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ABSTRACT
A simple and highly reliable subtractive anodic stripping voltammetric
method (SASV) for the determination of Hg 2+ and Cu 2+ in waste water using
a gold rotating disc electrode is reported. The analysis is performed without
removing oxygen. The stability of the electrode is excellent without requiring
frequent electrochemical pretreatment or mechanical polishing. A simple wet
digestion procedure is applied for destroying the organic matter. The method
is applied successfully also in the presence of large excess of Cu 2 + (up to
50000-fold excess) even when Hg 2+ and Cu 2 f are simultaneously deposited
on gold. No evidence for intermetallic mercury-copper compounds was
found. The absence of interference by the copper in such extreme conditions
is

explained

on

the

basis

of

the

underpotentiai

deposition

(UPD)

phenomenon.
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1. I N T R O D U C T I O N

Many papers on anodic stripping analysis of mercury have been published
in recent years. The lowest reported detection limit for mercury is 5x10"' 4 Μ
IM. Different interesting approaches have been applied /1-4/. Copper, whose
concentration range of interest is usually higher than that of mercury, has also
been intensively studied 15,61.
Applications of anodic stripping voltammetry (ASV) for analysis of
natural waters and waste water have been published /4,5,7/. However, in spite
of the

reliability

and

high

sensitivity

of the

ASV

methods,

mostly

spectrometric techniques are used for environmental analysis.
We propose here a sensitive, simple and highly reliable method for the
determination of Hg 2+ and Cu 2 + in waste water, without the need of removing
oxygen. The method is based on square wave ASV at a gold rotating disc
electrode using the subtractive mode, successfully applied by us /4,6,8/. The
subtractive ASV method, SASV, enables determination of low concentrations
of analyte at relatively short deposition times.
A simple pretreatment for activating the gold electrode is applied /4,6/.
The activation is carried out in the supporting electrolyte used in this work.
The

presence

of

analyte

does

not

affect the

pretreatment,

enabling

accomplishment of the process during the analysis itself without the need to
exchange

cell

or

medium.

Important

is the

fact

that

hundreds

of

measurements may be performed without the need to reactivate the electrode.
Mechanical repolishing of the electrode is rarely required.
The method is suitable for the determination of Hg 2 + also in the presence
of large excess of Cu 2 + (up to 5xl0 4 -fold excess) even under conditions at
which both copper and mercury are simultaneously deposited on the gold
electrode during the ASV analysis. N o evidence for formation of intermetallic compound was found. An explanation for the proper functioning of
the electrode in such extreme conditions is based on the underpotential deposition phenomenon (cf. Section 3.5). It is of interest to point out that using
constant-current stripping voltammetry in sea water samples (adjusted to 0.5
Μ HCl), distortion of the dissolution peak of mercury in four-fold excess of
copper is reported for the simultaneous deposition of mercury and copper 111.
The SASV method is applied for the determination of Hg 2 + and Cu 2 + in
effluents taken at the output of the settling tank at the Dan Wastewater
Institute in Israel (containing 95 - 99 % of solids). A simple and reliable wet
digestion procedure is used.
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2. E X P E R I M E N T A L

2.1. Instrumentation
An μΑιιίοΙαό, type II (EcoChemie, Holland) with the respective G P E S
software is used.

2.2. Chemicals and glassware
All solutions were prepared in Type 1 reagent grade water. A 0.1 mM
HgO (Merck, AR) solution in 10 m M H N 0 3 was used for daily preparation
of the standard solutions. H N 0 3 65% (Merck, Suprapur), H C I 0 4 (Merck,
Suprapur), NaCl (Merck, Suprapur) and KCl (Merck, Suprapur) were used
for preparation of samples. Plastic (PTFE) and glassware were cleaned prior
to use by immersion for a few hours in (a) liquid cleaner (MICRO, Cole
Parmer), (b) 1:1 aqueous solution of H N 0 3 and rinsed by copious amounts of
reagent grade water. Economo glass vials (Packard) for liquid scintillation
counting were used for the waste water samples wet digestion analysis.

