
Trends in Environmental Analytical Chemistry 29 (2021) e00119
Voltammetric methods for speciation analysis of trace metals in
natural waters

Haitao Hana,b, Dawei Pana,b,c,*
aCAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Shandong Key Laboratory of Coastal Environmental Processes, Research
Center for Coastal Environment Engineering Technology of Shandong Province, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai
264003, PR China
bCenter for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071, PR China
cUniversity of Chinese Academy of Sciences, Beijing 100049, PR China

A R T I C L E I N F O

Article history:
Received 14 December 2020
Received in revised form 4 February 2021
Accepted 8 February 2021

Keywords:
Voltammetry
Speciation analysis
Trace metals
Natural waters

A B S T R A C T

Trace metals play an important role in the regulation of primary productivity and phytoplankton
community composition. Metal species directly affects the biogeochemical cycling processes, transport,
fate, bioavailability and toxicity of trace metals. Therefore, developing powerful methods for metal
speciation analysis is very useful for research in a range of fields, including chemical and environmental
analysis. Voltammetric methods, such as anodic stripping voltammetry (ASV) and competing ligand
exchange-adsorptive cathodic stripping voltammetry (CLE-AdCSV), have been widely adopted for
speciation analysis of metals in different natural aquatic systems. This paper provides an overview of the
theory of voltammetric methods and their application for metal speciation analysis in natural waters,
with a particular focus on current voltammetric methods for the discrimination of labile/inert fractions,
redox species and covalently bound species. Speciation analysis of typical trace metals in natural waters
including Fe, Cu, Zn, Cd, and Pb are presented and discussed in detail, with future perspectives for metal
speciation analysis using voltammetric methods also discussed. This review can elaborate the particular
knowledge of theory, merits, application and future challenge of voltammetric methods for speciation
analysis of trace metals in natural waters.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Trace metals, such as iron (Fe), copper (Cu), zinc (Zn), cadmium
(Cd), lead (Pb), chromium (Cr), manganese (Mn), cobalt (Co), nickel
(Ni) and molybdenum (Mo), are essential for various biological
metabolic processes and biogeochemical cycling in natural waters
such as marine, estuary, and freshwater environments [1,2]. Some
trace metals, such as Fe, Cu, Zn, Mn, and Co are responsible for the
functioning of metallo-protein enzymes and photosynthetic
activity, serving as the limiting factors in primary production
[2,3]. For example, in 30–40 % of the world oceans, Fe limits the
growth of phytoplankton and regulates their community compo-
sition, especially in high nutrient-low chlorophyll (HNLC) regions
[4–6]. It has also been reported that Cu, Zn, Mn, and Co have

essential roles in the regulation of phytoplankton community
species composition [4,7–9]. However, some metals are toxic to
organisms especially when their concentrations exceed a certain
threshold [10,11].

Different species of metals have varying chemical and physical
properties, affecting their mobility, bioavailability and toxicity
[2,12]. According to International Union of Pure and Applied
Chemistry (IUPAC), speciation is defined as the “distribution of an
element amongst defined chemical species in a system”, with
species classified as a “specific form of an element defined as to
isotopic composition, electronic or oxidation state, and/or complex
or molecular structure” [13]. The speciation of trace metals in
natural waters is usually affected by the surrounding aquatic
environment, such as ionic strength, pH, salinity and temperature
[14]. Trace metals can be operationally classified as either
particulate or dissolved forms (including both dissolved and
colloidal species) using membrane filtration (0.45 or 0.2 mm) [15].
Furthermore, dissolved metals can be divided into free ions,
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inorganically complexed and organically complexed forms. Assess-
ing the form of metal species is essential as this affects the degree
of adsorption to suspended matter, the migration rate to sediments
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nd overall transport within aquatic systems [16]. For example,
esearches have shown that compared with the total dissolved
oncentration, the free ion concentration of metals is more closely
elated to their bioavailability and toxicity to zooplankton and
hytoplankton [17,18].
Dissolved metal species have historically been the main focus of

esearch on trace metals in natural waters. However, the existing
orms of dissolved metals are mainly controlled by organic ligands
n aquatic systems. The conditional stability constant, K, can reflect
he strength of metal complexes with organic ligands. According to
he complexation strength, organic ligands are generally electro-
hemically divided into two categories: 1) ligands with stronger
omplexation ability (L1), exhibiting logK values of 12–14; and 2)
igands with weaker complexation ability (L2), exhibiting logK
alues of <10 [19,20]. These organic ligands combine with free
etal ions, resulting in dissolved metals mainly existing in the

orm of organic complexes and therefore, reducing their bioavail-
bility. For example, dissolved Cu is mostly complexed by organic
igands in natural waters, which reduces the fraction of Cu that is
ost bioavailable and toxic to organisms [11,16]. More than 99 % of
e in surface seawater exists in an organically complexed form,
esulting in the concentration of reactive Fe in ocean water often
eing far below the level required for the normal growth of algae
21,22]. This phenomenon of “iron limitation” is usually observed
n HNLC regions. Studies assessing the effects of oceanic Fe
ddition have demonstrated that the addition of Fe can promote
he growth of algae [5]. However, recent studies have shown that
e complexed by some small molecule organic compounds, such as
xopolymeric substances and siderophores, can also be absorbed
nd utilized directly by algae [23,24]. Therefore, in an attempt to
implify the classification of dissolved metals, they can be further
ivided into reactive (labile), inert, acid dissolved and total
issolved forms, according to the water sample pretreatment
ethods applied [25–27]. Trace metal chemistry regulates the
rimary productivity and species composition of phytoplankton,
ith phytoplankton having various feedback effects in response
4]. A diagram of the interactions between trace metals and
hytoplankton is shown in Fig. S1. Therefore, speciation analysis of
race metals is essential to understand the biological and
eochemical cycling in aquatic systems.
To date, speciation analysis of trace metals has been largely

