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a b s t r a c t

The contamination containing trace heavy metal ions (HMIs) has received great attentions, as it poses
serious threats to ecological system and human health. Hence, the developments of a rapid technology
for the real-time and on-line detection of HMIs are of significance. Considering the drawbacks of singular
spectral method and electrochemical method, electrochemical spectral method has been proposed as a
powerful analytical technology for the detection of trace HMIs because of its great sensitivity, anti-
interference ability and super low limit of detection (LOD). As such, in this review, we primarily
described the recent advances of representative electrochemical spectral methods and their applications,
including electrochemical atomic absorption spectrometry (EC-AAS), electrochemical total reflection X-
ray fluorescence and X-ray fluorescence (EC-TXRF/XRF), and electrochemical laser-induced breakdown
spectroscopy (EC-LIBS). Additionally, we basically introduced the electrochemical preconcentration
methods generally used prior to spectral methods, including electrodeposition and electroadsorption.
Based on the overview of these methods, we also addressed up-to-date challenges of in-situ electro-
chemical spectral methods, for which additional researches are needed to carry out.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The rapid industrialization brings great benefits to mankind, but
clearly there are also some by-effects, and one of the most typical
impacts is the wastewater containing heavy metal ions (HMIs),
which discharged into the environment either directly or indirectly,
leading to their wide and alarming distribution in the environment
[1]. What's more, HMIs in the environment cannot be biodegraded

and are inclined to accumulate in living organisms, which poses
great risks to both ecological system and human health, thus having
attracted significant attentions from many scientists [2e4].
Complicating matters, some HMIs have high toxicity even at low-
level concentrations, such as cadmium (Cd), lead (Pb), arsenic
(As), mercury (Hg), and chromium (Cr), causing great challenges to
the detection of these HMIs [5e9].

In the past few years, the sensitive and selective detection of
trace and ultra-trace levels HMIs usually depended on traditional
spectral methods, including inductively coupled plasma mass
spectrometry (ICP-MS), atomic absorption spectrometry (AAS),
inductively coupled plasma atomic emission spectrometry (ICP-
AES), ion chromatography ultraviolet visible spectroscopy (IC-UV-
vis), capillary electrophoresis (CE), microprobes (MP), total reflec-
tion X-ray fluorescence (TXRF) [10e12]. Also, X-ray fluorescence
(XRF) and laser-induced breakdown spectroscopy (LIBS), as new
spectral methods, have also been developed in these years [13e21].
Although these spectral methods have the advantages of high
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sensitivity and selectivity, it is still challenge to achieve the deter-
mination in real environments on the score of the low concentra-
tion of HMIs [13,22]. In addition to that, electrochemical methods
based on nanomaterial modified electrodes, such as linear sweep
anodic stripping voltammetry (LSASV), square wave anodic strip-
ping voltammetry (SWASV), differential pulse anodic stripping
voltammetry (DPASV), cathodic stripping voltammetry (CSV), cyclic
voltammetry (CV), and chronopotentiometry, are capable of the
detection of HMIs with high sensitivity and low limit of detection
(LOD) [7]. However, as environments are always contaminated by
several “unknown” HMIs, the competition and mutual interference
of stripping potentials should be considered. In other words, elec-
trochemical methods are not good alternatives when some other
metal cations coexist [23e25].

Undoubtedly, the vigorous development of nanomaterials has
improved the electrochemical preconcentration methods,
including electrodeposition and electroadsorption, both of which
are suitable for the complex samples containing heavy metals. The
combination of electrochemical methods with spectral methods is
reported to be competent of the detection of trace HMIs with high
selectively and sensitivity. Obviously, electrochemical spectral
methods incorporate the strength of both electrochemistry and
spectrometry. Before the detection of specified heavy metals, the
specimen to be measured can be separated and enriched by elec-
trochemical methods, which considerably improves the sensitivity
and the LOD of individual spectral methods. Simultaneously,
comparing with single electrochemical methods, electrochemical
spectral methods overcome the serious interference of coexist
metals in the “unknown” contaminants. It should be noted that the
costs of the required equipment used in electrochemical spectral
method increased, which may limit it usable range. However,
electrochemical spectral methods have unique advantages in facing
of “unknown” and complex samples, and it may achieve simulta-
neous detection of coexisted heavy metals, which make up for the
shortcomings of these methods. Therefore, it is quiet important to
give an overview of electrochemical spectral methods.

