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Anodic Stripping Voltammetry (ASV) has the capability to detect heavy metals at sub ppb-level with porta-
ble and cheap instrumentation making it ideal for in the field (at the source) analysis, however, commer-
cial activity is surprisingly limited. The more commonly used liquid mercury electrodes are now obsolete
due to toxicity concerns, and replacements are all based around solid electrodes, which come with their
own challenges. This tutorial review aims to discuss the experimental practicalities of ASV, providing a
clear overview of the issues for consideration, which can serve as a guide for anyone wanting to undertake
analytical ASV. Choice of electrode material (with or without subsequent modification) and solution com-
position (pH, electrolyte, buffer) are important parameters, as well as an understanding of pH dependent
metal speciation and possible intermetallic effects. Measurements made on model solutions often differ
from those made on environmental samples with the latter containing organic matter, biological and in-
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organic species, which themselves can adsorb metal ions. Consideration should also be given to the
method of solution collection and the sample container utilised. ASV can be a powerful tool to an analyti-
cal chemist, however optimisation for the application of interest is essential, which this review aims to
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1. Introduction

Heavy metals are defined as naturally occurring elements with
a high atomic weight and density, at least five times greater
than water." A number of heavy metals are found on the
Environmental Quality Standards Directive List including As,
Cd, Cu, Cr, Fe, Pb, Hg, Ni and Zn, which are highlighted as pri-
ority substances for assessment of water quality.> Whilst some
heavy metals are essential to life in trace quantities, they can
be toxic at higher concentrations.>* Others in comparison are
toxic even in small quantities.’” Identification and detection
is thus essential, down to very low concentrations, sub-ppb.
Although heavy metals occur naturally within the environment
anthropogenic activities have led to an increase in their abun-
dance within the natural system," with water bodies and sedi-
ments often acting as sinks for pollutants. Some heavy metals
bioaccumulate up the food chain so analysis of primary
sources is necessary for entire ecosystem health.® Quantitative

“Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK.

E-mail: j.macpherson@warwick.ac.uk

"Diamond Science and Technology Centre for Doctoral Training, UK

“Natural Environment Research Council, Central England NERC Training Alliance
Doctoral Training Program, UK

+Both authors contributed equally to this article.

6834 | Analyst, 2019, 144, 68346849

heavy metal analysis is not only important in environmental
systems but in pharmaceuticals,” ! food stuffs,'>'* and bio-
logical samples such as blood, urine and human hair.">***”

Importantly, the speciation of a metal controls its bio-
availability and therefore toxicity. Compounds only pose a risk
if they are able to enter cells, which is the case for free
(hydrated) metal ions and lipid soluble complexes.'* ' Metals
that are strongly bound to ligands or inorganic particles (and
are not lipid soluble) are often considered non-toxic or inert.
Labile metal complexes have weakly coordinating ligands; the
more labile the metal the higher the rate of ligand exchange.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
and ICP-Optical Emission Spectrometry (OES) are the main
techniques used for heavy metal detection. Whilst both can
detect ppb concentrations, ICP-MS instruments are capable of
ppt detection limits.>>>* For analysis, these techniques
require samples to be processed and analysed in a laboratory.
The instrumentation is large, expensive and requires a trained
operative. Such methods are not easily adaptable to “at the
source” measurements. Prior to analysis, the solution is typi-
cally strongly acidified (<pH 2), forcing all metal ions, whether
strongly bound or not, into the free state. Solid samples are
acid digested to form acidic solutions prior to analysis.

In contrast Anodic Stripping Voltammetry (ASV) offers less
complex, lower cost and smaller footprint instrumentation

This journal is © The Royal Society of Chemistry 2019
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with similar sub-ppb limits of detection (LOD).>**° It has thus
long been proposed as a viable technique for at the source or
on-line heavy metal detection.>*”>° ASV has been shown to
be capable of detecting up to thirty different elements,***!
although some e.g. As, require more involved detection proto-
cols than others.>” Whilst the bulk of analysable species for
ASV are metals, cathodic stripping voltammetry and adsorptive
stripping voltammetry (not discussed herein) can be used to
determine concentrations of organic and inorganic com-
pounds such as sulfides, thiols, halides,**?* pesticides and
pharmaceuticals.**** In contrast to ICP techniques, unless the
solution is deliberately acidified, ASV provides information on
the concentration of free/labile metal at the measurement pH
of the solution. Interestingly, despite substantial literature on
the subject little commercial activity using ASV has emerged,
suggesting the methodology is challenging to implement. This
tutorial review aims to address why this is by developing an
understanding of the factors involved and the challenges
associated with ASV.

1.1. History

Polarography, the precursor technique to modern voltamme-
try, was initially developed in 1922 by Heyrovsky, who was
awarded the Nobel Prize in Chemistry in 1959 for his work.*®
Polarography uses a dropping mercury electrode (DME) to
monitor the change in current upon application of a voltage.
Using polarography, metal ion detection down to 1077-10"° M
was possible through measurement of the cathodic currents
associated with metal ion reduction.?”*® This led to early com-
mercial Hg-based instrumentation.®* In 1931, Zbinden
reported the use of “stripping analysis” for metal detection
with proof-of-concept studies focused on Cu.***' Historically,
Hg was the working electrode of choice for ASV in a DME or
thin film format.*** However, as Hg now features in the top
ten chemicals of major public health concern®’ it is no longer
commercially viable as an electrode material and all existing
Hg-based products are being phased out in accordance with
the 2013 Minamata Convention.** Thus there was a need to
find alternative electrode materials for ASV with many papers
dedicated to the testing of new electrodes in an attempt to find
materials that rival liquid Hg (section 3.2).%*3°

2. Electrochemical fundamentals

ASV involves a two-step process. First cathodic reduction of a
labile or free metal ion to its zero-valence metallic state on the
electrode surface, a process known as electrodeposition,
eqn (1), Fig. 1. Deposition is often carried out at a potential
more negative than the formal potential of the M"'/M redox
couple, E%, for a suitable time period (seconds to hours),
under controlled and known mass transfer conditions. This is
the pre-concentration step.

M""(aq) + ne” — M(s) (1)
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Fig. 1 Schematic of metal (M°) deposition and stripping occurring
during an exemplar current—voltage curve in a metal ion (M"*) contain-
ing solution.

