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Abstract Oxine (8-hydroxyquinoline) was used as an effi-
cient and selective ligand for stripping voltammetry trace
determination of Mn(II). A validated square-wave adsorptive
cathodic stripping voltammetry method has been developed
for determination of Mn(II) selectively as oxine complex
using both the bare carbon paste electrode (CPE) and the
modified CPE with 7 % (w/w) montmorillonite-Na clay.
Modification of carbon paste with montmorillonite clay was
found to greatly enhance its adsorption capacity. Limits of
detection of 45 ng l−1 (8.19×10−10 mol L−1) and 1.8 ng l−1

(3.28×10−11 mol L−1) Mn(II) were achieved using the bare
and modified CP electrodes, respectively. The achieved limits
of detection of Mn(II) as oxine complex using the modified
CPE are much sensitive than the detection limits obtained by
most of the reported electrochemical methods. The developed
stripping voltammetry method using both electrodes was suc-
cessfully applied for trace determination of Mn(II) in various
water samples without interferences from various organic and
inorganic species.

Keywords Manganese . Oxine . CPE .Montmorillonite-Na
clay . Determination . Stripping voltammetry

Introduction

The rapid diffusion of heavy metals as environmental contam-
inants has called attention to their determination at trace and
ultratrace levels. Manganese is considered to be the 12th most
abundant element in the biosphere [1]. It is widely distributed in
soil, sediment, water and in biological materials. Manganese is
essential for normal development and body function across the
life span of all mammals with some 20 identified functions in
enzymes and proteins. Manganese contributes to maintain
healthy nerves and immune system and helps in blood sugar
regulation. It is involved in utilization of vitamins B1 and E and
required for normal bone growth or for avoiding blood clotting
defects [2–4]. It is also essential for normal bone structure and
the formation mucopolysaccharides [3]. Although manganese
is essential for humans and other species of the animal kingdom
as well as for plants, it is toxic at higher levels. In man, chronic
manganese excess affects the central nervous system, with the
symptoms resembling those of Parkinson’s disease [4].
Relatively high doses of manganese affect DNA replication
and causes mutations in microorganism and mammalian cells.
In mammalian cells, manganese causes DNA damage and
chromosome aberrations. Large amounts of manganese affect
fertility in mammals and are toxic to the embryo and fetus [4].

Several analytical methods for Mn(II) determination have
been reported in the literature, including spectrofluorimetry
[5] spectrophotometry [6–10], flame atomic absorption spec-
trometry (FAAS), graphite furnace atomic absorption spec-
trometry (GFAAS), inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) [11–21], ion-selective elec-
trodes [22, 23], and voltammetry [24–43]. In routine analysis,
spectrophotometric methods are versatile and economical
[6–10], but some of them are not sensitive enough (limit of
detection [LOD]=1.03×10−7–2.02×10−6 mol L−1) [6–8] for
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trace determination of Mn(II). Moreover, they are generally
time-consuming and cannot be directly applied to manganese
determination in seawater because of possible interferences
caused by organic substances and variations in salinity. On
the other hand, most of FAAS, GFAAS and ICP-OES methods
[11–21] for the determination of trace concentrations of metal
ions in high saline samples suffer also frommatrix interferences
[21] and required samples pretreatment [14–18]. Furthermore,
although the ion-selective electrode methods [22, 23] are rela-
tively simple, easy to handle and cheaper to design, their
detection limits are also not sensitive enough for trace determi-
nation of Mn(II) (LOD=5.46×10−8–3.99×10−7 mol L−1).

Because of the widespread use of voltammetry in the
determination of Mn(II), comparison between the existing
voltammetric methods [24–44] is shown in Table 1. It was

shown that the detection limit of determination of Mn(II) at
the dropping mercury electrode (DME) by the differential
pulse polarography (DPP) [24] is relatively high
(LOD=9.1×10−8 mol L−1). Moreover, the electrocatalytic
reduction of Mn(II) at the C60/Li

+ modified GC electrode
using cyclic voltammetry [25] is also not sensitive enough
for its determination (LOD=9.19×10−6 mol L−1), and other
heavy metal ions such as Hg(II), Cd(II) and Cu(II) appeared to
exert a positive interference on the reduction peaks of Mn(II).
However, the lithium-doped modified indium tin oxide (ITO)
electrode was proven to be sensitive towards the detection of
Mn(II) (LOD=1.0×10−9 mol L−1) using cyclic voltammetry
[26]; nevertheless, this work suffered from lack of validation
of the method, which is relatively costly because of the elec-
trode disposable material.

Table 1 Comparison of the detection limits and the experimental conditions of the various reported electrochemical methods to those of the described
methods for Mn(II) determination as oxine complex

Electrode Medium Technique LOD (mol L−1) Ref.

DME Citrate–borate solution (pH 9.5) DPP 9.10×10−8 [24]

C60/Li
+ modified GC electrode 0.1 mol L−1 KCl CV 9.19×10−6 [25]

Lithium doped modified Indium Tin
oxide (ITO) electrode

0.1 mol L−1 KCl CV 1.00×10−9 [26]

Chemically modified bentonite–porphyrin
carbon paste electrode (MBPCE)

Universal buffer (pH 6.5) CV-ASV 1.00×10−7 [27]

MFE 0.01 mol L−1 borate buffer (pH 8.6) DP-ASV 2.91×10−10 [28]

HMDE NH3/NH4Cl (pH 9) DP-ASV 8.37×10−10 [29]

Stationary mercury electrode NH3/NH4Cl (pH 9) DP-ASVand DP-CSV) 1.00×10−9 [30]

Metal catalyst free carbon nanotube (MCFCNT) 0.05 mol L−1 NH4Cl (pH 3) SW-ASV 1.20×10−7 [31]

Metal catalyst free carbon nanotube (MCFCNT) 0.1 mol L−1 borate buffer (pH 8.5) SW-CSV 9.30×10−8 [31]

GCE 0.04 mol L−1 NH3/NH4Cl (pH 9) LS-CSV 1.00×10−9 [32]

Graphite based polymer composite electrode Acetate ammonium buffer (pH 9) SW-CSV 3.64×10−9 [33]

Boron-doped diamond electrode Ammonium nitrate (pH 7) DP-CSV 1.00×10−11 [34]

A carbon paste electrode modified with
1-(2-pyridylazo)-2-naphthol

Phosphate–borax buffer (pH 8.7) DP-CSV 6.91×10−9 [35]

