
Analytica Chimica Acta 464 (2002) 123–133

An amperometric method for the determination of trace
mercury(II) by formation of complexes withl-tyrosine
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Abstract

A selective and sensitive amperometric method of analysis has been developed for determination of the trace amounts of
mercury in waters at a platinum electrode based on the effect of the presence of mercury ions on the current due to oxidation
of l-tyrosine. A decrease of signal was observed due to the formation of a complex of tyrosine with the Hg(II) ion adsorbed
on the electrode surface. Several parameters were varied, such as applied potential, pH and concentration of tyrosine. The
calibration plot was linear in the range from 0.02 to 3�mol l−1 Hg(II) with r = 0.997 and the detection limit (3σ ) was
0.014�mol l−1; the relative standard deviation was 2.2%. The study of interferences from other metal ions revealed a good
selectivity of this method towards mercury(II). The stoichiometry of the mercury–tyrosine complex was determined to be 1:2
and the formation constant 627±19. Formation of complexes with mercury ions was also demonstrated with several catechol
compounds and other amino acids. The method was applied to the analysis of contaminated waters. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Mercury is one of the most well known toxic met-
als. Its toxicity is attributed to its harmful effects on
the central nervous system disturbing haemin synthe-
sis as well as causing neuropsychiatric disorders[1].
Reports of such cases have come from many areas of
the world, but those from Asia have been the most nu-
merous; the cases in Minamata Bay in Japan in 1953
[2] were particularly disastrous. Mercury is usually
present at low concentrations in environmental sam-
ples as inorganic, free or complexed with inorganic
and organic ligands or as organomercury compounds
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[3] and, therefore, highly sensitive and selective meth-
ods are required for analysis. A number of methods
have been used for the determination of total mercury,
such as cold vapour atomic fluorescence spectrometry
CV-AFS[4], cold vapour atomic absorption spectrom-
etry CV-AAS [5], inductively coupled plasma atomic
emission spectrometry ICP-AES[6] and inductively
coupled plasma mass spectrometry ICP-MS[7].

It is highly desirable to be able to transfer these
measurements from the central laboratory into the
field. Spectroscopic techniques, commonly used for
trace measurement of mercury in the laboratory, are
not suitable for the task of on-site testing and moni-
toring. The portable nature and excellent sensitivity of
electrochemical techniques make them very attractive
for field monitoring of trace metals[8].
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The use of chemically modified electrodes (CMEs)
for the determination of mercury is an area of great
interest and complexation reactions with organic
reagents as modifiers have been widely applied.
Strategies used include the modification of glassy
carbon surface by perfluorinated ion exchangers[9]
or permselective modified electrodes[10]: low de-
tection limits were reached using anodic stripping
voltammetry. Problems associated with possible sur-
face contamination are the main disadvantage of this
kind of electrodes.

Determination of Hg(II) has been successfully per-
formed by means of chemically modified carbon paste
electrodes (CPE). Preconcentration by complexation
was used with CPEs modified with 1,5-diphenyl-
carbazide[11], humic acid[12], zinc-diethyldithiocar-
bamate[13] and with ion exchange Amberlite LA2
[14]. The detection limits obtained were 5, 0.5, 0.8
and 50 nM, respectively.

The best electroanalytical performance for mea-
suring low concentrations of mercury ions has been
achieved with gold[15] and gold-plated[16–19]elec-
trodes. The main disadvantages of gold electrodes are
the well known structural changes of the gold surface,
caused by amalgam formation and the time-consuming
and complex electrochemical pre-treatments that are
needed to achieve reproducibility.

Many metal ions form complexes with amino acids
and small peptides and studies of this complexation
have been carried out in order to obtain a better un-
derstanding of transition metal complexes in proteins.
The location of different metal ions in the hydropho-
bic cavity of a protein depends on the relative intrinsic
bond strength between the metal ions and the vari-
ous possible metal binding sites. Recently, the lithium,
sodium and copper[20] and zinc[21] ion affinities of
the most common amino acids have been measured.
Metal ion–tyrosine complexes have been also widely
examined[22,23]. It is evident from all these studies
that metal ions can bind to amino acids in several ways.

