad and ambiguous to be identified; after
modification, distinct stripping peaks were achieved. The larger active surface area of AuNPs
could be responsible for the promotion of sensitivity and selectivity.
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Antimony (Sb) is also one of the commonly used post-transition metals to modify carbon-
based electrodes. In 2007, Hocevar et al. firstly utilized Sb film-based electrodes for the
determination of HMIs.2®® The Sb-modified GCE and SPCE appeared similar to the ones
modified by Bi and Hg, which recovered the diminished Cd?* signal by the presence of Pb?*
ions.248270 Besides, the deposited Sb film improved the accuracy of GCE toward Hg?*, whose
signal was influenced by the presence of Cu?* due to the formation of amalgam. It could be
attributed that Sb could form the alloy with Cu?* relatively easier than with Hg?* ions; as such,
Hg?* ions formed less Hg-Cu intermetallic compound.?’?

Sb nanoparticles have been reported to enhance the sensitivity of a CNTs electrode toward
both Cd?* and Pb?*in simultaneous detection.?’> Consequently, the sensing signal loss of Cd?*,
which occurred to the CNTs electrode, was alleviated. In a comparative study, Sb
nanoparticles demonstrated more enhancement of the sensitivities than the Sb film-based
CNTs, which could be attributed to the higher working surface of nanomaterials. Finally, the
Sb nanoparticles modified CNTs electrode can detect down to 0.77 ppb of Cd and 0.65 ppb of
Pb simultaneously.

Besides metallic nanomaterials, nanocomposites containing conductive carbon-based
nanomaterials and metallic materials have been applied for HMIs detection to reduce mutual
interference via enhancing sensitivity. The composites take advantage of the high surface
area of metallic nanoparticles and conductive percolated networks of these carbon-based
nanomaterials, showing a synergetic effect.?’3

Tan et al. utilized an innovative composite of fluorinated graphene (GraF) and Au nanocages
to modify GCE (in Figure 1.3.9a).2’# In Figure 1.3.9b, before modification, GCE cannot detect
the unobservable sensing signals of Zn?*, Cd?** and Pb?*, which were diminished by the
presence of Cu?* and Hg?*. However, after the modification of either GraF or Au nanocages,
the signals toward Zn?*, Cd?* and Pb?* initiated to be detectable. More surprisingly, the signals
of Zn?*, Cd?* and Pb?* were further enhanced by the composite of GraF and gold nanocages
modified on GCE, indicating a synergetic effect. Lastly, extremely low LOD was obtained in the
simultaneous detection, i.e., 0.08, 0.09, 0.05, 0.19, and 0.01 ppb for Zn?*, Cd?*, Pb?*, Cu?*, and
Hg?* ions, respectively.
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Figure 1.3.9 (a) High-magnified SEM image of GraF/Au nanocage. (b) SWASV voltammograms
of a. bare GCE, b. graphene, c. GraF, d. Au nanocage, and e. GraF/Au nanocage electrode for
simultaneous determination of 2 ppm Zn?*, Cd?*, Pb?*, Cu?*, and Hg?*in 0.1 M HAc-NaAc
solution (pH=5.0).274 SEM images of (c) rGO sheet and (d) rGO/Au-Bi. (e) DPASV responses of
bare GCE, GO/GCE, Au-Bi/GCE, and rGO/Au-Bi/GCE in 0.1 M HAc-NaAc (pH=4.5) buffer
containing 100 ppb Pb?* and Cd?*.27>

Similarly, Wang et al. reported a composite of Au-Bi bimetallic nanoparticles supported by
rGO (Figure 1.3.9¢-d) and modified the composite on GCE. Due to the presence of Pb?*, the
sensitivity of bare GCE toward Cd?* was drastically decreased (Figure 1.3.9e). However, after
the modification of the composite, the Cd?* stripping peak started to be observable. Also, the
synergetic phenomenon was found that either Au-Bi nanoparticles or rGO modified GCE had
a lower Cd?* signal compared to the composite. The ultra-low LOD was obtained as 0.05 and
0.02 ppb for Pb?* and Cd?* in simultaneous detection.?”>

b. Non-metallic nanomaterials

Besides harnessing the metallic nanomaterials/composites to alleviate mutual interference,
using non-metallic nanomaterials with enriched N, S, F and O elements is a second possible
strategy via their high electronegativity and affinities toward HM cations. Since it does not
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require any metallic materials, the following issues such as recycling, secondary pollution and
potential toxicity could be avoided.
Carbon-based nanomaterials such as CNTs,%’ carbon nanofibers,?”” rGO,2’® and g-CsN4 27° are
the major choice to modify GCEs and SPCEs. However, due to the inert and hydrophobic
nature of carbon, the intrinsic carbon-based nanomaterials possess less adsorption capacity
for HMIs compared to the tailored ones with various functional groups or doped with other
foreign atoms.?82 Amongst these tailored carbon materials, the introduction of heteroatom
(N, S, O, etc.) with strong electronegativity has great potential to solve the mutual
interference issue via enhanced adsorption.

Taking CNTs as one example, Wei et al presented a new type of functionalized MWCNTSs via
NHs-plasma treating, resulting in enriched amino groups on the surface of MWCNTs
(MWCNTs-NH,, Figure 1.3.10a).2%! They compared the simultaneous sensing performance
toward Zn?*, Cd?*, Cu?* and Hg?* of bare GCE, MWCNTs-modified GCE, and MWCNTs-NH>
modified GCE (Figure 1.3.10b). When using GCE, all oxidative peaks of Zn?*, Cd?*, Cu?*, and
Hg?* were unobservable due to mutual interference. In the same condition, the stripping
peaks of Cd?*, Cu?*, and Hg?* started to appear when using MWCNTs-GCE, but Zn?* was still
undetectable. When using MWCNTs-NH, modified GCE, all the oxidative peaks were
identified, and Zn?* ions have an observable and discrete oxidative peak, which cannot be
found in the other cases. The enhanced sensitivity toward Zn?* by MWCNTs-NH; is not only
attributed to the better charge transfer due to the graphite-like structure of MWCNTs-NH,
but also to the enrichment of target HMIs particularly Zn?*, which has a good affinity with the
functionalized amino groups. Finally, MWCNTs-NH; modified GCE demonstrated LOD of 0.31,
0.027, 0.22, and 0.14 nM toward Zn?*, Cd?*, Cu?*, and Hg?*, respectively.

Besides carbon-based nanomaterials, polymers are also employed to overcome the mutual
interference issue through tunable chemical properties. Particularly, numerous studies
reported the modification of sensing electrodes with carbon nanomaterials and conductive
polymer nanocomposites such as polypyrrole (Ppy),?® poly (sodium 4-styrene sulfonate),?®3
poly(l-glutamic acid),?®* PEDOT?®> and polyaniline (PANI).?’” Besides, these polymers
facilitated the dispersion of carbon-based materials and prevented their aggregation.

In 2015, Promphet et al. investigated a graphene/PANI/polystyrene (G/PANI/PS)
nanocomposite, which was deposited on SPCE by electrospinning. The synthesized G/PANI/PS
had a fiber-like morphology in the microscale, including a nanoporous structure on the fiber
surface, which is shown in Figure 1.3.10c-d.?”” G/PANI/PS assisted the Cd?* sensing signal to
recover from the interference of Pb?* compared to the bare SPCE (Figure 1.3.10e). To
investigate the influence of the introduced polymers (PANI and PS), the sensing performance
was compared between the bare SPCE and PANI/PS-modified SPCE in simultaneous detection
of Cd?* and Pb?*. It was found that PANI/PS assisted Cd?* to recover its sensing signal from the
signal loss caused by Pb?*. Even more surprisingly, G/PANI/PS achieved a higher sensing signal
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than PANI/PS, underlining the significance of graphene. Finally, with the in-situ deposition of
Bi, G/PANI/PS-modified SPCE achieved the LOD down to 3.3 and 4.3 ppb for Pb?* and Cd?*
respectively.