M(s) — M""(aq) + ne” (2)

To improve the LOD the pre-concentration time is typically
extended or the rate of deposition increased; the latter
achieved by increasing the mass transfer rate at which species
can reach the surface.?’*! Pre-concentration is followed by
anodic oxidation (or dissolution), of the metal back to metal
ions (eqn (2); Fig. 1); the stripping step. Hence electrode
material, deposition potential (E4ep) and mass transfer are all
important factors for consideration (sections 3 and 4).*

Experimentally, analysis of oxidative stripping peaks in the
current-potential trace is used to determine metal concen-
tration. The simplest method of performing the stripping step
in ASV is by linearly sweeping the current in the anodic direc-
tion, although to help further increase detection sensitivity,
more complex potential waveforms can be adopted (section
4.3).*” The potential at which the stripping peak occurs and
the area under the peak (for a standard linear sweep, this
equates to charge*>*®) depend on the chemical identity of the
species and amount of metal deposited, respectively. In par-
ticular, the stripping peak potential can be thermodynamically
related to a specific metal through consideration of E', for the
specific M"*/M redox couple,’” although this can be more
challenging for non-Hg based electrodes (section 3.2).
Experimentally peak current/area is related to the original con-
centration of the species in solution by means of a calibration
plot.

Calibrations are determined either by plotting peak height
(current) or peak area (charge) vs. concentration. The cali-
bration mode chosen depends on the application. There are
exceptions, and some literature use both.**° If background
processes are present, peaks require background subtraction
or baselining.”* Commonly peak height is employed, partially
from the historical use of Hg electrodes as many of the theore-
tical descriptions derived for Hg electrodes, where the peaks
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are usually well-defined and symmetrical,"® relate concen-
tration to peak current. However, in situations where more
than one metal is present, peak shape varies or overlap occurs,
the use of peak area can provide better calibration
linearity.*>”%°3

Metal-metal interactions can cause a varied stripping
response; this is discussed further in section 5.4.1. To calibrate
for multi metals it is important to understand the interactions.
Most often the test solution e.g. river, lake, tap water, is modi-
fied to match the calibration solution e.g. in terms of pH.
Calibration of the expected metals can be performed individu-
ally and then in different ratios to determine how the stripping
peaks are affected.>">” Alternately standard addition or spiking
methods can be employed.’*>® This requires knowledge of what
metals are likely to exist in the solution matrix.

3. Electrode material
3.1 Mercury

Hg served as an ideal electrode for ASV, as a result of forming
homogenous liquid metal amalgams (mercurous alloys), and
displaying well defined stripping peaks. Using Hg, a wide
range of metals could be detected,®® limited only by anodic
dissolution of Hg; Hg cannot be used to analyse Hg or metals
with more positive E°' than its own, e.g. Ag.”” Whilst recent use
in the literature is very limited, due to the environmental con-
cerns of Hg, the electrochemical characteristics of Hg which
make it ideal for ASV are briefly discussed in order to under-
stand the favourable attributes which are required for alterna-
tive electrode development (section 3.2).

Hg has the advantages of relatively low capacitance com-
pared to other metals, minimal non-faradaic contributions
(from surface oxidation) and a wide cathodic window, due to
both the hydrogen evolution reaction (HER; eqn (3)),*” and
solvent electrolysis (eqn (4))*® being kinetically less facile com-
pared to other metal surfaces.

2H"(aq) +2e” — Ha(g) (3)
2H,0(1) 4+ 2e~ — Hy(g) + 20H (aq) (4)

Even as an Hg-metal amalgam, electrode characteristics in
ASV are typically dominated by Hg, rather than that of the dis-
solved metals.>>® Given the well-behaved characteristics of Hg
electrodes, theoretical models to predict peak shape, position
and height i.e. peak current i, have been published and corro-
borated experimentally.®® %>

The two most popular types of Hg electrodes used in strip-
ping analysis are the hanging Hg drop electrode (HMDE) and
the Hg thin film electrode (MTFE).>**® The HMDE has the
advantage it can be easily regenerated by simply growing a new
drop of Hg, also negating electrode fouling. MTFEs are typi-
cally formed by electrodepositing Hg or co-depositing Hg with
the metal(s) of interest onto a carbon substrate. This is a
practical way of both avoiding handling liquid Hg and generat-
ing very thin films.®® The thin films result in exhaustive
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depletion and narrow stripping peaks, preferred when mul-
tiple metals are present to provide increased resolution.*® The
smaller volume of Hg, also results in more concentrated
amalgam formation, which whilst increasing detection sensi-
tivity, can also exacerbate intermetallic compound formation
which lowers the hydrogen overvoltage.’®®* For a MTFE, the
Hg film is typically redeposited each time but can be easily
removed by simply wiping the electrode. In general, the MTFE
approach is far more portable and robust than the drop
version.®?

3.2 Solid electrodes

With a need to find an alternative to Hg-based electrodes, and
as no other metal exists which is liquid at room temperature,
solid electrodes have been sought which possess as many of
the favourable attributes of Hg as possible, including; retarded
HER, low background currents, reproducible surface and
narrow stripping peaks whilst also exhibiting low toxicity.
Several recent reviews cover the many different types of solid
electrodes and chemically modified solid electrodes that have
been applied to heavy metal detection by ASV and related
techniques.?”**®® Biological molecules such as DNA, enzymes
and bacteria are also increasingly being used as modifiers due
to their high specificity.°*®” Examples of metallic electrodes
such as Au," Ag,°® Pt,°" Ir,°® Bi*® and the more recent, Te,”
can all be found in the literature. In the case of metal electro-
des, the possible formation of alloys between deposit and elec-
trode during the metal deposition process, should also be con-
sidered as is the case for Bi, which alloys with a variety of
metals including Pb, Cd, Sb, Tl, Ga.*® Surface modified or
carbon based electrodes have also become increasingly
popular in ASV.?771773

Metal deposition and stripping are more complicated on a
solid electrode for a variety of reasons. Firstly, unlike Hg, as
soon as the metal is deposited there is a change in surface pro-
perties. The surface characteristics are now the combination of
the deposit plus the underlying solid electrode, and potentials
of deposition, onset potentials for HER and water reduction
will change to reflect this. This effect is often overlooked in the
literature, but it will affect how metals deposit and the result-
ing analysis. Moreover, on a solid surface, it is impossible to
provide defect free, pristine surfaces, so deposition is likely to
be heterogeneous, with a range of different morphologies
present.”* This leads to different energies required to strip
the metal (or alloy) from the surface and hence broader strip-
ping peaks and changeable peak positions are often
observed.”® For example, nanoparticles (NPs) of different sizes,
but the same composition, have been observed to strip at
different potentials.”®”” It is thus important that the depo-
sition parameters, preparation of the electrode surface etc. are
optimised as much as possible to try and move towards a
homogeneous, monodisperse distribution of deposited
structures on the electrode surface. However, this can be
challenging.