imited by the analytical and sampling methods applied, due to the
ow concentrations, extreme complexity and heterogeneity of
atural water matrices [12,15]. Different strategies have been
roposed for speciation analysis of metals to obtain thermody-
amic (concentration of elemental forms) and dynamic (non-
quilibrium) information [12,28]. Various techniques such as
tomic absorption spectroscopy (AAS), atomic emission spectros-
opy (AES), inductively coupled plasma-mass spectroscopy (ICP-
S), and electrochemical methods have been developed for trace
etal analysis [29,30]. Although spectrographic and mass
pectrographic techniques exhibit advantages, such as high
ensitivity and the potential to be applied to a large number of
etals, they can only be used for the analysis of total metal
oncentrations [31]. To achieve detailed speciation analysis of trace
etals, separation and extraction procedures must be coupled
ith these detection techniques. However, the chemical forms of
race metals are easily changed during separation and extraction
teps, with the potential for sample contamination also signifi-
antly increased. In contrast, electrochemical techniques are

environmental water quality. Based on the assumption that free
ions are the only bioavailable species and that toxicity is mainly
caused by free ion permeability through biological membranes,
two toxicity models have been successfully established, the biotic
ligand model (BLM) [32] and the free ion activity model (FIAM)
[33]. However, as discussed previously, recent studies have shown
that some organically complexed metals can also be absorbed and
utilized either directly or through the dissociation of labile
complexes [34,35]. Fortunately, kinetic studies of metal complex
dissociation on the surface of electrodes can be supported well by
the established theory, providing an effective model for the
complexation of metals with different ligands and their bioavail-
ability [16].

The use of voltammetry has developed rapidly for the
determination and speciation analysis of trace elements in natural
waters [12], with stripping methods such as anodic stripping
voltammetry (ASV) and cathodic stripping voltammetry (CSV)
being sufficiently sensitive for the analysis of trace metals at
environmental levels [28]. ASV can determine the total metal
concentration and the reactive or labile (ASV-labile) fraction
concentration, which is the fraction most relevant to the toxicity or
bioavailability of trace metals [36]. CSV can be used for the
speciation analysis of a wider range of elements, with the lability of
metals defined by their competitive complexation with added and
natural ligands. Generally, four fractions of metals can be
distinguished using voltammetric methods: free ions, electroactive
(reactive or labile), electroinactive (inert or immobile), and total
(dissolved) metals [28]. Studies on voltammetric methods for
speciation analysis were originally driven by marine research and
were subsequently adapted for the analysis of freshwater environ-
ments. With continuous development, stripping voltammetry has
become the most promising analytical method for speciation
analysis of trace metals in natural waters.

Most of the reviews on electrochemical speciation analysis of
metal elements are relatively old. The recent published review by
Companys et al. in 2017 focuses on the working principles, strong
and weak points and applications in environmental media of three
selected stripping techniques [34]. This review paper focuses on
the speciation analysis of trace metals in natural aquatic environ-
ments using voltammetric methods, with an overview of the
existing voltammetric methods for speciation analysis of metals
presented. The two most commonly used techniques, ASV and
competitive ligand exchange-adsorptive cathodic stripping vol-
tammetry (CLE-AdCSV), are reviewed in particular for labile
fraction determination and stability parameters. Subsequently,
the speciation analysis of typical trace metals including Cu, Fe, Zn,
Cd and Pb in natural waters (especially in seawater) using
voltammetric methods is described. Future perspectives for
voltammetric analysis of metal speciation in natural waters are
also discussed.

2. Voltammetric methods

Stripping voltammetry includes two stages: (1) the deposition
step, in which the electroactive analyte is accumulated from
solution to the electrode surface; (2) the stripping step, in which
the analyte is reduced or oxidized back into the solution. The signal
to noise ratios (S/N) can be enhanced by up to four orders of
magnitude through the addition of a deposition step prior to a
potential scan. Different potential sweep techniques can be
ighly suitable for direct metal speciation analysis with minimum
ample preparation, reducing the risk of change in speciation or
ample contamination, while also allowing in situ application
29,31]. Electrochemical methods are powerful enough to allow
he determination of metal species, especially free metal ion
oncentrations, which is of significance for the assessment of
2

adopted for the voltammetric analysis of metals, such as linear
sweep voltammetry (LSV), differential pulse voltammetry (DPV)
and square wave voltammetry (SWV). DPV and SWV have been
used more frequently for metal analysis due to their higher S/N
providing improved analytical sensitivity. Depending on the
reduction or oxidation of analytes during a potential sweep,
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stripping voltammetry can be classed as either ASV (oxidation) or
CSV (reduction), with methods based on cathodic stripping (CLE-
AdCSV and CSV) more commonly used for metal speciation
analysis. Other voltammetric methods such as competitive ligand
equilibration-anodic stripping voltammetry (CLE-ASV), reverse
titration, absence of gradients and Nernstian equilibrium stripping
(AGNES), and stripping chronopotentiometry (SCP) can also be
used for metal speciation analysis. Fig. 1 shows the imposed/
recorded functions and typical concentration ranges of commonly
used voltammetric techniques for speciation analysis of trace
metals [31]. Using different sample pretreatment processes, the
total (after acidification or UV digestion) and labile metal
concentrations can be established by stripping voltammetric
methods [28]. Although the free metal ion concentration cannot

be directly determined using ASV or CSV, it can be obtained by
determining the complexing capacity using the metal titration
method.

2.1. Anodic stripping voltammetry

ASV is a stripping voltammetric technique that has been widely
applied for the determination of different metal species such as Cu,
Pb, Cd, and Zn in natural waters [10,25,30,37,38]. In ASV, a
reductive deposition (pre-concentration) step is employed, in
which the potential is kept sufficiently negative to accumulate and
reduce metal ions onto the working electrode (such as a Hg
electrode) surface. A significant advantage of ASV over other
methods is that no pretreatment of water samples is required. The
Fig. 1. Commonly used voltammetric techniques for speciation analysis of trace metals. v, potential scan rate; ip, peak current; tp, pulse width; DE, pulse amplitude; f,
frequency; Ⅰ, deposition step; Ⅱ, stripping step; td, accumulation time; t, transition time.
Reprinted with permission from Ref. [31] Copyright © 2005 Elsevier.
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oncept of ‘ASV-labile’ species was introduced at the end of 19700s
nd has subsequently been widely applied for the speciation
nalysis of trace elements [29]. ASV-labile metals refers to the
raction that can be reduced and accumulated on the electrode
traditionally Hg electrode), which comprises free metal ions, as
ell as the inorganically bound and weakly organically bound
etals [12]. Hg film electrodes are generally used for ASV
etermination of metal species in natural waters, especially
eawater samples [39–42]. For example, Hg deposited Iridium
Ir) micro-electrode (array) with gel protective layer is exactly the
ain working electrode used in voltammetric in situ profiling (VIP)
ystem for real-time monitoring of trace metals [41,42]. The labile
raction of the metal M is first reduced to M� in the form of a metal
malgam under a given deposition condition (potential and time),
hen oxidized from the Hg film into the solution with the oxidation
urrent recorded. The standard addition method is used for the
uantification of metals in ASV systems. Hu et al. (2018)
nvestigated the species of Cu in seawater using ASV, establishing
he concentrations of electroactive Cu (determined directly after
ltration), acid-dissolved Cu (determined after filtration and
cidification), inert Cu (the difference between acid-dissolved
nd electroactive Cu) and total dissolved Cu (determined after
ltration, acidification and UV digestion) [25].
For speciation analysis, metal titration is usually adopted to