A mercury-free thick-film graphite-containing
electrode modified with formazan

0.1 mol L−1 NaCl + ammonia
buffer (pH 9.2)

DP-CSV 7.28×10−10 [36]

Carbon film electrodes 0.2 mol L−1 H3BO3/0.1 mol L−1

KCl (pH 7.2)
SW-CSV 4.00×10−9 [37]

CPE 0.1 mol L−1 phosphate buffer
(pH 7.4)

DP-CSV 1.00×10−7 [38]

HMDE NH3/NH4Cl DP-AdCSV 4.00×10−10 [39]

HMDE 0.01 mol L−1 ammonia buffer
(pH 8.8)
+5-Br-PADAP

DP-AdCSV 3.64×10−9 [40]

GCE 0.05 mol L−1 acetic acid/NH4OH(pH 9) SW-AdCSV 4.00×10−10 [41]

CPE 0.1 mol L−1 acetate buffer
(pH 5)+5-Br-PADAP

SW-AdCSV 1.20×10−9 [42]

CPE modified with 10 %
montmorillonite clay

0.1 mol L−1 acetate buffer (pH 5)
+ 5-Br-PADAP

SW-AdCSV 2.73×10−10 [43]

CPE 0.1 mol L−1 acetate buffer (pH 5)+oxine SW-AdCSV 8.19×10−10 Present work

CPE modified with 7 % (w/w)
montmorillonite-Na clay

0.1 mol L−1 acetate buffer (pH 5)+oxine SW-AdCSV 3.28×10−11 Present work
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Anodic stripping voltammetry (ASV) has been used for
determination of Mn(II) using various kinds of working elec-
trodes [27–31]. However, determination of trace manganese
by ASV using the mercury electrodes [28–30] suffer from
three problems: (1) the low solubility of manganese in mer-
cury, (2) the deposition potential of Mn(II) was close to the
discharge potential of hydrogen ions (−1.7 V vs. SCE), and (3)
formation of intermetallic compounds at the mercury elec-
trode [30]. Since the reduction potential of Mn(II) was beyond
the potential range of most of the common solid electrodes,
most of the reported ASV methods for determination of
Mn(II) were conducted at Hg electrodes [28–30]. Due to
toxicity concerns, the use of Hg is often limited, making these
analyses unsuitable for many applications.

On the other hand, traces of manganese have been deter-
mined by cathodic stripping voltammetry (CSV) using various
solid electrodes (carbon, modified carbon paste, carbon film,
glassy carbon and boron-doped diamond) [30–38]. The deter-
mination of Mn(II) by CSV involves electrolytic
preconcentration step where the trace Mn(II) is oxidized to
Mn(IV). Mn(IV) immediately hydrolyses to form manganese
dioxide (or its hydrate) on the electrode surface {Mn+
2(H2O)x(aq)→MnO2(H2O)x−y(s) + (y−2)H2O+4H++2e_}
depending on the pH of the medium and the oxidative deposi-
tion applied potential [38]. The deposited MnO2 was then
reduced to Mn(II) in the determination step (stripping step) by
negative potential scan. Since the solubility of MnO2 is quite
dependent on the pH of the solution, a basic medium is neces-
sary for the formation of MnO2 [30–33, 35, 36]. The more
acidic solution makes formation of MnO2 difficult [31]. The
disadvantages of this method are that: (1) there is a tendency for
incomplete precipitation of insoluble dioxide and (2) the meth-
od has a narrow working concentration range and poor selec-
tivity. CSV method has significant interfering of cations, e.g.,
Zn(II) (it may destroy the active site of the pretreated electrode)
[32], Tl (II) [33], Al(III) [34], Fe(II) [34–37], Ni(II) [37], Co(II)
[32, 35], Hg(II) [34, 35], Cu(II) (copper interference by reduc-
tion peak of Cu(II) at −0.04 V versus SCE masking the MnO2

peak) [37], and Pb(II) (Pb(II) is easily oxidized to PbO2, which
can be co-deposited onto the electrode surface together with
MnO2) [33, 37].

In order to eliminate the limitations of ASV and CSV for
manganese determination, an organic ligand is used to com-
plex Mn(II); this complex has an adsorptive property rather
than an electrolytic accumulation onto the surface of the
electrode [39–43]. Adsorptive stripping voltammetry
(AdSV) approach is based on adsorptive accumulation (non-
electrolytic) of the analyte onto the electrode surface under
open circuit conditions (where no charge transferred). AdSV
methods have been reported for the determination of manga-
nese as metal complexes with different ligands at the hanging
mercury drop [39, 40], glass carbon [41] and carbon paste [42,
43] electrodes. The achieved LOD of Mn(II) as metal

complexes by these methods at some solid and mercury
electrodes were 2.73×10−10 to 3.64×10−9 mol L−1.

Oxine (8-hydroxyquinoline) is a bidentate chelating agent
[44] capable of forming complexes with several metal ions.
However, no adsorptive CSV method is reported in literature
yet for determination of Mn(II) as oxine complex. On the other
hand, mixing the carbon paste with some sort of adsorptive
species (modifier) notably increases the sensitivity of the CPE
towards determination of analytes. The different approaches
that have been taken in the development of electrochemical
sensors incorporating carbon as the principal electrode substrate
were reviewed [45]. Montmorillonite-Na (MMT-Na) clay be-
longs to the smectite group of clays with a layer lattice (Fig. 1).
Because of its high chemical and mechanical stability, well-
layered structure and strong adsorptive properties (which are
attributed to the expandability of its internal layers), it has been
used in this work as a modifier. This work aimed to describe a
simple and precise square-wave adsorptive CSV method for
trace determination of Mn(II) as oxine complex in water sam-
ples using both the bare carbon paste electrode (CPE) and the
developed CPE modified with MMT-Na clay.