Also important for consideration is if too much metal is de-
posited on the surface it may not be possible to remove all the

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9an01437c

Open Access Article. Published on 15 October 2019. Downloaded on 2/8/2026 9:15:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

metal during the stripping step. This becomes an issue when
comparing charge passed to predictions from theory,”® and
when using the same electrode for repeat deposition/stripping
measurements. Incomplete stripping may also arise from con-
version of the deposited metal to a less electrochemically
active form, such as a metal oxide/hydroxide. This can occur
due to reaction with another species, such as oxygen in the
solution or electrochemically generated hydroxide ions (OH™).”
Furthermore, when depositing multiple metals, a variety of
scenarios could occur; metals may form independently, one
metal may plate preferentially on another, intermetallic depos-
its between the multiple metals could form, or one metal may
inhibit or block the deposition of another. In reality several of
these could occur at once, again complicating the analysis.

Information on the interaction between a solid electrode
and a depositing metal can be inferred by observing the poten-
tial at which deposition occurs. The situation is obviously
slightly more complicated in the presence of an alloy. For a
metal, deposition and stripping theoretically occurs at E°', but
when depositing onto a foreign material, there are three possi-
bilities; under potential deposition (UPD), overpotential depo-
sition (OPD) and alloy formation. UPD occurs when the inter-
action between the electrode and the metal is stronger, hence
more favourable than the metal-metal interaction. A potential
lower than E°' is required for UPD. OPD is where an overpoten-
tial, with respect to E°’, is required to induce deposition. The
higher the overpotential, the more difficult metal deposition is
for that system.®® Theoretical equations do exist for metal
stripping on solid electrodes, but there has been limited
success, compared to Hg, for fitting theory to experiment.
Most papers acknowledge that the complex and stochastic
nature of metal deposition on solid electrodes makes predic-
tion both complicated and flawed.*"** So despite decades of
research, no general theory for metal stripping on a solid elec-
trode system has yet been found.

The Bi based electrode is one of the most popular metal
electrode materials used in ASV. Bi is typically used in thin
film format, the Bi film electrode (BiFE), and is considered to
be very similar in electrode characteristics to Hg, but impor-
tantly with lower toxicity. BiFE’s give narrow, well resolved,
reproducible stripping peaks, due to the ability of Bi to form
solid metal alloys with a range of metals. Similar results have
also been observed for Sb films.*? The Bi film is typically gen-
erated by electrodepositing or co-depositing Bi with the
analyte ions onto a carbon support electrode. The reason
BiFEs are preferred over bulk Bi electrodes is most likely due
to the film deposition/co-deposition process being an easy,
reliable way of obtaining a reproducible surface. Bulk Bi has a
slightly lower HER overpotential than the BiFE because of the
differences in crystallinity between film and bulk, resulting in
a smaller usable potential range.** Bi has a lower anodic oxi-
dation potential than Hg, however it has still been used to
determine concentrations of metals with more positive strip-
ping potentials than Bi itself, such as Cu.*> Although not
explained, this could be due to the formation a Bi-Cu interme-
tallic which strips at a more anodic potential than Bi; interme-

This journal is © The Royal Society of Chemistry 2019
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tallics are discussed further in section 5.4.1. Reproducibility is
best when a new film is deposited each time.>®

Carbon materials such as glassy carbon, carbon nanotubes,
graphite (highly ordered pyrolytic graphite, edge plane pyroly-
tic grahite, graphene and even pencil lead) and carbon paste
are also good electrode materials for ASV.”""*#%%” Carbon elec-
trodes are more inert than metals and have low background
currents, allowing them to also achieve lower LODs.***® They
are non-toxic so again are attractive for in vivo or general
environmental and biological studies. Their surfaces are easy
to covalently modify by synthetic chemistry methods, opening
up further possible applications.’®*® Modification of carbon
electrodes to improve sensitivity or selectivity in ASV is
common place.***® For example, conducting polymer layers
containing surface molecules that chemically complex metal
ions have enabled the simultaneous detection of Pb, Cu and
Hg in the range 1077 to ca. 107" M.?"> Useful ASV metal elec-
trodes, such as Bi and Au have also been added to the carbon
surface, typically in NP form by either electrodeposition®® or
chemical reduction methods.”* The density of NPs is often
such that individual diffusion fields to each NP overlap, redu-
cing the spectacular mass transfer enhancements expected
from very small NP electrodes (section 4.2). However, the back-
ground signals will be reduced as a result of a reduced amount
of active metal on the surface leading to improved signal to
noise ratios. The use of modified carbon electrodes for ASV
applications has been extensively reviewed elsewhere.”"%

One specific type of carbon electrode worth further discus-
sion is boron doped diamond (BDD). Boron doping is required
to turn diamond into an electronic conductor. BDD has been
used widely in ASV analysis as it offers the widest potential
window of any electrode material in aqueous solution due to
the kinetics of water oxidation and reduction being very slow.
This is thought to be due to a lack of available catalytic sites
on the sp® surface.®*®° It also presents very low background
currents and chemical inertness with the added benefits of
mechanical strength, high pressure and temperature resistance
and reduced fouling by biomatter and bacterial biofilms, when
compared against other electrode materials.’®*® Studies have
shown that the stripping potentials for the metals Zn, Cd and
Pb, Fig. 2, were not significantly shifted on BDD relative to Hg.
Both electrodes were capable of metal detection over a concen-
tration range of 3-4 orders of magnitude, with LODs in the low
ppb range.”

In recent years there has been a greater rise in the use of
cheap, disposable and/or multiplexed electrodes for heavy
metal detection. The disposable nature, means long term
issues with electrode fouling due to placement in the real
environment can be negated. However, batch reproducibility
does need to be assured in order to have confidence in the
results, when multiple electrodes are used for calibration and
measurement. The use of multiplexed electrodes on the same
platform, means that different electrodes can be employed to
extend the range of detectable species.”® Such electrodes are
well suited for on-site analysis as they are small and when inte-
grated with appropriate instrumentation, portable. Often,

Analyst, 2019, 144, 6834-6849 | 6837


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9an01437c

Open Access Article. Published on 15 October 2019. Downloaded on 2/8/2026 9:15:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

-1.3

E/ V '0.3

Fig. 2 Comparison of stripping voltammetric /-E curves for 100 ppb
solutions of Zn, Cd and Pb in acetate buffer, pH 5.2, on a Hg coated
glassy carbon electrode (Hg-GC) (top) and BDD (bottom). Adapted from
ref. 72 with permission from Elsevier, copyright 2006.

these are screen printed electrodes, where the reference and
counter electrodes can be printed alongside the working elec-
trode, producing a compact sensor system. Alternatively,
microfabrication procedures can be used to print arrays of
metal electrodes.”® Screen printed electrodes can be made
from many different materials such as carbon or metal oxide,
printed as an ink and integrated into a support. The surface
can be further functionalised if required, e.g. through the
addition of metal NPs, metal ion complexing groups, depend-
ing on the application of interest.'°*'°> In some cases the
support can be made flexible enabling the electrode device to
be e.g. worn on the wrist as is the case for the detection of
heavy metals in sweat.”’

