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Three different electroanalytical techniques for the detection of manganese in marine sediments are evaluated. The anod
oltammetry of manganese at an in situ bismuth-film-modified boron-doped diamond electrode and cathodic stripping voltam
arbon paste electrode are shown to lack the required sensitivity and reproducibility whereas cathodic stripping voltammetry at a b
oped diamond electrode is shown to be reliable and selective with a limit of detection, from applying a 60 s accumulation period×
0−7 M and a sensitivity of 0.24 A M−1. The method was used to evaluate the manganese content of marine sediments taken fromŠibenik,
roatia.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Manganese is an essential micronutrient for all organisms
1], but at high concentrations can be toxic[2], contribut-
ng for example to the early development of Parkinson’s dis-
ase symptoms in susceptible people[3]. Manganese toxicity

s also a serious constraint to crop cultivation since man-
anese is taken-up by plants and can easily be passed into the

ood chain again causing symptoms of Parkinson’s disease
4].

Various techniques have been utilised for manganese de-
ection including X-ray fluorescence[5] and atomic absorp-
ion spectrometry[6]. These techniques however usually need
re-concentration steps to achieve the appropriate selectivity
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and sensitivity, but often only meet one of these two crit
[7]. Electroanalytical methodologies hold potential for tr
metal determination in complex samples due to the s
tive, selective, rapid and portable nature of the techni
[7]. Anodic stripping voltammetry of manganese using m
cury electrodes has been reported[8–10]. However, this i
fraught with difficulty due to the low solubility of mangane
in mercury and the large reduction potential required to
duce Mn(II) to Mn(0).

An alternative to mercury is through the use of s
electrodes such as glassy carbon, carbon paste or b
doped diamond, which are fast becoming the favoured ch
as electrode materials in electroanalysis. In many c
the sensitivity at such electrodes can be increased t
low use in real sample matrices through the adoptio
sonoelectroanalysis in which the electrode are inson
to improve sensitivity and eliminate electrode passiva
[11,12].
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Recently, bismuth-modified electrodes have been reported
as being an environmentally friendly substitute for mercury
electrodes[13]. Wittstock et al.[14] were the first to describe
the use of bismuth-modified platinum electrodes for the am-
perometric detection of glucose. Subsequently, bismuth-film-
modified electrodes have been applied in the detection of lead
[13,15–20]cadmium[15–17] zinc [18], copper[21] cobalt
[22–24]and nickel[24,25]. However, all of these metals can
be detected using bare electrodes. In the following, we at-
tempt the analysis of manganese, via anodic stripping voltam-
metry at a bismuth electrode, constituting a much more se-
vere test as to the generality of the replacement of mercury
by bismuth for electroanalysis.

In this paper, we first report three possible electroanalyti-
cal techniques for manganese detection in marine sediments.
First, the anodic stripping voltammetry of manganese at an
in situ formed bismuth-film-modified boron-doped diamond
electrode is explored. Second, carbon paste electrodes util-
ising cathodic stripping voltammetry are investigated. Third,
cathodic stripping at a bare boron-doped diamond electrode
is considered[29]. The relative merits are established and
the last technique then applied to give indications of pollu-
tion near the site of a former ferromanganese factory in the
town Šibenik, Croatia. It is known that manganese can be
dissolved from the sediments by the reduction with organic
c he
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diometer, Copenhagen, Denmark) electrode completed the
circuit. The working electrodes were polished in between
experiments using diamond-lapping compounds. All solu-
tions were degassed with nitrogen before commencing ex-
periments. pH measurement was done before experiments
using a pH meter (Jenway, UK).

Voltammetric measurements were carried out on a�-
Autolab (Eco-Chemie) potentiostat. Using the software pro-
vided with Autolab, the voltammetric curves from the analy-
sis of marine sediments were base-line corrected using a third
order polynomial. The voltammetric cell was thermostated at
22◦C throughout.

The carbon paste electrode was prepared by mixing
700 mg of carbon powder with 700 mg of mineral oil in a
beaker for 5 min. This was then packed into a plastic syringe
(tip diameter 2 mm) with a wire to make electrical contact.
The electrode was allowed to dry for two hours at an ambient
temperature[28].

