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ABSTRACT: Recent publications are reviewed concerning the development of sensors
for the determination of mercury in drinking water, based on spectroscopic
methodologies. A critical analysis is made of the specific details and figures of merit of
the developed protocols. Special emphasis is directed to the validation and applicability to
real samples in the usual concentration range of mercury, considering the maximum
allowed limits in drinking water established by international regulations. It was found that
while most publications describe in detail the synthesis, structure, and physicochemical
properties of the sensing phases, they do not follow the state of the art in the analytical
developments. Recommendations are provided regarding the proper method development and validation, including the setting of
the calibration concentration range, the correct estimation of the limits of detection and quantitation, the concentration levels to be
set for producing spiked water samples, the number of real samples for adequate validation, the comparison of the developed method
with a reference technique, and other analytical features which should be followed.

1. INTRODUCTION
Safe and readily available water is important for public health.1

Drinking water may contain small amounts of heavy metals,
some of which are known to be essential for human health.
However, an excess of essential metal ions, or even small
quantities of other ions may have a serious negative impact.2

The presence of heavy metals in water is due to several
reasons: (1) the release into the environment by natural
causes; (2) anthropogenic activities, such as industrial activities
generating wastes (electroplating, metal smelting and chemical
industries); or (3) poorly treated wastewaters.3

There is a growing number of publications devoted to the
development of new spectroscopic platforms for the
determination of inorganic ions in samples such as drinking
and natural waters, foodstuff, etc., which are of high
importance for consumer safety. The methods are based on
either absorptimetric or emissive probes, which are developed
in such a way that they are highly selective and proposed to be
sufficiently sensitive to the presence of specific metal ions in
the studied samples. The advantages of the proposed sensors
include simplicity, low cost, and speed.4 Typically, the
concentrations to be measured in the latter samples are
small, requiring limits of detection which should be compatible
with the maximum levels set by international regulating
agencies. Therefore, efforts are directed to maximize the
sensitivity of the analysis, by incorporating a series of clever
approaches in the new developments.
Due to the large number of papers published in recent years

on the subject, the present report is concerned with a specific

case: the determination of mercury in drinking water. This
analyte was selected because of the challenges in measuring
very low concentrations due to its toxicity. However, most of
the considerations regarding chemical analysis at low
concentrations also apply to other heavy metal ions, anions
and organic pollutants in environmental samples, foodstuff, etc.
The sources of mercury in water include the erosion of

natural deposits, the discharge from refineries and factories,
and the runoff from landfills and croplands. For metal ions and
other contaminants, the US Environmental Protection Agency
(EPA) sets two limits:5 (1) the Maximum Contaminant Level
Goal (MCLG), which is the level of a contaminant in drinking
water below which there is no known or expected risk to
health; and (2) the Maximum Contaminant Level (MCL),
which is the highest level of a contaminant that is allowed in
drinking water and is an enforceable standard. MCLs are set as
close to MCLGs as feasible using the best available treatment
technology and taking cost into consideration. In the case of
mercury, the MCLG and MCL are both 2 μg L−1 (2 ppb, 10
nM).5 Below this level of mercury in drinking water, there is no
known or expected risk to health. Otherwise, serious problems
may arise, the main of which is kidney damage.6
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The analytical method recommended by the EPA for the
determination of mercury in drinking water is cold vapor
atomic absorption spectrometry.7 The concentration range of
the method is 0.2−10 μg L−1 (i.e., the lowest calibration
concentration is well below the MCL for Hg in this type of
samples). It is recommended to estimate the method detection
limit (MDL) as 3 times the standard deviation of 7 replicates
of a sample prepared to contain twice the concentration
corresponding to a rough estimation of the true LOD.
However, modern IUPAC recommendations use a different
concept for the LOD estimation, which will be discussed below
in detail.8,9

It is apparent that both the LOD and LOQ must be low
enough to detect and measure mercury concentrations at the
required levels according to official regulations. If the LOQ of a
new method is larger than the MCL, then it should probably
be called a method to detect Hg in highly contaminated water
samples and may require a substantial preconcentration step
for analyzing drinking water. Nevertheless, even if the
detection capability of a method is adequate, it should be
appropriately validated to be considered reliable. In the present
report, we review a number of selected publications on the
development of spectroscopic methods for determining Hg in
water samples, with emphasis on the requirements to be met
for achieving the intended purpose.