Additionally, the emergence of 3D printing technologies,
for the high throughput production of bespoke devices, has
also impacted ASV, along with other areas of electrochemical
analysis.'® 3D printing provides an opportunity to design and
print electrodes in non-conventional geometries, and has
been used with nanocarbon composite filaments'**'® and
metals.'%® It has also been used to produce bespoke flow cells
to house a more traditional electrode format, e.g. screen
printed carbon.'”
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4. ASV parameters
4.1 Deposition potential

For solutions containing a mixture of metals, in order to
ensure deposition of all metals, typically the potential must be
made more negative than the most negative E°' metal. For
solid electrodes, it is important to understand the voltam-
metric behaviour of the metals of interest on the solid elec-
trode of choice before choosing the deposition potential, Eqep.
Furthermore, the overpotential of deposition (Ege, — E°') is
also likely to strongly influence the morphology of the metal
deposits formed on the surface. The situation is further com-
plicated when the heterogeneity of the surface is taken into
account, be that morphology or surface electroactivity. For
example, on BDD which contains heterogeneously doped
grains, at moderate overpotentials different morphologies for a
single metal can be obtained on differently doped regions of
the surface when the grains are significantly large.’® This can
result in broadened stripping peaks,’””*>®*® compared to e.g.
the BiFE or Hg electrode.

However, there are limits to the maximum overpotential
that can be employed, for example, if Eqe, is close to the catho-
dic window, hydrogen gas production (HER) (eqn (3); Fig. 3)
results. Bubble formation from HER may block electrode
accessibility, changing effective electrode area. Production of
OH™ due to water or oxygen reduction, will result in local pH
rises, which in turn can affect metal speciation or lead to the
formation of insoluble metal (hydro)oxides (eqn (5))."7*°®

M""(aq) + nOH" (aq) — M(OH),,(s) (5)

If oxygen is present in solution, the oxygen reduction reac-
tion (ORR), via a two or four electron route, is also possible”®
(eqn (6) and (7), written for the four electron pathway), cata-
lysed via the metal electrodeposits which are invariably more
active than the support electrode. Whether ORR goes via a two
or four electron pathway,”® ORR also results in either proton
depletion or hydroxide ion formation (pH dependent). Given it

Voltage 0

ENI 1)

oM

HY  Hyg)Ha0 H2(g)+OH
N—r N—7

Fig. 3 Current-voltage curve in the cathodic direction illustrating the
different cathodic processes which could also interfere with (1) metal
deposition, and include (2) metal catalysed ORR resulting in transform-
ation of the metal to metal hydroxide and (3) HER from proton and/or
water reduction.

This journal is © The Royal Society of Chemistry 2019
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occurs at potentials less negative than those described by eqn
(3) and (4), ORR is definitely a cause for concern. eqn (3)—(7)
are illustrated schematically in Fig. 3.

0,(aq) +4H" (aq) + 4e~ — 2H,0(1) (acid) (6)
0,(aq) + 2H,0(l) + 4e~ — 40H™ (aq) (alkali) (7)

Metal hydroxide/oxide formation is a real problem for ASV,
as it means the electrodeposited species are no longer in the
metallic form and, even though some may remain electroche-
mically active, the characteristics have changed drastically.
This can result in less metal being detected via the M/M™"
stripping response, leading to an underestimation of the con-
centration of heavy metal in the original solution.

4.2 Mass transfer considerations

For quantitative analysis it is important that during the metal
deposition step, mass transfer of metal ions to the electrode is
reproducible and high. The former so the calibration is quanti-
tative, the latter in an effort to reduce analysis times. In lab-
based systems, experiments are typically carried out in the
presence of excess supporting ions, or buffered solutions,
which act to exclude migration from theoretical treatment of
the system and negate issues arising from local pH changes
due to eqn (3), (4), (6) and (7). To illustrate the enhancements
achieved with different mass transport systems we first con-
sider a macroelectrode under diffusion-controlled stationary
conditions. The peak current for electrolysis of a redox couple
under planar diffusion-controlled conditions, Fig. 4a, is
described by the Randles-Sevcik equation (eqn (8)):*°

anD)% (8)

where i, is peak current, n is the number of electrons trans-
ferred, F is Faraday’s constant, A4 is area, D is diffusion coeffi-

Fig. 4 Concentration diffusional profiles at (a) macro electrode, (b)
micro electrode (c) rotating disc electrode and (d) wall-jet electrode
(adapted from ref. 109 with permission from American Chemical
Society, copyright 2010). The arrows represent the flux of electroactive
reactant whilst the purple represents the bulk concentration of species,
with blue, green, yellow, orange and red representing decreasing
concentration.
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cient, C is concentration, v is scan rate, R is the ideal gas con-
stant and T is the temperature. The mass transport limited
flux (j), in mol em™ s7", in the system is related to the
current passed by i, = nAFj where j is equal to k¢, k is the
mass transport rate constant (cm s~'). Thus under stationary
conditions, k = 269 000n**D**y"2F~* (for T = 298 K) and for
the exemplary case of a 1 mm planar disk electrode (assuming
n=1,D=1x10"cm?>s 'and v=0.1Vs™"),is 0.0028 cm s~ .

One way of increasing mass transfer elegantly is by decreas-
ing the size of the electrode such that the diffusional flux
profile changes from linear to hemispherical (Fig. 4b),"*° such
electrodes are referred to as micro or nanoelectrodes. Eqn (9)
describes the theoretical steady-state current at an inlaid
planar disk micro (and smaller) electrode in stationary
solution:

lim = 4nrFDc (9)