btain information about the complexation capacity of ligands L,
ith the complexation equilibrium obtained after the metal M is
dded to the sample using the equilibrium equation shown in
q. (1):

 þ L @ ML ð1Þ
The peak current (ip) is considered relatively low when the

oncentration of M (cM) is less than that of L (cL), increasing
roportionally with the increase of free metal ion concentration
hen cM > cL. Therefore, a curve can be obtained at cM � cL,

llowing the complexation constant Kcond
ML to be obtained from the

etal titration data. However, the current response obtained by
SV is contributed by the labile fraction which includes not only
ree metal ions, but also metal ions dissociated from complexes in
he diffusion layer [29]. This makes it very difficult to unambigu-
usly interpret titration curves. Although ASV has high sensitivity
or determination of trace metals in natural waters, the adsorption
f organics on the working electrode surface may cause interfer-
nce to the ip. Moreover, when metal titration is used, a long
quilibration time of 20�40 min is needed to equilibrate the added
etal ion with natural ligands.
It should be noted that the labile fraction obtained by ASV

enerally corresponds well with the concentration of bioavailable
etals [43–45]. The metals that can be determined by ASV must be

capable of being reduced, accumulated and then reoxidized from
the electrode surface under appropriate potentials. Therefore, ASV
is not suitable for the determination of all trace metals, with some
metal elements such as Fe, Co and Ni requiring determination
using the CSV method [20,46–48].

2.2. Cathodic stripping voltammetry

In CSV systems, the metal ions or their complexes are first
adsorbed onto the electrode surface, with the potential scan then
performed in a negative direction to achieve the reduction of metal
ions or complexes. The CSV process with adsorptive pre-
concentration of metal complexes is referred to as adsorptive
CSV (AdCSV). CSV has been widely used for the determination and
speciation analysis of metals which cannot be reduced on
electrode surface and determined by ASV. Han et al. (2021)
determined the Fe concentration in coastal waters using CSV
adopting a gold nanoclusters /poly(3,4-ethylenedioxythiophene)-
poly(sodium 4-styrenesulfonate) modified micro-needle electrode
[49]. Zhu et al. (2017) established an AdCSV method for Fe
determination using 2-(5-bromo-2-pyridylazo)-5-diethylamino-
phenol as the complexing ligand [50]. Subsequently, this method
was used for the determination of different Fe species in coastal
river water, with analysis of spatial and seasonal Fe species
distribution [51].

Currently, CLE-AdCSV, is the most widely used voltammetric
method for metal speciation analysis, especially in seawater
matrices. The complexation capacity of water samples determined
by CLE-AdCSV is a widely employed concept in speciation analysis.
The principle of this method is the addition of a well-characterized
artificial ligand (AL) with a known complexation constant to the
sample, establishing a competitive balance between the AL and
natural ligands (L). The electroactive complex between the metal
M and AL is adsorbed on the electrode surface, then reduced and
stripped through potential scan. The corresponding equilibration
equation is shown in Eq. (2) as follows:

ML þ AL @ MAL  þ L ð2Þ
The electroactive MAL complex can be determined by CSV, with

the content of free metal ions [M] then calculated based on the
MAL concentration. CLE-AdCSV has become a widely adopted
voltammetric method for investigation of the complexation of
different metals by natural ligands [52]. The competitive ligands
widely used for metal speciation analysis are listed in Table 1.

Similar to ASV, the concentration of the metal-artificial ligand
complex [MAL] can be experimentally determined using metal
titration. Using this method, a certain volume of water sample
(usually 100�150 mL) is mixed with a known concentration of AL

able 1
ompetitive ligands used for CLE-AdCSV spec iation analysis of trace metals.

Competitive ligand Metals Reference

Tropolone Cu [53]
Benzoylacetone Cu [20,54]
Catechol Cu [55]
Salicylaldoxime (SA) Cu, Fe [56,57]
8-hydroxyquinoline (Oxine) Cu, Pb, Cd [58,59]
1-nitroso-2-napthol (NN) Fe [60]
2,3-dihydroxynaphthalene (DHN) Fe [61]
2-(2-thiazolylazo)-p-cresol (TAC) Fe [62]

1,2-cyclohexanedione dioxime Co [63]
Dimethylglyoxime (DMG) Co [47]
DMG Ni [48]
N-nitroso-N-phenylhydroxylamine (Cupferron) Aluminium (Al) [64]
Calcein-blue (CB) Pb [65]
Ammonium pyrrolidine dithiocarbamate (APDC) Zn [55,66]

4
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under suitable pH conditions, then the solution is divided into 12–
16 aliquots with increasing concentrations of metal ions added.
The concentration of the [MAL] complex is then determined after a
set equilibration period. Subsequently, the original ambient
speciation of M in the water sample can be calculated according
to the concentration of [AL] and [MAL], using the conditional

stability constant Kcond
MAL [29]. The strength of the formed complex

after the addition of AL can be defined based on its side reaction
coefficient as shown in Eq. (3):

aMAL ¼  
½MAL�
½M� ¼  

X
Kcond
MAL ½AL� ð3Þ

Using this method, the detection window depends on the
characteristics and concentration of the added AL. To ensure that
the αMAL remains constant throughout the titration process, the AL
should be supplied in excess, typically at least 103-fold greater than
the M concentration in the water sample [29]. After the [MAL] is
determined, the free metal ion concentration [M] in the presence
of AL can be obtained if the αMAL is known. Considering that only
electroactive MAL can be measured by CSV, the side reaction
coefficient of AL with M must be within a similar range to that of
the natural complexes. Therefore, αMAL defines the detection
window of the method and natural ligands having αML values up to
about 10-fold of αMAL can be detected. If the side reaction
coefficients of the complexes are much lower than the detection
window, they will be completely decomposed by AL and the
corresponding stability constants cannot be obtained, while the
complexes with stronger side reaction coefficients cannot be
detected unless the concentration of AL is increased or it is
replaced by a different AL with higher αMAL.