Figure 1.3.10. (a) Schematic representation of the possible interactions between HMIs and
MWCNTs-NH, for sensing HMlIs. (b) Stripping voltammetry of the bare, MWCNTs, and
MW(CNTs-NH; modified GCE in 0.1 M NH4Cl/NHs solution (pH 7.0) containing 0.3 uM Zn%*,
0.15 uM Cd?*, 0.25 uM Cu?* and 0.15 uM Hg?**, and MWCNTs-NH; modified GCE in blank
sample (0.1 M NH4CI/NHs solution (pH 7.0)) in the absence of any HMIs.?8! (c) SEM images of
the G/PANI/PS nanoporous fibers and (d) TEM images of random distribution of graphene in
the G/PANI/PS nanoporous fiber. (e) Voltammograms of 200 ppm Pb?* and Cd?* with 900
ppb Bi**in 0.1 M HCl (pH 1.0), measured by the bare SPCE, PANI/PS-modified SPCE, and
G/PANI/PS-modified SPCE.2”” (g) SEM images rGO/PPy-modified SPCE. (h) Voltammograms of
14 ppm Pb?* at rGO/PPy-modified SPCE in the absence (black line) and in the presence (red
line) of 0.15 ppm of Cd?*, 0.2 ppm of Cu?*, and 0.3 ppm of Hg?* and (blue line) 14 ppm of Cd?*,
Cu?*, and Hg?* each.?8?

Another nanocomposite of cysteine-functionalized rGO/Ppy was used to modify the SPCE to
detect Pb?* under the interference from other HMls, namely Cd?*, Cu?*, and Hg?'. Pb?*,
requiring more negative potential to be deposited, was frequently influenced when co-
existing with Cu?* and Hg?* requiring less deposition potential. In this study, GO was first
functionalized with cysteine via hydroxylic groups on its surface and carbonyldiimidazole as
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mediate.?®2 Then, CV was operated by SPCEs in pyrrole and cysteine-functionalized GO
solution so that the rGO/Ppy nanocomposite was deposited on the WE of SPCE. The
morphology of the composite was shown in Figure 1.3.10f. When detecting Pb?* with and
without the interferents of Cd?*, Cu?* and Hg?*, the current intensity of the Pb?* oxidative peak
was minimally influenced, demonstrating the anti-interference capacity of rGO/Ppy in Figure
1.3.10h. The introduction of a great number of thiol groups, carboxylic groups, and amide
groups assisted Pb?* adsorption and reduced the ions’ competition.

Additionally, the composites of silicon-based materials (with 3-D nanostructure) and
conductive polymers have been used as sensing materials due to their high crystallinity, large
specific surface area, and good chemical and physical stability.22®

For example, Abdulla et al. presented a composite comprising thiol (—SH) grafted poly (3,4-
proplenedioxythiophene (PProDOT(MeSH):) and porous silicon spheres (Si), which was
modified on GCE to detect HMIs of Cd?, Pb%, and Hg?. 2% The poly(3,4-
proplenedioxythiophene) (PProDOT) is a conjugated polymer with high electron richness. In
this study, a different monomer including thiol moieties was employed to polymerize and
form its variant—PProDOT(MeSH),, which was expected to have a better affinity with target
HMls. Cd?* had a relatively lower sensing signal when using Si-modified GCE than Pb?* and
Hg?*; however, when using PProDOT(MeSH).@Si composite-modified GCE, the peak current
of Cd** was enhanced. This behavior could be related to the introduced thiol groups
PProDOT(MeSH),. Additionally, with the support of the nanoporous structure of Si spheres,
the exposed surface of PProDOT(MeSH), was further increased, with LOD of 0.00575, 0.0027,
and 0.0017 uM toward Cd?*, Pb?* and Hg?*, respectively.

Non-metallic nanomaterials including the composites of carbon, conductive polymers, and
nanoporous silicon have been harnessed to eliminate the mutual interference effect, through
the affinity of introduced electronegative atoms with target HMIs. Compared with the
addition of metallic materials, this strategy benefits from relatively low toxicity without
recycling issues. However, the presented experimental results still cannot support a clear
mechanism and the relation between a specific functional group and certain HMIs specie is
still ambiguous, which needs further investigation in the future.

c. Other emerging nanomaterials

Apart from those typically used materials, emerging nanomaterials such as Mxenes,
semiconductor oxides, and metal-organic framework (MOFs) have been reported to solve the
mutual interference issue.

As a new family in 2DNMs, Mxenes feature good electrical conductivity and hydrophilicity,
with relatively simple and environmental-friendly synthesis.?8” MXenes are synthesized from
the precursor of Mn+1ZXn (n=1-3), where M represents an early transition metal (from group
[11A to VIIA), Z represents an element from group IlIA or IVA in the periodic table, and X is C or
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N. The Z-layer of Mn«1AXn can be selectively etched, and the layered hexagonal transition
metal carbides or nitrides are formed. MXenes inherit many properties of 2DNMs e.g., the
large surface area and tunable interface property. Given that they are terminated by oxygen-
containing groups (e.g., hydroxyls) and fluorine (F) atoms forming in the etching process,
these functionalized groups could facilitate the adsorption of HMIs,?®8 and thus Mxenes may
enhance the sensitivity and reduce the mutual interference effect.

Zhu et al. synthesized a layered MXene, namely TisCa, for simultaneous detection of Cd?*, Pb?*,
Cu?* and Hg?*.?8? The pristine TisC2 was synthesized from the precursor of TizAlC; by the
etching process (shown in Figure 1.3.11a,b), and deposited on GCE. It was found to enhance
the sensitivity of GCE toward Cu?* and Pb?*, compared to the bare GCE whose sensing signals
were ambiguous and poor. However, Cd?* and Hg?* were still undetectable by the pristine
TisC2. Hence, it was tailored through an alkalization process, in which TisC, power was
dispersed and soaked in a KOH solution (5 wt%). Consequently, alkalization-intercalated TisC;
(alk-TisC2) was achieved with the typical layered morphology with pristine TisC, (Figure
1.3.11b). Based on previous studies, the cation-exchanged surface chemistry of TizC, can be
tuned by the alkalization process. Therefore, alk-TizC, was tested on GCE in the same solution
containing Cd?*, Pb?*, Cu?* and Hg?* with the pristine TisCa. In this case, the oxidative peaks of
Cd?* and Hg?* were observed with alk-TizC>-modified GCE (Figure 1.3.11c).

Besides, the nanomaterials of semiconductor oxides (such as tin oxide (Sn02),%°° manganese
dioxide(Mn03),2°* magnesium oxide (Mg0),?*? ferroferric oxide (Fe304)>%3, etc) have oxygen-
enriched surfaces that could serve as active sites for HMIs' electrodeposition.?® The
ferroferric oxide (Fe30a) withdraws attention due to ease of preparation, low toxicity and the
magnetic feature.?942%

For example, Li et al. synthesized an innovative nanoplate-stacked Fe30s and utilized this
material to modify GCE to detect five multiple HMls (i.e. Zn?*, Cd?*, Pb?*, Cu?* and Hg?* ions)
simultaneously. The Fes04 nanoplates were found to have a good affinity with Pb?*, for it
enhances the selectivity of GCE toward Pb?*.2%¢ |nterestingly, different crystal planes
originated from different phases of Fe304 (i.e., (100)-bound cubic and (111)-bound octahedral
nanocrystals) also determine the selectivity toward Pb?*. (111)-bound octahedral Fe3O4
nanocrystal demonstrated the highest selectivity toward Pb?* amongst other HMIs such as
Zn?*, Cd?*, Cu?* and Hg?*. Besides, (111)-bound octahedral Fe304 also presented a higher
sensing signal of Pb?* compared to (100)-bound cubic Fes04 nanocrystal, which may be caused
by the selective adsorption of Pb?* on different crystal planes.?®3
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Figure 1.3.11 (a) Schematic illustrations of the TizAlC; and the post-etching MXene before and
after alkalization treatment; (b) SEM images of alk-TisC;; (c) Voltammograms of these three
different electrodes detecting 0.5 uM Cd?*, Pb?*, Cu?* and Hg?' in HAc-NaAc (pH =5.0)
simultaneously.?® (d)TEM image of Fes0s4/F-MWCNTs and (e) its HRTEM image with
corresponding selected area electron diffraction pattern. (f) The stripping voltammograms of
10 uM five HMIs detected by a. GCE, b. Fe3Os-modified GCE, c. fluorinated MWCNT(F-
MWCNTs)-modified GCE and d. Fe304/F-MWCNTs -modified GCE in 0.1 M HAc-NaAc buffer
solution (pH = 5.0).27 (g) SEM image and (h)TEM image of ZIF-8. The inset in (g) is the bar
chart of ZIF-8 size distribution; (i) Sensing response of a. without and c. with
0.01 mM HMls (namely Hg?*, Cu?*, Pb?*, and Cd?*) on ZIF-8/Chitosan-modified GCE in 0.1 M
HAc-NaAc (pH 3.0). Curve b is the sensing curve of 0.01 mM HMIs (namely Hg?*, Cu?*, Pb?*,
and Cd?*) on the control electrode of Chitosan-modified GCE.?%®