2. RECOMMENDATIONS ON FIGURES OF MERIT
Analytical reports should not only describe with particular
detail the synthesis, structure, and physicochemical properties
of a new chemosensor or probe for specific analytes. The
analytical section should be as complete as possible, following
the standard guidelines which include the figures of merit, the
statistical analysis of the results, and the comparison with those
provided by previously published methods. Below we
summarize the main figures of merit that should be reported
and recommendations for the correct statistical analysis and
method comparison.

2.1. Sensitivity. The sensitivity and analytical sensitivity
should be reported, preferably including a comparison with the
same parameters in previous analytical reports on the same
analyte. The sensitivity is defined as the slope of the calibration
graph; however, the analytical sensitivity is preferred for
method comparison because it is independent of the measured
signal.10,11 The latter is defined as the ratio of the sensitivity
and the instrumental noise level and has inverse concentration
units.

2.2. Linearity. Most authors still employ the correlation
coefficient (R2) of the calibration line as an indicator of the
linear relationship between signal and concentration. IUPAC
discourages this practice, recommending the estimation of an F
value as the ratio of the residual variance of the calibration line
to the variance of the instrumental noise. Comparison should
be made with the critical F value, as detailed in a IUPAC
report.12 Other relevant discussions can be found in the
literature.13

2.3. Limits of Detection and Quantification. The
definition of the LOD has been evolving with time, from the
old concept based on three times the standard deviation for the
blank, to the modern view considering both Type I and Type
II errors, also called α and β, or false positives and false
negatives.7,14,15 Furthermore, error propagation should con-
sider the uncertainties in the measurement of the test sample
and also those coming from the calibration phase. Specifically,
the modern IUPAC recommendation first requires to define
the limit of decision (LD), which only considers a risk of false
positives (Figure 1, green-shaded area). The limit of detection
is then defined as the level for which the risk of false negatives
has a probability β, corresponding to the red-shaded area in
Figure 1. According to this latter figure, the expression for the
LOD is
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Figure 1. Scheme illustrating the modern IUPAC definition of the limits of decision (LD) and detection (LOD). Gaussian lines are shown centered
at the blank and at the LOD level. The LD decides whether the analyte is detected or not with a rate α of false positives (green shaded area),
whereas the LOD implies detection with a rate α of false positives and a rate β of false negatives (red shaded area). Adapted with permission from
ref 8. Copyright 2015 Elsevier.
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where tα,ν and tβ,ν are student coefficients with ν = N − 2
degrees of freedom and probabilities α and β respectively, N is
the number of calibration samples, σc,0 and σc,LOD are the
concentration standard errors at the blank and LOD levels, m
is the slope of the calibration line, and sy/x is the residual
standard deviation. Assuming σc,0 = σc,LOD, the 95% confidence
level (α = β = 0.05) and a large number of degrees of freedom,
the right-hand side of eq 1 is obtained, where h0 is the blank
leverage value given by

h
c

c c( )i
N

n
0

cal
2

1 cal
2=

= (2)

where c ̅cal is the mean calibration concentration and cn
represents the concentration of the analyte in the nth

calibration sample.
In some cases, authors refer to the IUPAC definition of the

LOD but still use the old definition. The following important
remarks by IUPAC should be considered: “It is accordingly
recommended that...the approximate detection limit (is)
calculated as 3S0. Note that with the recommended minimum
number of degrees of freedom, this value is quite uncertain,
and may easily be in error by a factor of 2. Where more
rigorous estimates are required (e.g., to support decisions on
based on detection or otherwise of a material), reference
should be made to appropriate guidance (see, e.g., refs 22,
23).” In these latter references the new definitions of the LOD
and LOQ are provided.16,17