In the present work, we investigate the use of the
amino acid,l-tyrosine, for the determination of mer-
cury in aqueous samples through the decrease of the
oxidation current of tyrosine at platinum electrodes
caused by the formation of an adsorbed electro-
inactive complex. Tyrosine is an amino acid with pKa
values of 2.2 (–COOH group) and 9.1 (–NH3

+ group);
it is a direct precursor of various hormones, biogenic

amines and neurotransmitters[24]. The experimental
conditions were optimised and analytical parameters,
such as linear range and detection limit were deter-
mined. An electrochemical study of the formation of
the complex betweenl-tyrosine with mercury ions
was also carried out, concerning which no work exists
in the literature. The data obtained allow the deduc-
tion of the stoichiometry of the complex and permit
the calculation of the formation constant. Addition-
ally, a study of the interferences and a comparison
with other molecules with characteristics similar to
tyrosine—catechols and other amino acids—was car-
ried out. Finally the technique was applied to the
analysis of tap water and waste water samples.

2. Experimental

2.1. Apparatus

Amperometric measurements were carried out with
BAS CV-27 instrument coupled to a BAS LC-3D
electrochemical detector (Bioanalytical Systems) and
a YOKOGAWA 3025 X–Y recorder, under constant
stirring conditions (300 rpm). Cyclic voltammetry ex-
periments were performed with an Autolab PGSTAT
10 System (Ecochimie). The three-electrode system
consists of a platinum disc as working electrode
(2 mm diameter), an Ag/AgCl reference electrode
(3 M KCl) and a stainless steel rod auxiliary elec-
trode. The pH was adjusted using a Fisher Scientific
Accumet AB15 BASIC pH meter.

The platinum electrode was polished on a polishing
cloth with wet alumina powders, starting with 15�m
particle size and then with finer grades down to 1�m.
It was then rinsed with deionized water and sonicated
for 5 min.

2.2. Reagents

All chemicals used were analytical reagent grade.
Aqueous solutions were prepared with doubly distilled
water. A 10−3 mol l−1 Hg(II) stock solution was pre-
pared from HgCl2 (Fluka). Solutions of concentration
20�M of the amino acidsl-tyrosine,l-cysteine hydro-
chloride,l-tryptophan,l-dopa (3,4-dihydroxyphenyl-
alanine), dopac (3,4-dihydroxyphenylacetic acid) and
dopamine (3-hydroxytyramine) from Aldrich, were
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prepared in 0.1 M pH 7.0 phosphate buffer unless
otherwise specified. Methylmercury chloride was pur-
chased from JM Alfa Products, Karlsruhe, Germany
and phenylmercuric acetate from Sigma.

Tap water samples were collected in the laboratory.
Waste water samples were adjusted to pH 2.0 with
concentrated nitric acid and filtered through membrane
filters of 0.45�m pore size. The sample tested was
diluted 10 times with pH 7.0 phosphate buffer.

All experiments were carried out at room tempera-
ture (25± 1◦C).

Each individual experiment was performed at least
three times, then the results were averaged.

3. Results and discussions

3.1. Electrochemical oxidation of l-tyrosine

The amino acidl-tyrosine is electro-oxidisable at
platinum electrodes at high positive potentials. Cyclic
voltammograms for the electro-oxidation of 20�M
l-tyrosine in phosphate buffer solution at pH 7, as
shown in Fig. 1, present an irreversible oxidation
wave at 0.8 V and a poorly defined electrochemical
response, in agreement with the literature data

Fig. 1. Cyclic voltammograms for the electro-oxidation of 20�M l-tyrosine without (dashed line) and with (dotted line) 50�M Hg2+ in
pH 7 of 0.1 M phosphate buffer (solid line): scan rate 0.05 V s−1.

[25–28]. The mechanism of the electrochemical oxi-
dation of tyrosine, in neutral medium, is:

The addition of 5× 10−5 mol l−1 of mercury(II)
caused a 20% decrease in peak current at a scan rate
of 50 mV s−1 and a shift in the peak potential toward
more positive values, which could be due to the for-
mation of an electro-inactive complex between tyro-
sine and mercury ions. In order to exploit the complex
formation for analytical purposes amperometric mea-
surements were made under different conditions by
maximising the sensitivity and lowering the detection
limit.