Experimental

Solutions and apparatus

A 1×10−3 mol L−1 8-hydroxyquinoline (oxine) solution was
prepared by dissolving an appropriate amount of the com-
pound (Merck) in spec-pure methanol. Desired standard solu-
tions of K(I), Na(I), Mg(II), Ca(II), Al(III), Cu(II), Cd(II),
Pb(II), Sb(III), Bi(III), Se(IV), Zn(II), Mn(II), V(V), Ti(IV),
Ni(II), Co(II) and Fe(III) were prepared by accurate dilution of
their standard stock solutions (1,000 mg l−1 dissolved in
aqueous 0.10 mol L−1 HCl, supplied from Cica, Japan) by
de-ionized water. Solutions (1,000 mg l−1) of each of HCO3

−,
Cl−, NO3

−, SO4
2− and PO4

3− were prepared by dissolving
appropriate amounts of NaHCO3, KCl, KNO3, Na2SO4 and
Na3PO4, respectively, in de-ionized water. Next, 1,000 mg l−1

Fig. 1 SEM image of the montmorillonite (MMT-Na) clay surface
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humic acid and 1 % Triton X-100 solutions were prepared in
de-ionized water.

Britton–Robinson (B-R) universal buffer (pH 2–11), acetate
buffer (pH 3.75–5.75) and phosphate buffer (pH 3–8) as
supporting electrolytes were prepared in de-ionized water. All
chemicals usedwere of analytical-grade reagents andwere used
without further purification. The de-ionized water used
throughout the present work was obtained from a Purite-Still
Plus Deionizer connected to a Hamilton-Aqua Matic bi-
distillation water system (Hamilton Laboratory Glass Ltd.,
Kent, UK).

Computer-controlled PotentiostatsModels 263A and 273A
(Princeton Applied Research, Oak Ridge, TN, USA) with the
software 270/250-PAR were used for the voltammetric mea-
surements. A micro-electrolysis cell consisting of C-2 stand
with electrode body (BASi Model MF-2010), an Ag/AgCl/
KCls reference electrode (BASi Model MF-2079), and a plat-
inumwire counter electrode was used. A magnetic stirrer with
a Teflon-coated magnet was used to provide the convective
transport during the preconcentration step. Electrode assembly
(Model 303A-PAR) incorporating a micro-electrolysis cell of
a three electrode system comprising of a hanging mercury
drop electrode (HMDE) as a working electrode (area:
0.026 cm2), an Ag/AgCl/KCls reference electrode and a plat-
inum wire counter electrode, was also used.

Preparation of the bare and modified carbon paste electrodes

The carbon paste was fabricated by mixing an amount (5 g) of
graphite powder (1–2 μm, Aldrich, Milwaukee, WI, USA) and
1.8 ml Nujol oil (Sigma, d=0.84 g l−1) uniformly by milling in
a small agate mortar, whereas CPE modified with 1–11 % (wt/
wt) MMT-Na clay were fabricated by mixing an amount (4.95–
4.45 g) of graphite powder and (0.05–0.55 g) of MMT-Na clay
(fine powder <5 μm; ECC America Inc., Southern Clay
Products Subsidiary, Gonzales, TX, USA) uniformly bymilling
in a small agate mortar. Then, 1.8–2.0 ml Nujol oil was added
and milled again to give a homogenous paste. The body of the
electrode was a Teflon rod with end cavity (BASi Model MF-
2010, 3 mm diameter and 1 mm deep) bored at one end for
paste filling. Contact was made with a copper wire through the
centre of the Teflon rod. An amount of the fabricated carbon
paste or that modified with MMT-Na clay was pressed into the
end cavity of the electrode body and leveled off with a spatula.
The surface of the fabricated bare CPE and the modified one
was manually smoothed by polishing on a clean paper before
use. JEOL JSM 5400 scanning electron microscopy (SEM)
was used to observe the surface morphology of the carbon
paste (CP), MMT-Na clay, and the modified CP with various
ratios of MMT-Na clay. The discs of samples used for mor-
phology examination were prepared by pressing the materials.
The pressed specimens were then fractured and the fracture
surface was sputtered with gold prior to observation.

Analyzed environmental water samples

Various water samples such as: groundwater, tap water, bot-
tled natural water (available in the Egyptian market) and
coastal seawater (from coast of Alexandria City, Egypt) sam-
ples were analyzed. The seawater sample was taken a few
meters from the coast where the water was 3–4 m deep. Then,
the seawater sample was UV-digested (30 min) after acidifi-
cation with HCl to pH 1 with a 1-kW high-pressure mercury
vapor lamp to avoid possible interferences caused by natural
organic compounds and to breakdown organic-metal com-
plexes. Then, for 5 ml of each sample (with or without dilution
by de-ionized water according to the concentration level of
Mn(II) in its different water samples), 5 ml of the supporting
electrolyte was added, and the analysis was performed by a
developed square-wave adsorptive cathodic striping
voltammetry (SW-AdCSV) method at both the CPE and the
modified CPE with 7 % (w/w) MMT-Na clay.

Results and discussion

Electrochemical investigation of oxine and Mn(II)–oxine
complex systems

Cyclic voltammograms of 50 μMoxine in 0.1 mol L−1 acetate
buffer of pH 5 recorded at both the bare CPE and the modified
CPE with MMT-Na clay show two cathodic peaks (P1c) and
(P2c) at +0.40 and −0.02 V and two corresponding anodic
peaks (P1a) and (P2a) in the reverse scan at +0.57 and +0.15 V,
in addition to a third irreversible anodic peak (P3a) at very
positive potential (+0.78 V) (Fig. 2, curves a and b).

The peak current magnitudes are much enhanced at the
modified CPE (Fig. 2, curve b). The two cathodic peaks (P1c)
and (P2c) may correspond to the reduction of the –C=N–
double bond of the pyridine ring [46] of the basic (HL) and
the acidic (H2L

+) forms of oxine, respectively (pKa1 (=NH
+–/

=N–)=5.03–5.11, which is attributed to deprotonation of the
basic nitrogen atom of its pyridine ring) [47] (Scheme 1).
Meanwhile, the anodic peak (P3a) (at +0.78 V) may corre-
spond to two-electron irreversible oxidation of the acidic and/
or the basic form of oxine [48]. The suggested electrode
reaction of oxine at CP electrodes is illustrated in Scheme 1.

On the other hand, cyclic voltammogram of 100 μg l−1 of
Mn(II) in 0.1 M acetate buffer of pH 5 showed no
voltammetric peaks within the potential range of the CPE
and the modified one following preconcentration under open
circuit conditions or by adsorptive accumulation at Eacc=+
1.20 V for 250 s (e.g., Fig. 3a, curve a). However, a cyclic
voltammogram of 100 μg l−1 of Mn(II) in the presence of
50 μM oxine exhibited a new small cathodic peak (P4c) at +
0.65 Vand a corresponding anodic one (P4a) at +1.00 V in the
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reverse scan which attributed to the formed Mn(II)–oxine
complex, (e.g., Fig. 3a, curve b, solid line).