2.3. Cell
A 10 mL quartz cell was used in a 3-electrode configuration. The working
electrode was a homemade rotating gold electrode. The counter electrode was
a platinum wire (20 mm length and 0.6 mm diameter) and the reference
electrode was a home-made Ag/AgCl, 1Μ KCl.
The rinsing of the cell between separate experiments was performed
without dismantling or touching the cell. The cell content was discarded
using a 1 mm I.D. PTFE tube, connected to a rubber-membrane air pump.

2.4. Preparation of the rotating disc gold electrode (Au-RDE)
The gold electrode (6.61 mm 2 area) was a homemade disc electrode
embedded in PTFE. A newly prepared electrode was rinsed in ethanol, and
then polished successively with 600-grit EMERY paper and with 0.3 μηι and
0.05 μιτι alumina powder on a polishing wheel ( T E X M E T polishing cloth,
Buehler catalog No. 40-7618) to a mirror-like finish. The electrode was then
rinsed with water, immersed in an ultrasonic bath for 3 minutes and rinsed
again. While not in use the electrode was stored in pure water.
A homemade rotator with adjustable rate of rotation in the range 1000 9000 rpm was used.
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2.5. Activating the gold electrode.
A freshly polished

gold electrode

displays an

ill-defined A S V

for

mercury. It has been reported 111 that several ASV in 5xl0" 7 Μ Hg 2 * were
necessary for reaching a stable response. That is not convenient when very
low concentrations of mercury are measured. We used a simple activating
procedure /4,6/, that needs to be applied only once in several

hundred

measurements. The electrode is activated by applying a current of
mA/cm

2

150

for 60 s between the working and the counter electrodes, dipped in

the supporting electrolyte used in this work (10 m M H N 0 3 and 10 m M
NaCI). T h e gas bubbles formed at the gold electrode are removed

by

occasionally rotating the electrode. The activation process can also be applied
in the electrolyte containing analytes, which is particularly convenient when
it is necessary to activate the electrode during a working session.
reproducibility of the Hg

2+

and Cu

2+

The

SASV signals is reached immediately

after the activation. The importance of the activation procedure is clearly
seen by comparing the A S V before and after activation (cf. Fig. 1 in /4/ and
Fig. 1 in 161).
Whenever

the proper

functioning of the electrode

deteriorates,

the

electrochemical pretreatment is repeated. An ASV of 60 nM Hg + 2 was used
for testing the functioning of the electrode. When the analytical response
(peak height or slope) decreases by more than 10 % the electrochemical
pretreatment is applied. Only rarely was it needed to resort to repolishing of
the electrode with alumina powder.

2.6. The ASV and SASV procedures
2.6.1

ASV

The stripping step was performed in the square wave mode. The analysis
was performed without removal of oxygen in a 5.00-mL aliquot, containing
10 m M H N 0 3 and 10 m M NaCI. The ASV procedure consisted of the
following steps performed in an uninterrupted sequence: (a) Conditioning of
the electrode: the working electrode was rotated while applying a potential in
order to destroy the diffusion layer formed from previous experiment and to
ensure dissolution of remaining deposits: E c o n d = 0.9 V, t cond = 10 s. The
stirring of the solution during the conditioning step is of utmost importance
when subsequent A S V are performed in a fast sequence. A systematic
increase in the peak height was observed if this step is deleted, (b) The
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deposition step: E dep) in the range o f - 0 . 4 - +0.35V; 15 < t dep < 90 s; Ν = 5000
rpm; (c) The rest step (as step (b), but without rotating the electrode): trest =
10s; (d) The stripping step was performed with square wave voltammetry:
square-wave amplitude (peak to peak) = 10 mV; step amplitude = 2.5 mV;
frequency = 25 Hz; Ein = in the range of - 0 . 4 - +0.35 V; E f = 0.9V. (The
optimization of the conditions for the deposition step and the square-wave
dissolution step was reported in /4,6/).
2.6.2. SASF
The procedure for SASV consists of recording a regular anodic stripping
voltammogram

followed by a blind ASV (zero deposition time) in a

non-interrupted sequence using the "Project" feature of the G P E S ^ A u t o l a b
software. By subtracting the blind voltammogram from the normal ASV, the
SASV was obtained.