where i}, is the limiting current and r is the electrode radius.
Under these conditions k. = 4D/nr. Hence by shrinking the
electrode diameter by three orders of magnitude, from 1 mm
to 1 pum, k. is now nearly two orders of magnitude bigger,
0.25 cm s~' (for D = 1 x 107 em” s™'). Although microelec-
trodes generate much less current, they suffer less from capaci-
tive charging (the area is much smaller), can be used at fast
scan rates, in low conductivity and high resistivity solutions
(ohmic drop effects, iR, are not significant)."** The main draw-
back of the smaller current can be overcome by moving to
microelectrode arrays. In the literature, a range of different
microelectrode systems have been adopted including e.g.
polymer modified microelectrodes for Hg detection,”® Hg-*?
and Bi-coated microelectrodes,''? and Ir microdisk arrays.'"
Many ASV systems couple convective flow to diffusion as a
means of increasing mass transfer in the system (referred to as
hydrodynamics). A popular choice is the rotating disk electrode
(RDE)***® which provides well defined hydrodynamics and
results in the concentration gradient being confined to a
much smaller distance from the electrode surface, compared
to the stationary macrodisk electrode, Fig. 4c. MTFEs have
been used in the RDE format along with Ag,°® Au''* and BDD
electrodes,'™ in order to increase the rate of metal deposition
during the pre-concentration step. The flow hydrodynamics for
an RDE are very well understood, being first characterised by
Levich and Landau in 1942."'® The Levich equation (eqn (10))
describes the relationship between deposition current (i)
and rotation frequency, w (Hz);
flim = 1.554nFAD w0 ¢ (10)
where v is kinematic viscosity. By rotating at 50 Hz (for D = 1 x
107° em® s7! and v = 0.01 cm? s~ for water at room tempera-
ture) k. is almost an order of magnitude larger than that of
the same diameter (= 1 mm) stationary disk electrode =
0.011 cm s~'. Other examples of well-defined hydrodynamic
systems include the wall-jet electrode, depicted in Fig. 4d,”*'"”
and various flow systems."®'"® Less well-defined mass trans-
port systems are also found such as sonication'** and
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vibration,"*""'*> however, these are less prevalent in the
literature.

Stripping has been reported under both hydrodynamic and
quiescent (diffusion-only) conditions. The most popular
method seems to be stripping in quiescent solution, with one
argument raised, that forced convection adds to the noise of
the system making quantification difficult.">> However, some
reports claim stripping should be performed with forced con-
vection as it increases stripping currents.®® If the former is
implemented and hydrodynamics have been used to increase
mass transfer, a rest period is often implemented before
stripping to allow solution to come to rest.>**®®* Finally, one
question that is rarely discussed in the literature, is what is the
stability of the metal deposit on the electrode surface under
forced convection? Under these conditions metal nano-
structures that poorly adhere to the surface, may get removed
from the surface during electrodeposition, and are therefore
unaccounted for.

4.3 Potential wave forms

One of the simplest voltammetric experiments is linear strip-
ping voltammetry (LSV), where the potential is swept (more
accurately “stepped” with digital potentiostats) from one
voltage to another at a specified rate (scan rate; Fig. 5a and b).
Whilst this is useful for assessing the voltammetric behaviour
of metal deposition and stripping on an electrode surface, it
contains both the faradaic (from metal stripping) and non-far-
adaic (background currents such as capacitance) components
of the current in the voltammetric window.

a) b)

T

Forward 1/frequency

Increments

Fig. 5 (a) The change in potential over time for a digital LSV with an
exemplar current peak shown in b. (c) Is the wave form of SWV and an
exemplar current peak shown in d. The peak current in d is typically
larger than that of c.
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To increase sensitivity other wave forms, which use a series
of potential pulses e.g. as shown in Fig. 5c, to generate
current-time decay curves per pulse, are typically adopted in
ASV analysis. Ideally, the current is sampled at a time in each
pulse when the non-faradaic currents have decayed to zero i.e.
the remaining current is faradaic only. Text books will say the
current is sampled at the last point in the current-time decay
curve, however commercial potentiostats will sample over a
manufacturer-defined percentage of the pulse.">* The resulting
square wave voltammetry (SWV) current should therefore be
free of background contributions from non-faradaic currents,
enhancing the signal of interest and improving LODs. One
example of a voltammetric technique is SWV (Fig. 5¢ and d),
first introduced by Barker in 195237 and later made popular
through the work of the Osteryoungs.?®'?>'2¢ Others include
Normal Pulse (NPV) and Differential Pulse (DPV). DPV and
SWV are the most popular, with SWV typically taking less time
to run than DPV, due to the use of shorter current pulses.'*

Voltammetry is not the only electrochemical method used
for heavy metal detection, other potentiostatic, galvanostatic
and impedance based methods have been successfully
implemented, but are not discussed within the scope of this
article.®®

5. Experimental practicalities

The range of real world applications is significant with
researchers implementing ASV in a wide variety of different
environments. Aqueous media such as tap water, waste water,
and natural freshwaters are often adjusted prior to measure-
ment, by the addition of buffers, acid or salt,'>'7>%121127,128
Urine and sweat have been analysed without sample modifi-
cation e.g. to enable real time measurements as in the case of
sweat.”® Seawater has been analysed both as is and with acidi-
%2 More complex samples such as milk, honey, gaso-
line, hair, blood, food, soil and sediment require more
involved treatment prior to solution analysis e.g. acid diges-
tion, ashing, hydrogen peroxide, red blood cell lysis, and
microwave digestion‘13715,17,127,1297131,132

fication.

5.1 Sample collection and contamination

If an analytical environmental measurement is not made
directly at the source, which is very often the case, collection
and storage of a sample can impact on the validity of the
metal concentration measurement. Ideally samples are col-
lected with as little disruption as possible and with consider-
ation of potential contaminants e.g. oil from a boat engine.
The choice of sample container can be a potentially large
source of error. Adsorption of metal ions from solution onto,
and leaching of trace metals from the container walls are two
issues to be aware of, illustrated in Fig. 6a. Metal containing
species are sometimes added as catalysts during the polymer
container manufacturing process. Any metal impurities
present in the walls can be leached when using dilute HNO;
and or HCI solutions. However, solution acidification can also

This journal is © The Royal Society of Chemistry 2019
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(a) Composition of a water sample with representative ideal stripping profiles for two metals (green and purple), central image. Wall adsorp-

tion can act to reduce the bulk concentration, here purple metal adsorbs more than the green, left image, whilst contamination (right), acts to
provide an additional metal (red) and red stripping peak. (b) The composition of a natural water sample, by using a 0.45 pm filter, some components
such as bacteria algae and larger silt particles are removed, but others pass through e.g. humic and fulvic acids, clay particles and viruses. (c)
Acidification of the filtered sample can result in the desorption of metal ions from humic and fulvic acids. At low pHs humic acids may precipitate

out of solution.

reduce losses from metal container

23,133

adsorption onto
walls.