Linear regression and nonlinear regression methods can be
used for the fitting of titration data to obtain the required
information. Linear fitting methods mainly include the Langmuir/
Ruzic/van den Berg method and the Scatchard method, while the
Langmuir method is commonly used for nonlinear fitting [29].
Software can also be used for the processing of titration data, with
ProMCC and KMS (KINETEQL Multiwindow Solver) recommended
by the GEOTRACES Academic Committee [67,68].

The formation of mixed complexes due to the existence of a
continuum of ligands could hinder the interpretation of CLE-
AdCSV results. Additionally, CLE-AdCSV is an equilibrium
technique which requires a sufficient duration (overnight is
usually preferred) after addition of the metal or AL into the
sample. Internal calibration is widely used for voltammetric
determination and speciation analysis of metals, with the
sensitivity determined by the upper portion of the titration
curve, the slope of which is usually affected by the presence of
weak ligands and surface-active material [29,69]. In addition, the
in situ application of CLE-AdCSV is limited by the necessity for
ligand addition, long equilibration times, and the low reliability of
most electrodes [29].

3. Metal species detection using voltammetric methods

Voltammetric methods can be used to detect different kinds of
species of trace metals such as labile/inert fractions, redox species
and covalently bound species. The following section discusses the
available voltammetric methods for each kind of metal species in
detail, especially labile/inert fractions.

attributed to the inert (unreactive, non-electroactive) metal
content. An important issue for the determination of labile metals
is how well this fraction is defined. In ASV (including ASV
titrations), the determination of labile metals that can be reduced
and accumulated on the electrode surface, comprises the free
metal ions, inorganically bound and weakly organically bound
metals. In CSV and CLE-AdCSV analysis, the labile fraction is clearly
defined by thermodynamic constraints, referring to the fraction
bound to the AL. Voltammetric methods including ASV, CLE-ASV,
CSV, CLE-AdCSV, reverse titration, AGNES, and SCP can all be used
for the determination of labile fractions.

3.1.1. Competitive ligand equilibration-adsorptive cathodic stripping
voltammetry

In the CLE-AdCSV procedure, the MAL complex (i.e. the labile
fraction) can be directly determined by CSV, resulting in this being
the predominantly employed technique for speciation analysis of
trace elements in natural waters. The CLE-AdCSV method for
speciation analysis of metals is based on attaining an equilibrium
between the metal, natural ligands and AL components. The
usually employed overnight (14 h) equilibration time is the focus of
some uncertainty. It has been concluded from coordination
chemistry theoretical calculations, that long equilibration times
are needed for Cu, Fe and Ni, whereas Pb, Cd and Zn are well within
equilibrium conditions when “overnight” equilibration times are
applied [12,52].

The development of suitable ALs is another issue that requires
further research. It has been reported that CSV can be used for the
determination of more than 30 elements, whereas CLE-AdCSV has
been developed for the speciation analysis of only 8 elements
(Table 1). Therefore, although CLE-AdCSV is widely used for the
speciation analysis of trace metals, this method has been applied to
a surprisingly limited number of elements. The requirements for
long equilibration times, lower concentrations of added ligands
and narrow pH range, might be the main difficulties in converting
CSV methods to CLE-AdCSV procedures. A detailed discussion of
this phenomenon is presented in a comprehensive review by
Monticelli and Caprara [12].

3.1.2. Anodic stripping voltammetry
ASV-based metal speciation analysis methods were first

introduced over 40 years ago [70]. This method involves a
titration process, using increasing amounts of the target metal
ion (as described above), with the complexation capacity and
conditional stability constant then obtained from titration data.
Traditionally, only metal elements that can be reduced on Hg or
Hg film electrodes to form an amalgam, including Hg on a solid
electrode, are suitable for ASV-based speciation analysis meth-
ods [71]. It is assumed that the complexes are inert and do not
dissociate during the pre-concentration step [72]. Therefore, to
obtain reliable results, a thorough evaluation of the kinetic
features of complexes is needed. In addition, the sensitivity of
ASV is relatively lower than that of CSV with adsorptive
accumulation, which limits its widespread application for the
speciation analysis of ultratrace metals. To obtain an operation-
ally defined labile fraction, ASV is also employed without the
titration process, establishing a labile fraction concentration
under certain deposition conditions (potential and time).
Mikkelsen et al. (2006) determined the labile Fe in estuarine
and coastal waters by ASV using a silver alloy electrode (�1.5 V
3.1. Labile/inert fractions

The labile (i.e. reactive or electroactive) metal content is usually
expressed as a percentage of the total dissolved metal, with the
difference between labile and total metal concentrations
5

deposition potential and 300�900 s deposition time) [73].
Furthermore, labile Cu concentrations in coastal seawater
samples were previously determined by ASV using a functional
micro-needle electrode with a deposition potential of �0.3 V and
deposition time of 120 s [74].
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.1.3. Competitive ligand equilibration-anodic stripping voltammetry
The competitive ligand equilibration procedure can also be

ollowed by ASV for the detection of labile metals. In this process,
he selected AL is added to compete with natural ligands, with
etal titration then performed for the detection of labile metal

ractions. Through CLE-ASV, the complexation parameters, natural
igand concentration and conditional stability constant can all be
btained using thermodynamic calculations. When the AL is
dded, either labile or inert complexes may be formed. If an inert
omplex is formed, such as ethylenediaminetetraacetic acid
EDTA) for Zn speciation analysis, the labile fraction detected
ncludes free ion and inorganic forms. In contrast, if a labile
omplex is formed, the detected labile fraction comprises free ions,
norganic forms and the MAL complex. When ethylenediamine and
DTA are used for Cu speciation analysis or ethylenediamine for Cd
peciation analysis, labile complexes will be formed. Deposition
otentials in excess of -1.0 V are usually used for the CLE-ASV
peciation analysis of metals. Considering the lower sensitivity
ompared with CLE-AdCSV and the poorly defined detectable
raction, the CLE-ASV method has been rarely adopted for metal
peciation analysis and has only been reported for the analysis of
u, Cd and Zn speciation [12].