The peak current magnitudes of the cathodic peak (P1c) as
well as of the anodic peaks (P1a) and (P3a) of oxine are
decreased indicating the consumption of oxine in complex
formation reaction, (e.g., Fig. 3a, curve b). However, follow-
ing preconcentration onto the bare and the modified CP elec-
trodes by adsorption accumulation at +1.20 V for 250 s, the
cathodic peak (P1c) and the anodic peak (P1a) of the neutral
form of oxine disappeared completely with an obvious
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decrease in peak current magnitude of the oxidation peak
(P3a), (e.g., Fig. 3a, curve c, first cycle 1), indicating that this
peak (P3a) corresponds to the oxidation of the basic (neutral)
form of oxine rather than its acidic (protonated) form. The
basic form of oxine has much ability to contribute in Mn(II)–
oxine complex formation. This behavior was also clearly ob-
served upon increasing the concentration of Mn(II), the large
enhancement of cathodic peak (P4c) and its reversed anodic
peak (P4c) of Mn(II)–oxine complex with the complete disap-
pearance of anodic peak (P3a) of oxine, consequently
confirming the formation of neutral Mn(II)–oxine complex
(Scheme 1). Moreover, a better developed peak current of
Mn–oxine complex (P4c) was observed at the modified CPE
(Fig. 3a, curve c; first cycle 1) compared to the bare one. This
indicated a better adsorption of Mn(II)–oxine complex onto the

modified CPE. Moreover, a substantial decrease of the moni-
tored voltammetric peak current of Mn(II)–oxine complex (P4c)
was observed in the second cycle 2 (Fig. 3a, curve c), indicating
the desorption of Mn(II)–oxine complex from the electrode
surface.

On the other side, the cyclic voltammogram recorded in 0.1M
acetate buffer of pH 5 for 100 μg l−1 of Mn(II) following
preconcentration under open circuit conditions or by adsorptive
accumulation for 100 s at Eacc=−0.1 V onto the HMDE in the
absence of oxine (e.g., Fig. 3b, curve a) exhibited no cathodic
peak corresponding to the Mn(II) reduction. Meanwhile, the
cyclic voltammogram of 50 μM oxine (e.g., Fig. 3b, curve b)
exhibited a single cathodic peak around −1.32 V, which may
correspond to the reduction of oxine. Moreover, the cyclic
voltammogram of a solution of 100 μg l−1 of Mn(II) in the
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(c) SW-AdCS voltammograms
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buffer of pH 5 following
preconcentration onto HMDE by
adsorptive accumulation for 50 s
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presence of 50 μM oxine exhibited no new cathodic peak that
corresponds to the Mn(II)–oxine complex (Fig. 3b, curve c), i.e.,
Mn(II)–oxine complex did not respond at the HMDE, which
may be due to the fact that Mn(II)–oxine complex has a very
poor adsorptive character at the surface of HMDE compared to
that at CP electrodes under the same experimental conditions,
and/or the reduction potential of Mn(II)–oxine complex was
beyond the potential range of mercury electrode.

Square wave investigation of oxine and metal–oxine complex
systems

SW-AdCS voltammograms of solution of 30 μM oxine and
(5–30) μg l−1 Mn(II) were recorded by scanning the potential
from +1.25 to −0.40 V (vs. Ag/AgCl/KCls) in 0.1 mol L−1

acetate buffer of pH 5 following preconcentration at both the
bare CPE and the CPE modified with 7 % (wt/wt) MMT-Na
clay by adsorption accumulation at +1.25 V for 50 s. The
recorded voltamograms of oxine exhibited two cathodic peaks
at +0.47 V (P1c) and +0.09 V (P2c), (Fig. 4a and b, curve a)
corresponding to the reduction of the –C=N– double bond of
the pyridine ring [46] of the basic (HL) and the acidic (H2L

+)
forms of oxine, respectively.

On the other hand, SW-AdCS voltammogram of
0.1 mol L−1 acetate buffer of pH 5 containing 10 μg l−1 of
each of Mn(II), Cd(II), Pb(II), Cu(II), Sb(III), Bi(III), Se(IV),
Zn(II), Ni(II), Co(II), Fe(III), Al(III), V(V) and Ti(IV) in the
absence of oxine did not exhibit any voltammetric peaks
(Fig. 4a and b, curve b). However, the voltammogram of this
solution in the presence of 30 μMoxine exhibited a new well-
defined cathodic peak (P4c) at +0.8 V. The peak current
magnitudes of P1c of neutral oxine decreased, and that of the
new peak (P4c) increased with the addition of aliquots of
Mn(II) (Fig. 4a and b, curves c and d), confirming again that
P4c corresponds to the reduction of theMn(II)–oxine complex.

Moreover, no new cathodic peaks were observed upon the
addition of different aliquots of each of Cd(II), Pb(II), Cu(II),
Sb(III), Bi(III), Se(IV), Zn(II), Ni(II), Co(II), Fe(III), Al(III),
V(V) and Ti(IV). This may be due to the very poor adsorptive
character of their complexes onto the surface of both CP elec-
trodes and/or non-complexing character of some of these metal
ionswith oxine under the experimental conditions.Moreover, the
voltammetry peak of Mn(II)–oxine complex (P4c) was found to
respond perfectly to the extra addition of Mn(II) concentrations
with the disappearance of the neutral oxine peak (P1c), which
clearly reflects again the formation of neutral Mn(II)–oxine
complex. However, about 5-folds enhancement in peak current
magnitude of Mn(II)–oxine complex was observed at the mod-
ified CPE (Fig. 4b, curves c and d) compared to that at the bare
one (Fig. 4a, curves c and d), also confirming the strong adsorp-
tive character of CPE modified with MMT-Na clay towards the
Mn(II)–oxine complex.

As reported in the literature, the molar ratio of Mn(II) to
oxine ligand in its complex was 1:2 [49]; thus, according to all
the above results, the mechanism of formation and then re-
duction reaction of the Mn(II)–oxine complex following its
preconcentration by adsorption accumulation onto both the
CP electrodes can be suggested as follows:

(1) The neutral Mn(II)–oxine complex formed first in the
solution {the basic (neutral) form of oxine can greatly
contribute in Mn(II)–oxine complex formation}.