Unfortunately, there is no exact information on how, or
even whether it is necessary to clean storage bottles before use
for trace metal analysis, unless the laboratory is accredited and
following standard operating procedures e.g. BS EN ISO 5667.
Thus many people adopt a variety of different approaches.
Some wuse time consuming and cleaning
procedures,'**™'3¢ whilst others report off-the-shelf clean high
density polyethylene (HDPE) bottles are satisfactory for
(ICP-MS) trace metal analysis,” even though white HDPE
bottles have been shown to be contaminated with high levels
of Ba and Zn."*” This could be the reason why contrasting data
has been presented. For example, for a PE sample container,
but with no information provided on cleaning, one laboratory
observed a decrease in metal ion concentration, from a river
water sample, over a 10 day storage period,"*® whereas, a con-
trasting study reported no changes in metal concentration, of
a freshwater sample, stored for 26 days.>°

Ideally, sample collection and storage would be avoided
and analysis at the source is ultimately the best solution. If
sample collection and storage is required, the researcher is
encouraged to consider that metal loss (from solution to con-
tainer walls) or contamination (from the container wall to
solution) are possibilities. An acid clean (e.g. 0.1 M HNO; over-
night, and rinsed thoroughly) could be employed but only if
shown to reduce, and not cause contamination.

intensive

5.2 Speciation, adsorption and pH

In natural environments heavy metals are found in a variety of
forms. Whilst the simplest is the free hydrated metal ion,
metals can also form complexes with organic and inorganic
molecules, adsorb to colloidal organic and inorganic com-

This journal is © The Royal Society of Chemistry 2019

pounds, as well as being found in particulate mineral forms.
Inorganic anions like C1~, SO,>~ and HCO;~ and organic com-
pounds such as humic and fulvic acids will also complex with
metal ions."*® Al, Si, Mn and Fe oxides and clay minerals
adsorb metals to their surface, Fig. 6b. Adsorbed metal-
colloidal particles themselves have an environment dependent
stability;'** see Pourbaix diagrams for potential/pH depen-
dence. The same is true also of biological environments. For
example, in the case of blood, heavy metals such as Pb are
found mainly bound to haemoglobin."*?

As the pH of the system decreases, metal-ligand speciation
changes. For example, metal hydroxide species can exist as
hydrated metal ions and adsorbed metal cations are released
into solution. The overall result is an increase in the number
of free metal ions in solution as pH decreases, which directly
translates to increasing stripping peak currents, Fig. 7. Hence
knowledge of pH dependant metal-ligand speciation curves
and Pourbaix diagrams is very useful. Thus, for ASV in real
samples it is very important to recognise the role pH plays in
the results observed. This concept has been illustrated experi-
mentally using a dual electrode arrangement consisting of a
closely placed pH generating electrode and ASV detector elec-
trode in a ring-disk geometry. Via the generation of protons
through electrolysis of water at the ring, it was possible to
quantifiably decrease the pH of the disk electrode measure-
ment environment."*>**" For both Hg and Cu detection on
BDD ring-disk electrodes, the stripping currents were shown
experimentally to increase as the local pH decreased."*>"*!

ICP methods, as they generally use acidified solutions,
provide a “total” metal concentration in the sample but no
information about speciation, and therefore how much of the
metal concentration may pose a toxicity risk. If speciation is
required, ICP-MS must be coupled with alternative analytical
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Fig. 7 The effect of solution pH on speciation of metal ions and the
resulting stripping behaviours. As pH increases a reduction of the stripping
peak is observed as fewer metal ions are deposited in the metallic state.

techniques, e.g. capillary electrophoresis, liquid, gas or ion
chromatography.'**™*” In contrast, ASV can provide infor-
mation on toxicity levels. For example, ASV was found to
produce Cu concentration data that correlated well with its
associated toxic fraction, e.g. for seawater spiked with Cu.'*® In
an interesting variant of ASV, both fast scan deposition'*® and
adsorption'*® voltammetry have been used to provide real time
environmental information on metal ion speciation (via rapid
measurement of the free metal concentration).

Often samples are filtered (typically with a 0.45 um pore
size filter) to remove any larger insoluble particulates. This
process also removes any metal ions bound to the surface of
these particulates. The filtered solution is considered the dis-
solved fraction but will still include smaller insoluble colloids,
along with humic and fulvic acids, Fig. 6b. Acidification of the
filtered sample typically results in desorption of metal ions
from these species, Fig. 6¢c. Note, rapid acidification of the
solution can also cause humic acids to become insoluble, trap-
ping metal ions before they have a chance to desorb."*’

For some metals, identification of the original redox state is
important as this can drastically affect toxicity, adsorption
and mobility of the metal. Electrochemical methods can be
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used to distinguish between valence states. For example, Cr'™"
is considered an essential trace element, required in the
glucose tolerance factor essential for normal glucose metab-
olism."”® In contrast, Cr"" is toxic as it is an oxidising agent
and forms free radicals during reduction to Cr'™ inside cells.
By careful choice of deposition potential, it is possible to selec-
tively deposit Cr'" over Cr'", as has been demonstrated for arti-
ficial seawater.'?®

Arsenic is generally found as inorganic As™ and As", both
of which are highly toxic.">" As™ is soluble and can be reduced
to As’. As” has low solubility in Hg, but this has been improved
by the addition of selenite or Cu which cause the formation of
Hg soluble compounds.®* Au has shown the most promise for
As™ detection either as the electrode material or as a surface
modification, e.g. in the form of nanoparticles. On Au, detec-
tion is possible over a wide pH range as Au has a high overpo-
tential for hydrogen, allowing As to be deposited without
HER.*>"*? Electrodes such as Pt are more affected by HER. Au
also shows higher and sharper As stripping peaks than Pt.'*?
In contrast, As' requires an extreme negative potential,
making it unfeasible to deposit due to the extent of HER that
occurs. Therefore a chemical reduction to As™ is first required
before an electrochemical reduction step to give total As.'**>*

For many ASV measurements reported in the literature
some form of pH adjustment is often included as part of the
solution preparation process. pH adjustments are typically
made by addition of an acid (e.g. HNO;, HCI) or buffer.>'?"!8
As discussed, it is important to then reflect how closely the
ASV measurement of the free/labile metal ions represents the
original solution at the source. Local pH increases at the elec-
trode surface during electrodeposition, due to eqn (3), (4), (6)
and (7), should not be neglected and is one reason why buffers
are added. Acetate (pH = 4-5.6) buffers are most commonly
used for ASV,'>1720313612L128155  Hithough  phosphate'®®
(pH ~ 7) and citrate® (pH ~ 6) have also been employed.
Buffer ions should weakly bind to the metal ions to ensure
they remain labile in solution.'®”**® If speciation is an impor-
tant consideration minimal change to the sample solution is
preferred. If some modification is required, it is useful to
match the pH of the test solution as closely as possible to that
of the natural environment.