.1.4. Reverse titration
Reverse titration was introduced by Nuester and van den Berg

2005) for the determination of metal speciation [75]. In this
ethod, the natural ligand L is titrated by increasing doses of
rtificial ligand AL, with measurements performed after equilibri-
m conditions are obtained (20�30 min). The ligand concentration
nd conditional stability constant are calculated by linear or non-
inear fitting of the titration data. A typical feature of the reverse
itration method is that it can determine the strongest complexing
igands in natural waters, which presents a challenge for standard
etal titration methods [75]. In CLE-AdCSV systems, the obtained

esults are unreliable when L is saturated by the metal being
nvestigated, whereas the reverse titration method can be
mployed in this situation. To date, the reverse titration method
as been successfully used for the speciation analysis of Cu and Fe
75–77].

.1.5. Absence of gradients and Nernstian equilibrium stripping
The AGNES method was introduced in 2004 specifically for the

etermination of free metal ions [78]. AGNES was initially
eveloped using a hanging mercury drop electrode (HMDE) and
ubsequently Hg coated Ir micro-electrodes, screen-printed
lectrodes and Hg film electrodes have also been utilized [79–
1]. Similar to ASV, the AGNES process includes two stages, a
eposition step and a stripping step. During the deposition step, a
otential is applied for a sufficient duration to obtain the Nernstian
quilibrium, at which point there is no concentration gradient
etween the amalgam and the solution. A pre-concentration factor
 in the amalgam concentration respective to the solution
oncentration is obtained, which obeys the Nernst law. Subse-
uently, the metal in the amalgam is stripped through the
pplication of a constant potential and its concentration can be
btained based on the i vs. t function. The application of AGNES to
atural waters is usually limited by its detection performance,
specially for very low concentration metals. AGNES has been used
or the determination of free Zn ion concentrations in coastal
eawater and river water samples [82,83] and it has been shown

step, metal ions are reduced at a constant potential, in an identical
procedure to that of ASV. However, in SCP, a constant oxidizing
current is applied to reoxidize the accumulated metals back into
solution. SCP measures the change of potential as a function of
time, with the main analytical parameter of each signal being the
time required for reoxidation or the transition time (t), corre-
sponding to two consecutive waves or potential jumps [85]. The
transition time can be obtained from integration of the inverse of
the time derivative of the potential curve (dt/dE vs. E), which is
proportional to the labile metal concentration [29]. SCP at scanned
deposition potentials (SSCP) is the mainly adopted SCP method for
metal speciation analysis. The SSCP method consists of SCP
measurement of transition times at different deposition potentials.
As with ASV, only metals that can be reduced on the electrode can
be determined by SCP. Application of the SCP method for
environmental analysis and SSCP for dynamic speciation analysis
of nanoparticulate metal complexes have been comprehensively
reviewed previously [85,86]. Table 2 shows the summary of
available voltammetric methods for labile fractions determination
of some typical trace metals.

3.2. Redox species

The toxicity, transfer and adsorption behavior of metal
elements are drastically affected by redox state. For example, Cr
(Ⅵ) exists in an anionic form (chromate) is highly toxic, while Cr
(Ⅲ) is non-toxic and exists as anionic or organic species. However,
for some other elements such as As and Mn, lower valence states
form more toxic species. Therefore, the determination of redox
state is an important aspect of metal speciation analysis in natural
waters. Voltammetric redox speciation analysis methods are based
on the selective determination of a certain oxidation state of an
element (which is electroactive). The electroactive labile species
concentration is first determined, and then the total metal
concentration can be established after converting the inert species
into labile species by chemical treatment of the sample.
Subsequently, the concentration of the inert redox state of the
metal can be calculated based on the difference in measurements.
The selection of pH conditions, addition of complexing agents, and
pre-treatment of samples can all be used for the selective
determination of specific labile oxidation states of metals.
Therefore, voltammetric methods are perfectly suited for the
determination of redox species of redox-sensitive metals. Table 3
summarizes the voltammetric methods and the ligands commonly
added for redox speciation analysis of trace metals.

Table 2
Available voltammetric methods for the determination of labile fractions of some
typical trace metals.

Voltammetric Methods Trace Metals Added ligands Reference

CLE-AdCSV Cu Tropolone, Catechol [53,55]
Fe NN, DHN, TAC [60–62]
Co DMG [47]
Ni DMG [48]

ASV Cu – [25,74]
Pb – [87]
Zn – [45]

CLE-ASV Cu EDTA [88]

Zn EDTA [89]
Cd ethylenediamine [90]

Reverse titration Cu SA [76]
Fe NN [77]

AGNES Zn, Cd, Pb – [80]
SCP Cu – [91]

Hg – [92]
hat free metal ion concentrations obtained using AGNES are in
ood agreement with those obtained using other procedures [84].

.1.6. Stripping chronopotentiometry
Similar to ASV and AGNES, SCP is a two-step method that

ncludes a deposition step and a stripping step. In the deposition
6
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3.3. Covalently bound species

Covalent binding, such as methylation, has a significant effect
on the toxicity of metal elements. To the best of our knowledge,
only the direct determination of Cd and Hg has been reported for
methylated species. By adjusting the pH of the supporting
electrolyte to 8.0, methylcadmium (MeCd) and Cd2+ were
determined simultaneously by DPASV using a Hg film electrode
[104]. When a sufficiently long deposition time (30 min) was
applied, a high sensitivity could be obtained which was suitable for
the determination of MeCd in uncontaminated marine water.
MeHg can be selectively determined by ASV using a nanostruc-
tured Au electrode after Hg2+ is masked by DTPA or reduced by
stannous chloride [105,106]. The use of voltammetric methods for
determination and speciation analysis of Hg in natural waters has
been reviewed in detail previously [107,108]. However, since the
introduction of gas chromatography-inductively coupled plasma-
mass spectrometry (GC-ICP-MS), these voltammetric methods
have rarely been applied for the determination of covalently bound
species, due to the long deposition time requirements [12].

