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a  b  s  t  r  a  c  t

The  preparation  and  electrochemical  characterization  of  hausmannite-type  manganese  oxide  to  use  as
a sensing  material  for sodium  ion  is described.  This  paper  reports  a new  via  synthetic  to  obtain  of the
hausmannite-type  manganese  oxide  and its  application  in the  construction  of modified  electrode  as  a
voltammetric  sensor.  The  electrochemical  activity  of hausmannite-type  manganese  oxide  is  controlled
by  intercalation/deintercalation  of  the  sodium  ions  within  the  oxide  lattice.  The  detection  is based  on
the measurement  of  anodic  current  generated  by oxidation  of  MnIII–MnIV at electrode  surface.  The best
electrochemical  response  was  obtained  for  a sensor  composition  of 20%  (w/w)  hausmannite  oxide  in the

−1

ensor for sodium ion
lectrochemical sensor
odium analysis
rine samples

paste,  a TRIS  buffer  solution  of  pH  6.0–7.0  and  a scan  rate  of  50  mV  s .  A  sensitive  linear  voltammetric
response  for  sodium  ions  was  obtained  in the  concentration  range  of 2.01  ×  10−5–2.09  ×  10−4 mol  L−1

with  a slope  of  355  �A  L  mmol−1 and  a  detection  limit of  7.50  ×  10−6 mol  L−1 using  cyclic voltammetry.  The
use  of  hausmannite  has  significantly  improved  the selectivity  of the  sensor  compared  to  the  birnessite-
type  manganese  oxide  modified  electrode.  Under  the  working  conditions,  the  proposed  method  was
successfully  applied  to  determination  of  sodium  ions  in  urine  samples.
. Introduction

Analysis of alkali metal cations is very important in clinical
hemistry, biochemistry and environmental. The determination of
lood electrolyte ions (species such as sodium) has been extremely

nteresting in medicine [1],  requiring an analysis easy, fast and
eliable. The sodium cation, the main extracellular electrolyte,
s responsible for controlling the movement of water between
ntracellular and extracellular. From the detection of deviation
rom normal ranges of sodium can be obtained medical informa-
ion relating to the physical conditions of patients at diagnosis of
iseases such as diabetes, renal and hepatic dysfunction, hypona-
remia [2,3], heart and hormonal problems [4].

The methods used for determining the sodium cation involved
ame photometry [5],  spectrophotometric techniques [6–9],
lectrophoresis and chromatography [10]. In studies using elec-
rochemical techniques, most of the sensors developed in the

iterature for determination of alkali metal cations are ion-selective
lectrodes [11–13]. Within this group of sensors, inorganic com-
ounds featuring three-dimensional structures with interstitial

∗ Corresponding author. Tel.: +55 18 3229 5749; fax: +55 18 3221 5682.
E-mail address: funcao@fct.unesp.br (M.F.S. Teixeira).
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© 2013 Elsevier B.V. All rights reserved.

site has been recently proposed in the construction of selec-
tive electrodes for alkali metal ions [14,15], which is the case of
manganese oxide. The manganese oxides are arranged in vari-
ous porous structures, which represent a large class of materials
formed by octahedral structure of MnO6. These crystals are porous
materials with great potential and interest for electrode devel-
opment due to their specific properties and different structures,
as well as their applications in adsorption, catalysis [16] and
electrochemical sensors [17,18]. In our laboratories, we have devel-
oped highly sensitive and selective methods for the determination
of non-electroactive ions using electrodes modified with differ-
ent allotropic forms of manganese oxide [19–25].  Recently, we
have studied the preparation and electrochemical characterization
of a carbon paste electrode modified with layered birnessite-
type manganese oxide for use as a sodium sensor [26]. The
detection is based on the measurement of anodic current gener-
ated by oxidation of MnIII–MnIV at the surface of the electrode
and consequently the sodium ions extraction into the birnessite
structure.