Another relevant issue is the use of the log transformation
for coping with nonlinear signal-concentration relationships.
However, it is preferable to employ the nonlinear calibration
line, estimating the LOD according to a recent procedure,
adapted from the IUPAC recommendations for linear
calibration lines.18

Due to the presence of additional terms in the square root of
eq 1 beyond the classical value of 1, the modern LOD
definition is stricter (i.e., larger) than the old one. It is
important to notice that all the reviewed publications quote the
incorrect detection capability based on the abandoned LOD
definition. They are consequently lower (perhaps significantly)
than the true LOD values.
Even more important than the LOD is perhaps the limit of

quantitation (LOQ) defined as
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where the factor 10 sets a relative prediction uncertainty of
10%. The relevance of the LOQ is that the linear range of a
developed method for the determination of mercury ranges
from the LOQ to the upper concentration limit where the
linear signal-concentration relationship holds. To be able to
quantitate Hg below the levels set by official agencies, a
sufficiently low LOQ is required.

2.4. Significant Figures. It is not uncommon to find
reported analytical results with an excessive number of
significant figures, which is unreasonable. In general, all results
should be reported with a number of significant figures
compatible with the associated standard error. In the case of
uncertainty measures (standard errors, root-mean-square
errors, relative prediction errors) and also in the case of
parameters derived from uncertainties (detection limit,
quantitation limit), they should be reported with one or at
most two significant figures. A good rule of thumb is to use two

significant figures when the first one is 1, or when the first is 2
and the second is smaller than 5; in the remaining cases, a
single significant figure should be reported.8

2.5. Statistical Analysis of the Results. The number of
studied samples is usually too small to gather reliable
information on the applicability of the method. A new
analytical development should include the validation of the
protocol with a number of test samples (preferably certified
reference materials or real samples, not artificially laboratory-
prepared or spiked samples), comparing the determined
concentrations of the analyte with those provided by a
reference standard technique. The estimated recovered values
should be compared with reference values. Statistical tests
should be applied to assess whether a recovery is not
statistically different than 100%, reporting both the exper-
imental and critical t values. It should be noticed, however, that
these tests assume certain conditions that the data should
fulfill, such as constant variance.19,20

2.6. Comparison of Average Errors. When comparing
the average analyte errors estimated by different methods, the
conclusions are often drawn on a visual basis. This impression
may be false, and an objective statistical technique is required
to compare error values, to be able to conclude that one error
is significantly smaller than a second one. One interesting
alternative is the randomization test described by van der
Voet.21 The latter paper provides an easily implementable
computer code in its Appendix.

3. CHEMICAL SENSORS FOR MERCURY IONS
The conventional analytical approaches for Hg(II) analysis
include atomic absorption spectroscopy, inductively coupled
plasma mass spectrometry, and atomic fluorescence spectrom-
etry. Because these methods are rather complex, expensive,
nonportable, and require specialized laboratories, the current
scientific efforts are directed to developing efficient chemical
sensors as alternatives for the determination of mercury in
environmental samples. In general, these sensors display
analytical features that make them attractive and useful to be
implemented both in the analytical laboratory and in the field.
For the present discussion, we have selected and analyzed
some reported optical mercury sensors where absorption,
fluorescence, and/or surface enhanced Raman scattering are
the measured signals.
Most optical sensors for the detection of Hg(II) in aqueous