2.7. Construction of standard addition curves and calibration
curves
The curves were constructed in a rigid, non-interrupted sequence using
the "Project" feature of the G P E S ^ A u t o l a b

software. Performing the

standard additions in the shortest possible time is of utmost importance in the
s u b ^ g l " ' concentration range. Keeping the time of analysis short decreases
the chances of: (a) contamination of the test solution, (b) changes in the
magnitude of the signal due to temperature variations and (c) changes in the
response

of the electrode. A new

aliquot of mercury

is

introduced

immediately after the recording of the previous curve and the time of the
conditioning step of the regular SWASV (performed while rotating the
working electrode) was extended to 20 s to allow uniformity of the solution.

2.8. Pretreatment of the waste water samples
The samples analyzed consisted of effluent taken at the output of the
settling tank at the Dan Wastewater Institute in Israel, containing 95 - 99 %
of solids. The samples were thoroughly agitated before taking aliquots for
analysis.
Pretreatment of the sample is necessary in order to destroy organic
complexants and organic surfactants. The most common procedures are
based on wet digestion and UV irradiation. The on-line UV method is fast
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and efficient /10/, but the frequently used batch mode requires many hours of
irradiation. The wet digestion used by us in previous work /4/ and applied
here permits the simultaneous pretreatment of up to 20 samples. Its duration
is less than one hour and requires minimal manual involvement. The samples
(2.50 mL) were transferred to pre-weighed glass vials. 0.5 mL concentrated
nitric acid was added to each vial and the samples were heated and left to boil
gently for 10-min. Then 0.5 mL of concentrated perchloric acid was added.
The vials were placed on a stainless steel holder and were transferred into a
muffle furnace where they were kept at 250°C for 45 min. A quartz-glass
cover with a quartz tube extended from its center and inserted into the outlet
of the furnace isolated the samples from possible contamination and led the
corrosive gases out of the furnace and into the fume hood. The vials were left
to cool to room temperature. The voJume of the solution in a vial was about 1
mL. Supporting electrolyte (10 mM NaCl, 10 mM H N 0 3 ) was added to a
final volume of 5.00 mL and the vials were weighed again in order to
determine the exact dilution of the original sample. A portion of the sample
was transferred to the cell that contained 5.00 mL (or less) supporting
electrolyte (10 mM H N 0 3 and 10 mM NaCl) and was analyzed. The analysis
of the each sample was performed with three standard additions.

3. RESULTS AND DISCUSSION
3.1. The subtractive ASV method, SASV
The detection limit of the ASV is determined by the quality of the
background voltammogram. Concentrations of Cu 2+ and Hg 2+ lower than 7
nM (deposition time of 90 s and rotating rate of 5000 rpm) can hardly be
observed by ASV. The ASV of the tested solution (full line) is similar to that
of the pseudo background (dotted line) (cf. Fig. la). The pseudo background
is obtained by recording an ASV with zero deposition time immediately after
the original ASV (with 90 s deposition time). The two ASV curves are
recorded

in a continuous sequence using the "project" feature of the

μΑιιΐοΙβό GPES-software. The pseudo background curve enables a better
representation of the state of the electrode than a conventional background
curve taken in the supporting electrolyte only, because the variations which
can occur on the electrode during solution exchange are considerably larger
than those occurring with the recording of the pseudo background without
changing the solution. The subtractive ASV method, SASV, applied by us in
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Ε, V vs Ag/AgCI, 1 Μ KCl
Fig. 1:

Anodic stripping voltammograms (ASV) and subtractive anodic
stripping voltammograms (SASV) at the Au-RDE in 4 nM Hg 2 + and
7 nM Cu 2 4 , 10 mM H N 0 3 , 10 mM NaCl without removal of oxygen.
Condition of electrodeposition: E dep , -0.4 V; 5000 rpm. (a) Full line
- ASV, t dcp , 90 s; dotted line - pseudo background, t dep , 0 s. (b)
SASV represent the subtraction of the pseudo background from the
ASV at t dep , 90 s. SW mode: square-wave amplitude 10 mV; step
amplitude 2.5 mV; frequency, 25 Hz. Activation of the electrode:
according to section 2.5.

the trace analysis of lead /8/, copper /6/ and mercury /4/, brings about a
substantial decrease of the detection limit. The principle of the SASV is in
performing a background correction by subtracting from the original ASV
trace the pseudo background voltammogram recorded in succession. This
compensates for continuous changes occurring in the background at high
sensitivities. The improvement achieved by the SASV can be seen in Fig. l b
(Fig. l b represents the difference between the full line and the dotted line in
Fig. la). Thus throughout this work all the measurements were performed by
SASV.