4. Speciation analysis of typical trace metals in natural waters

4.1. Copper

In previous speciation analysis literature, Cu is the most widely
studied trace metal in freshwater environments [12]. Cu is an
essential element for the growth of phytoplankton, while it is toxic
to algae and shellfish at free Cu2+ concentration ([Cu2+]) greater
than 0.01 nmol L�1, thus inhibiting its growth [109,110]. As more
than 99 % of Cu exists in the form of organic complexes, its
bioavailability is significantly reduced. As a result, [Cu2+] are often
considered to be low enough to pose no harm to the ecosystem
[2,111]. However, recent studies have shown that organically
complexed Cu can also be utilized by some phytoplankton, which
indicates that the bioavailability and toxicity of Cu may be
underestimated if only the [Cu2+] is considered [111,112]. The
transformation of different Cu species and their uptake by
plankton and filter feeders is presented in Fig. 2 [113].

Snow and rain sample analysis was conducted using the ASV
method by Cheng et al. (1994), with results indicating that the
proportion of ASV-labile species was 50 % and 64 % of the total Cu
concentration in snow and rainwater samples, respectively [114].

the range of 0.1–10 fmol L�1 and 5–28 nmol L�1, respectively,
indicating that the [Cu2+] was mainly controlled by natural ligands
originating from organisms. The strong Cu ligands in glacial
streams have also been determined by CLE-AdCSV using SA as the
AL [116], showing that ligand concentrations and logKCuL were in
the range of 0.2–8.9 nmol L�1 and 11.51–13.60, respectively.

L1 and L2 classes of ligands can also be detected in seawater
samples [117]. L1 usually exists in surface seawater samples with
lower concentrations and logKCuL values of 11�14. Compared to L1,
the concentration of L2 is generally relatively high with a uniform
vertical distribution. One previous study failed to detect L1 ligands
in seawater samples from the Atlantic sector of the Southern
Ocean, observing only L2 ligands with a relatively uniform
distribution [118]. The organic complexation of Cu was also
investigated in surface seawater samples from the Eastern
Mediterranean [119]. Evidence has been presented that Cu can
be complexed with humic substances (HS), including humic acid
(HA) and fulvic acid (FA) with logKCuL value of 12.08 [120,121].
Traditionally, it is widely accepted that L1 ligands in seawater are
produced by marine phytoplankton and bacteria [69,122].
However, terrigenous HS is another source of L1 ligands in coastal

Table 3
Voltammetric methods for redox speciation analysis of trace metals.

Metals Redox state Methods Ligands Reference

Antimony (Sb) Sb(III)/Sb(V) ASV – [93]
AdCSV Chloranilic acid [94]

Catechol [95]
Pyrogallol [96]

Fe Fe(II)/Fe(III) AdCSV NN
2,20-dipyridyl (Dp, masking agent)
Bromate (catalyst)

[97]

Cr Cr(III)/Cr(VI) AdCSV Diethylenetriaminepentaacetic acid (DTPA)
NO3

� (oxidizer)
[98]

Thallium (Tl) Tl(I)/Tl(III) ASV DTPA (masking agent) [99]
Arsenic (As) As(III)/As(V) ASV – [100]

CSV – [101]
Copper [102]
Pyrrolidine dithiocarbamate [103]

Fig. 2. The speciation, transformation and fate of Cu in natural waters.
Reprinted with permission from Ref. [113] Copyright © 2012 American Chemical
Society.
Speciation analysis of Cu in a eutrophic lake (Lake Greifen,
Switzerland) was performed by Xue et al. (1993) using CLE-AdCSV
with catechol as the AL [115], resulting in two classes of ligand
being identified, the stronger L1 (logKCuL 13.9–14.9) and the weaker
L2 (logKCuL 11.8–12.9). The Cu2+ and total Cu concentrations were in
7

seawater and studies have shown that river parameters have a
significant influence on the speciation of Cu [123,124]. It is
generally believed that the source of L2 is synthetic ligands
transported from freshwater environments to the sea, such as
EDTA [125]. In recent years, the speciation of Cu in a submarine
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ydrothermal environment has also been successfully investigated
126].

.2. Iron

After discovery of the Fe limitation phenomenon, Fe speciation
nalysis has become a major issue in marine research due to its
rucial role in marine biogeochemistry. As shown in Fig. 3, the
ertical distribution of Fe in seawater exhibits a typical nutrient-
ike profile, with low surface concentration and high concen-
rations in lower regions, with Fe existing in two oxidation states
Fe(II) and Fe(III)) with different physico-chemical forms [127].
orrespondingly, Fe speciation is commonly investigated by
oltammetric methods in terms of redox state and labile fraction
oncentration.
The oxidation state of Fe can be established using voltammetric

ethods with Hg electrodes or solid electrodes and masking
eagents [46]. Gledhill and van den Berg (1995) adopted Dp as a
asking agent for Fe(II) to determine Fe(III) selectively with NN as

he complexing agent and bromate as the oxidizer [97]. Using this
ethod, the concentration of Fe(II) can be calculated as the
ifference between the concentrations of Fe determined in the
bsence and presence of Dp. The redox speciation of Fe in the
orthern North Sea was investigated using this method, with Fe(II)
resent at concentrations up to 1.2 nmol L�1. Aldrich et al. (2001)
sed 2,20-bipyridyl (Bp) as a masking agent for the selective
etermination of Fe(III) [128]. Lin et al. (2016) adopted three-
imensional platinum nanoflowers/titanium carbide nanopar-
icles modified GCE with Bp as the complexing agent for selective
etermination of Fe(Ⅱ) in coastal waters [129]. A Fe2+ selective
ensor was also fabricated by modifying a carbon screen-printed
lectrode with polypyrrole and sodium dodecyl sulfate [130].
abile fractions of Fe have been widely determined using CLE-
dCSV methods (see Table 2). Based on the commonly applied CLE-
dCSV methods, catalytic enhancement by oxygen was introduced
n 2014, achieving a remarkable improvement in sensitivity [57].