3.2. Optimisation of tyrosine response

The effect of applied potential on tyrosine oxida-
tion, at neutral pH, was studied in the range of 0–1 V
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Fig. 2. Effect of the applied potential on the oxidation current for 20�M l-tyrosine in 0.1 M phosphate buffer of (a) applied potential at
pH 7 and (b) pH at+0.75 V vs. Ag/AgCl.

using amperometric measurements.Fig. 2ashows that
tyrosine oxidation begins to appear at+0.6 V in the
solution with pH 7. This potential value corresponds
with the completely flat orientation of the tyrosine’s
benzene ring to the electrode surface[29]. The ad-
sorption of amino acids onto platinum electrode,
in basic solution, is achieved through the terminal
carboxyl of fully unprotonated anions from+0.4 V
versus Ag/AgCl. It was established in FT-IR stud-
ies [29] on the electrochemical oxidation of tyrosine
on platinum electrodes that at potentials more nega-
tive than +0.1 V, the orientation of tyrosine should
be random, and the benzene ring begins to be ori-
ented parallel to the electrode surface from+0.3 V.

The terminal carboxyl of tyrosine is adsorbed from
+0.4 V, and the flat orientation of the benzene ring
is completed at about+0.6 V. Studies were carried
out with similar results at silver[30] and gold[31]
electrodes.

Under our experimental conditions, no decrease of
signal was observed in the amperometric measurement
when a low concentration of tyrosine (20�mol l−1)
was used. However, at higher concentration (e.g.
100�mol l−1) the signal is unstable and starts to de-
crease slightly. This suggests that the orientation of
tyrosine molecules on the surface of the electrode
is coverage dependent. This is in agreement with
another study in which it was also shown that the
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orientation of the adsorbed molecules depends on the
surface coverage[32].

The effect of pH was investigated over the range
of pH from 2 to 11.Fig. 2b shows that the ampero-
metric signal of tyrosine oxidation is pH dependent
and reaches maximum values in the range of 7–9. In
further studies, pH 7 was employed.

3.3. Procedure for mercury(II) determination

The bare platinum electrode was immersed in a
cell containing 10 ml of pH 7 phosphate buffer; after
stabilisation of residual current, tyrosine was added.
Fig. 3 shows typical current–time curves. The current

Fig. 3. Typical current–time curves obtained before and after adding mercury ions: applied potential+0.75 V, 0.1 M phosphate buffer at pH 7.

response to tyrosine addition was measured asI1.
When mercury ions are added to the solution, they
form an electro-inactive complex with tyrosine, a
decrease of tyrosine signal was observed and the cur-
rent I2 was measured after 11 min which corresponds
to 90% of the maximum change in the current.

The percentage decrease in the tyrosine signal due
to the addition of Hg(II) ions can be expressed as:

I% = I1 − I2

I1
100

The influence of tyrosine concentration was investi-
gated; different concentrations of 4, 20 and 100�mol
l−1 were used. Increasing the tyrosine concentration
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resulted in an increase in the tyrosine signal,I1, but
no significant change in (I%), due to the formation
of the mercury–tyrosine complex, was recorded after
adding mercury ions. Also, a high concentration of
tyrosine, 100�M, leads to an unstable tyrosine signal.
Therefore, a concentration of 20�M was chosen as
the optimised tyrosine concentration.

The effect of the presence of mercury ions on the
tyrosine oxidation current was studied in the range of
potential within which there is a good response for
tyrosine oxidation, i.e. from 0.6 to 0.9 V.Fig. 4ashows
that the best potential that gives a significant de-
crease in the signal, after the addition of 3.0�mol l−1

mercury ions, was+0.75 V.
Regarding the effect of the solution pH and as pre-

viously mentioned, the tyrosine signal reaches maxi-
mum values in the pH range 7–9. Measurements were
carried out at+0.75 V, within this range and the great-

Fig. 4. Effect on the percentage decrease in oxidation current of 20�M l-tyrosine+ 3�mol l−1 Hg2+ in 0.1 M phosphate buffer of (a)
applied potential at pH 7 and (b) pH at+0.75 V vs. Ag/AgCl.

est decrease in the signal was obtained at pH 7, as
shown inFig. 4b.