The hausmannite is a distortion of the spinel structure because

of the Jahn-Teller effect for octahedrally coordinated MnIII [27,28].
This polymorph of manganese oxide is a metastable intermediate in
the oxidation of MnII to form insoluble MnO2 phase, which is ther-
modynamically stable [29,30]. Materials developed with Mn3O4

dx.doi.org/10.1016/j.snb.2013.01.030
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:funcao@fct.unesp.br
dx.doi.org/10.1016/j.snb.2013.01.030
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ave been widely studied theoretically and experimentally in
everal studies because of its unique electronic configuration and
istorted spinel-type structure, associated to its unique properties
f ion extraction, molecular adsorption, electrochemical, catalytic
nd ferromagnetic [31–36].

This paper reports a new via synthetic to obtain of the
ausmannite-type manganese oxide and its application in the
onstruction of modified electrode as a voltammetric sensor for
odium ion determination. The use of hausmannite has significantly
mproved the selectivity of the sensor compared to the birnessite-
ype manganese oxide modified electrode [26].

. Experimental

.1. Reagents and solutions

All the solutions were prepared using water purified with a
illipore Milli-Q system. All chemicals used were of analytical

igh grade and without further purification. The suppor-
ing electrolyte used for all experiments was  a 0.1 mol  L−1

ris(hydroxymethyl)aminomethane (TRIS) buffer solution. A stock
olution of 1.00 × 10−2 mol  L−1 sodium ion was prepared daily
y dissolving sodium chloride (Aldrich) in 100 mL  of 0.1 mol  L−1

RIS buffer solution. Graphite powder (1–2 �m particle size from
ldrich) and mineral oil (Aldrich) of high purity were used for the
reparation of the carbon paste.

.2. Apparatus

The X-ray diffractograms (XRD) were obtained using a Shimadzu
odel XRD-6000, automated diffractometer with Cu K�1 radiation

30 kV and 40 mA)  and graphite monochromator at a scan rate
f 0.02◦ min−1 in an interval at 5◦–75◦. The morphology of the
anganese oxide was also characterized by Scanning Electronic
icroscopy (SEM), using a Zeiss (DSM 960) microscope.
The voltammetric measurements were conducting a con-

entional electrochemical cell containing three electrodes:
ausmannite-type manganese oxide modified electrode (sodium
ensor) as working electrode, a saturated calomel electrode (SCE)
s reference electrode and platinum as auxiliary electrode. Cyclic
oltammograms were obtained in a potential range between
0.5 V and +1.2 V vs. SCE at 50 mV  s−1 in 0.1 mol  L−1 TRIS solu-

ion (supporting electrolyte) in the absence and presence of
odium ions. These measurements were performed in a potentio-
tat/galvanostat �-AUTOLAB type III (Eco Chimie) controlled by a
ersonal computer.

.3. Hausmannite-type manganese oxide preparation

The hausmannite oxide was synthesized using a modified proce-
ure reported by Feng et al. [37]. Initially, all solutions were treated
ith N2 (>99.9%). After, was prepared 200 mL  of 0.5 mol  L−1 MnCl2

nd 250 mL  of 5.5 mol  L−1 NaOH. Then, these solutions were again
reated with bubbling nitrogen for 20 min. The solution of NaOH
as cooled to 0 ◦C and quickly added to the solution of MnCl2, which
as at a temperature of 10 ◦C. From this stage, it began to bubble the
2 from the air (about 20%, flow = 0.58 L min−1) in the mixture for
0 h, keeping the temperature at 20 ◦C. The stirring of the mixture
as 250 rpm. Then the precipitate was filtered and washed with
eionized water until filtrate keep pH below 9.0. The remaining
olid material was finally dried at 60 ◦C for 12 h.
The reaction of extraction of sodium ion of the matrix struc-
ure hausmannite was obtained by acid treatment. Oxide samples
ere stirred in 1 mol  L−1 nitric acid over different cationic extrac-

ion periods (24, 48 and 96 h). The remaining solid material was
uators B 181 (2013) 674– 680 675

washed with deionized water, filtered, and finally dried in air at
60 ◦C.