The speciation of Fe has been investigated in different natural
water samples. Nagai et al. (2008) extensively investigated the
speciation of Fe in river water using the CLE-AdCSV method with
NN as the AL [131]. Results showed that Fe concentration and
speciation (organic Fe) were controlled by pH and algal growth,
respectively, with the established quantitative model successfully
used for the prediction of organically bound Fe concentration
based on pH and algal cell density data. The same method was also
used for the Fe speciation analysis in lakes [132]. The results of
these studies suggested that Fe might be a limiting factor for
phytoplankton communities. Compared with freshwater environ-
ments, Fe speciation in seawater has been studied more
comprehensively. Abualhaija and van den Berg (2014) studied
the chemical speciation of Fe and complex stability of natural
ligands in Atlantic seawater samples by CLE-AdCSV with SA as the
AL [57]. The concentrations of natural ligands and their conditional
stability constants were established across the full water column
depth profile of seawater samples collected from the North Atlantic
(GEOTRACES GA03), using CLE-AdCSV with SA as the added
competitive ligand [133]. Fe binding organic ligands and inorganic
Fe concentrations in the West Atlantic Ocean were also investigat-
ed using CLE-AdCSV with TAC as a competitive ligand [134]. The
speciation of Fe in samples from the Mersey River estuary and
Liverpool Bay was studied using CLE-AdCSV in the presence of SA at
multiple analytical windows [135]. Gledhill and Buck (2012)
reviewed the organic complexation of Fe in marine environments
in detail, using the CLE-AdCSV method [136].

4.3. Zinc

The concentration of dissolved Zn in open ocean water is
generally in the range of 0.05�10 nmol L�1 with vertical distribu-
tion patterns exhibiting nutrient-like profiles [137]. Zn is an
essential metal element in metabolic enzymes of phytoplankton
and the limitation of reactive Zn may lead to changes in the
phytoplankton community [17,138]. Similar to Cu, the speciation of
ig. 3. The typical vertical distribution (A) and biogeochemical cycle process (B) of Fe in seawater.
eprinted with permission from Ref. [127] Copyright © 2001 Elsevier.
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Zn can also be determined by ASV and CLE-AdCSV. Considering the
low solubility of Zn in Hg, Hg film electrodes are generally adopted
when the ASV method is used for the direct determination of
reactive Zn. The use of Hg film electrodes can also reduce the
reduction of Zn organic complexes on the electrode surface,
increasing the accuracy of determination. CLE-AdCSV has been
increasingly used with APDC as the added competitive ligand to
improve the detection sensitivity and reproducibility for Zn
speciation analysis [137]. CLE-AdCSV has become the most
commonly applied method for Zn speciation analysis in seawater.

High ASV-labile percentages in the range of 76 %–93 % were
found for rain and snow samples [114]. The CLE-AdCSV method
was also used for Zn speciation analysis in lakes, showing that the
ligand concentration exceeded total Zn with logKZnL values in the
range of 10.0–11.1 [139]. As a result, the free Zn2+ concentration
([Zn2+]) was very low, in the range of 5�48 pmol L�1, which might
be a limiting factor for algal growth. Speciation analysis of Zn in
rivers showed that the ASV-labile Zn percentage is very variable
[140]. ASV-labile Zn could also be detected in situ using an
automated system, generating similar results to diffusive gradients
in thin films (DGT) in freshwater [141,142]. The speciation of Zn has
also been widely studied in seawater, which has been shown to
vary greatly with latitude. In high latitude environments such as
the Southern Ocean and western North Pacific, the content of Zn
complex ligand is low, with more dissolved Zn existing in an
inorganic form [137,143]. However, about 98 % of dissolved Zn in
surface seawater at low latitudes is organically complexed, with
the concentrations of total dissolved Zn and ligands all being lower
than those in high latitude seawater environments [17,144]. The
organic ligands complexed with Zn in seawater may originate from
HS, bacterial secretions, or phytoplankton, which have no
relationship with colloidal organic matter [137,145]. The com-
plexes of Zn with organic ligands in the ocean is strong with logKZnL

values in the range of 10–11, while the concentration of Zn ligands
in the marginal sea is higher with relatively lower logKZnL values of
about 9.5 [137,144,145].

4.4. Cadmium

Cd is an essential element for the growth of phytoplankton
which can replace Zn in biochemical reactions under Zn limited
conditions. However, Cd is toxic to phytoplankton at high
concentrations [146]. The speciation analysis of Cd in water
samples can only be determined using the ASV method with
similar parameters to Zn [145,147]. Hg film electrodes are usually
suggested as the working electrode for Cd speciation analysis. The
ligand competitive equilibrium method can be combined with ASV
to improve the sensitivity of metal speciation analysis when their
concentrations are very low. In CLE-ASV, ethylenediamine is
widely adopted as the competitive ligand to increase the
concentration of reactive Cd complexes [12].

The speciation of Cd has been studied in fresh and saline waters.
In freshwater environments, rivers and lakes have been more
comprehensively investigated, with results showing that Cd
speciation is highly regulated by the presence of strong natural
organic ligands [148]. The vertical distribution of Cd in oceans
exhibits a nutrient-like profile, which suggests that it can be taken
up by phytoplankton at the surface and remineralized at lower
depths [146]. As a result, the concentration of dissolved Cd is
generally low (pmol L�1 levels) in surface seawater environments.

in the South China Sea and northern coastal waters of France
[151,152]. The organic ligands of Cd in seawater are usually
classified as only one group which can form strong Cd complexes
with logKCdL values of 9–12 [147]. Humus from marine phyto-
plankton may be the only source of weak organic ligands for Cd
[145,147].

4.5. Lead

Pb is a highly toxic metal element, which is strongly affected by
human activities and is a hazard to human health due to the risk of
bioaccumulation [30]. ASV is the main voltammetric method for
speciation analysis of Pb with high sensitivity and good
reproducibility. In fresh waters, CB can be used as the competitive
ligand to achieve Pb speciation analysis by CLE-AdCSV method
[65]. In seawater, only the ASV method can be adopted for the
determination of Pb species. Hg electrodes are commonly utilized
for ASV determination of Pb. Considering the toxicity of Hg and
therefore, the difficulty in handling processes, a series of
environmentally friendly electrodes such as micro-electrodes
have been developed for Pb speciation analysis [30,153].