2.3. Preparation of the sediment samples for
electroanalysis

The samples were taken from the Krka river estuary, which
is situated in the central part of the eastern Adriatic coast, in
Croatia. The samples were collected from the bottom of the
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ompounds in seawater[26]. Due to the brackish water, t
rka river estuary is suitable for the cultivation of mollus
ut this production could be endangered if manganese
ppear in toxic concentrations. Careful monitoring in
rea is essential to ensure that surrounding land and wa
ot get polluted; consequently monitoring in soil and ma
ediments is imperative.

. Experimental

.1. Reagents

All reagents were used as received without any fur
urification. These were as follows: bismuth nitrate (9
ldrich), sodium acetate buffer solution (pH 5.2, Aldric
anganese(II) perchlorate (Aldrich, 99%), nitric acid (7
ldrich, ACS reagent), ammonium nitrate (Aldrich, 99.9
ydrochloric acid (35%, Aldrich), carbon powder (>20�m,
ldrich). All solutions were prepared with deionised wate

esistivity not less than 18.2 M�cm (Vivendi Water System
K).

.2. Instrumentation

A three-electrode arrangement was used in the ele
hemical cell with a boron-doped diamond disc (3 mm
meter, Windsor Scientific Ltd., UK, available from[27]) or
ismuth rod (6 mm diameter, Alfa-Aesar, UK) serving as
orking electrodes, and a large area bright platinum wire
s the counter electrode. A saturated calomel reference
stuary at four locations; first at a depth of 6 m near the s
he former ferromanganese factory in the townŠibenik and
econd, 1 km upstream, then third, 500 m away from the
oint, near the opposite bank of the estuary and finally
ownstream, close to the mouth of the river. The samp
as performed by a diver using a 20 cm long acrylic g

ube with a 6 cm internal diameter. The tube was inse
nto the seabed to a depth of ca. 17 cm, and plugged

polyethylene stopper. The cores were frozen, sliced,
nd placed into plastic bags[5].

Independent analysis of the samples via AAS was
ucted at the University of Surrey.

. Results and discussion

.1. Anodic stripping voltammetry utilising an in situ
ormed bismuth-film-modified boron-doped diamond
lectrode

A 0.1 M (pH 4.6) acetate buffer solution contain
00�M manganese(II) was prepared and studied usi
oron-doped diamond electrode. The potential of the l
as cycled negative from + 0.2 V to−2.0 V and back to th
tarting potential.Fig. 1A shows the cyclic voltammetric r
ponse with no reduction waves observed. Next, 20�M bis-
uth(III) was added to the solution and the potential sw

e-run. As can be seen inFig. 1C, a reduction wave wi
peak potentialEp = −1.75 V (versus SCE), is clearly o

erved. Comparison with previously published data sug
hat this corresponds to the reduction of manganese(
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Fig. 1. Cyclic voltammograms of: (A) 100�M manganese(II) and (C) with
20�M bismuth(III) using a boron-doped diamond electrode in 0.1 M ac-
etate buffer solution using a scan rate of 25 mV s−1. For comparison, 20�M
bismuth in the absence of manganese(II) is shown (B).

manganese metal.[8] The oxidation wave corresponding to
the oxidation of manganese metal to manganese(II) ions can
also be seen at−0.8 V (versus SCE). For clarity, the response
of bismuth without manganese is shown (Fig. 1B), where the
oxidation peak corresponding to the oxidation of bismuth
metal to bismuth ions is clearly seen at−0.2 V (versus SCE).
We next turn to attempting to optimise the system for use as
an analytical technique for manganese detection.