The composites of metal oxides and carbon-based materials are preferable to achieve better
electrochemical sensing performance due to the synergetic effect, rather than only metal
oxides themselves.?%® For example, Wu et al. presented a Fe3Oa/fluorinated MWCNT(F-
MWCNTSs) composite and modified GCE with this composite in order to detect HMs (i.e., Zn?*,
Cd?*, Pb?*, Cu?*, and Hg?*ions).?®” Compared with the pristine MWCNTSs, the F-MWCNTs have
stronger electronegativity because of the introduced fluorine(F) atoms, which facilitates the
adsorption of HMIs. In this study, the authors took advantage of both F-MWCNTs and Fe304
nanoparticles (Figure 1.3.11d-e) to alleviate the mutual interference effect. When using the
bare GCE, only Cu?* and Hg?* were able to be detected in the mixed solution of Cd?*, Pb?*,

65



Hg?*, Zn?* and Cu?* at the concentration of 10 uM (Figure 1.3.11f). When being modified by
Fes0s nanoparticles, GCE was able to detect Pb?* besides Cu?* and Hg?*, which may be
attributed to the specific affinity between Pb?* and Fe30s. More interestingly, F-MWCNTs
further increased the sensing signals of Cd?*, Zn?*, and Pb?* slightly without influencing the
signals of Cu?* and Hg?* compared to the results by the bare GCE. As expected, all the oxidative
peaks identified as Cd?*, Pb?*, Hg?*, Zn?* and Cu?' were detectable by the composite of
Fe3s04/F-MWCNTs. Therefore, this composite rendered Zn?*, Cd?*, and Pb?* to be detectable
together with Cu?* and Hg?* simultaneously, which is impossible for the bare GCE at the same
concentration.

Besides, Li et al. reported a bimetal oxide, i.e., porous Ce-Zr oxide nanospheres, which was
used to modify the GCE. The modified GCE showed anti-interference ability when detecting
Pb?* in the mixed solution containing other HMIs of Cd?*, Cu?*, Zn?* and Hg?*. Typically, the
sensitivity of Pb?* will decrease in the presence of Cu?*, for Pb?* ions require a more negative
deposition potential, which may tend to deposit on the surface of Cu (requiring less negative
potential) instead of on the surface of the carbon electrode.?*® In this study, the selective
enrichment of Pb?* ions was achieved by the Ce-Zr oxide nanospheres, which were validated
by the results of XPS characterization.?°° Consequently, Pb?* ions detection in the presence of
other HMIs was not influenced. The sensitivity of Pb?* in the individual testing was close to
the one in the simultaneous detection, proving the capacity of the Ce-Zr oxide nanospheres
to prevent the influence of mutual interference on Pb?*,

Besides the porous inorganic materials providing a large surface area for HMIs detection, MOF,
a new class of porous polymeric materials consisting of metal ions linked with organic bridging
ligands, has been studied for HMIs detection in the latest two decades due to its tunable
surface chemistry and high active surface area.3°* Amongst various MOFs, zeolitic imidazolate
framework (ZIF) is a family comprising tetrahedrally-coordinated transition metal ions (e.g.,
Fe3*, Co?*, Cu?* and Zn?*) connected by imidazolate or its derivatives linkers. ZIF has good
chemical stability, particularly in the aqueous phase, showing great potential in

electrochemical HMlIs detection in waters.3%?

In 2019, Chu et al. presented a composite of ZIF-8 (Zn?* linked by imidazolate
framework)/chitosan which was used to modify GCE to detect Cd?*, Pb?*, Cu?* and Hg**
simultaneously.?® The diameter of ZIF-8 was 60 nm approximately in Figure 1.3.11g-h. The
obtained sensing results were compared to the ones using chitosan-modified GCE. ZIF-8
demonstrated the enhancement of Cd?* sensitivity with the presence of Pb?* and Cu?*. The
oxidative peak which should have been identified as Cd?* was undetectable by the chitosan-
GCE or bare GCE due to mutual interference; however, with the addition of ZIF-8, Cd** was

able to be detected, indicating that the ZIF-8 reduced the mutual interference effect in
simultaneous detection (Figure 1.3.11i).

3) Selective complexing with interfering ions
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The strategies mentioned above are mainly based on facilitating heavy metal adsorption and
thus deposition on the sensing electrode via chemical modification. The other strategy for
reducing mutual interference is converse via removing the interfering cations away from the
sensing electrodes.

For example, Huang et al. utilized a AuNPs/Nafion composite to modify the GCE to detect As>*.
Even though the AuNPs/Nafion-modified electrode was highly sensitive toward As*
individually, the As®* sensitivity dramatically decreased with the presence of Cu?* and Hg?*.
To recover the As®** sensitivity, the chelating agent ethylenediaminetetraacetate (EDTA) was
utilized to pretreat the sample solution, for its complexation with these interfering metal ions
(i.e., Hg?* and Cu?*) was easier than that with As®**,3%® and the formed complexes were
excluded from the WE. To examine the analytical performance with EDTA addition, the
AuNPs/Nafion-modified GCE was tested in the mixed solution of 10 ppb As** with the addition
of either Cu?* or Hg?* ranging from 100 to 1000 ppb as interferents. With the presence of 0.1
M EDTA, the stripping peak of As®>* at -0.03 V maintained the same peak potential and current
intensity upon the increasing interferents concentration. However, when EDTA was absent in
the testing solution, the stripping peak of As** was suppressed by the oxidation of Cu?* and
Hg?*.3% Similarly, Czop et al. attempted to utilize EDTA to detect TI* ions by removing the
interferents of Cd?* ions via complexation, for the stripping peaks of Cd?* and TI* have very
close potential which causes the peak overlapping issue for specie identification.3°>

Besides EDTA, ferricyanide ([Fe(CN)e¢]3") anions are another common mask reagent,?°%3% to
remove Cu?* ions in samples and prevent its mutual interference on other HMIs—suppressing
sensing signals of Zn?*, Pb?* and Cd?*. With the addition of potassium ferricyanide (K3[Fe(CN)g],
0.03 mM), the sensing signals of Zn?*, Pb?* and Cd?* were recovered, with the presence of
interferent Cu?* ions up to 500 ppb. However, the excessive addition of Ks3[Fe(CN)e could also
decrease the sensing signals of target HMIs (e.g., Zn?*). The optimum condition of this strategy
must be investigated before validation.

1.3.5 Addressing Water Matrix Interference issues

In addition to mutual interference, the real sample matrix also influences analytical signals of
in-situ measurements. For example, dissolved oxygen and organic matters in natural waters

lead to fouling on sensing probes, which substantially decreases sensitivity.2%’

To resist this effect, nanoporous silica serving as a typical filtration material has been used in
in-situ/-vivo sensing applications in natural waters and biofluids in tissue.3073% |nterferents
such as proteins, cells, and bacteria were filtered by the nanoporous silica, and only the small
target analytes were able to access the surface of the WE through the vertical nanochannels
of nanoporous silica.