(2) Free oxine and Mn(II)–oxine complex were computa-
tionally preconcentrated by adsorptive accumulation on-
to the electrode surface at +1.25 V.
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Scheme 2 Formation reaction ofMn(II)–oxine complex and its electrode
reaction following its preconcentration by adsorption accumulation onto
the carbon paste electrodes
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(3) Then, by scanning the potential cathodically from +1.25
to −0.4 V, both the accumulated Mn(II)–oxine complex
and free oxine are reduced (stripping step) according to
Schemes 2 and 1, respectively. P4c corresponds to the
reduction of Mn(II) in the accumulated complex, P1c
may correspond to the reduction of basic oxine in the
accumulated complex and P1c, and P2c corresponds to
the reduction of basic and acidic forms of the accumu-
lated free oxine, respectively.

SW-AdCS voltammograms (e.g., Fig. 4c) indicated
also that the Mn(II)–oxine complex did not respond at
the HMDE even when various concentrations of Mn(II)
and oxine were used and different accumulation poten-
tial and time were employed. Consequently, the cathodic
peak (P4c) at CP electrodes will be taken for quantiza-
tion of Mn(II) as Mn(II)–oxine complex in the rest of
the analytical study.

Analytical studies

The interfacial accumulation of the Mn(II)–oxine com-
plex at the CP electrodes surface can be used as an
effective accumulation step to enhance the electroanalyt-
ical determination of Mn(II) using an optimized SW-
AdCSV method

Composition and stability of the modified CPE

The approach of mixing carbon paste with some sort of
adsorptive species (modifier) notably increases the sensitivity
of the CPE towards determination of analytes. In the present
study, SW-AdCS voltammograms of 20 μg l−1 of Mn(II) in
the presence of 30 μM oxine were recorded in 0.1 mol L−1

acetate buffer of pH 5 at CPE modified with various mass
percentages (0–11 % w/w) of MMT-Na clay following
preconcentration by adsorptive accumulation at +1.25 V (vs.
Ag/AgCl/KCls) for 50 s. The peak current magnitude of
Mn(II)–oxine complex increased upon the increase of mass
percentage of MMT-Na clay in the modified CPE up to 7 %
(w/w) (Fig. 5). At higher mass percentages of the clay in the
modified CPE, the peak current magnitude decreased, which
may be due to the decrease of conductivity in the modified
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Fig. 5 SW-AdCS voltammograms recorded in 0.1 mol L−1 acetate buffer
of pH 5 for 20 μg l−1 of Mn(II)+30 μM oxine, following
preconcentration onto the bare CPE (a) and CPE modified with 3 %
(b), 5 % (c), 7 % (d), 9 % (e) and 11 % (f) (w/w) MMT-Na clay by
adsorptive accumulation for 50 s at +1.25 V. Inset: ip as a function of %
(w/w) MMT-Na clay; (f=80 Hz, ΔEs=10 mVand Ea=25 mV)

Fig. 6 SEM image of (a) CP, (b) CP modified with 5 %, and (c) CP
modified with 7 % (w/w) MMT-Na clay
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CPE, which hinders the electron transfer process and increases
the background current and/or some change in its surface
morphology. Therefore, a fabricated CPE modified with 7 %
(w/w) MMT-Na clay was used for the rest of the analytical
study in comparison with the bare CPE. On the other hand, an
insignificant difference of peak current magnitude or its stan-
dard deviation (0.19–0.25) was noticed during the measure-
ments over a week using the modified CP electrode,
confirming that this electrode was stable and efficient towards
the trace determination of Mn(II).

The strong interfacial adsorptive character of Mn(II)–oxine
complex at the modified CPE under the optimum accumula-
tion conditions can be attributed to the interesting morpholog-
ical changes of its surface after modification with 7 % (w/w)
MMT-Na clay compared to that of bare CPE and the other
modified CPE with <7 % (w/w) MMT-Na clay. Scanning
electron microscopy (SEM) was used to characterize the mor-
phology of the bare CPE and carbon paste modified with 5 %
and 7 % (w/w) MMT-Na clay (Fig. 6). The SEM image of the
surface of bare carbon paste showed a microstructure with
compact aggregates of large particles (Fig. 6a) while the
surface of carbon paste modified with 5 % (w/w) MMT-Na
was an ill-defined shaped structure of highly packed particles
(Fig. 6b). However, significant differences in the structure of
the carbon paste modified with 7 % (w/w) MMT-Na clay are
observed (Fig. 6c). The main characteristic of 7 % (w/w)
MMT-Na clay is the small particle size and the large surface
area due to the discrete spherical particles morphology (the
average diameter is 11.45±4.50 μm) and numerous internal

holes. The increase in surface area for the sphere morphology
resulted in enhancement of the voltammetric peak current as a
consequence of the enhancement of sorption capacity of the
modified CPwith 7% (w/w)MMT-Na clay compared to that of
the bare CP or to that modified with 5 % (w/w) MMT-Na clay.

Effect of type of supporting electrolyte and its pH

The effect of supporting electrolyte and pH on the peak
current magnitude of Mn(II)–oxine complex was studied for
20 μg l−1 of Mn(II) in the presence of 30 μM oxine in B-R
universal buffer (pH 2–8), phosphate buffer (pH 5–8) and
sodium acetate buffer (pH 3.75–5.75). The peak current mag-
nitude increased with the increase in pH of the medium until it
reached its maximum over the pH range 4.5–5.5, then de-
creased. The increase in the peak current magnitude as well as
the shift in the peak potential to less positive values with
increasing pH of the medium may be the result of increasing
the formation and stability of the Mn(II)–oxine complex,
respectively, due to the increase in the deprotonated (neutral)
oxine [pKa1 (=NH+–/=N–)=5.03–5.11], which gave more
adsorbed complexed species at the electrode surface. At pH
values lower than 4.5, protonation of the nitrogen atom of the
pyridine ring of oxine [47] can compete against the reaction
between the Mn(II) and oxine. Therefore, Mn(II)–oxine com-
plex formation rate is decreased (or dissociation of Mn–oxine
complex is increased) and the yield of complex formation falls
off and consequently the peak current magnitude decreased. In
contrast, the obvious decrease in the peak current magnitude
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Fig. 7 a Plots of ip versus Eacc for 20 μg l−1 Mn(II)+30 μM oxine
following preconcentration by adsorptive accumulation for 50 s onto (a)
the bare CPE and (b) the CPE modified with 7 % (w/w) MMT-Na clay.
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oxine following preconcentration by adsorptive accumulation onto the
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+1.1 V (in acetate buffer of pH 5; (f=80Hz,ΔEs=10mVand Ea=25mV)
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at pH value above 6 may have been probably caused by
precipitation of Mn(II) as Mn(II) oxinate precipitate
{Mn(C9H6ON)2⋅2H2O} [50], which affects the formation of
Mn(II)–oxine complexes. Since sodium acetate buffer of pH 5
gave the best response using both bare CPE and modified
CPE, it was chosen for subsequent experiments. This agrees
well with a previous study, in which moderately acidic media
(pH 4–5) were found to be the most suitable for the formation
of metal–oxine complexes [51].