media involve the use of noble metal nanostructures due to
their unique physicochemical properties. For example, they
have the ability to support surface plasmons which are
generated by the coupling between the incident electro-
magnetic waves and the conduction electrons.22 In other
words, when the electromagnetic radiation of a certain
frequency interacts with the metal nanoparticles, their
conduction electrons collectively oscillate on a metal/dielectric
interface. This resonance is called surface plasmon resonance
(SPR) or, more precisely, local SPR (LSPR) because
nanoparticles are involved. Gold- and silver nanoparticles,
either bare or with functionalized surfaces, are the two most
widely used plasmonic nanomaterials, which have demon-
strated sensitive LSPR signals used for the selective detection
of Hg(II) ion.22,23 The LSPR spectra can be modified by
tailoring the size, the shape (rod, cube, disc, etc.), the
structures (shell, cage, tube, etc.), and the environment of the
metal nanostructures. The LSPR sensing mechanism can be
produced through the aggregation of the nanoparticles or by
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changes in their refractive index.24 The aggregation of
nanoparticles, generally functionalized with oligonucleotides,
oligopeptides, or chemical functional molecules, is promoted
by the Hg(II) ion through its affinity with specific functional
groups of the surface, producing a shift of the LSPR band as a
result of the strong coupling between the localized SPRs of the
nanostructures. On the other hand, refractive index sensors are
based on the LSPR peak shift due to the variation in the local
refractive index induced by a mercury amalgamation on the
nanoparticle surface. In this case, the Hg(II) ion is reduced
with an adequate reagent (NaBH4, citrate, etc.) and the
generated Hg(0) is strongly bonded onto the surface of either
Au- or Ag- based nanomaterials to form an amalgam, shifting
the LSPR spectrum of the nanoparticles to shorter wave-
lengths.25

An alternative colorimetric assay is based on the inhibition
of the peroxidase-like activity of noble metal nanostructures by
the Hg(II) ion. The reaction between the chromogenic
substrate 3,3′,5,5′-tetramethylbenzidine (TMB) and H2O2 is
generally chosen for these probes. When the catalytic activity
of the nanostructure decreases due to the presence of the
Hg(II) ion, the concentration of the oxidation product
decreases, leading to a color change of the system.26,27

In other cases, the presence of mercuric ion produces the
opposite effect to that described above. For example, the
formation of either the stable thymine complex (T-Hg2+-T) or
amalgams with noble metals, can reverse the inhibitory effect
that certain molecules or nanoparticles have on the oxidase
mimetic activity of specific nanostructures. In the presence of
Hg(II) ions, the oxidase-like activity of the indicated
nanostructures is restored and the concentration of the
oxidation product increases.28,29

Fluorescent sensors are constituted by nanomaterial-bound
fluorescent units (the fluorophores). When the cation binds to
the sensor, the fluorophore photophysical properties change
due to different processes (photoinduced electron transfer or
charge transfer, energy transfer, excimer formation, etc.),
leading to either a fluorescence intensity enhancement or to a
quenching effect.23

Another class of optical sensors for Hg(II) ion resort to
surface enhanced Raman spectroscopy (SERS), combining
laser spectroscopy with the optical properties of nanosized
noble metal structures, resulting in significantly increased
Raman signals.30 The SERS methods for the detection of Hg2+
are based on either the specific interaction between the ion and
Raman active molecules exhibiting a strong and specific SERS
spectrum (reporters) or the formation of the T-Hg2+-T
complex. The detection of the Hg(II) ion is achieved by
enhancing or turning off the SERS signals of the Raman
reporters. The DNA-based T-Hg2+-T system relies on the
coordination chemistry of the metal ion with the nucleotide
and the formation of nanoparticles aggregates with the
concomitant changes in the SERS intensity.
Some research groups have proposed the mercury

determination by simultaneously measuring two types of
signals with the same sensor, one detection mode generally
being superior to the other. However, in some of these dual
methods one of the two types of signal results in an unfeasible
LOD for the determination of low levels of Hg(II) ion. Thus, it
would be more correct to characterize the method with the
signal that allows achieving the analytical purpose rather than
as a dual one.