The reason for the large change in the oxidation
response for relatively small concentrations of Hg(II)
can be traced to the large formation constant of the
electro-inactive mercury(II)–tyrosine complex (see
Section 3.4). Indeed, the incubation of a solution
containing tyrosine (200�mol l−1) and mercury
(30�mol l−1) for varying periods of time (10–60 min)
and its injection into a cell solution (dilution factor
of 10) gave the large signal of tyrosine followed by
a decrease in oxidation current during about 11 min
(similar to Fig. 3) indicating adsorption and that
mercury complexation occurs on the surface of the
electrode. This suggests that the orientation of tyro-
sine molecules on the surface of the electrode (see
Section 3.2) is favourable for the formation of ad-
sorbed electro-inactive mercury complexes.
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Fig. 5. Calibration plot for mercury ions: 20�M l-tyrosine; applied potential+0.75 V; 0.1 M phosphate buffer, pH 7.

Under the chosen optimised conditions, the varia-
tion of the percentage decrease in the tyrosine signal as
a function of the concentration of mercury ion added
to the solution at pH 7 and+0.75 V was studied.Fig. 5
shows the calibration plot. Linearity is obtained in the
range of 0.02–3�mol l−1 mercury(II), the linear reg-
ression equation was logI% = 0.38 log [Hg2+] + 3.8
with r = 0.997. Six repeated measurements of 3�M
mercury lead to 2.2% relative standard deviation. The
detection limit was estimated to be 0.014�mol l−1

based on three times the standard deviation (3σ ).
The optimised method was also tested for deter-

mination of trace levels of two of the most common
organomercury species, methylmercury and phenyl-
mercury, but no change in the oxidation signal of
adsorbed tyrosine was found, suggesting that other
organomercury compounds would also give no re-
sult. It is, thus, deduced that this method is useful
for the detection of labile Hg2+ ions, either free
or in weakly-bound complexes. Regarding applica-
tion to the measurement of other forms of mercury,
organomercury compounds can be oxidized to inor-
ganic Hg by potassium permanganate, persulphate,
and heat as reported in the AOAC method[33]. In
the case of waste waters, the various mercury species
can bind to the particulate matter that may exist, for
example[34]. The concentration of mercury bound
to such matter could be determined as the difference
in analytical test results of total mercury and soluble

mercury species, the latter obtained after appropriate
filtering of the waste water, normally a 0.45�m filter,
as described inSection 2.

3.4. Stoichiometry of the mercury complex

The measured current for tyrosine oxidation is
proportional to the surface concentration of adsorbed
tyrosine. Addition of Hg2+ ions to the solution, leads
to the formation of an electro-inactive complex with
tyrosine, and a decrease of the observed current. This
decrease is directly related to both the concentration
of mercury ions and the formation constant of the
complex.

The formation of the complex between tyrosine and
Hg2+ can be written as:

Tyr + n Hg2+ βn= [Hgn Tyr]2n+ (1)

The formation constant,βn, is

βn = [Hgn Tyr]2n+

[Tyr][Hg2+]n
(2)

During the experiments, the total concentration of
tyrosine on the electrode surface, [Tyr]T, has a constant
value and can be expressed as

I1 = k[Tyr]T (3)
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Table 1
Concentration of various cations leading to 10% [ ]10 and 50% [ ]50 reduction in the oxidation current of 20�mol l−1 tyrosine at+0.75 V
vs. Ag/AgCl in pH 7, 0.1 M phosphate buffer

Concentration (�mol l−1) Cation

Hg2+ Zn2+ Ag+ Cu2+ Ni2+ Cd2+ Pb2+ Fe2+ Fe3+ Co2+

[ ] 10 0.05 8.0 6.2 0.7 7.9 5.9 12.3 5.6 10.1 8.2
[ ]50 3 400 330 40 400 330 600 330 500 400

where k is a constant. Thus, the initial current,I1,
measured in the absence of mercury is directly pro-
portional to [Tyr]T.