Effect of oxine ligand concentration

SW-AdCS voltammograms of 20 μg l−1 Mn(II) in acetate buffer
of pH 5 were recorded in the presence of increasing concentra-
tions of oxine (1 to 50 μM) following preconcentration at bare
CPE and CPE modified with 7 % (w/w) MMT-Na clay by
adsorptive accumulation at +1.25 V for 50 s. The
voltammograms showed that upon the increase of oxine concen-
tration, enhancement of the peak current magnitude of the mon-
itored SW-AdCSV signal was observed up to 10 μMoxine, and
then remained constant until about 35 μM oxine, which may be
due to the fact that the ligand does not compete with adsorption
of the formed Mn(II)–oxine complex at the surface of the work-
ing electrode up to this concentration level. However, in the
presence of oxine concentrations higher than 35 μM, the peak
current magnitude of Mn(II)–oxine complex decreased. This
may be presumably caused by competitive adsorption of oxine
at the working electrode surface with the complex. Accordingly,
it seems that an oxine concentration of 10μMmight be adequate
to ensure maximum stripping voltammetric response; hence, for
further work this chelating agent concentration was selected.

On the other hand, the reaction kinetics of Mn(II) with
oxine were identified from its voltammograms recorded after
different mixing time of reactants. The peak current (ip) mag-
nitude of the examinedMn(II)–oxine complex was practically
constant with the reaction time, indicating the immediate
formation of Mn(II)–oxine complex within the mixing time
of reactants in the electrochemical cell; therefore, heating of
the reactants solution was not required in the present work.

Effect of pulse parameters

The response obtained by square-wave voltammetry is strong-
ly dependent on pulse parameters such as frequency (f), pulse
height (a) and scan increment (ΔEs), which have a combined
influence on the peak current magnitude. Hence, the influence
of frequency f (10–120 Hz), scan increment ΔEs (2–10 mV)
and pulse-height a (5–35 mV) on the SW-AdCSV peak cur-
rent magnitude of 20 μg l−1 of Mn(II) in acetate buffer of pH 5
in the presence of 10 μM oxine, following preconcentration
onto the bare and modified CP electrodes at Eacc=+1.25 V for
50 s, was examined. A better developed and symmetrical
voltammetric peak was obtained at the following pulse

parameters: f=80 Hz,ΔEs=10 mVand a=25mV, which were
used in the rest of this study.

Effect of preconcentration parameters

In the SW-AdCSVmethod, the preconcentration (accumulation)
potential (Eacc) applied on the working electrode affects the
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efficiency of the adsorption of the analyte species as a
result of coulombic effects and competitive adsorption
[52]. Thus, the effect of varying the applied accumulation
potential between +1.3 and +1.0 V (vs. Ag/AgCl/KCls) on the
peak current magnitude of the SW-AdCS voltammograms of
20μg l−1 of Mn(II) in the acetate buffer solution of pH 5 in the
presence of 10 μM oxine was evaluated, following
preconcentration onto the surface of both bare CPE and mod-
ified CPE, for 50 s (Fig. 7a, curves a and b, respectively). A
much better enhanced peak current magnitude was achieved
at +1.1 V. This is attributed to the increase of accumulation
rate due to the more favorable alignment of the molecules by
the electric field at the electrode solution interface [53]. The
observed gradual decrease in peak current magnitude around
the potential of +1.1 V may be the consequence of desorption
of Mn(II)–oxine complex at much higher or lower potential in
comparison to the potential zero charge [54]. Hence, an accu-
mulation potential of +1.1 V was chosen for the rest of this
analytical study.

On the other hand, the dependence of SW-AdCSV peak
current magnitudes of 5 and 20 μg l−1 of Mn(II) in the presence
of 10 μM oxine on the preconcentration (accumulation) time
(tacc) at +1.1 V was examined using both bare CPE and mod-
ified CPE (Fig. 7b). The longer the accumulation time, themore
the Mn(II)–oxine complex is adsorbed, and consequently the
peak current magnitude increased. For 20 μg l−1 of Mn(II), the
response was linear up to about 90 s using the bare CPE and the
modified CPE, leveled off, then decreased (Fig. 7b, curve a, and
the inset, respectively). This indicates that the adsorptive equi-
librium onto both bare CPE and modified CPE surface was
achieved [54] (i.e., full surface coverage was approached).
Thus, when saturation of the electrode surface was reached,
the interactions among the molecules in the adsorbed state
become noticeable, and the peak current magnitude started to
decrease at longer accumulation times (i.e., desorption phenom-
ena). For determination of the lowest Mn(II) concentrations, an
extension of accumulation time is recommended. For 5 μg l−1

of Mn(II), as the preconcentration time was increased, linearity

prevailed over the tested preconcentration time using both bare
CPE and modified CPE (Fig. 7b, curve b). Thus, the
preconcentration time of choice will be dictated by the sensi-
tivity needed. In the present analytical investigations, the
preconcentration time of 250 s only was applied because when
accumulation time is higher than 250 s, the baseline will no
longer be optimal.

Accordingly, the optimal operational conditions of the
described SW-AdCSV method were as follows: Eacc=+
1.1 V, tacc=250 s, f=80 Hz, ΔEs=10 mV, a=25 mV and
0.1 mol L−1 sodium acetate buffer of pH 5 as the supporting
electrolyte.