A large number of studies on Pb speciation analysis have been
performed on lake or river environments with different degrees of
Pb contamination [65,140,142,154]. ASV-labile fractions were
found to mostly range from 5 %–15 % of the total Pb content,
with only a few studies detecting larger labile fraction contribu-
tions. The concentration of dissolved Pb in seawater is usually in
the range of 10�80 pmol L�1 with the vertical distribution
exhibiting a scavenging-type profile, decreasing with depth
[155]. It has been reported that about 55 %–95 % of Pb in seawater
is organically complexed, which significantly reduces the toxicity
of Pb to marine organisms [150,156]. In contrast to Cu, unstable Pb
organic complexes are usually formed, which are readily available
for biological uptake and geochemical scavenging [153]. Although
two kinds of Pb ligands have been reported, the organic ligands of
Pb in seawater are generally classified as a single group with
logKPbL values ranging from 8.5–14 [65,117,150,157].

4.6. Other metals

The speciation analysis of other metals such as Co, Ni, Sb, Al, Cr,
Tl and As, can also be accomplished by voltammetric methods. The
determination and speciation analysis of Co and Ni are commonly
conducted by AdCSV with DMG as the competitive ligand [47,48].
Saito and Moffett (2001) investigated the complexation of Co by

natural ligands in the North Atlantic with logKcond
MAL ¼ 16:3 � 0:9

obtained [47]. The similar CLE-AdCSV was also adopted for the
kinetic studies of Ni speciation in aqueous environmental samples
[48]. 1,2-cyclohexanedione dioxime was also reported as competi-
tive ligand for speciation analysis of Co [63]. Different complexing
reagents, such as chloranilic acid, catechol and pyrogallol, were
adopted for the redox speciation of Sb using AdCSV [94–96].
Quentel and Filella (2002) also determined the inorganic Sb
species, Sb(III) and Sb(V), in seawater rapidly with ASV [93]. Wang
et al. (2001) determined five species (labile monomeric, total
monomeric, acid reactive, non-labile monomeric and acid soluble)
of Al in natural waters by AdCSV with solochrome violet RS as
complexing reagent [158]. CLE-AdCSV was also used for speciation
analysis of Al to obtain the electroactive fraction and complexing
parameters with cupferron as competitive ligand [64]. Bobrowski
The vertical variation in reactive Cd concentrations is also
significant [149]. It has been reported that about 70 %–99 % of
the dissolved Cd in open ocean surface waters exists in an
organically complexed form, while the complexation degree in
estuarine and coastal waters ranges from 20 %–80 % [145,147,150].
Interestingly, almost all of the dissolved Cd exists in reactive form
9

et al. (2009) reviewed the voltammetric methods for Cr
determination and speciation analysis, focusing on the catalytic
AdCSV in the presence of DTPA and nitrate [98]. The redox
speciation analysis of Tl, Tl(I) and Tl(III), can be achieved by indirect
ASV in the presence of DTPA (masking agent) and acetic buffer [99].
Inorganic As in the environment is of considerable because of its
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oxicity and frequently higher concentration level than the
aximum allowable value. ASV and CSV are the two main

echniques for the redox speciation analysis of As in natural waters
100,101]. Mays and Hussam (2009) reviewed the voltammetric
etermination and speciation analysis of inorganic As in the
nvironment in detail [159].

. Conclusions and future perspectives

Trace metals are essential for biological metabolic processes
nd biogeochemical cycling in natural waters. The toxicity and
ioavailability of metals have a closely relationship with their
pecies. The chemical forms of dissolved metals are mainly
ontrolled by organic ligands in natural waters, significantly
educing their bioavailability. Speciation analysis seems to be an
mportant route to study feedback interactions between metals
nd phytoplankton in natural waters. At present, voltammetric
echniques are the most suitable and widely adopted methods for
etal speciation analysis with high sensitivity and well-estab-

ished reaction mechanisms.
This review summarizes the theory and application of

oltammetric methods for speciation analysis of trace metals in
atural waters. The voltammetric methods including ASV and CLE-
dCSV for speciation analysis were discussed in detail. The
pplication of voltammetric methods in discriminating between
abile/inert fractions, redox species and covalently bound species
as also presented. Determination of labile/inert fractions is one of
he most important aspects of metal speciation analysis in natural
aters. Different methods such as ASV (CLE-ASV), CSV (CLE-
dCSV), reverse titration, AGNES, and SCP can be used for this
urpose. Finally, the speciation analysis of typical trace metals
ncluding Fe, Cu, Zn, Cd and Pb in natural waters (especially
eawater) using voltammetric methods was described.
Although voltammetric methods exhibit excellent performance

or speciation analysis of a large number of metal ions, there
emain some issues and limitations that need to be resolved. The
elationship between bioavailability and speciation of metals
emains unclear and needs to be further studied. Research in
oltammetric speciation analysis of metals is mainly driven by
ceanographic scientific studies, and then subsequently adapted to
reshwater environments. Compared with seawater, less is known
n speciation of trace metals in freshwaters. Furthermore, most
peciation analysis of metals is conducted in laboratory environ-
ents and there is an urgent demand for new sensing methods and
evices that allow in situ and real-time speciation analysis in
atural waters.
The development of voltammetric analysis methods and novel

orking electrodes is also urgently needed. Hg electrodes such as
MDE and Hg film electrodes are commonly adopted for
etermination of different metal species due to their high
ensitivity and stability. Considering the toxicity of Hg, it remains
ecessary to develop novel environmentally friendly electrodes as

 substitute for Hg electrodes. Moreover, strategies to reduce the
urging time, complexation time, deposition time and operator
ime in voltammetric speciation analysis of metals are also
equired. Finally, to achieve a more detailed and comprehensive
escription of the speciation of trace metals in natural waters,
ifferent complementary analytical methods with specific advan-
ages should be combined effectively.

In summary, voltammetric methods have the potential to be

comprehensive understanding of the relationship between bio-
availability and speciation of trace metals in natural water
environments.
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