When mercury ions are added to the solution, the
measured current is proportional to the concentration
of uncomplexed tyrosine:

I2 = k[Tyr] (4)

Additionally, from mass balance:

[Tyr]T = [Hgn Tyr]2n+ + [Tyr] (5)

Substitution ofEqs. (3)–(5)in Eq. (2) leads to:

βn = [Tyr]T − [Tyr]

[Tyr][Hg2+]n
= I1 − I2

I2[Hg2+]n
(6)

Thus, the value ofn and, hence, the stoichiometry of
the complex can be determined from the slope of the
plot of log [(I1 − I2)/I2] versus log [Hg2+]. A straight
line with a slope ofn = 0.51 is obtained. This value
of n indicates that two molecules of tyrosine are in-
volved in each electro-inactive complex on the elec-
trode surface. Accordingly,Eq. (1)can be written as:

Tyr + 2Hg2+ β1/2= [Hgn Tyr]2n+

Eq. (6)can be rearranged as:

I1

I2
= 1 + βn[Hg2+]n (7)

which allows us to determine the value ofβ1/2 by plot-
ting the variation ofI1/I2 as a function of the square
root of [Hg2+]. The slope of this curve gives the forma-
tion constant of the mercury–tyrosine complex,β1/2,
of 627± 19.

3.5. Interferences

To assess the selectivity of this method, the same
experiment was carried out in the presence of different

metal cations: Zn2+, Ag+, Cu2+, Ni2+, Cd2+, Pb2+,
Co2+, Fe2+and Fe3+ under the optimised conditions
given above. The metal ion concentration leading to
a 10 and 50% decrease in the current corresponding
to oxidation of 20�M tyrosine was determined. The
results, as shown inTable 1, revealed an excellent
selectivity towards mercury(II) ions. No significant
complexation was found, excepting copper ions, and
a 10% decrease was obtained at a concentration more
than 100 times the concentration of mercury ion caus-
ing the same percentage decrease. In the case of cop-
per ions, a concentration 10 times higher than that of
mercury ions leads to a 10% decrease in oxidation cur-
rent, which could represent a significant interference.
For a 50% decrease in the current, only copper ions
represented a significant interference, again at a con-
centration 10 times higher than that of mercury ions.

3.6. Comparison with other complexants

The behaviour of tyrosine was compared with
several catechol compounds—catechol, dopa, dopac
and dopamine—which have a similar structure to
tyrosine. Also, two oxidisable amino acids were stud-
ied, cysteine and tryptophan. The structures of these
molecules are given inTable 2.

Experiments were carried out under the same
optimised conditions as before, and it was found that
none of these molecules has the same complexation
behaviour as tyrosine. Only cysteine showed some
decrease of current after adding mercury: when mer-
cury ions were injected into phosphate buffer con-
taining 20�M cysteine, the current decreased much
faster than with tyrosine. Cysteine reacts through the
thiol groups with mercury in solution to form the
mercury–cysteinate complex in solution, which ex-
plains why 90% of the final response was obtained
only 30 s after adding mercury. This contrasts with
mercury ions which form a complex with tyrosine on
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Table 2
Structures of the mercury ion complexants

Molecule Structure

Tyrosine

Tryptophan

Cysteine

Catechol

Dopa

Dopac

Dopamine

the electrode surface, 90% of the final response being
obtained only 11 min after adding mercury ions.

The results summarised inTable 3compare possi-
ble interference effects from copper ions. They show
that cysteine is three times more sensitive to mercury
ions than tyrosine but, on the other hand, is less selec-
tive. Indeed, 50% decrease in the signal for cysteine
oxidation was obtained with a concentration of copper
five times lower than that of mercury. Thus, tyrosine
is to be preferred for selectivity towards mercury ions.

Table 3
Concentration corresponding to 50% decrease in the current for
amino acid oxidation (20�M) after adding the metal ion

Hg2+ (�mol l−1) Cu2+ (�mol l−1)

Tyrosine 3.0 40.0
Cysteine 1.0 0.2

3.7. Reversibility of complex formation

To avoid physical polishing of the electrode at the
beginning of each measurement, which would pre-
clude any practical analytical benefits of the method,
the working surface of the electrode was rinsed with
only distilled water and the experiments repeated. A
15% decrease in tyrosine signal was found but no
change in percentage current decrease was recorded
after adding mercury ions. Sequential experiments
can, thus, be performed.