For example, Cheng et al. presented a vertically-ordered mesoporous silica film (VMSF) to
modify the indium tin oxide (ITO) electrode in order to reduce the interference from large
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organic compounds in real samples of soil leaching solution and proteins from blood serum
(Figure 1.3.12 a).3%° Comparison study was carried out by VMSF-modified ITO and bare ITO,
which were tested in the same solutions spiked with Pb?* and Cu?*. In simultaneous detection
of Pb?* and Cu?*, the bare ITO exhibited poor and distorted sensing signals in both serum and
soil leaching solution; while VMSF-modified ITO demonstrated detectable and clear oxidative
peaks of Pb?* and Cu?*, denoting that VMSF possessed the anti-fouling capacity.

Besides large proteins and bacteria that may foul the WE, some organic molecules commonly
appear in natural waters such as fulvic acid and humic acid (HA) also suppress the sensing
signals of HMIs.2% Aiming to address this issue, Liu et at. proposed a strategy of adding Fe3*
ions in tested real samples to complex with HA .21 First, the current intensity of As3* stripping
peak by the Au electrode was found to decrease gradually upon the increasing concentration
of HA (from 0 to 40 mg/L, Figure 1.3.12b-d). Then, a variety of Fe3* solutions (at 0, 20, 40 mg/L)
were added to the testing sample (Figure 1.3.12e). When adding 20 mg/L Fe*, only an 8.5%
decrease of the As3* peak intensity was observed in the presence of 20 mg/L HA, compared
to the one of 21.3% without any addition of Fe3*. With increasing Fe3* amount (40 mg/L), the
sensing signal was further recovered with minimal signal loss as low as 3.2%. Hence, the
addition of Fe3*ions prevented the sensing signal of As®** from decreasing caused by HA.

In contrast to the strategy of removing the interfering matters from the real sample, filtering
and accumulating target HMIs from the sample has been investigated, too. For example, GO
includes various functional groups such as hydroxy (-OH) and carboxyl (-COOH), which could
promote HMlIs adsorption in the optimum condition due to the strong electronegativity, and
thus GO has been used as an adsorbent for HMIs.3!! In reversible desorption, target HMIs can
be re-dissolved into the artificial buffer from the GO adsorbent, ensuring the removal of
interferents in the real sample matrix.

Combining the merits of GO and in-situ microfluidic devices, Chatupniak et al. designed and
fabricated a novel microfluidic system as a new strategy to reduce the interference from
saline seawater. The microfluidic system consisted of two microfluidic chips: 1) a GO-PDMS
composite microfluidic chip for reversible adsorption/desorption of heavy metals, followed
by 2) a second microfluidic chip (normal PDMS) with an SPCE embedded for electrochemical
detection toward Pb?*. GO-PDMS composite was synthesized feasibly via blending GO with
silicon monomer in tetrahydrofuran (THF), then was polymerized triggered by a curing agent.
The microfluidic chip based on GO-PDMS was able to accumulate Pb?* cations from the
continuous testing flow on the surface of the microfluidic channel and drive the accumulated
Pb2* cations to dissolve in an injected artificial supporting electrolyte (0.1 M HCI, Figure
1.3.12f). Afterward, Pb?* cations in the supporting electrolyte were detected in the second
PDMS-based microfluidic by SPCE (Figure 1.3.12g-h). Unlike the normal PDMS microfluidic
limited to high baseline and poor sensing signals of SPCE caused by high salinity in seawater,
the proposed strategy prevented the interference from the seawater matrix, showing
improved sensitivity toward Pb?*, 227
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Figure 1.3.12. (a) Schematic illustration of the preparation of VMSF/ITO sensor and its
simultaneous detection of Pb?*, Cu?* and Cd?*.3%° SM denotes CTAB surfactant micelles. (b)
Dependence of oxidative peak current of As®** on the concentration of humic acid. (c)
Voltammograms of 20 ppb As3* without (red line) and with humic acid (ranging from 10 to 40
ppm) (black lines). (d) Dependence of oxidative peak current and corresponding peak charge
of 20 ppb As®** on the concentration of humic acid. Electrolyte, N2Ha-2HCI solution (pH 0.5);
deposition potential, —0.35 V; deposition time, 90 s. (e) Dependence of oxidative peak current
of 20 ppb As3* on the concentration of humic acid with different concentrations of Fe3*.30 (f)
Reactions occurring in the chip: Pb?* was adsorbed onto GO-PDMS; 0.1 M HCl was injected
to perform desorption and detection. A sample was passed from GO—-PDMS chip to PDMS
electrochemical chip, where SWASV was performed. (g) the scheme of the GO-PDMS chip
and PDMS chip. (h) Image of the full LOC device with polymeric tubes connected to the inlet
and outlet.??’

Additionally, even though the dissolved oxygen has minimal effect on the analysis using the
SWASV technique, mechanical vibration can remove dissolved oxygen in situ, providing a
universal way for other ASV techniques. For example, ultrasound is able to alleviate dissolved
oxygen. Also, it can remove the bubbles generated by hydrogen evolution reaction on the
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metallic electrode during the deposition step, and significantly improve both sensitivity and
reproducibility.312

1.3.5 Conclusion and Future Perspectives

In-situ heavy metal measurement is critically important for public safety particularly in the
application of environmental monitoring. Moreover, a wearable sensor as a special example
of in-situ analysis in healthcare plays an important role in monitoring physiological signals
including HMls such as Zn?* and Cu?* in the human body. Amongst diverse electrochemical
techniques, ASV is promising to fit most criteria of in-situ measurements, with great potential
in fully automatic and low-cost detection of a wide range of HMlIs. In the field of
environmental monitoring, portable sensing probes have been investigated for validation in
the laboratory and in the field but require human labor due to the lack of automation. Few
in-situ HMIs measurement has been validated yet. A natural progression is to construct a huge
sensing network to respond to HMlIs at their dangerous level automatically, which can be
realized by integrating sensors with an automatic boat or implanting numerous submersible
sensors with long-term chemical stability. In general, portability, automation, and long-term
stability deserve to be further improved besides sensitivity and selectivity. Moreover,
emerging technologies e.g. ANN could be involved to improve the accuracy and predict
pollutant concentration in natural waters.3*3

Wearable sensors, on the other hand in healthcare, can perform sampling and detection of
HMlIs in sweat on the skin; however, several limitations can be further improved. First, the
whole sensing systems detecting HMIs in sweat (including conductive connections,
potentiostat, and readout devices) are not highly integrated and wearable. The presented
studies about wearable HMIs sensors mainly focused on the testing performance of the
sensor itself but ignored the performance of the integrated system including analysis and
readout modules. The communication module in the sensing system is wired with a readout
device, and a commercial potentiostat is not wearable on the skin, which is inconvenient for
practical use. Second, continuous monitoring of HMIs in sweat by wearable sensors has rarely
been reported. Well-manipulating sweat excretion and testing flow for good accuracy and
robustness need to be achieved in the future. Third, high-cost fabrication techniques (e.g.,
photolithography) have been widely employed to manufacture wearable HMIs sensors in
most presented studies. Various printing techniques can be applied in the fabrication to
reduce the cost.

Additionally, open issues i.e., mutual interference and sample matrix interference are still
hampering the progress in practical use. Considering that in-situ measurements naturally
require simple or even zero sample pretreatment, mathematical models and chemical
modification could be more favorable in this sense. Chemical modification using metallic
nanomaterials and their composites is very effective to address the mutual interference issue,
particularly to recover the diminished sensing signal with the presence of other interferents.
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Due to the potential pollution, high cost, and recycling issues, non-metallic materials such as
graphene, CNTs, and polymers initiated to appear and alleviate mutual interference via the
enriched O, S, and N with good affinity to HMls. The tunable chemistry of these materials is
fascinating to reveal their specific binding affinity with specific HMIs based on experimental
validation. Besides, to be compatible with the other strategy of removing interfering ions, a
more robust microfluidic sensing system with various functions such as preconcentrating,
washing and sensing should be explored in the future.