207

Vol. 19, Νos. 3-4, 2000

Determination of Mercury and Copper
by Anodic-Stripping Voltammetry

3.2. Presence of chlorides
The importance of including chlorides in the supporting electrolyte for the
determination of Hg 2+ has been noted /3,4,7,11/. For gold we found /4/ 10
mM chlorides as optimal, Gil and Ostapcuk /11/ recommended 2 - 2 0 mM
and Brainina et al. /3/ reported an optimal 50 mM concentration for the
modified graphite electrode MDTFGE. Riso et al. Ill reported, however, that
with the constant-current anodic stripping method, a continuous improvement
of the shape and increase of the signal was achieved when the concentration
of chlorides is increased up to 0.5 M.

3.3. Reproducibility and detection limit
The reproducibility of the SASV of Cu 2+ and of Hg 2+ , expressed as the
relative standard deviation of seven consecutive experiments performed in a
rigid, non-interrupted sequence using the project feature of the GPESμ Α υ ί ο ^ software, is less than 1 % for a 1 nM solution at 90 s deposition
time. This mode for determination of the reproducibility is relevant to the
stability of the electrode for the period of time in which the calibration curves
and the standard addition curves are constructed.
The long term stability of the electrode is good. The stability of the
analytical signal is typically within ± 10 % for over one hundred measurements

without

the

need

of

mechanical

polishing

or

electrochemical

pretreatment.
The detection limit for a 90 s deposition time is 70 pM for Hg

and 0.2

nM for Cu 2+ .

3.4. Calibration
concentrations

curves

of

Cu2+

and

Hg 2+

at

equimolar

Calibration plots of 1 to 6 nM and 10 to 60 nM of Cu 2+ and Hg 2+ are
shown in Fig. 2. The analytical signal used for constructing the calibration
curves is the sum of the absolute values of the slopes at the two inflection
points of the peak was used as measure for the analytical signal of the anodic
stripping voltammogram. It was shown in previous works /4,6,8/ that the
slope at the inflection point rather than the peak current or the peak area is
best suited for analytical purposes when the base line is asymmetric around
the peak. The slope is independent of the way the background is chosen,
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Subtractive square wave anodic stripping voltammograms, SASV, at
equimolar concentrations of Hg 2 + and Cu 2 + at the A u - R D E without
removal of oxygen and the respective calibration curves. The lower
curves correspond to the respective blanks. The values in the
calibration curves are corrected for the respective blanks. Supporting
electrolyte:

10

mM

HN03,

10

mM

NaCl.

Condition

of

electrodeposition E dep , -0.4 V; 5,000 rpm; t dep , as marked on figures.
SW mode parameters as in Fig. 1.
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while in the measurement of the peak current or of the charge it is strongly
dependent on it. The quality of the calibration curves, judged by their
respective correlation coefficients (higher than 0.999), is excellent.
The sensitivity of the analytical response for mercury is more than twice
that

of

copper

(Fig.

2).

For

the

constant-current

anodic

stripping

voltammetry, however, higher sensitivity in respect of copper is reported 111.

3.5. Determination of Hg2+ in the presence of a large excess of Cu2+
The determination of Hg 2+ can be performed in the presence of a large
excess of Cu 2+ (up to a 50000-fold excess), also when the deposition potential
is negative enough so that copper is deposited. The stripping curves of 10 nM
Hg 2 + in the presence of ΙΟ"6 Μ to 10"4 Μ Cu 2+ are shown in Fig. 3. Similar
behavior was observed when 2 nM of Hg 2+ is used. The plots in Fig. 3 are
presented in two sensitivities: a high sensitivity for observing the mercury
dissolution and a low sensitivity (as insert) for observing the

copper

dissolution peak. The mercury dissolution peak remains unaffected, while the
dissolution peak of copper increases with increase in the concentration of
Cu 2 + . At 1 mM of C u 2 \ however, the dissolution copper peak overlaps that of
mercury. In the latter case the determination of Hg 2+ can be performed by
changing the value of the deposition potential to 0.35 V. The mercury peak
under these conditions has the same features as the peak obtained in absence
of copper.
While we do not find any distortion of the mercury peak by the presence
of a huge excess of copper, even when the two elements are deposited
simultaneously, Riso et al. Ill report heavy interference in the presence of a
four-fold excess in the constant-current anodic stripping mode.
It can safely be assumed that under our experimental conditions no
intermetallic compounds between mercury and copper are formed: (a) the
dissolution peak of mercury (the minor component) is independent of the
concentration of copper and (b) the width and the height of the mercury peak
remains almost unchanged. A plausible explanation for this extraordinary
behavior is based on the fact that the underpotential deposition