Additionally, the reversibility of adsorption of the
mercury–tyrosine complex on the electrode was in-
vestigated after a sequence of many experiments in
which the electrode surface became completely cov-
ered. It was found that 24% of the initial tyrosine
signal was restored after adding 20�M EDTA in pH
7 phosphate buffer containing 20�mol l−1 tyrosine
and 3�mol l−1 mercury ions, due to the formation
of the soluble Hg–EDTA complex. Higher EDTA
concentrations gave no further improvement. This
regeneration capability is also an important benefit
for the analytical applications.

3.8. Analysis of real samples

The analytical performance of the method was
first assessed by determination of Hg2+ in spiked
tap water samples. Water was collected in the labo-
ratory and analysed without any pre-treatment. The
effect of three samples on the signal corresponding
to oxidation of 20�M tyrosine was studied under the
optimised conditions. The results of the determination
of Hg2+ in these solutions are given inTable 4. As
can be seen, satisfactory recovery was obtained in the
spiked water samples. However, if the mercury con-
centration is lower than 0.2�M, one must be aware
that the recovery may be somewhat lower.

The method was also applied to the three different
waste waters, where possible interferences due to the

Table 4
Determination of Hg2+ in tap water sample

Sample no. Spiked (�mol l−1) Found (�mol l−1) Recovery (%)

1 0.20 0.17 85± 3
2 0.30 0.29 97± 2
3 0.40 0.42 105± 2
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Table 5
Determination of Hg2+ in waste water samples

Sample 1 Sample 2 Sample 3

Detected value in diluted sample (nmol l−1)a 24 ± 1.5 22± 1.3 46± 3.4
Detected value after 50 nM spike (nmol l−1) 75 ± 4.5 70.4± 4.1 93± 8
Recovery (%) 102 97 94
Real value (�mol l−1)a 0.240± 0.015 0.220± 0.013 0.460± 0.034
Coefficient of variation (%) 6 6 7

a Real value is obtained by multiplying the detected value by the dilution factor.

complexity of the matrix could appear. For these water
samples, the method of standard addition was used.
The spiked samples gave low recoveries of mercury
standards without sample pre-treatment (<40%). This
suggests that the analyte matrix is strongly complexing
the mercury ions, so that they are not labile and, thus,
unavailable to form complexes with tyrosine. There-
fore, the samples were acidified at pH 2.0 to make the
mercury ions labile and filtered through membrane
filters (0.45�m pore size) before analysis. Any inter-
ference from other metal cations, that can be present
in high concentration, was successfully avoided by
adding 10−3 mol l−1 potassium sodium tartrate mask-
ing agent to the samples. Under these conditions,
good recoveries were obtained (94–102%). The re-
sults of the analysis of these three different samples
are given inTable 5. For sample 3, that contains some
electro-active organic compounds, the signal due to
the oxidation of these compounds (<25% of the
tyrosine signal) was subtracted from that of tyrosine.

The analysis of real samples shows that although
our proposed method is not sufficiently sensitive to
allow the determination of mercury in natural water,
as in [17], it does represent an extremely useful and
robust approach for the analysis of waste waters con-
taminated with other metal ions and electro-active
organic compounds.

4. Conclusions

An amperometric procedure for determination of
mercury(II) was developed, based on the formation,
on a platinum electrode surface, of a complex of
formula HgL2 between the amino acid, tyrosine, and
mercury ions. It has been demonstrated that the amino
acid, tyrosine, has a high sensitivity and excellent
selectivity towards mercury ions.

This method is very simple, offering a relatively
short analysis time of 11 min, is inexpensive, with easy
operability, and is applicable for field use. Beside good
selectivity, it has a low detection limit of 14 nmol l−1

and is applicable with sufficient reliability to the
determination of mercury in contaminated water.

Work is in progress for using this proposed method
to determine and discriminate between tyrosine and
other oxidizable amino acids and catechol compounds
in physiological media.
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