Using square-wave anodic stripping voltammetry (fre-
quency 50 Hz, scan rate 15 mV s−1, step potential 0.3 mV,
amplitude 25 mV, 120 s at−1.9 V), the effect of pH on the
position and signal of the manganese-stripping peak was
explored. It was found that pH 1.0 produced the sharpest
and largest signal, while being sufficiently resolved from the
bismuth-stripping peak and the hydrogen evolution wave. Us-
ing this pH, the added bismuth concentration was investigated
by monitoring the manganese-stripping peak via square-wave
anodic stripping voltammetry using a using a fixed con-
centration of 80�M manganese. As depicted inFig. 2, the
manganese-stripping peak current steadily rises to ca. 7.2�M
which then dramatically decreases. Consequently, a bismuth
concentration of 7.2�M was used in subsequent work. It was
observed that increasing the bismuth concentration resulted
in the background current increasing with the amount of de-
posited bismuth which is similar as that observed by Kefala
e ob-
s ntial,
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Fig. 2. Optimisation of bismuth-film concentration using a fixed concen-
tration of 120�M manganese, by applying square wave anodic stripping
voltammetry at a boron-doped diamond electrode using a deposition poten-
tial of −1.9 V for 120 s. Parameters: frequency 50 Hz; step potential 0.3 mV;
amplitude 25 mV.

hydrogen gas evolution was found to occur at potentials more
negative than−2.3 V which explains why the manganese-
stripping signal significantly increases beyond−2.3 V as a
result of the hydrogen evolution creating significant convec-
tion and enhanced deposition.

The response of the in situ formed bismuth-film-modified
boron-doped diamond electrode to increasing concentrations
of manganese(II) to a 0.01 M nitric acid solution was sought
using square-wave anodic stripping voltammetry. A depo-
sition potential of−1.9 V was applied for 120 s, followed
by a potential sweep from−1.4 V to 0.1 V. Fig. 4 shows
the response, where surprisingly, additions of manganese
were linear only between 48�M and 78�M after which fur-
ther addition of manganese results in the signal decreasing.
The limit of detection (based on 3σ) was found to be 4×
10−5 M. In principle, by controlling how the marine sam-

F the
m e
a .2
i 0 s.
t al. [18]. The thickness of the bismuth film was also
erved not to affect the manganese-stripping peak pote
ut the manganese peak width was observed to increa
igher film thickness.

Next, the deposition potential for the reduction of m
anese(II) to manganese metal was explored. Using a 0
itric acid solution, the manganese-stripping peak was m

tored as the deposition potential was increased. As dep
n Fig. 3, no signal is observed until the potential is hel

1.9 V (versus SCE), which remains at the same magn
ntil a potential of−2.5 V is reached. At more negative pot

ials, the signal dramatically increases up to−3.0 V. However
t

ig. 3. Investigation of the effect of the deposition potential on
anganese-stripping signal using a fixed concentration of 80�M manganes
t a boron-doped diamond electrode with a bismuth concentration of 7�M

n 0.01 M nitric acid solution using SW-ASV using a deposition time of 12
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Fig. 4. Voltammetric response of increasing manganese concentrations to a
0.01 M nitric acid solution using a deposition potential of−1.9 V for 120 s
with a bismuth concentration of 7.2�M. Parameters: frequency 50 Hz; step
potential 0.3 mV; amplitude 25 mV.

ple is diluted, ca. mM solutions of manganese can be pre-
pared which can be diluted to coincide with the linear por-
tion of the calibration graph shown inFig. 4. However, this
is clearly time consuming and an intrinsically unsatisfactory
approach.

Nevertheless, an artificial sample was prepared by making
a 0.01 M nitric acid solution and spiking with manganese(II)
to a concentration of 1 mM. This was then diluted by a fac-
tor of ten in the electrochemical cell. As shown inFig. 5, a
standard addition plot was constructed to try and determine

F boron-
d is
a

Fig. 6. Voltammetric response of increasing manganese concentrations to a
0.01 M nitric acid solution using a deposition potential of−1.9 V for 60 s at
a solid bismuth electrode.

the spiked value of manganese: the response is unreliable
with a large deviation in additions suggesting again that an
in situ formed bismuth-film electrode is unsuitable for the
electroanalytical detection of manganese.