(UPD)

phenomenon governs the deposition of the trace element (the mercury) and
also the initial deposition of the major constituent (the copper). Let us refer to
the upper graph of Fig. 3 (at ΙΟ"6 Μ Cu 2+ ). During the deposition step, the
adatoms of mercury occupy a minute fraction of the electrode area (~0.1 % of
the electrode surface at 10 nM Hg 2+ , 30 s deposition time and 5000 rpm
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Ε, V vs Ag/AgCI, 1 Μ KCl
Fig. 3:

SASV plots of in the presence of increasing concentrations of Cu 2+
without the removal of oxygen, (a) 0, 9.9, 19.6, 29.1 and 38.5 nM
Hg2+ and 10-6 Μ Cu 2+ ; (b) 0, 9.9, 19.6, 29.1 and 38.5 nM Hg 2+ and
10-5 Μ Cu 2+ ; (c) 0, 9.9, 29.1 and 38.5 nM Hg 2+ and 10-4 Μ Cu 2+ .
Edep = -·4 V; t dep = 30 s; all other conditions as in Fig. 1. The plots
are presented in two sensitivities: in the main figure the sensitivity is
high in order to observe the mercury peaks and in the inserts the
sensitivity is low in order to observe the entire picture.
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rotation rate of the gold disc electrode /4/), while the adatom c o v e r a g e of
copper at ΙΟ"6 Μ Cu 2 + , is about 10 % of the real electrode surface. Under
these conditions the deposition and dissolution of mercury is unperturbed by
the presence of copper. At 10"5 Μ Cu 2 + , a full surface coverage by copper
a d a t o m s could be expected. It has been found, however, that the U P D copper
a d a t o m s cannot surpass 50 % of the electrode coverage /4,9/. It is reasonable
to a s s u m e that the remaining part of copper forms a Cu-Cu structure, leaving
50 % o f the electrode surface free, enabling again unperturbed
4

mercury

2+

a d a t o m s deposition. At ΙΟ" Μ Cu , the a m o u n t of copper deposited is only
1.5 times larger than that at 10"5 Μ Cu 2 + (as j u d g e d by the ratio of the
surfaces of the respective copper dissolution peaks). We shall not try to give
here an explanation for the relatively small copper deposition; h o w e v e r this
can explain w h y even at this high excess of Cu 2 + , the mercury determination
is still unperturbed.

3.6. Interferences
N o interference of Pb 2 + , Cd 2 + , Cr 3 + and Se 4+ was found up to the tested
concentration of 2 μΜ with respect to each ion.

3.7. Determination of Hg 2+ and Cu 2+ in waste water.
Effluent taken at the output of the settling tank at the Dan Wastewater
Institute in Israel, containing 95 - 99 % of solids, was analyzed. T h e samples
w e r e wet digested prior to the analysis (cf. section 2.8) following a procedure
similar to that for the determination of mercury in urine /4/. This is necessary:
(a) to release the metals bound as organic complexes and (b) to destroy the
organic c o m p o u n d s in order to m i n i m i z e the problem of background currents
and fouling of the w o r k i n g electrode. The recovery of copper and mercury
f o l l o w i n g this procedure has been measured by spiking waste water solutions
and was f o u n d to be 95 % ± 5 % for Hg 2 + and 102 ± 3 % for Cu 2 + .

3.7. /. Determination of Cu
T h e d y n a m i c range for the estimation of copper is 0.5 nM to 4 0 0 n M 161.
T h e upper range is limited by the coverage of the copper adatoms on the gold
electrode during the deposition step. A b o v e a coverage of 5 % the calibration
plots are n o more linear. In terms of the experimental parameters, the
condition for linearity translates to:
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Ν 1 ' 2 · ! , , < 7 •ΙΟ 5 nM φ π ι 1 ^ 2 s .