Furthermore, the power source is a general issue for many sensing systems, particularly for
in-situ sensing systems, as the replacement of in-situ sensors is very inconvenient and
influences the duration time. The battery may pose a second pollution risk to the environment.
The battery-free sensing system is appealing, for example, several reports about HMIs sensing
tag, charged by a mobile phone through RFID technology, have been presented.3'#31> New
energy technologies may be useful to solve this issue in the future, such as solar cells, biofuels,
and wireless charge by radio frequency.
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1.4 Motivation and Objectives

Portable, low-cost, and in-situ sensors are massively demanded in the fields of environmental
monitoring and healthcare; however, the standard methods by bulky equipment (e.g., ICP-
MS) rely on laboratory condition and trained personnel with high expense, which is difficult
to fulfill this need. For this aim, electrochemical techniques are used to produce a simplified
sensing platform. In their fabrication, printing techniques can further decrease the size of
sensors with massive production and low cost. Besides, the employment of nanomaterials in
electrochemical sensors demonstrates a better sensing performance, which could alleviate
the sensitivity and selectivity issues of electrochemical sensors.

Hence, this thesis aims for exploring electrochemical sensing platforms for in-situ
measurement that can be preferably fabricated by printing techniques. HMlIs are selected as
the targets, as they are pollutants in environmental monitoring and indicators for healthcare.
To be more detailed, the objectives of this thesis are listed as follows:

i. The development of an integrated sensing system for in-situ monitoring of heavy metal
pollutants in natural waters by electrochemical detection. Due to the high cost of human labor,
this thesis also aims to increase the automation of this sensing tool.

ii. The Investigation of the sensing performance by using graphene derivatives aims for
mitigating the effect of an open issue of electrochemical heavy metal detection, i.e., mutual

interference problem between multiple ions.

iii. The exploration of multiple printing technologies to fabricate an all-printed wearable
device applied in healthcare with the interest of detecting HMIs in sweat.
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Chapter 2



Chapter 2. Autonomous Sensing Boat for HMls
Detection in Natural Waters

Figure 2.1 Autonomous sensing boat for HMlIs detection in natural waters
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Determination of the levels of HMIs would support the assessment of sources and pathways
of water pollution. However, traditional spatial assessment by manual sampling and off-site
detection in the laboratory is expensive and time-consuming and requires trained personnel
as discussed in Chapter 1. Aiming to fill the gap between in-situ automatic measurements and
laboratory-based techniques, we developed an autonomous sensing boat for HMIs detection
using SWASV. A fluidic sensing system was developed to integrate into the boat as the critical
sensing component and could detect <1 ppb Pb?*, <6 ppb Cu?', and <71 ppb Cd?* ions
simultaneously in the laboratory. Once its integration was completed, the autonomous
sensing boat was tested in the field, demonstrating its ability to distinguish the highest
concentration of Pb?* in the effluent of a galena-enriched mine compared to those at other
sites in the stream (Osor Stream, Girona, Spain).

2.1 Introduction

Freshwater, a necessity for humans and other life forms, has been continuously compromised
by the inclusion of heavy metal (HM) pollutants from various natural and anthropogenic
processes.! HM pollutants in water adversely affect humans, animals, and plants due to their
tendency to bioaccumulate, their biomagnification, and their environmental persistence.?
They pose a serious threat to humans and other living organisms. According to the World
Health Organization (WHOQ) guidelines in table 1.3.1, Pb, Cd, Cr, and other HMs must be
controlled in food sources to ensure public safety.®> The maximum permitted concentrations
of Pb?*, Cd?*, and Cu?* are 10 ppb, 3 ppb, and 2 ppm, respectively. Monitoring HM pollutants
in natural waters below these low concentrations is an urgent need.

Various techniques can determine HMs quantitatively such as atomic absorption
spectrometry (AAS),* inductively coupled plasma mass spectrometry (ICP-MS), > inductively
coupled plasma atomic emission spectrometry (ICP-AES),® etc. They are highly accurate and
quite costly and have complicated sample handling that requires bulky equipment with
specialized personnel.

On the contrary, electrochemical techniques are promising due to portability, simplicity, and
fast detection as discussed in subsections 1.2 and 1.3 and other review studies.”® Square-
wave anodic stripping voltammetry (SWASV) is one of the most typical techniques for HM
detection. Herein, firstly the HM cations (M"*) are concentrated and reduced on the electrode
surface (to M%) by applying a negative potential. Then, they are re-oxidized (to M"™) by
applying a reverse potential in square-wave pulses; in the meantime, the current and
potential during the reoxidation process are recorded as a voltammogram. Consequently, the
HM species and concentration could be known by the peak potential and current intensity,
respectively.

In-situ HM detection in a body of natural water, avoiding any pretreatment and maintaining

the most original characteristics of HMs, has shown advantages compared to the traditional
approaches for HM distribution assessment in waters involving manual sampling, off-site
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detection, and possible contamination.!®*> To further decrease the labor errors and cost from
on-site HM measurements, several automatic sensing probes based on anodic stripping
voltammetry have been reported; however, they still suffer from the low portability caused
by the large size and lack of remote operation and automation, requiring humans on deck to
control the movements of sensing probes between different testing sites, which induces high
costs, especially in large lakes and rivers.'®18 A fully autonomous sensing tool for in-situ HM
measurements in natural waters has rarely been reported.

To fill this gap, we developed an autonomous sensing boat with a programmable data
collection campaign to assess the spatial distribution of HM pollutants in natural waters. With
the aim of automatic sampling and detection, a low-cost fluidic HM sensing system (FSS), as
the key sensing component, was fabricated (Figure 2.2a). The autonomous boat was
constructed on the basis of the commercial vehicle and adapted for the integration of the FSS
and the corresponding electronic controlling unit (Figure 2.2b-c). Then, the sensing
performance with respect to Cd?*, Pb?*, and Cu?* of the FSS was investigated in both deionized
water and river water in the laboratory. Finally, the autonomous sensing boat was examined
in a mining effluent (in Osor Stream, Girona, Spain).
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Figure 2.2 Schematic representation of (a) the FSS, including the sample, pre-stored
supporting electrolyte, peristaltic pump, mixing system, degasser, flow cell (SPE inside),
potentiostat, and laptop. The inset shows the open flow cell containing an SPE. (b)
Autonomous sensing boat with the FSS extracting in situ water samples and mixing them with
a supporting electrolyte in an encapsulated container (green container) in a separate
compartment in case of a leakage. (c) Block diagram of the electronic controlling unit

describing the architecture and connectivity of the main components.

2.2 Experimental Section

2.2.1 Reagents and Equipment
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Hydrochloric acid (37%, 3203312.5L) and standard heavy metal solutions (Cd, Cu, and Pb at
1000 ppm, AAS grade) were acquired from Sigma-Aldrich. Degassers (bubble trap), tubings
(three-stop Tygon), and connectors were from Darwin Microfluidics. The peristaltic pump was
a model Perimax12 pump from SPETEC. The mini-potentiostat was a model EmStatBlue
instrument from Palmsens. The autonomous surface vehicle (Lutra Prop Series, 1.5 m in
length) powered by a lithium polymer battery (4 S, 16 Ah, 10 C, 16 V) was acquired from
Platypus LLC.'° Bluebox (BlueboxT4) was developed by GO Systemelektronik.?° The software
for HM analysis is PStrace 5.8.

2.2.2 Standard Solutions

Deionized water (18.2 MQ cm at 25 °C, Milli-Q) was mixed with 37% HCI to prepare HCI
dilutions. An individual HM solution was prepared by mixing deionized water with a single HM
standard solution (1000 ppm). Mixed HM solutions were prepared with the addition of Cd?*,
Pb?*, and Cu?* simultaneously in deionized water.

2.2.3 SPCE Fabrication

Screen-printed carbon electrodes (SPCEs) were fabricated by a screen printing technique with
a DEK248 printer machine (DEK, Weymouth, U.K.).? PET as the substrate was first cleaned
with deionized water, ethanol spraying, and nitrogen purging. They were then pre-heated at
110 °C for 30 min to evaporate the cleaning solvents and prevent any deformation in the
following steps. The SPCEs were fabricated in four steps. (1) Ag paste (C2180423D2 SILVER
PASTE-349288, Sun Chemical) was printed to form conductive connections. (2) Then the
reference electrode was printed using Ag/AgCl paste (Loctite EDAG AV458, Henkel). (3) The
carbon paste was used for patterning working and counter electrodes (C2030519P4 CARBON
SENSOR PASTE-267508, Sun Chemical). (4) Finally, the insulating layer was printed
(D2070423P5 DIELECT PASTE GRAY, Sun Chemical). The deposited ink in each step was cured
at 110 °C for 30 min in an oven after every printing process.