2.4. Sensor preparation

The modified carbon paste electrode was prepared manually by
carefully mixing the dispersed graphite powder with hausmannite-
type manganese oxide at several mass ratios and subsequently
adding a fixed quantity of 150 mg  of mineral oil (15% w/w).  Those
mixtures were mixed by magnetic stirring in a 50 mL  beaker con-
taining 10 mL  of hexane. Thus, the final paste was  obtained by the
solvent evaporation. After, the modified carbon paste was packed
into an electrode body consisting of a plastic cylindrical tube (i.d.
3 mm)  equipped with a stainless steel rod serving as an external
electric contact. Appropriate surface was achieved by pressing the
electrode surface (surface area 12.6 mm2) against a filter paper.

2.5. Urine samples containing sodium ion

The sodium determinations were realized in urine samples
without prior treatment. The sample solution was prepared by
diluting appropriate aliquots of the urine in the TRIS buffer
solution (pH 6.0–7.0) prior to analysis. The sodium ions concen-
trations of two different human urine samples were determined
by cyclic voltammetric using the proposed sodium sensor under
the previously optimized experimental conditions. The sodium ions
concentration was  determined by the standard addition method
and compared with the values obtained by atomic absorption spec-
trophotometry (Atomic Absorption Spectrophotometer SpetrAA
50B – Varian) at a wavelength of 589 nm.

3. Results and discussion

3.1. Hausmannite-type manganese oxide characterization

Structural characterization of hausmannite oxide was  per-
formed by XRD, providing a diffractogram (see Fig. 1A), where the
confirmation hausmannite phase was performed by comparison
with JCPDS File No. 24-0734 (see Fig. 1B).

Crystalline reflection peaks of greater intensity, which located
at 2� = 32.45◦ and 36.14◦ representing a distance of 0.277 and
0.249 nm,  respectively. The other peaks located at 2� = 59.41◦,
29.11◦, 58.47◦, 18.11◦, 31.0◦, 38.14◦, 44.56◦, 49.77◦, 50.88◦,
53.88◦, 56.07◦, 64.62◦ and 74.10◦ are also characteristic of three-
dimensional structure and the distorted Mn3O4. The mean size of
the crystallites (d) of this phase was calculated utilizing the equa-
tion of Scherrer [38]:

d = k · �

 ̌ cos �
(1)

where k is the proportionality constant which depends on the shape
of the particles, assumed as being spherical (0.9 or 1.0), � the wave-
length of the radiation of CuK� (1.5406 Å) and  ̌ the width at peak
half-height. The mean size of the crystallites, calculated for vari-
ous (h k l), was  690 nm,  indicating the formation of material with
nanometric dimensions.

Hausmannite contains both manganous and manganic ions,
belongs to class of mixed valence compounds, in which there is
feeble interaction between different ion sites. In general, Mn3O4
contains the mixed valence states of MnII and MnIII which can be
represented as MnO·Mn2O3. However, some researchers [39,40]

have suggested the presence another possible oxide compositions
2MnO·MnO2 (with MnII and MnIV). Several possible distributions
of MnII, MnIII or MnIV in either the tetragonal or the octahedral
sites of the spinel lattice have been proposed [41,42]. Also, more
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root of the scan rate revealing an electronic transfer controlled
by diffusion (Supplementary data). These results allow conclud-
ing that the charge transfer reaction of MnIV/MnIII is controlled
by diffusion of sodium ions in the solid phase. Teixeira et al.
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ig. 1. The XRD patterns of (A) hausmannite-type manganese oxide synthesized
nd (B) JCPDS File number 24–0734.

ecent determinations by XRD spectrum could not bring conclu-
ive evidence either on the speciation or on the partition of the
pecies at the surface. Fig. 2A e 2B illustrates typical SEM micro-
raphs obtained for the hausmannite-type manganese oxide at two
ifferent magnifications of 10,000× and 60,000×, where grains of
imilar forms and uniform size distribution were observed.