The question arises as to why manganese detection at a
bismuth-modified electrode is so poor. To answer this, the re-
sponse of additions of manganese using a solid bismuth elec-
trode was explored. Increasing additions of manganese(II)
were added to a 0.01 M nitric acid solution. A deposition
potential of−1.9 V was applied for 60 s before using SW-
ASV at a solid bismuth electrode. The response is shown
in Fig. 6, where no signal is observed until concentrations
of 60�M are reached, after which the signal increases for
concentrations up to 380�M but then significantly decreases
at higher values. Increasing the deposition time to 120 s did
not improve the sensitivity or limit of detection. It was ob-
served that hydrogen evolution appeared around−1.0 V. This
is a less negative potential than seen on the in situ formed
bismuth film. Comparison of additions of manganese to the
nitric acid solution using the solid bismuth electrodes and
the in situ formed bismuth film reveal that the detection of
manganese is similar and electroanalytically useless in both
cases. The formation of binary alloys between bismuth and
the target metals in stripping analysis have been suggested
[21] as a key feature for well-defined and undistorted strip-
p own
t am
f ase
c tical
r efer-
e or
t ffi-
c

lm-
m an-
g ping
v

ig. 5. Standard additions of manganese to an artificial sample using a
oped diamond electrode with 7.2�M bismuth via SW-ASV. The sample
0.01 M nitric acid solution spiked with manganese.
ing peaks giving high resolution and measurements d
o the low �g L−1 level. Inspection of the phase diagr
or Bi/Mn suggests the formation of a distinct alloy ph
ontaining ca. 42% Mn. Given the poor electroanaly
esponse obtained, it may be that elemental Mn is pr
ntially formed on bismuth surfaces during deposition

hat the kinetics of alloy formation in this case are insu
ient.

Clearly, there is no benefit in using a bismuth-fi
odified electrode for the electroanalytical detection of m
anese; we therefore turn to investigating cathodic strip
oltammetry.
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3.2. Cathodic stripping voltammetry using a carbon
paste electrode

When carbon based electrode materials are used, cathodic
stripping voltammetry is a sensitive and selective technique.
[7] Manganese can be oxidized on an electrode surface form-
ing insoluble manganese(IV) dioxide according to the equa-
tion [29]:

Mn2+ + 2H2O → MnO2 + 4H+ + 2e−

The above equilibrium is strongly dependent on pH. How-
ever, high pH values are not suitable for practical CSV be-
cause of the formation of Mn(OH)2 which is insoluble. At
low pH, the equilibrium is shifted to the left due to the huge
excess of hydrogen ions in solution. Thus, the optimal pH
corresponding to the highest signal is in the reported range
7.0–7.6[29] and 4.5–9.0[7].

A carbon paste electrode was prepared as described in
Section 2. A solution of 0.5 M ammonium nitrate (pH 7.0)
with a fixed concentration of 5× 10−7 M manganese(II) was
studied to optimise the deposition potential. The magnitude of
the manganese-stripping peak was monitored as the deposi-
tion potential was varied using square wave cathodic stripping
voltammetry with a fixed deposition time of 120 s. As shown
in Fig. 7, the optimum potential value for the deposition of
M ee-
m rode
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d asing
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t of
i ence
o was
o
=
l .5

F trip-
p paste
e

Fig. 8. Voltammetric response of increasing addition of manganese using
cathodic stripping voltammetry at a carbon paste electrode using a deposition
time of 120 s at +0.85 V.

× 10−9 M. However, reproducibility was found to be poor.
The positive intercept reflects the experimentally seen back-
ground currents. The tiny linear range is disappointing and
again signals a voltammetric approach useless for practical
application, however pre-conditioning at highly positive po-
tentials (>1 V)mayimprove the voltammetric signal[7].

3.3. Cathodic stripping voltammetry using a bare
boron-doped diamond electrode

While cathodic stripping voltammetry at a boron-doped
diamond has been explored under conditions of insonation
and used in the determination of manganese in instant tea
[29], it has not yet been used in environmental samples. A
0.5 M ammonium nitrate (pH 7) solution was first prepared.
Using square-wave cathodic stripping voltammetry the re-
sponse of increasing concentrations of manganese(II) to the
solution was sought using a boron-doped diamond electrode
from applying a deposition time of 60 s at + 0.85 V (ver-
sus SCE) followed by a potential sweep from + 0.85 V to
−0.3 V. A linear response of peak height versus concentra-
tion over the range 1.25–25�M was observed (IPH (A) =
0.234 ([Mn2+]/M) + (1.33 × 10−7) A; R2 = 0.998). Based
on 3σ, the limit of detection was found to be 7.4× 10−7 M.
This large linear range and low detection limit for a 60 s de-
p se
i to be
d ltra-
s tro-
a w). It
s ren-
t t
F but
u port
a ible
f

n(IV) is at +0.85 V (versus SCE) which is in good agr
ent with that reported for a boron-doped diamond elect