2.2.4 SWASV

Detecting HM ions by SWASV included three steps, i.e., deposition, equilibrium, and stripping.
During the deposition step, the peristaltic pump was switched on (with the range of flow rates
of 1-7.5 mL/min), and a constant negative potential (deposition potential usually from -1.2
to -1 V) was applied to the WE for a deposition period (from 60 to 400 s). Then, during the
equilibrium (20 s), the peristaltic pump was stopped, leaving the tested solution to be still on
the surface of WE. Afterward, the potential was scanned to 0 V in square-wave pulses in a
stripping step with the parameters below:

Table 2.1 The applied parameters of square-wave pulses in the stripping step

Pulse frequency Amplitude Potential Step
25 Hz 30 mV 6 mV

103



2.2.5 DATA Processing

The integral area (A) of the HM peak was denoted as the output signal instead of the peak
intensity for the peak splitting that occurred when testing mixed heavy metal solutions. The
limit of detection (LOD) was defined as 3 times the standard deviation of the minimum
concentration with measurable results. Likewise, the limit of quantification (LOQ) was defined
as 10 times the standard deviation of the minimum concentration with measurable results.?!

2.3 Results and Discussion

2.3.1 Setup of the FSS and the Autonomous Sensing Boat

For automatic, in-situ sampling, mixing, and detection, a FSS was developed on the basis of
the working principle of SWASYV, as the key role in the sensing boat. The architecture of FSS is
shown in Figure 2.2a with the full image in Figure 2.3a. The sample and pre-stored electrolyte
were driven by a peristaltic pump toward the flow cell during measurements. The design of
two separate inlets and the pre-stored electrolyte was intended for direct sampling. After
mixing and degassing, the mixture was kept on the SPCE surface in the flow cell, where the
working electrode reduced HM cations (M"*) in continuous flow during the SWASV deposition
step. Afterward, the testing flow was stopped during equilibrium and stripping, in which the
deposited HMs on the working electrode were re-oxidized, and the voltammogram was
recorded in a portable computer via the potentiostat.

To ensure a homogeneous mixture between the pre-stored electrolyte and the sample, we
created a mixing system (Figure 2.3b) consisting of two in-series syringes filled with PDMS
particles whose diameters were approximately 2 mm. The performance of this setup is shown
in an online video (Movie S1.avi) in our published supporting information,?? and one can
observe how two solutions with different colors (blue and pink) were completely mixed at the
end of the process. Besides, to further ensure the mixing quality, the sensing signals were
compared between the automatic mixing system in the FSS and manual mixing in the next
section of HMIs Sensing Performance of the FSS and the Automatic Sensing Boat.
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Figure 2.3. Photo of (a) the fluidic sensing system for optimization, individual detection, and
simultaneous detection in the laboratory, (b) homemade mixers (12 cm x 4 cm) including two
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syringes (d= 6 mm) with PDMS particles filling inside. (c) the encapsulated flowcell with the
size of 6 cm x 6 cm x3 cm including 4 screws, two pieces of PMMA, one inlet, and one outlet,
and (d) the open flowcell with two o-rings with diameters of 4.2 cm, and 8 mm respectively,
which limits the flow and provides a stable chamber (~ 100 uL) for electrochemical reaction
and customized embedded electronic connection with SPCE and mini-potentiostat.

Due to the motion generated during the natural movement of the boat when sailing, bubbles
can be introduced in the FSS, which significantly affects measurements.?® To overcome it, a
degasser was placed into the FSS before the electrochemical flow cell. To test the degassing
performance, a pink-colored solution, acting as the sample, was mixed with some air
intentionally (shown in an video of Movie S2.avi in our published supporting information).2?
After flowing out of the degasser, the injected air disappeared, showing the successful
removal of all the bubbles inserted into the system.

The flow cell was customized as a robust electrochemical cell for HM analysis. It was designed
on the basis of the FIA, mainly composed of two pieces of PMMA that enclose the SPCE with
four screws (Figure 2.3c). When the SPCE and o-ring on the cover were compacted, a fixed
cell was created (~100 puL), providing stable conditions for the electrochemical reaction and
preventing possible leakage. The embedded electric contacts connected the SPCE with the
potentiostat (Figure 2.3d), transmitting the obtained voltammogram to a data analyzer (e.g.,
portable computer, smartphone or tablet) when the analysis had reached completion.

Once the assembly of the FSS had been completed, an autonomous boat reported in a
previous study was used to equip this system.!® The boat was originally designed to be
commanded by a user via a tablet to navigate and monitor indicators in natural waters
automatically (e.g., waterline and temperature) through corresponding sensors. It was
constructed by adding a Bluebox?° (sensor control, GO Systemelektronik) to the original boat
control unit (BCU) of the commercial vehicle (Lutra series, Platypus), which already includes
a smartphone providing GPS data, an E-board for engine control, and operator interface (Ol)
software in the computer for programming the moving path. However, the proprietary E-
board cannot communicate with the added Bluebox directly, interfering with data
transmission from the sensor to the user. To overcome this, an Arduino Due was integrated
on the E-board as the interface with Bluebox.

To further accomplish automatic sampling and in-situ HM analysis, we transformed this
architecture by adding the developed FSS inside the upgraded one (Figure 2.2c and Figure
2.4). The mini-potentiostat and peristaltic pump of the FSS was connected to the Bluebox
controlling the electrochemical reaction by working potential and sample flow. At the end of
the measurement, the obtained voltammograms were analyzed by the Bluebox as the peak
potential, current intensity, and integral area, which were stored with a timestamp and the
corresponding GPS position in the MYSQL database by 3G technology.
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Figure 2.4 (a) Schematic illustration and a digital photograph of the autonomous boat for
HMlIs detection.

In addition to the upgraded hardware, to ensure a direct user interaction with the boat and
data transmission, a user-friendly operator interface (Ol) is necessary. First (to make it more
comfortable during the testing of the campaign in a natural environment), an application of a
graphic user interface (GUI), based on the open-source Ol of a commercial boat, was
transferred to the tablet. The smartphone read remote commands emitted by GUI and
transmitted them to the E-board for engine control so that the GUI allowed users to directly
program the data collection campaign (i.e., defining the path that the boat should execute,
the speed at which the boat should move, and the time at which to perform the sampling).
Simultaneously, the GUI also allowed the user to receive the data from sensors and the status
information from the battery via a smartphone and a boat control unit (BCU) even during a
mission execution, which strongly assisted operators in regulating the boat behaviors
promptly. Moreover, to improve the interaction of the user with the obtained data in the
database, a Web application (named WAQUIN)?* and a mobile application (named WASCO)%
were developed to allow the user to access in real time with a device using a connection to
the Internet (e.g., smartphone, tablet, or computer), and the HM information of natural
waters varying with different time and locations can be even visualized by WAQUIN/WASCO
software.

In this way, the user can interact with the sensing boat, program its data collection campaign,
and instruct it to drive in the desired area to perform the required measurements. After any
campaign, the complete set of data (including calibration data, time, position, and
voltammograms) can be transferred from the boat to users for detailed data processing.

2.3.2 HMls Sensing Performance of the FSS and the Automatic Sensing Boat

2.3.2.1 Optimization of Important Parameters

With the concern of the sensor served in the boat for the long-time monitoring, durability and
robustness are key parameters to be considered in our study. Compared to the widely
reported Bi-based electrodes, carbon-based electrodes are selected in this sense, for their
inertness matches our objective in this project. Moreover, when using the Bi-based electrodes,
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the oxidative stripping peak of Cu is close to that of Bi, which can result in the peak

overlapping issue.?6728

To achieve the best sensing performance, key parameters (i.e., supporting electrolyte,
concentration, deposition potential, flow time, and flow rate) of the FSS were optimized.