.2. Electrochemical behavior of the sodium sensor

Cyclic voltammograms of hausmannite-type manganese oxide
odified electrode were obtained in 0.1 mol  L−1 Tris buffer

pH = 8.0) in the absence (curve A – Fig. 3) and in the presence of
.98 × 10−5 mol  L−1 of sodium ions (curve B – Fig. 3). In this study,
he hausmannite-type manganese oxide treated with 1.0 mol  L−1

itric acid for 48 h for removal of sodium ions present in the oxide
atrix was used as active material in the construction of the sensor.
The cyclic voltammogram of the sensor registered in the

resence of sodium ions in TRIS buffer solution reflecting the elec-
roactivity of hausmannite-type manganese oxide for sodium ions
see curve B – Fig. 3). The peak potential separation (�Ep = Epa – Epc)
as of 0.39 V for potential scan rate of 50 mV  s−1 indicating that

he redox process is a quasi-reversible system. The anodic peak
Epa = 0.45 V vs. SCE) and cathodic peak (Epc = 0.06 V vs. SCE), can
e ascribed to electrochemical response of the MnIII/MnIV redox
ouple with insertion/extraction of sodium ion. The electrochem-
cal activity of hausmannite-type manganese oxide is controlled
y intercalation/deintercalation of the alkali metal cations (Na+)
ithin the oxide lattice [43–45].  This electrochemical activity can

e represented by equations:
aı[4MnO · (MnIII
ı MnIV

2−ıO4)] → Naı−1[4MnO · (MnIII
ı−1MnIV

3−ıO4)]

+Na+ + e− (peak I) (2)
Fig. 2. SEM images of hausmannite-type manganese oxide. (A) 10,000× and (B)
60,000×.

Naı−1[4MnO · (MnIII
ı−1MnIV

3−ıO4)] + Na+ + e−

→ Naı[4MnO · (MnIII
ı MnIV

2−ıO4)] (peak II) (3)

where 2 ≤ ı ≤1 and, Naı−1[4MnO · (MnIII
ı−1MnIV

3−ı
O4)] and

Naı[4MnO.(MnIII
ı

MnIV
2−ı

O4)] stand for the oxymanganese species
under the higher and lower oxidation states, respectively. The
linear relations were obtained with peak currents vs.  the square
E / mV vs . SC E

Fig. 3. Cyclic voltammograms at a scan rate of 50 mV s−1 for the sodium sensor in
TRIS  buffer solution in the (A) absence of sodium ions and in the (B) presence of
3.98 × 10−5 mol  L−1 sodium ions.
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Table 1
Effect of the extraction of sodium ions from hausmannite-type manganese oxide in
the  anodic peak current (�Ipa)a of the sodium ion sensor.

Cationic extraction periods �Ipa (�A)

24 h 15.2
48 h 31.9
72 h 42.8

second study (Fig. 5(3) and (4) the voltammetric measurements
ent (�Ipa) was obtained from difference of the current values in the absence and
resence of sodium ions.

24] developed a carbon paste electrode modified with spinel
anganese oxide for determination of lithium ions and reported

hat the electrochemical insertion of cation into the structure in
he oxide consists of three processes: solution mass transport,
ehydration and transfer at the solid surface and solid-state
iffusion. In the absence of sodium ions (curve A – Fig. 3), the cyclic
oltammogram of the sensor showed the same voltammetric
rofile with a magnitude of current lower than in the presence of
odium ion in solution. Hence, the presence of the redox couple
n the absence of sodium ions in solution indicates vestige of the
ntercalation of sodium ions in the hausmannite structure that
ccurred during its preparation. However, the sodium vestige is
equired to start the activity of the electrode.