Method validation

Linearity range

Under the optimized conditions, SW-AdCS voltammograms
of various concentrations of Mn(II) in the presence of 10 μM
oxine were recorded following preconcentration by adsorptive
accumulation of Mn(II)–oxine complex onto both the bare
CPE and the modified CPEwith 7% (w/w)MMT-Na clay at +
1.1 V for 250 s (Fig. 8a and b, respectively). It is clear that,
upon the increase of Mn(II) concentration, the peak current
magnitude of the Mn(II)–oxine complex (P4c) increased at the
expense of that of the first peak (P1c) of the free neutral oxine
(basic form; HL) rather than that of the second peak (P2c) of
free cationic oxine (acidic form: H2L

+), indicating again the
formation of neutral Mn(II)–oxine complex (Scheme 2).
Furthermore, the peak current magnitudes (ip) of peak P4c
versus concentrations (C) of the Mn(II) at both the bare CPE
and the modified CPE were straight lines within the concen-
tration ranges 0.15–11 and 0.006–13 μg l−1 Mn(II), respec-
tively. At higher concentrations, the curves leveled off; this
may be due to the saturation of the surface of the two CP
electrodes (inset of Fig. 8a and b). The corresponding regres-
sion equations of the two curves were:

ip μAð Þ ¼ 0:355� 4:2� 10−3C μg l−1
� �þ 0:25� 5:3� 10−3 at bareCPEð Þ

r ¼ 0:997 and n ¼ 14ð Þ

ip μAð Þ ¼ 1:84� 2:5� 10−3C μg l−1
� �

–0:22� 1:1� 10−3 atmodifiedCPEð Þ
r ¼ 0:998 and n ¼ 19ð Þ

It is noticed that the shape of the two curves is practically
the same as the shape of the adsorption curve derived from the
Langmuir type isotherm of adsorption [55], and this fact can
be regarded as supporting evidence to the monomolecular
layer adsorption of the complexed species on the surface of
CP electrodes. LOD and limit of quantitation (LOQ) ofMn(II)

were estimated using the expressions [56]: LOD=3 SD/b and
LOQ=10 SD/b, where SD is the standard deviation of the
replicate blank responses (or the intercept of the calibration plot)
and b is the slope of the regression equation. LOD of
0.045 μg l−1 (8.19×10−10 mol L−1) and 0.0018 μg l−1

(3.28×10−11 mol L−1) Mn(II) and LOQ of 0.15 μg l−1
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(2.73×10−9 mol L−1) and 0.006 μg l−1 (1.09×10−10 mol L−1)
Mn(II) were achieved by the optimized SW-AdCSV method
using the bare CPE and the modified CPE, respectively.

The results indicated the reliability of the optimized SW-
AdCSV method for trace assay of Mn(II) at both electrodes.
However, the achieved LOD of Mn(II) using the modified CPE
is much more sensitive than all those reported in the literature
[5–33, 35–42] using various electrode materials; however, it is
fairly comparable with that obtained with DP CSV using boron-
doped diamond electrode only (LOD=1.0×10−11 mol L−1) [34]
(Table 1).

Repeatability and reproducibility

Repeatability and reproducibility (expressed as % recovery, pre-
cision and accuracy) [57] of the described SW-AdCSV method
were evaluated by performing five replicate measurements for
various concentrations of Mn(II) (1–9 μg l−1 in the presence of
10 μM of oxine) over 1 day (intra-day assay) and for successive
3 days (inter-day assay), following preconcentration by adsorp-
tive accumulation onto both bare CPE and modified CPE at +
1.1 V for 250 s. The results obtained by the described methods
are summarized in Table 2. Insignificant differences were ob-
served between the concentration of Mn(II) taken and found.
Satisfactory mean recoveries, relative standard deviations and
relative errors were achieved, indicating the repeatability, repro-
ducibility, precision and accuracy of the described method for
assay of Mn(II).

Robustness

The robustness [57] of the developed stripping voltammetric
method was examined by studying the effect of variation of

some of the effective operational conditions such as pH (4.5 to
5.5), preconcentration potential (+1.05 to +1.15 V) and
preconcentration time (245 to 255 s). The obtained mean
percentage recoveries and relative standard deviations
(%R±RSD) based on five replicate measurements under the
varied conditions were 97.9±0.9 to 98.3±1.5. Since the mean
percentage recoveries and relative standard deviations
obtained under the varied operational conditions were not
significantly affected, the developed SW-AdCSV method is
reliable for quantization of Mn(II) as Mn(II)–oxine complex
and could be considered robust.

The inter-laboratory precision

The inter-laboratory precision [57] was also examined for
analysis of different concentrations of Mn(II) (5–10 μg l−1

Mn(II) in the presence of 10 μM of oxine) by means of the
described SW-AdCSV method using two Potentiostats PAR-
263A (Lab 1) and PAR-273 (Lab 2) at different elapsed times
by two different analysts. The obtained mean recoveries and
relative standard deviations (98.2±2.2 to 98.7±2.7) were
found reproducible.

Selectivity

To check the selectivity of the described stripping
voltammetric method, the influence of many ions (which are
of great significance in environmental matrices) on the deter-
mination of Mn(II) was examined. Interference was taken as
the level causing an error on the stripping voltammetric peak
current magnitude of Mn(II)–oxine complex of 5 %. The
results of this study are summarized in Table 3. The cations
and the anions concentrations up to the tolerance level (≈95- to

Table 2 Representative results of intra-day and inter-day assays of various concentrations of Mn(II) by means of the described SW-AdCSV method
using both the bare and modified CP electrodes (n=5)

CTaken (μg l−1) Intra-day Inter-day

Mean CFound

(μg l−1)
Mean recovery
%R

Precision
RSD%

Accuracy
RE%

Mean CFound

(μg l−1)
Mean recovery
%R

Precision
RSD%

Accuracy
RE%

Utilizing the bare CPE

1 0.99 99.0 1.0 −1.0 0.97 97.4 0.9 −2.6

3 3.05 101.7 0.7 1.7 2.93 97.7 1.1 −2.3

6 5.89 98.2 1.0 −1.8 5.88 98.0 2.1 −2.0

9 9.08 100.9 1.2 0.9 8.88 98.7 1.9 −1.3

Utilizing the modified CPE with 7 % (w/w) MMT-Na clay

1 0.99 99.3 1.1 −0.7 0.98 98.0 0.9 −2.0

3 2.96 98.7 1.3 −1.3 3.08 102.7 1.3 2.7

6 6.03 100.5 1.5 0.5 6.05 100.8 2.3 0.8

9 8.85 98.3 2.2 −1.7 8.84 98.2 2.5 −1.8

n denotes the number of replicate determinations
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1,000-fold) changed the signals of 0.01 mg l−1 Mn(II) by only
5 % at the maximum (Table 3). From these results, it can be
concluded that the method is free from interferences of most
of these foreign ions up to very high levels, i.e., these ions do
not compete with Mn(II) for complexation with the oxine and
for adsorption onto the CP electrodes within their potential
range in contrast to the previous work using BDD electrode
[34] which suffers from interference of Al(III), Fe(II) and
Hg(II) in determination of Mn(II).