Many environmental samples, are naturally buffered with
carbonate,'* although ammonia, silicate, borate and phos-
phate,*®° also play a small buffering role.’®
Environmental pH typically lies in the range 6-9. The buffer
capacity will vary depending on the source, for example, sea-
water has a higher buffer capacity than freshwater due to the
increased salt content. In aquatic water systems, during
periods of high photosynthetic activity, removal of CO, from
waters can result in an increase in the pH of the system.
Conversely, acidic inputs in the form of acid mine drainage or
acid rain can also lower the pH."®*

can

5.3 Oxygen

For the reasons discussed in section 4.1, oxygen presence is
problematic due to ORR causing a local pH increase due to

This journal is © The Royal Society of Chemistry 2019
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proton depletion (eqn (6)) or hydroxide production
(eqn (7)),'*® and metal hydro(oxide) formation.'®* The easiest
way to combat ORR issues is to deoxygenate, although
buffering the solution can negate electrochemically induced
pH changes. Alternatively, the use of strongly acidic solutions
makes local changes in pH less apparent. The deoxygenation
of real samples however can cause CO, removal and as a result
increase the solution pH which, depending on the pH change,
may also affect the speciation.'®’

5.4 Interferences

5.4.1. Multi-metals. ASV is most easily analysed when only
single metals are considered, however, in reality several metals
are likely to be present. Multi-metal analysis is especially
difficult as there are several ways metals can interfere with one
another. Possible intermetallic formation and stripping peak
overlap are important considerations, but these can be
difficult to account for with an unknown sample. Researchers
have combined ASV ~ with independent secondary
analytical techniques which provide characteristic elemental
signatures, to help with multi-metal identification in unknown

systems e.g. electrochemical-localised surface plasmon
resonance,''®'°® and electrochemical X-ray fluorescence
spectroscopy.'®”¢°

Intermetallic compounds formed on electrode surfaces can
strip very differently to pure metal deposits, and therefore
cannot be simply treated as a sum of their constituent metals.
Intermetallics can form as a result of alloying with the elec-
trode e.g. during co-deposition with Bi, or with other metals
present in the solution, during the deposition process. For Hg
electrodes, the latter is most important and intermetallic inter-
ferences for Cu-Zn, Zn-Cd,**** Cu-Ni and Cu-Cd,*° especially
at high metal concentrations (small Hg volumes), were found
to be problematic. For example, formation of intermetallic Cu-
Zn resulted in the depression of the Zn peak, and an “appar-
ent” enhancement of the Cu peak. However, the latter was due
to Cu-Zn stripping at a very similar potential to that of Cu, so
much so that the two peaks could not be resolved.®* Cu-Zn for-
mation can be prevented by using Ga which preferentially
forms a Ga-Cu intermetallic compound. This method of
adding a “third element” was successful for several other inter-
metallic interferences on MFEs."”°

On solid electrodes intermetallic compounds are also pro-
blematic,®> more so than for Hg, as pre-concentration occurs
only on the surface where interactions between different
metals, are very likely, except at very low concentrations.
Further examples of troublesome intermetallic compounds at
solid electrodes include, Cu-zn,"”* Cd-Pb,'”* Ni-Cu-zn'”>'7*
and Fe with Cu, Pb, Cd and Zn."*®

The stripping potentials for two metals that have deposited
independently (not as an intermetallic compound) can also
sometimes overlap (e.g. Cd/Tl), making quantification
difficult.*®*'”> However, there are several combinations of
multi-metals that can be simultaneously detected without
issue, but this depends on factors such as electrode material,
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relative concentrations of the metals, deposit morphologies,
etc."'>'7° This is illustrated by Fig. 8 where Bi can both act in
an analogous way to Hg for some metals, and form binary
intermetallic complexes with others. In the example given Bi
forms an intermetallic compound with Cd, making its strip-
ping potential more negative and enabling resolution from the
Tl peak.®>'””

Interfering metals can also be removed prior to ASV ana-
lysis using pre-treatment processes or methods such as ion
exchange resins.'’® The interference of Cu-Cd and Cu-Pb
intermetallics can be mitigated by the addition of ferrocyanide
to form an inert Cu complex in solution, but renders the Cu
unquantifiable.'”” Ton exchange resins have been used to
both remove interfering Mn, Fe, Cu and Ni from solution,
prior to the detection of inorganic As'’® and determine labili-
ties of soluble metals."®’

Finally, detecting fewer metals at a time can help reduce
possible metal-metal interference effects. This can be achieved
using e.g. a chemically modified electrode that selectively
accumulates specific metals due to strong interactions of the
metal of interest with specific groups on the modifying
material leading to improved resolution,"®” or by varying the
deposition potential to plate only metals with the more posi-
tive E°'s.'”?

5.4.2 Other interferences. The presence of other non-
metallic but electrochemically active species such as oxygen
(section 5.3)'®' or nitrates'®® can have their own electro-
chemical signals, affect or mask the stripping signal, so it is
important to know the sample matrix. Solution exchange
can be used to combat interferences that occur during
stripping as this step is carried out in a different solution to
the pre-concentration step. This is useful for scenarios such as
the interference of chloride ions during the detection of
Hg, 83184

CdTl Pb

Bi-Cd Tl Pb

Fig. 8 Differences in stripping voltammograms of a mixture of 50 ug
L™ Pb?*, Cd?*, and TI* on Bi and Hg thin-film electrodes. Solutions,
0.1 M acetate buffer (pH 4.5) containing 400 pg L™ Bi or 10 mg L™ Hg.
Deposition for 120 s at —1.2 V. Adapted from ref. 175 with permission
from American Chemical Society, copyright 2000.
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Organic matter e.g. proteins, fats, surfactants and bacterial
films, can also react with or block the surface of the
electrode”®'® affecting stripping signals.'®® Polishing the
electrode in between measurements'®” or UV treatment, can
be used to remove or prevent these films (section 5.7). There
are methods postulated to combat most common interfer-
ences, but some trial and error is still likely when establishing
a method.