The effect of paste composition on the voltammetric response
f the sodium sensor was initially evaluated in 0.1 mol  L−1 TRIS
uffer (pH 8.0) containing 3.98 × 10−5 mol  L−1 of sodium ion. Cyclic
oltammograms (see Supplementary data) were obtained with
he hausmannite-type manganese oxide modified electrode in dif-
erent oxide proportions (0–30% w/w), where the peak currents
ncreased according the elevation on amount of hausmannite-type

anganese oxide. Thus, the amount of hausmannite in the carbon
aste had a significant influence on the voltammetric response. For
mounts of manganese oxide greater than 25% (w/w), the voltam-
etric profile was considerably different exhibiting a distortion of

he cyclic voltammogram, which can be ascribed to decrease of
he graphite content in the paste, thus reduces the conductive area
t the electrode surface. The increase of the ohmic resistance of
he electrode makes it unsuitable for analytical applications due
o a significant change in the capacitive current and a pronounced
ecrease in the electron-transfer rate at the electrode [46,47]. This
ay, the best carbon paste composition was found to be an elec-

rode composition of 20% (w/w) hausmannite-type manganese
xide, 65% (w/w) graphite and 15% (w/w) mineral oil.

The influence of the pH on the electrochemical response of
he sodium sensor was studied over a pH range at 2.0–10.0, con-
rolled with TRIS buffer in the absence and presence of sodium ions
3.98 × 10−5 mol  L−1). The cyclic voltammograms of the sodium
ensor were performed in the potential range from −0.6 to +1.0 V vs.
CE at a scan rate of 50 mV  s−1 in different pHs. The results obtained
ndicated that the current values of anodic peaks are strongly influ-
nced by pH and reached a maximum value at pH ∼7, as shown in
ig. 4. The values of anodic current (�I/�A) were obtained by dif-
erence of the current values in the presence and absence of sodium

ons for each pH studied.

The results indicate that at low pH values occurs decrease in
he magnitude of peak current in the sensor. This behavior was
a The values of anodic current were obtained by difference of the current values
in the presence and absence of sodium ion in solution.

associated to the reaction of disproportionation of MnIII in the
matrix of the manganese oxide when the sensor is cathodically
polarized Eq. (4). Consequently the disproportionation provides a
reduced amount of oxide on the surface of modified electrode, thus
a decrease in current in the presence of sodium ions was  observed.

2MnIII
(s) → MnII

(aq) + MnIV
(s) (4)

Recently, Kozhina et al. [48] studied the electrochemical reduc-
tive dissolution of hausmannite-type manganese oxide at carbon
paste electrode in 1 mol  L−1 HCl. The researchers observed that
the electrochemical reduction during polarization of the Mn3O4
electrode at a constantly varying potential is determined by the
potential scan direction (anodic or cathodic scan).At pH values
above 7, there was  a marked decrease in current variation as a
consequence of MnIII ions form complex oxide soluble in strongly
alkaline solution. Kenzie [49] describe that hausmmanite, mangan-
ite, and others lower oxides are rapidly oxidized under alkaline
conditions and consequently deintercalation of the metal cations
within the oxide lattice. The peak potentials of the modified elec-
trode hardly changed at pH 3–7, meaning that the voltammetric
behavior of the sodium sensor does not involve a proton trans-
fer process but simply a single electron transfer process under
the experimental conditions. However, the redox potential was pH
dependent in the range 7.0–9.0 with a linear slope value of −0.044 V
pH−1, which was ascribed to a one-proton/one-electron transfer
process. According to previous reports [50–52],  the slope observed
occurs due to structural change of Mn3O4 which can be described
as:

MnOx(OH)y + ıH+ + ıe− → MnOx−ı(OH)y+ı (5)

Effects of extraction time on the extraction yield of sodium ions in
the hausmannite oxide were carried out under different times by
acid treament. The hausmmanite samples were treated with HNO3
1.0 mol  L−1 over different cationic extraction periods (24, 48 and
72 h) and evaluated in the carbon paste electrode in 0.1 mol L−1

Tris buffer (pH 6.0–7.0) in the absence and presence of sodium ions
(3.98 × 10−5 mol  L−1) by cyclic voltammetry. The higher variation
in the anodic peak current was  obtained with hausmannite sample
that was subjected to 72 h of sodium ion extraction (see Table 1).
However, the cyclic voltammogram of the sample subjected to 48 h
of cationic extraction presented the best voltammetric profile, and
this oxide was used for all further studies.