The supporting electrolytes play important roles in HMIs detection. They were optimized by
detecting Cd?* ions (80 ppb) using HNO3 (0.05 M), HCI (0.05 M), and H2S04 (0.025 M). Cd?*
ions rather than Pb?* or Cu?* were selected because Cd?* is considered more sensitive to the
influence of acids due to its reduction potential closer to that of H*.2° The highest signal was
obtained using HCl in Figure 2.5a, and HCl was therefore chosen as the supporting electrolyte.

The concentration of HCl affects HMIs hydrolysis which is critical for deposition and stripping
processes. The FSS was tested using 80 ppb Cd?* in HCl solutions at a variety of concentrations.
More concentrated HCl causes more free ions, which is beneficial for detection until
saturation (Figure 2.5b). The concentration of HCl would also influence the simultaneous HM
detection. To study it, mixed HMIs of 20 ppb Cu?*, 20 ppb Pb?*, and 80 ppb Cd?* in different
concentrations of HCI (0.01 - 0.20 M) were detected. As shown in Figure 2.5c¢-d, 0.05 M of HCI
supported the best signals of Pb?* and Cu?* with obvious separation between their peaks and
a detectable signal of Cd?*. Thus, 0.05M of HCI was applied as the supporting electrolyte.
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Figure 2.5 (a) Voltammograms and (b)diagram of integral peak area of 80ppb Cd in different
supporting electrolytes. (c) Voltammograms and (d) diagrams of Cd?*, Pb?*, and Cu?* in mixed
solution with 80 ppb Cd?*, 20 ppb Cu?*, and 20 ppb Cd?* in different concentrations of HCI
solutions.

Moreover, there is a general agreement between the increase in flow rate/time and the
increase of sensing signals. However, the limited volume of HCL solution during in-situ
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measurements would not support a high flow rate or long flow time. To investigate the
optimum flow condition, Cd?* at the concentration of 80 ppb was detected using different
flow rates (Figure 2.6a,b). The sensing signal increased non-linearly with an increasing flow
rate from 0 to 7.5 mL/min. An optimized flow rate of 3 mL/min was kept for all further
measurements due to the following reasons (1) as it shows good Cd?* sensing signals with the
smallest standard deviation (Figure 2.6b) and further increase of flow rate does not show a
linear response and (2) the autonomous boat has limited space, unable to be equipped with

a big amount of supporting electrolyte. Hence, 3 ml/min was chosen as the optimized flow
rate.

Similarly, different flow time (deposition time) from 60 to 400s for the detection of Cd?* (80
ppb) was tested. The results showed a linear relationship between the deposition time and
sensing signals. The deposition time of 200s was selected as it showed obvious signals with
the smallest standard deviation (Figure 2.6c-d). Moreover, it is a good compromise
considering the limited analysis time on the autonomous sensing boat. For example, the
deposition time of 200s can handle a maximum of 30 measurements in 2 hours including the
pre-calibration and in-situ measurements for 5 different tested sites (n=3).
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Figure 2.6 (a) Stripping voltammograms and (b) diagrams toward detecting 80 ppb Cd?* with

different flow rates. (c) Stripping voltammograms and (d) diagrams upon detecting 80 ppb
Cd?* with different flowtime.

Furthermore, applying more negative deposition potential would facilitate cations’
deposition and enhance the sensing signals; however, it could induce the bubbles generating
on the WE surface due to hydrogen evolution reaction.?® The bubbles could cause damage to
the sensor and irreproducible signals. As our observation, the negative potential (deposition
potential £-1.1V) facilitated bubble generation within the flow cell. For the robustness of the
whole system, more negative potentials were not applied in following experiments. On the
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other hand, Cd** ions were undetectable when the deposition potential was below -0.9 V
(Figure 2.7). The deposition potential of -1.0 V was therefore chosen.
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Figure 2.7 Diagram of Cd in a mixed solution of 80ppb Cd?*, 20ppb Cu?* ,and 20 ppb Cd?* ions

with different deposition potential.
In summary, the optimized parameters are summarized in Table 2.2.

Table 2.2 Optimized parameters of the FSS for HMIs detection

Supporting Concentration Deposition Flowtime Flowrate
electrolyte potential
HCI 0.05M -1.0V 200s 3 ml/min

2.3.2.2  FSS Tested in Standard Heavy Metal Solutions in Deionized Water in Laboratory

First, to further ensure the automatic mixing system in the FSS has comparative HMIs sensing
performance with the conventional manual mixing, Pb?* standard solution (80 ppb) was
pumped into the FSS without any electrochemical measurements. The solution entered from
one inlet, with the supporting electrolyte being pumped into the other inlet, and when the
mixed solution flowed out of the FSS, the solution was collected at the outlet (named
Solution_Auto). To reach the same optimized concentration of HCl (0.05 M) with the
Solution_Auto, the Pb?* solution was acidified by HCl manually using a micropipette and a
vortex mixer (Solution_Mano).

Then, these two solutions were tested by two SPCEs via direct dropping and the results are
shown in Table 2.3. As expected, the sensing signals (Integral Area) showed that there is a
negligible difference (3.3%) between the signals by manual and automatic mixing .

Table 2.3. Comparison of the sensing signals tested by SPCE for the solutions before and after
the fluidic sensing system (n=5)

Integral Area (HAV)
Solution_Mano 0.118+0.0100
Solution_Auto 0.122+0.0124
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Then, the FSS was tested with individual HM standard solutions (Cd?*, Pb?*, and Cu?*)
separately (Figure 2.8). The responses toward Cd?* and Cu?* had linear relation with varied
concentrations (R? > 0.90). Regarding Pb?*, the linearity obtained was not as good as the other
two (R? = 0.90, Figure 2.8), which could be caused by the inhomogeneous deposition of Pb?*
onto the carbon paste electrode surface as reported elsewhere.3! The estimated LOD was at
the ppb level: 7 ppb for Cd?*, 1 ppb for Pb?*, and 0.3 ppb for Cu?*. The LOQ of Cd?*, Pb?*, and
Cu?* were 23, 6, and 1 ppb, respectively.
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Figure 2.8. The calibration lines and stripping voltammograms of Cd (a, d), Pb (b,e) and Cu
(c,f), respectively in individual HM detection. The fitting lines of Cd, Pb and Cu are yare.=0.010
Xconc.-0.10 (R?=0.98), yarea=0.013 Xconc.-0.50 (R?=0.91), and Yarea=0.016 Xconc.-0.063 (R?=0.99),
respectively.

To investigate the sensing performance toward multi-HM contaminants, the FSS was tested
in the standard solutions containing mixed Cd?*, Pb?*, and Cu?*. Compared with individual
measurements, as expected, the simultaneous detection demonstrated the difference in
sensitivity and LOD due to the mutual interference. The presence of Pb?* and Cu?* ions
decreased the Cd?* sensitivity drastically with a LOD of 71 ppb (Figure 2.9). It could be
attributed to the more negative potential required for Cd?* ions to deposit compared to Pb?*
and Cu?*, which induces substance loss on the WE and the ions’ competition when co-
depositing as we have discussed in Chapter 1.3. However, Pb?* and Cu?* were negligibly

110



affected showing the LOD of 1 and 6 ppb, respectively, both being below the minimum
concentration required by WHO guidelines (10 ppb and 2 ppm for Pb and Cu, respectively).
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Figure 2.9. The calibration curves of (a) Cd?* (b) Pb?* and (c) Cu?* with and without the other
two HMs as interferents, and (d) the corresponding stripping voltammograms.

The robustness of the FSS is crucial for the sensing boat; therefore, the FSS was investigated
in terms of repeatability, stability, and reproducibility. The reproducibility (relative standard
deviation, RSD) of nine different SPCEs upon the simultaneous detection of Cd?*, Pb?*, and
Cu?* were 19.57%, 3.86%, and 4.73%, respectively. The repeatability toward Cd?*, Pb?*, and
Cu?* are acceptable (RSD < 20%) in 28 continuous measurements. Moreover, the FSS showed

the sensing signals dependence with time, demonstrating good stability within 2 h (RSD <
20%).