4. REVIEW ON MERCURY SENSOR REPORTS
As indicated above, numerous scientific articles report the
determination of the mercury(II) ion in water samples. For the
sake of brevity, we have randomly selected a number of
publications on optical mercury sensors. The information from
the literature search was compiled in Tables 1−4 following an
increasing order of publication year and were organized
according to the measured spectroscopic signals, as detailed in
Section 3. Thus, whereas Tables 1, 2 and 3 describe sensors
based on absorption, fluorescence, and SERS signals,
respectively, Table 4 includes sensors displaying two different
types of signals.
The first and second columns of these tables show the

operational basis of the sensors and the relationship between
the measured signal and the mercury concentration. In the next
column, the analytical efficiency of each of the proposed
methods is briefly mentioned, with an emphasis on both the
linear range and the attained limit of detection. Regarding the
values of these latter parameters in the tables, it is important to
point out that none of them was calculated using the modern
IUPAC definition (see above). Nevertheless, to assess and
compare the detection capabilities of the sensors, the reported
LODs were used in our discussion. To facilitate the
comparison among the different works, the concentration
units were unified to micrograms per liter (parts-per-billion).
The tables also include the type of studied water sample, the

applied pretreatment (if any), the added mercury concen-
trations to the spiked samples and/or the original values found
in real samples without addition of the analyte. Since in these
latter samples the Hg(II) ion content is unknown, it is
mandatory to compare the obtained results with those
provided by a reference method.
From the 42 selected methods shown in the tables, only two

of them meet the correct analytical standards for the validation
protocol in real samples.28,31 Qi et al.28 developed a
colorimetric mercury sensor blocking with the Hg(II) ion
the inhibition produced by oligonucleotides on the peroxidase-
mimicking catalytic activity of graphene oxide/AuNPs in the
oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) by H2O2.
Under the optimized conditions, a calibration line was built
with the absorbance at a proper wavelength as a function of the
mercury ion concentration. Seven replicate calibration samples
containing Hg(II) concentrations from 1.04 μg L−1 to 24 μg
L−1 were employed. Although the limit of detection (LOD =
0.076 μg L−1) was calculated with the old LOD concept, the
value was below the US EPA maximum level in drinking water
of 2 μg L−1. The method was successfully applied in both
spiked and real samples without externally added analyte, and
the estimated concentrations were compared with those
provided by a reference method.
On the other hand, Zheng et al. quantified mercury in tap,

pond, and river waters using a fluorescence sensor.31 The latter
was based on the capability of the Hg (II) ion to remove the
quenching effect AuNPs modified with thioglycolic acid on the
fluorescence of rhodamine B by disrupting the absorption of
the dye molecules on the surface of the nanoparticles. The
calibration was performed under optimal experimental
conditions, measuring the fluorescence intensity at the
emission maximum as a function of analyte concentration,
ranging from 0.2 to 6.2 μg L−1. The LOD calculated as the
ratio between three times the standard deviation of the blank
signal, and the slope of the calibration line was 0.08 μg L−1.
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This approach allowed determining the original Hg(II) ion
levels in real water samples (verified by atomic absorption
spectroscopy) and obtaining good recoveries at the low
concentrations added to the studied matrices (1 and 2 μg L−1).
Two additional reports fulfilled the requirements of

achieving an appropriate LOD (<2 μg L−1), demonstrating a
successful application to both spiked and real samples without
externally added analyte and comparing the results with those
provided by a reference method, but the methods were applied
to too few samples (i.e., three or less).24,32