3.3. Analytical performance of the sodium sensor

The influence of alkaline (Li+, K+ e Rb+), earth alkaline (Mg2+,
Ca2+, Sr2+, Ba2+) and NH4

+ ions on the response of the sensor were
also studied. Fig. 5(1)–(4) show two studies of the interference
effect on electrochemical response of the sodium sensor. In the
first study (Fig. 5(1) and (2) the voltammetric measurements were
performed in individual solutions of each interferent cation. In the
were performed in the interferent solution containing sodium ions
in the same concentration. Fig. 5 shows the effect of these differ-
ent cations in the voltammetric response of the sensor, where the
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The sodium ions concentrations of three different human urine
samples were determined by cyclic voltammetric using the pro-
posed sodium sensor under the previously optimized experimental
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+ -1
a2+, Sr2+ and Ba2+ ions. (1) and (2) = interference cation in absence of ion sodium. 

urrent = (current signal of the cation/current signal of the sodium) x 100%.

elative current (%) was calculated by peak current ratio of the
nterference cation to the sodium ion, i.e. (current signal of the
ation/current signal of the sodium) × 100%.

As a result, the selectivity sequences can be related to the pore
ize of the manganese oxide. Thus, the selectivity sequences are
H4

+ < Cs+ < Rb+ < K+ < Li+ < Na+ and Ba2+ < Sr2+ < Ca2+ < Mg2+ < Na+

or sodium sensor. The weaker responses to earth alkaline ions
han to alkaline ions having similar ionic radius may be ascribed
o their higher energies of dehydration which is needed for uptake
f cations into the solid phase from the aqueous solution. On the
ther hand, when electrochemical measurements were recorded
n interferent solutions containing sodium ions in the same con-
entration, a significant increase in the relative currents was not
bserved, indicating that the insertion reaction occurs preferably
or sodium ions. Among these tested metallic cations, lithium ion
aused a positive interference in the sensor response that was
scribed to ionic radius smaller than a sodium ionic radius. This
ay, the reactions of intercalation/deintercalation of the lithium
ithin the hausmmanite structure can occurs.

The dependence of anodic peak current of the sodium sensor
ith the pre-concentration was investigated. The voltammetric

esponses of the sensor were realized in the absence and pres-
nce of 3.98 × 10−5 mol  L−1 of sodium ions in 0.1 mol  L−1 TRIS buffer
pH 6.0–7.0) after pre-concentration at 0.0 V vs.  SCE for different
imes. The difference of the anodic peak currents in the presence
nd absence of sodium ions increases with the increasing of the
re-concentration time between 0 and 80 s. It has become nearly
onstant due to the surface saturation of the oxide with sodium
on. Based on this experiment, it is demonstrated the ability of

he sodium to accommodate non-electroactive cation and promote
he electroactivity in function of the intercalation sodium in the
ausmannite structure. Hence, for all subsequent measurements, a
re-concentration time of 80 s was employed.
4

d (4) = interference cation in presence of ion sodium (3.98 × 10−5 mol L−1). Relative

The analytical curve for different sodium concentration was
obtained from the sensor in the best conditions. The cyclic voltam-
mograms for sodium determination was  realized with addition
of sodium ion dissolved in 0.1 mol  L−1 TRIS buffer (pH 6.0–7.0),
where the analytical curve was obtained by the anodic peak
current in function of sodium concentration (Fig. 6) with Ipa

(�A) = 19.5 + 355 [sodium (mmol  L−1)] (n = 11; r = 0.9994) equation
for concentration range at 2.01 × 10−5 to 2.09 × 10−4 mol L−1 Na+

and 7.50 × 10−6 mol L−1 mol  L−1 of detection limit.