2.3.23 HMIs Detection by the FSS in Real Sample

First, we tested the FSS in real river sample spike with of 180 ppb Cd?*, Cu?* and Pb?*. We
observed that the river water matrix may decrease some sensing signals compared to the
ones in deionized water which are shown in Table 2.4.

Table 2.4. Sensing signals of Cd?*, Pb?* and Cu?* in their mixed standard solution (deionized
water) and spiked Ter River water with the same known concentration (180 ppb).

Cd Pb Cu
Deionized water 0.023 + 0.0059 2.51+0.15 2.84+0.12
River water 0.031 + 0.0044 0.98 £0.019 1.58+0.13

To overcome the inaccuracy, the calibration in deionized water was discarded; instead, the
standard addition method was harnessed, in which the surface water from a specific testing
site, would be spiked with a series of standard heavy metal solutions with different and known
concentrations to construct the calibration corresponding to the water matrix at the testing
area. For this reason, the surface water from the target river or lake (with its unique condition
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e.g. pH, organic matters, and other ions) is highly recommended to be used to do pre-
calibration first to achieve better accuracy. Hence, using the calibration in the desired water
matrix could diminish the variation from the matrix effect.

Hence, the FSS was conducted with real surface water by spiking known concentrations of
Cd?*, Pb?*, and Cu?* (Ter River, Vic, Spain) as a standard addition calibration. The FSS
demonstrated good linear responses to the varying concentration (Figure 2.10 a—c) with the
LOD of Cd?*, Pb?*, and Cu?* at 99, 0.3, and 3 ppb, respectively.
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Figure 2.10 (a—c) Plots of peak area vs concentration in simultaneous measurements for Cd?*,
Pb?*, and Cu?*, respectively, in a spiked river sample in the laboratory. (d) Corresponding
stripping voltammograms of the simultaneous measurements in spiked river samples in the
laboratory. (e) Schematic illustration of the boat navigating in a campaign experiment. The
inset shows a digital photograph of the boat navigating an area in a river. (f) Determination
of Pb?* and Cu?* in a campaign experiment. The inset shows a voltammogram obtained in a
mine effluent sample, in which a Pb peak centered at -0.5 V can be clearly distinguished.

As such, we involved the measured sensing signals of 180 ppb Pb?*, Cu?*, and Cd?* in the same
water matrix (Ter River water) in Table 2.4. Since the water matrix calibration was already
achieved (Figure 2.10), the calculated concentration was compared to its theoretical value.
The recovery of Cd?*, Pb?*, and Cu?* is 109%, 113%, and 104%, respectively.

Table 2.5. The recovery of Cd?*, Pb?*, and Cu?* (180 ppb) spiked with Ter River water by the
FSS.

Calibration R? Tested Calculated Spiking Accuracy
Equation signals Conc.(ppb) Conc.(ppb)
(HAV) (Y) (X)
Cd y=0.00029x- 0.930 0.031+0.00 197.5 180 109%
0.025 44
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Pb  y=0.0085x- 0.984 0.98+0.019 204.4 180 113%
0.76
Cu y=0.0094x- 0.969 1.58+0.13 188.3 180 104%
0.19
* The sensing range of Cd was used as 120-300 ppb to reach better R? (> 0.90)

Lastly, with the question how the automatic sensing boat performed in the natural
environment, we conducted campaign experiments in a stream affected by the input of an
abandoned mine effluent (Osor Stream, Ter River, Girona, Spain). Figure 2.10e shows the
programmable boat path from the upstream to downstream in the stream course. Intuitively,
the inset of Figure 2.10e is the scenario of the boat (approximately 1.5 m in length) navigating
under a programmed path automatically, and an online video (Movie S3.avi) shows the boat
navigating in a larger body of water (Ebro River, Spain) in our published supporting
information.??

To further test the HM sensing ability, the automatic sensing boat was instructed to drive into
the mine effluent (Figure 2.10e), which was influenced by the drainage from the enriched-
galena Osor mine (Les Mines d’Osor, 41°57'0" north, 2°35'30" east). Unfortunately, the in-situ
analysis was disturbed because the dynamic hydro morphology in the mine effluent (e.g.,
changing water flow and whirlpool) consumed much more time and power of the automatic
boat, which is beyond expectation. The disturbance could be ascribed to the fact that the
navigation routine in the GUI was not optimized on the basis of the specific river condition,
and the boat has relatively low intelligence to respond to sudden uncertainties at this stage,
which leaves an open challenge for future research. Alternatively, in our study, we instructed
the sensing boat to collect samples from several sampling sites (up, mix, mine, and down) and
analyzed them by the same sensing boat on shore.

The voltammogram (Figure 2.10f, inset) of the mine effluent sample showed one clear peak
centered at -0.6 V that can be identified as Pb?* by its peak potential, and a negligible peak
at-0.2 V could be attributed to Cu?*. Figure 2.10f demonstrates enhancement in the Pb signal
in the mine sample compared to the results from the rest of the stream (up, mix, and down),
whereas Cu?* in the mine sample possessed similar sensing signals to those in other samples.
It indicates that in the mine effluent there are more concentrated Pb?* ions; however, Cu?*
ions have similar concentrations in all testing sites. These results are consistent with a
previous study of HMIs in Mine Osor, in which the concentration of various HMlIs in the soil
sample was characterized by ICP-MS. The results showed that the sample collected from the
location (OS-6 in the previous study), adjacent to our testing site, had much higher (two
orders of magnitude) concentrations of Pb?*, Zn?*, and Ba?* than the rest of the HMIs (e.g.,
Cd?* and Cu?*), which could originate from the F-Ba—Pb—Zn mine vein.3? Hence, the detected
Pb?* ions with a higher concentration in the mine effluent could be attributed to the drainage
and leaching from Mine Osor to surface water, and Cu?*, not abundant in the mine, thus
remains at a low concentration like the other sites. However, with regard to Cd?*, it is difficult
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to detect it, because the concentration of Cd?* is not only relatively low in the mine effluent
but also the high LOD toward Cd?* of the FSS affected by mutual interference cannot reach
the high sensitivity in the condition of multiple HMIs. Moreover, Zn?* and Ba?* as the
interferents at high concentrations did not influence the detection without showing any peaks
in the voltammogram for their stripping potential (-1.2 and -2.1 V for Zn?* and Ba?,
respectively) was beyond the working potential (from 0 to -1 V).33:34

These results suggest the autonomous sensing boat in our study has the ability to analyze the
HMIs at different concentrations in contaminated water. Compared to the reported studies
of an automatic on-site sensing probe based on ASV, the autonomous boat has advantages in
being fully automated and high portable because of its compact design and small size. 1671835
Simultaneous detection can be realized with one SPCE sensor with estimated cost of €0.16
(calculated on the basis of material cost) in the FSS (approximately €2000 on material cost)
without the need for photolithography, which may have a future impact in resource-limited
regions.

Even though in this study, the in-situ measurement in Osor Stream was not operated
successfully, a deeper exploration of the outdoor validation of this autonomous sensing boat
and quantitative analysis has been summarized and published in our other study.3®

2.4 Conclusion

In this work, the autonomous sensing boat integrated with the FSS was fabricated for HM
spatial monitoring in waters based on SWASV. The FSS, as the most important component in
the automatic boat, was first tested in the laboratory. The LODs toward Cd?*, Pb?*, and Cu?*
were at ppb level in both individual and simultaneous measurements. It was then adapted
into an engineered autonomous boat. To investigate the performance, the autonomous
sensing boat was tested during a campaign, and it could navigate under a programmable path
automatically and distinguish the highest concentration of Pb?* in the effluent of the galena-
enriched mine compared to other sites in the stream. Even though at this stage there are
some issues (e.g., the high LOD toward Cd?* caused by mutual interference and possible
disturbance by uncertainties in the natural environment as an open challenge for the research
community in the future), it is the first autonomous boat operating simultaneous multi-HMIs
detection by ASV, which may have a future impact in environmental control. Moreover,
compared to the reported in-situ and automatic sensing tools, it has the advantages of being
small, automated, portable, and cost-effective, which sheds light on pollution control,
especially in resource-limited regions.
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