As electrodeposition and electroadsorption are most universally
used in the preconcentration process, this review principally intro-
duced electrodeposition-assisted atomic absorption spectrometry
(ED-AAS), electrodeposition-assisted total reflection X-ray fluores-
cence (ED-TXRF), electrodeposition/electroadsorption-assisted X-
ray fluorescence spectroscopy (ED/EA-XRF) and electrodeposition/

electroadsorption-assisted laser-induced breakdown spectroscopy
(ED/EA-LIBS). The comparison of these methods and their applica-
tion is given in Table 1. Firstly, this review discussed the pre-
concentration process of target HMIs in the samples to be detected
on the basis of electrochemical methods. Secondly, the applications
of these electrochemical spectral methods in the detection of HMIs
are described in details, and the mechanism and conspicuous ad-
vantages of which are also showed in this review. Last but not least,
according to the overviewof the application of thesemethods, it can
be found that electrochemical spectral methods have great promise
in the detection of HMIs, while there are limited literature about
thesemethods. Consequently,weappeal tomore researches focused
on electrochemical spectral methods to achieve wider applications
in on-site detecting HMIs in pollutants.

2. Electrochemical spectral methods

In recent years, electrochemical spectral methods have gradu-
ally become one of the research hotspots in the field of analytical
chemistry. These methods are used in combination with an elec-
trochemical method for selective pre-enrichment, and a spectro-
scopic method to achieve qualitative and quantitative analysis of
HMIs. Up to now, electrochemical methods, like electrodeposition
or electroadsorption, have been used in conjunction with AAS [42],
surface-enhanced Raman spectroscopy (SERS) [43e45], TXRF [22],
XRF [13,34] and LIBS [16,39,41,46].

2.1. The mechanism of electrochemical preconcentration methods

In face of the low concentration and complex varieties of HMIs
in real samples, it is essential to separate and enrich the target HMIs
from the matrix, for the purpose of avoiding the interference of
coexist HMIs and improving the detection limits. It should be noted
that these two electrochemical preconcentration methods
described in this review, electrodeposition and electroadsorption,
work differently, which would be described respectively.

2.1.1. Electrodeposition method
So far, electrodeposition has been widely used as a preconcen-

tration tool before spectral methods. In this process, according to
reduction of metal ions (Mnþ þ ne� / M(0)), the trace reducible
HMIs can be separated from the analytes contaminated with

Table 1
The comparison of electrochemical spectral methods for the trace detection of HMIs.

Technique Electrode Heavy metal LOD Application Ref.

ED-ETAAS Hg electrode Te (IV) and Te(VI) 2 and 13 ppb River, sea and waste water [26]
On-line
ED-GFAAS

Gold-coated porous carbon Se(IV) 0.01 ppb Surface water [27]

ED-TXRF Si/Al/Ti/Hg electrode Cu2þ, Zn2þ, Co2þ, Ni2þand Fe2þ 0.1, 0.13, 0.23, 0.13 and 0.39 ppb Saline matrices [28]
ED-TXRF GCE/Hg electrode Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag, Cd, Pb, As and U 5e20 ppt Saline matrices [29]
ED-TXRF Nb electrode Hg 4 ppt Aqueous solution [30]
ED-XRF copper electrode Sb, Ni, Bi, Au and Te 9, 0.5, 0.2, 0.2 and 0.9 ppb Aqueous solution [31]
ED-XRF Al electrode Fe3þ, Co2þ, Ni2þ and Zn2þ 5, 2, 3 and 6 ppb Water [32]
ED-XRF pBDD Cu2þ and Pb2þ 0.05 and 0.04 ppb Aqueous solution [33]
ED-XRF pBDD Pd2þ 3.6 ppb Pharmacy, food [34]
In-situ
ED-XRF

BDD Pb2þ 99 nM Aqueous solution [35]

EA-XRF MWCNTs Cr3þ, Mn2þ, Ni2þ, Co2þ, Cu2þ and Zn2þ 1, 5, 5, 7, 1 and 8 ppb Waste water [36]
EA-XRF NH2-CMSs As(III) 7 ppb Real water [23]
ED-LIBS Al electrode Cr3þ, Mn2þ, Pb2þ, Zn2þ, Cd2þ and Cu2þ Sub-ppb level Tap water [37,38]
ED-LIBS GO (-)/PDDA/Ti Cd2þ 5.6 ppb Rice [39]
ED-LIBS Cu electrode Zn2þ 0.35 ppm Aqueous solution [40]
In-situ
EA-LIBS

CS-GO Cr(VI) 12.3 ppb Real water [41]

Notes: GCE, glassy carbon electrodes; pBDD, polycrystalline boron-doped diamond; BDD, boron-doped diamond; MWCNTs, multiwalled carbon nanotubes; NH2-CMSs,
amine-functionalized carbonaceous microspheres; GO(-), negatively graphene oxide; CS-GO, chitosan-modified graphene oxide.
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