29] and carbon film electrodes[7]. Next, using this optimise
eposition potential, the response of the system to incre
dditions of manganese(II) was explored employing a de

ion time of 120 s.Fig. 8shows the voltammetric response
ncreasing additions of manganese(II). A linear depend
f stripping signal on added concentration of manganese
bserved over the range 1× 10−8 M to 6 × 10−8 M (I (A)
236 [Mn(II)/M] + (2.02 × 10−7) A; R2 = 0.998) with a

imit of detection based on 3�criterion was found to be 3

ig. 7. Investigation of the deposition potential using SW-cathodic s
ing voltammetry using a fixed deposition time of 120 s at a carbon
lectrode.
osition is useful for ‘in the field’ monitoring of mangane
n real samples. If lower values of manganese need
etected, the deposition protocol can be coupled with u
ound[11,29], but in the context of marine sediment elec
nalysis in quiescent conditions is un-suitable (see belo
hould be noted that if ultrasound is indeed required, diffe
ial pulse voltammetry should be adopted[29]. We note tha
ilipe and Brett[7] have conducted similar experiments
sing 2� carbon resistors (sic) as the electrodes. They re
‘dog-leg’ calibration curve attributing this to the poss

ormation of mono and multi-layers of MnO2 although the
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role of the curious choice of electrode material and surface
may perhaps be important. The limit of detection judged from
the more sensitive ‘part of the dog-leg’ corresponds roughly
with the limit of detection seen on our experiments, given
that we used a 60 s, rather than 180 s pre-concentration time.

Comparison of the carbon paste and the boron-doped di-
amond electrodes reveal that the latter has a larger linear
response andlow detection limit using a shorter deposition
time. Furthermore, the boron-doped diamond requires no
electrode preparation or renewal from sample to sample and
as will be seen below, the BDD displays no memory effects
providing a robust electrode for routine analysis in environ-
mental samples. Consequently, the boron-doped diamond is
next used for the determination of manganese in marine sed-
iments.

3.4. Manganese quantification in marine sediments
using cathodic stripping voltammetry at a bare
boron-doped diamond electrode

A known mass of the marine sediment sample was
weighted out and then mixed with 15 mL hydrochloric acid
(12 M) and 5 mL nitric acid (16 M) to liberate the manganese
from the soil sample. Care is needed when adding the acid due
to the vigorous effervescence of chlorine gas. (This should
b m-
m ith a
m r to
a as
t xide.
T itated
i
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s wn in
F ad-
d edi-
m
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p ects
t
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s ping
v cies
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t odic
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Fig. 9. Typical voltammetric responses (A) of standard additions to a marine
sediment sample using the cathodic stripping protocol technique at a boron-
doped diamond electrode using a 60 s deposition time at + 0.85 V (vs. SCE).
B shows a typical plot of concentration vs. peak current from A.

4. Conclusions

We have evaluated three electroanalytical methods for the
detection of manganese in marine sediments. First, anodic
stripping voltammetry at an in situ formed bismuth film on
a boron-doped diamond has been explored, but was found
to lack the required sensitivity and reproducibility. Second
cathodic stripping voltammetry at carbon paste and boron-
doped diamond electrodes have been compared. The latter
was found to be more suited to the environmental samples. In
the case of cathodic stripping voltammetry at boron-doped di-
amond electrodes, good agreement with independently con-
ducted AAS was found.

An extensive investigation of manganese pollution at a
bigger number of locations nearŠibenik is in preparation
in order to decide whether permanent monitoring is neces-
sary, or not. These investigations will use cathodic stripping
voltammetry at boron-doped diamond electrode for man-
ganese monitoring.
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