5.5 Conductivity

The addition of a supporting electrolyte or buffer is common
in electrochemical studies, in order to negate migration, sim-
plifying analysis of the resulting current to diffusion or
diffusion-convective considerations. It also helps to minimise
Ohmic drop due to the lowering of the solution resistance. If
measuring low conductivity solutions, such as tap water, lake
or river waters (100-2000 uS cm™"), adding a supporting elec-
trolyte or buffer is helpful but any change in solution pH must
be considered. If the solution is left in its original state it is
important to recognise Ohmic drop will result in a negative
shift in potential for effective deposition."®® This is not an
issue, however, in seawater due to the high salt concentrations
(20 000-50 000 pS cm™*).**>'%° In low conductivity solutions,
one option to negate Ohmic drop is to use microelectrodes
(section 4.2).'%8

5.6 Temperature

Temperature affects kinematic viscosity, diffusion coefficient,
equilibrium potentials, the extent of reactions such as gas evol-
ution and interactions between species in solution. These
result in a complex series of changes to a system as tempera-
ture is varied.'®’ With respect to ASV analysis, temperature has
been found to cause shifts in peak potentials, changes in peak
current'®® and can cause degradation of some modified elec-
trodes, such as EDTA bonded conducting polymer modified
electrodes, where a drop in signal was observed as the temp-
erature was increased from 30-50 °C.%*

During electrodeposition, temperature variations are pro-
blematic for the above reasons, as such temperature is an
important parameter to keep constant during deposition and
stripping; most measurements in the laboratory take place
under ambient conditions. Temperature changes can be
accommodated, however they must be known and controlled
in order to bring advantages. For example, induced tempera-
ture gradients in solution can be used to generate convective
flow, which both increases mass transfer during the deposition
step and the electron transfer kinetics,'”>'** resulting in
enhanced stripping currents compared to room temperature
measurements. This is particularly effective when the induced
temperature changes are very localised and controlled, unlike
water bath heating or hotplate heating of the electrode.'”
Joule heating,'*® laser heating'® and microwave heating'®’
(both pulsed and continuous'®*) have all been employed to
increase mass transfer in a controlled manner during the
metal deposition step.
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Note, natural variations in temperature pose a challenge to
electrochemical sensing in the real environment. Integrated
temperature measurements are one way to account for vari-
ation. Further, in the research laboratory, measurements often
negate testing the device at the environmentally relevant
temperature.

5.7 Ultra Violet (UV) irradiation

UV irradiation destroys organic matter such as humic and
amino acids, causing the release of bound metal ions, and
also preventing organic processes from changing the sample
composition after collection."”® Metal bound-inorganic com-
plexes tend to be unaffected by the irradiation process and
thus the free, organic bound and total metal concentrations
can be deduced using a combination of UV and acid
digestions.*"*" The presence of organic compounds is known
to interfere greatly with metal concentration analysis, through
either biofouling of the electrode surface or interactions with
the metals of interest. For example, As is particularly affected
by the presence of organic matter by sorption, thus samples
are acidified and irradiated, then subjected to a further acid
digestion to obtain total concentration.*>'® UV has the advan-
tage of lowering the risk of contamination as no reagents are
being added. There are reports of issues with irradiation of
freshwaters where it is thought to cause losses due to re-
adsorption of the metals released by organic matter decompo-
sition by precipitated iron oxide particles. >

5.8 Electrode cleaning

The condition of the electrode surface is very important in
electrodeposition. Any residual deposit can alter the electrode
performance. Returning the electrode to its initial condition
after the stripping step has occurred can require a cleaning
step in the procedure, either mechanically or electrochemi-
cally. Mechanical cleaning involves physically polishing the
electrode using some form of polishing pad typically impreg-
nated with alumina particles.”*"*°* This is not practical for
either an in situ sensor that would be left in the environment
for prolonged periods of time or for many of the disposable
type sensors in use today, due to perturbation of the electrode
structure. Electrochemical cleaning can be effective in renew-
ing the electrode surface, especially if the metal stripping step
is incomplete and metal deposits still remain on the surface.
An electrochemical clean generally involves cycling or holding
the electrode at a predetermined oxidative potential for a
defined period of time, oxidising the metal and forming a
locally acidic environment to aid dissolution. This has been
used successfully to remove deposited metals from BDD>® and
Bi electrodes.?

If the measurement is made in the real solution the elec-
trode can foul due to adsorption of contaminants or bacteria
onto the surface. Membranes can be added to reduce this
effect, for example, Nafion has been used to protect the
surface of BiFE’s from fouling by large macromolecules includ-
ing Triton X-100, gelatin,*** albumin, humic acid*** and pro-
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teins.”® Bacterial attachment is especially problematic as bac-
teria proliferate to form biofilms. Whilst the choice of elec-
trode material can reduce the rate of biofilm formation,®”°®
many of the current commercial sensors e.g. pH, dissolved
oxygen and conductivity, aimed at long term use in water
environments use mechanical brush wipers to remove biofilm
from the sensor surface.*’?

6. Summary of considerations

Successfully implementing ASV can be challenging, below we
highlight the main issues for consideration.

Before starting analysis, it is useful to consider the metals
to detect, the required LOD and what is known about the
sample solution, be it river, lake, sea, tap water etc. The latter
considers parameters such as, other metals or interferences,
particulates, pH of solution, buffer capacity and conductivity.
The answers to these questions will then help inform on the
set-up, which includes the electrode material, geometry and
functionalisation (if appropriate), the method of mass transfer
enhancement to reach the required LOD, relevant deposition
and stripping parameters, whether intermetallic formation is
expected, and methods to mitigate possible metal interference
effects.

Also important is whether the original solution taken from
the source has been altered in any way for analysis. Most likely
this will involve a pH adjustment. If so, the impact on the spe-
ciation of metal ions in solution must be considered. Making
the solution acidic will push all metals into an electrochemi-
cally detectable form, but this does not necessarily reflect the
toxicity/bioavailability of the original system. To negate local
pH changes during the electrochemical measurement, due to
e.g. ORR, addition of a buffer is extremely useful, but consider-
ation again must be made to the difference in pH between the
measurement system and the real source. For low conductivity
solutions, such as tap and river water, in order to negate
migration, addition of excess ions in buffer or supporting elec-
trolyte form is often necessary.

Calibration of the electrode is very important, and this is
often made in model solutions containing different concen-
trations of the metal of interest under the same conditions the
test solution will be run e.g. of pH, buffer or added electrolyte
conditions. Alternatively spiking of the test solution with
known, added concentrations of the metal(s) of interest has
also been adopted. Cleaning of the electrode in between metal
depositions is also important in order to ensure no residual
metal is left over on the electrode surface for the next measure-
ment. If disposable electrodes are to be used, then the repro-
ducibility of the electrode between different electrodes from
the same batch is an important consideration.

Often neglected is the container used for solution collection
and assessment of the effectiveness and impact of the vessel
cleaning procedure on the measurement. Comment should
also be made on whether the sample solution has been
filtered, acidified or UV irradiated prior to measurement, as

This journal is © The Royal Society of Chemistry 2019
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these can all impact measurements e.g. removing larger par-
ticles onto which metal ions can be adsorbed, causing precipi-
tation, releasing metal ions from organic matter, changing
speciation.

In summary, ASV has the potential to be a very powerful
technique but does require optimisation for each application
in order to be effective. This is perhaps the reason for limited
commercial activity despite impressive achievements by ASV in
the scientific literature.
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