Another group includes the development of 15 sensors with
adequate LODs but which were only applied to spiked
samples, with five of them tested on very few samples.
Although real matrices are preferable to synthetic ones for
recovery assays, the validation of a new method should be
completed by demonstrating its usefulness in real samples with
no external addition of the analyte. Depending on the analytes
and/or the investigated matrices, it may not be easy to obtain
real samples. Despite this drawback, the authors should make
an effort to include them in their working protocols and
statistically compare the results with those given by a reference
method. In any case, if only spiked samples are included in the
analysis, at least 10 different water samples with the addition of
various analyte levels are required. This would increase the
analytical quality of the newly proposed methods and show
that the required standards have been fully achieved.
More worrying are the 17 papers where the sensor was

employed to determine mercury in samples spiked with
unreasonably high analyte concentrations, even when they
display LODs which apparently allowed to measure mercury
levels below the official maximum. In addition, four of these
latter reports studied either one or two spiked samples.
Finally, Tables 1−4 show six methods with limited

applicability for the determination of mercury ion in drinking
water, since they present LODs close to or higher than the
target concentration of the metal ion in this type of samples. In
addition, these sensors were tested on spiked samples with
high concentrations of Hg(II).
An issue not considered in Tables 1−4 but of analytical

relevance is the evaluation of the method selectivity. Although
the chemical sensors are described as having high selectivity
toward the analyte under investigation, their behavior in the
presence of potential interferents must be reliably demon-
strated. The most common interferents for metal ion sensors
are other cations that may respond similarly to the analyte by
interacting with the sensing unit. Nevertheless, it is also
important to analyze the effect of certain anions that may react
with the cation producing stable species, seriously affecting the
analyte detection. In the specific case of the Hg(II) ion, the
presence of chloride should be taken into account. In this
regard, all reports shown in Tables 1−4 studied the selectivity
by analyzing the effect of potentially interfering cations on the
sensor signal. However, not all of them analyzed the influence
of the anions. In one study, chloride was removed
dechlorinating the water sample by previous boiling.28 In
other cases, the fact that this anion does not interfere was
indirectly demonstrated either by using chloride salts to
prepare the solutions of the investigated cations or by
employing HgCl2 as mercuric reagent.

5. FINAL RECOMMENDATIONS
In this section we provide some general recommendations for
the development of methods for the determination ofT
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inorganic species in drinking water, using Hg(II) as an
example. Most scientific reports on the development of sensing
platforms for Hg(II) allocate ca. 90% of the space to the
detailed description of the synthesis, preparation, structural
study, physicochemical characterization, etc., while the
analytical sections are usually very brief. We suggest to expand
the latter section following some standard rules for analytical
calibration and validation.
A first phase of any protocol attempting to develop a

methodology for detecting Hg(II) in drinking water is to
roughly estimate the LOD. If this latter value is above 2 μg L−1,
this means that a preconcentration procedure is required.
Once the detectability of the method has been found to be

feasible, the following steps should be followed:
1. Prepare and measure a set of calibration standards from

0.1 to 0.2 μg L−1 to ca. 50−100 μg L−1.
2. If the calibration graph is linear, use the IUPAC test for

setting the maximum concentration at which linearity is
complied. Do not rely on the correlation coefficient.

3. Estimate the LOD using the modern IUPAC definition.
4. Analyze at least 10 spiked water samples, with final

concentrations of Hg in the range 0.5 to 5 μg L−1.
Compare the estimated value of the added concen-
trations with the nominal ones using a statistical test.

5. Analyze at least 10 real, unspiked drinking water samples
and compare the results with a reference method, i.e.,
atomic spectrometry. Use suitable statistical tests for the
comparison.

■ CONCLUSION
In view of the above discussion and findings, the conclusions of
the present report are rather disappointing. The proposal of
new sensors for measuring the concentrations of heavy metal
ions in drinking water, particularly in the case of the highly
toxic mercury ions, demands authors to comply with a series of
requirements for proper method development, validation, and
applicability study. These are not met in the vast majority of
the reviewed publications, with only a very small number of
reports employing the correct analytical standards.
The authors of the present review would like to call the

attention of reviewers and editors of international journals on
the importance of verifying that submitted manuscripts
describing spectroscopic sensors for the determination of low
concentration species, from heavy metal ions to all potential
organic contaminants, meet modern analytical standards.
Otherwise, the usefulness of the proposed sensors would be
highly limited.
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