The concentration of copper in the original sample was very high and the
sample was diluted by a factor of 500 (a dilution by a factor of two as result
of the digestion procedure and a further dilution of 250, due to performing
the SASV analysis using a 20.0 μ ί aliquot of the digested sample into 5.00
mL of supporting electrolyte). The SASV traces of the diluted sample, of the
blank and of the respective standard additions for 15 s deposition time are
shown in Fig. 4. The standard additions calibration curve is included as
insert. The concentration of Cu 2+ in the diluted sample was found to be 85
nM. The concentration of Cu 2+ in the original sample, determined as the
average of two digestions and three tests for each digested sample is 41 μΜ
with a relative standard deviation of 5%.
ofHg2'

3.7.2. Determination

On the basis of the experiments performed in synthetic solutions (section
3.5), it is seen that Hg 2+ can be determined in the presence of a 50000-fold
excess
o f C u 2 + w i t h or without codeposition of copper.
The SASV analysis of Hg 2+ is performed in a tenfold diluted sample
(diluted twice during the digestion and performing the SASV analysis using a
1.00 mL aliquot of the digested sample into 4.00 mL of

supporting

electrolyte). The SASV traces of the diluted sample, of the blank and of the
respective standard additions for 90 s deposition time are shown in Fig. 5.
The

standard

additions

concentration of Hg

2+

calibration

curve

is included

as

insert.

The

in the diluted sample was found to be 9.6 nM. The

concentration of Hg 24 in the original sample, determined as the average of
two digestions and three tests for each digested sample is 100 nM (20 ppb)
with a relative standard deviation of 8%.
The analysis of mercury shown in Fig. 5 was performed under conditions
at which copper and mercury were simultaneously deposited. The same
result, within experimental error, was obtained when the analysis was carried
out under conditions at which the copper was not deposited (E dep = +0.35 V).
The detection limit for the determination of Hg 2+ in waste water for a
deposition time of 90 s is 0.5 nM. This is seven times lower than the value in
synthetic solutions that have not been subjected to the digestion process.
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Ε, V vs Ag/AgCI, 1 Μ KCl
Fig. 4:

SASV determination of Cu 2 + in a sample from the Dan Region
Wastewater Institute, without removal of oxygen and using the
method of standard additions. The sample was pretreated according
to section 2.8. (1) blank prepared exactly in the same way as the
sample in line (2) (including digestion). (2) 20.0 μ ί of the digested
sample (diluted by a factor of two during the digestion) inserted into
5.00 m L supporting electrolyte (10 mM NaCl, 10 mM H N 0 3 ) . (3),
(4) and (5) standard additions of 200 μ ι , 1.00 μΜ Cu 2+ . E dep = -.4 V;
t dcp = 15 s; All other conditions as in Fig. 1.

4. C O N C L U S I O N S
A simple and highly reliable SASV method for the determination of Hg 2+
and Cu 2 + in waste water is proposed. The use of the subtractive mode of ASV
enables attainment of a high sensitivity in relatively low deposition times. A
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Ε, V vs Ag/AgCI, 1 Μ KCl
Fig. 5:

SASV determination of Hg 2 " in a sample from the Dan Region
Wastewater Institute, without removal of oxygen and using the
method of standard additions. The sample was pretreated according
to section 2.8. ( I ) 1.00 m L of the digested sample (diluted by a
factor of two during the digestion) inserted into 4.00 mL supporting
electrolyte (10 m Μ NaCl,

10 m M HNO,). (2) -

(4) standard

2+

additions of 50 μ ί , 1.00 μΜ Hg . E dep = -.4 V; t dep = 30 s; all other
conditions as in Fig. 1.

simple

electrode

pretreatment

is

applied

once

in

several

hundred

measurements. A mechanical polishing of the electrode is rarely needed. A
well defined peak at I nM of Hg 2+ can be obtained with 90 s deposition. Hg 2+
can be determined in a 50000-fold excess of Cu 2 + , also when both metals are
simultaneously deposited on the electrode. The detection limit for the
determination of Hg 2+ in waste water for a deposition time of 90 s is 0.5 nM.
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