3.4. Determination of sodium ions in urine samples
[Na ] / mmol L

Fig. 6. Analytical curve for sodium ions in 0.1 mol L−1 TRIS buffer solution (pH 7.0)
using the sodium sensor with a pre-concentration time at 0.0 V vs. SCE at 80 s. Scan
rate = 50 mV s−1.
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Table 2
Comparative results for the determination of sodium ions (n = 3) content in
urine samples using the voltammetric methodology and atomic absorption
spectrophotometry.

Samples Sodium ions (meq L−1) Er (%)a

Spectrophotometry Voltammetry

1 39.9 ± 0.1 40.1 ± 0.1 0.5
2 32.8 ± 0.2 32.8 ± 0.2 0

a Er = relative error, voltammetric method vs. spectrophotometric method.

Table 3
Results of addition-recovery experiments using voltammetric procedure for three
different standard concentrations of sodium ion.

Sodium iona (�mol  L−1) Recovery (%)

Added Found

38.5 37.2 96.6
67.2  68.1 101
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octahedral molecular-sieves, Chemistry of Materials 5 (1993) 1395–1400.
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a n = 3.

onditions. The sodium determinations were realized in urine sam-
les without prior treatment. The sodium ions concentration was
etermined by the standard addition method and compared with
he values obtained by atomic absorption spectrophotometry at

 wavelength of 589 nm.  Relevant analyses are summarized in
able 2. The statistical calculations for the assay results show sig-
ificant precision for the proposed sensor.

In the addition and recovery study, four different sodium con-
entrations (38.5, 67.2, 107 and 132 �mol  L−1) were added in
riplicate in the urine sample (Table 3). Recoveries between 96.6%
nd 103% of sodium ion were obtained using the proposed sen-
or; it suggests the absence the interference of matrix effect in the
rocedure.

. Conclusions

The present study demonstrates that the hausmannite-type
anganese oxide can be used as a sensing material for sodium

on. The electrochemical behavior of the sodium sensor was  well
efined and stable. The best electrochemical response was  obtained
or an electrode composition of 20% (w/w) hausmannite-type man-
anese oxide in the paste, a 0.1 mol  L−1 TRIS buffer solution at a pH
f 6.0–7.0, a scan rate of 50 mV  s−1, in accumulation potential of
.0 V vs. SCE at 80 s pre-concentration time. Under these experi-
ental conditions, the proposed methodology responds to sodium

ons in the concentration range of 2.01 × 10−5–2.09 × 10−4 mol  L−1,
ith 7.50 × 10−5 mol  L−1 of detection limit. The lifetime of the
roposed sensor was at least six months, and more than 300
oltammetric measurements were performed using the same elec-
rode surface. The hausmannite is very stable in comparison to
pinel manganese oxide [16]. The pure spinel oxide presents a
ahn–Teller distortion resulting in a distortion in the crystalline
tructure and affecting strongly the stability of the material after
uccessive potential scans.

The lithium ions showed positive interference in the voltam-
etric response of the sensor. However, the other investigated

ations (K+, Rb+, Cs+, NH4
+, Mg2+, Ca2+, Sr2+ and Ba2+) showed no

ignificant interference in the electrochemical response of the pro-
osed sensor. The sensor has significantly improved the selectivity
or sodium when compared to our recent publication [26]. In that

ork we reported the interference of magnesium ion in the voltam-
etric response and the need for pretreament of the sample for

limination of the interferent ion.

[

uators B 181 (2013) 674– 680 679

The determination of sodium ions in urine using the proposed
procedure is characterized by the precision and selectivity. This
makes the procedure applicable for the analysis and quality control
of clinical samples. According to the t-test, there were no significant
differences between the calculated and comparative values at an
agreement at the 95% confidence level and within an acceptable
range of error, indicating that the sodium sensor can be utilized for
determination of sodium in urine.
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