Interferences

The interferences of some natural organics were investigated
in a typical way by the addition of non-ionic surfactant (Triton
X-100) and humic acid (which is a subclass of humic sub-
stances present in natural waters in concentrations ranging
from 0.02 mg l−1 in ground waters up to 30 mg l−1 in surface
waters [58]). The presence of carboxylate and phenolate
groups gives humic acid the ability to form complexes with
several ions. Insignificant interference was obtained in the
presence of Triton X-100 up to 0.001 %. However, a higher
concentration of the surfactant caused a strong deformation

and suppression of the Mn(II)–oxine complex’s voltammetric
peak, making the determination of Mn(II) impossible. The
influence of surfactants in seawater can be completely elimi-
nated through mineralization of the water samples prior to the
analysis. However, the presence of surfactants in tap and
bottled natural water is unexpected. Also, a 300-fold excess
of humic acid had no influence on the determination of
0.01 mg l−1 Mn(II); however, at higher concentrations of
humic acid, a decrease in the analytical response of Mn(II)
was observed due to competition of this ligand in complex
formation of Mn(II). The total amount of dissolved organic
matters in the open seawater usually did not exceed 2 mg l−1

and the concentration of humic acid is less than 0.11 mg l−1

[59]; therefore, no noticeable interference may be expected in
open seawater analysis. However, preliminary UV digestion

Table 3 Interferences of some inorganic species in determination of
0.01 mg l−1 Mn(II) as Mn(II)–oxine complex by the described SW-
AdCSV method using both the bare and the modified CP electrodes

Foreign species Tolerance levela (mg l−1)

Bare CPE Modified CPE

Cl−, NO3
–, 9.8 10.0

SO4
2−, PO4

3−, 5.3 5.0

HCO3
−, 4.0 3.5

K+, Na+, 10.0 10.5

Mg2+, Ca2+, Bi3+, Sb3+, Se4+ 7.0 8.0

Ni2+, Al3+ 3.5 3.0

Cd2+, Cu2+, Zn2+, Co2+, Pb2+, Fe3+ 0.95 1.0

a For 5 % error

Table 4 Determination of Mn(II)
as Mn(II)–oxine complex in vari-
ous environmental water samples
by the described SW-AdCSV
method using both the bare and
the modified CP electrodes

aMean values of five replicate
determinations

Analyzed sample CFound
a (μg l−1) %R±RSD CFound

a (μg l−1) %R±RSD
Bare CPE Modified CPE

Ground water 640.64 98.9±2.2 633.56 99.0±1.6

Tap water 130.55 99.2±1.5 128.68 98.9±2.0

Bottled water

Delta 30.59 100.0±0.9 28.88 100.5±1.3

Aquafina 13.18 99.6±1.3 13.09 99.3±2.0

Siwa 8.34 99.9±1.0 8.80 101.4±1.2

Safi 6.17 101.1±1.0 5.59 100.6±1.6

Nestle 5.80 98.9±2.0 6.05 100.1±1.6

Table 5 Determination of Mn(II) as Mn(II)–oxine complex in various
seawater samples by the described SW-AdCSV using the bare and the
modified CP electrodes (n=5)

Sample Cadded

(μg l−1)
Bare CPE Modified CPE

C found
a

(μg l−1)
%R±RSD Cfound

a

(μg l−1)
%R±RSD

1 0.0 4.30 – 4.03 –

2.0 6.29 99.5±1.0 6.03 100.0±1.0

4.0 8.22 98.0±1.3 8.00 99.3±1.1

6.0 10.28 99.7±1.3 10.14 101.8±0.9

2 0.0 4.50 – 4.20 –

2.0 6.47 98.5±0.8 6.18 99.0±0.9

4.0 8.43 98.3±1.2 8.15 98.8±1.1

6.0 10.50 100.3±1.3 10.11 98.5±1.2

3 0.0 4.40 – 3.90 –

2.0 6.45 102.5±1.5 5.94 102.0±1.0

4.0 8.49 102.3±1.0 7.92 100.5±1.2

6.0 10.50 101.7±1.4 9.95 100.8±1.3

aMean values of five replicate determinations
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of seawater and the standard additions method are used in this
work.

Applications

Various water samples (ground water, tap water, bottled
natural water and coastal seawater) were analyzed for
their Mn(II) contents by the described SW-AdCSV
method using both the bare CPE and the modified
CPE. The seawater samples were first digested by UV
irradiation in the presence of HCl (pH 1) for 30 min
before analysis to destroy organic matter. The calibra-
tion curve method was used for estimating the concen-
tration of Mn(II) in the analyzed water samples.
However, the standard addition method was also applied
for three different standard Mn(II) solutions added to a
pre-analyzed solution of the investigated water sample
in order to minimize the sample matrix interference.
Typical analytical results corresponding to the mean
values of five replicate determinations are summarized
in Tables 4 and 5. Satisfactory mean percentage recov-
eries (%R) and precision (RSD%) for determination of
Mn(II) in various water samples were obtained using
both the calibration curve and the standard addition
methods (e.g., Tables 4 and 5).

Moreover, depending on the possibility that these real
water samples may contain several other metal ions,
higher oxine concentrations (15–35 μM) were also test-
ed to ensure complete Mn(II)–oxine complex formation.
Insignificant difference in the mean concentration found,
%R and RSD% were obtained, indicating that optimized
oxine concentration is sufficient enough for the forma-
tion of complex with Mn(II) in the investigated water
samples.

Conclusion

In this study, oxine is described, for the first time, as an
efficient and selective ligand for electrochemical trace deter-
mination of Mn(II). A validated adsorptive CSV method
coupled with both bare CPE and modified CPE with 7 %
(w/w) MMT-Na clay was used. The described stripping
voltammetry method is simple, selective and sensitive. The
achieved LOD of Mn(II) as oxine–complex are much sensi-
tive than those obtained using the voltammetric methods
(using various electrode materials) reported in the literature
[24–33, 35–43]. The proposed method was applied for the
determination of Mn(II) in various environmental water sam-
ples without interference from various organic and inorganic
species.
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