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A new poly (vinyl chloride) (PVC) membrane electrode that is highly selective to Mn'* ions was prepared using N, N' -
bls(2’-pyndlnecarboxamlde) 1,2-ethane (bpenH,) as a suitable neutral carrier. This concentration range (1.0 x 10" to
1.0x 10 M) with Nernstian slope of 29.3 + 0.5 mV per decade. The detection limit and the response time of electrode
were 8.0 x 10 *M and (< 15 s) respectively. The membrane can be used for more than two months without observing any
divergence. The electrodes exhibited excellent selectivity for Mn"> ion over other mono-, di- and trivalent cations.
Selectivity coefficients were determined by the matched potential method (MPM). The electrode can be used in the
pH range from4.0 - 9 0. The isothermal coefficient of this electrode amounted to 0.00023 V/°C. The stability constant
(log Ky) of the Mn"? - bpenH, complex was determined at 25 °C by otentiometric titration in mixed aqueous solution.
The proposed electrode was applied to the determination of Mn '~ ions in real samples.
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Introduction

The utility of ion sensors is being increasingly realized in
view of the rapid growth of industry and technology. Good ion-
selective electrodes (ISEs) possess many advantages over the
traditional methods of analysis as they provide accurate, repro-
ducible, fast and often selective determination of various ionic
species. Not only this, the ion-selective electrodes (ISEs) allow
non-destructive, on line monitoring of particular ion in small
volume of sample without any pretreatment. ISEs are utilized in
many fields, including physiology, process control, and environ-
mental analysis. So, they form one of the most important groups
of chemical sensors.' "

After extensive efforts some of the commercial sensors are
available for alkali, alkaline earth metals, halides, nitrates, etc.
Efforts are required to develop ion-selective electrodes for
heavy metal ions, which are toxic in very low concentration. The
EPA recommends 0.05 mg/L as the maximum allowable man-
ganese concentration in drinking water.'' Consequently, the
determination of manganese in environmental resources becom-
es an important task. Various techniques have been used for
the determination of trace manganese in biochemical and en-
vironmental resources.'>* Most of techniques have problems
such as, high detection limit, narrow working concentration
range, high response time, poor selectivity and significant interf-
ering cations.” For this purpose, ion selective sensors are the
best tools as they permit quick and convenient determination at
low cost. In spite of this important requirement, only little work
on manganese selective electrodes has been done.'*"”

In this paper we have reported a new ISE for determination
of Mn>" ion based on N,N'-bis(2'-pyridinecarboxamide)-1,2-
ethane (bpenH>) as a suitable ionophore (Scheme 1). It was
shown that the new ISE has a relatively wide working concen-
tration range, fast response time and gives reproducible results.

Scheme 1. Structure of ionophore
Experimental

Reagents and materials. All the reagents, with the exception
of (bpenH,) were of analytical reagent grade but the ionophore
(bpenH,) that its preparation had been published previously.'®"

Reagent grade dibutyl phthalate (DBP), acetophenone (AP),
o-nitrophenyl octyl ether (o-NPOE), oleic acid(OA), sodium
tetraphenylborate (NaTPB), Potassium tetrakis[p-cholorophen-
yl]borate (KTpCIPB), and tetrahydrofuran (THF) (all from
Fluka) were used as received. High relative molecular weight
PVC was purchased from Fluka and used as such. Nitrate and
chloride salt of all cations were of the highest purity available
(all from Merck or Fluka) and used without any further puri-
fication. Double distilled deionized water was used throughout.
Working solutions of different concentrations were prepared
as required by suitable dilution with the same water.

Preparation of the electrodes. The general procedure used to
prepare the PVC membrane was mixing thoroughly 28 mg of
powdered PVC, 5 mg of ionophore (bpenH), 62 mg of plas-
ticizer o-NPOE and 5 mg of additive KTpCIPB until the PVC
was wet. The mixture was then dissolved in 3 mLof dry freshly
distilled THF. The resulting clear mixture was transferred into
a glass dish of 2 cm diameter. The solvent was evaporated slowly
until an oily concentrated mixture was obtained. A Pyrex tube
(5 mm o.d.) was dipped into the mixture for about 10 s so that
a non-transparent membrane of about 0.3 mm thickness was
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formed. The tube was then pulled out of the mixture and kept
at room temperature for about 2 h before filling with internal
solution 1.0 x 10° M MnCl. The electrode was finally condi-
tioned for 10h by soaking intoa 1.0 x 10> M MnCl; solution.
Emf measurements. All emf measurements were carried out
with the following assembly:
Ag-AgCl | KC1(3 M) | internal solution 1 x 10> M MnCl, |
PVC membrane | test solution | Hg-Hg,Cl,, KC1 (standard).
The potentials were measured by varying the concentration
of the test solution in the range of 1.0 x 10 t01.0 x 10" M.
Preparation of the sample. A first a 10 mL volume of Minadex
tonic syrup (0.38 mg per 5 mL) directly and then a Multiple
vitamins with minerals tablet (3.5 mg) which it was dissolved
distilled water and transferred into 100-mL volumetric flask
after that 10-mL of this solution were applied for determination
of Mn"? ions by standard addition method Table 4.

Results and Discussion

Effect of membrane composition. BpenH, was used as a car-
rier to prepare PVC membrane electrodes for a number of
metal ions including alkali, alkaline earth and transition metal
ions. Characterization of the selectivity of Mn’" sensor over
other metal ions is shown in Fig. 1. It is shown that the membrane
electrode responds to Mn? with near Nernstian slope and over
a wide concentration range, while other metal ions showed poor
response.

The sensitivity and selectivity of an ion selective electrode
depends significantly on the membrane composition and the
nature of solvent mediator and additives.” Thus, the influences
of the membrane composition, nature and amount of plasticizer
and additive and amount of ionophore on the potential res-
ponse of the Mn? sensor were investigated and the results are
summarized in Table 1. It is shown that, the use of 62% (w/w)
0-NPOE in the presence of 28% (w/w) PVC, 5% (w/w) iono-
phore and 5% (w/w) KTpCIPB results in acquiring the best sen-
sitivity, with Nernstian slope 0of 29.3 + 0.5 mV/decade over a
relatively wide concentration range of Mn" ions and the cha-
racteristics performance of the electrode was the best (No. 10).

Table 1. Optimization of the membrane ingredients
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Calibration curve and statistical data. The measurements
were performed in the concentration range of 1.0 x 10 to 1.0 x
10" M. The electrode showed linear response in the concentra-
tion range from 1.0 x 10~ to 1.0 x 10" M MnCl,. The sensor
showed nearly Nernstian slope of 29.3 + 0.5 mV per decade.
The detection limit obtained from the intersection of the ex-
trapolated linear regions in the plot, is 8 x 10°M; additionally,
the standard deviation of 7 replicate measurements was +0.5
mV. The membrane electrodes prepared could be used for more
than 2 months without any measurable change in potential.

Effect of pH. The pH dependence of the electrode potentials
was tested at 1.0 x 10 ° M and 1.0 x 10> M Mn"* solutions by
varying the pH in the range of 2.0 - 10.0. The potentials remained
constant in the pH range 4.0 - 9.0 (Fig. 2) and the same may be
taken as the working pH range of the sensor. The sharp changes
in potential below pH 4.0 may be ascribed to H' co-fluxing and
above pH 9.0 due to the hydrolysis of Mn’" ions.

Response time. Dynamic response time is an important factor
for an ion-selective electrode.”’ In this study, the practical res-
ponse time was recorded by changing solution with different
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Figure 1. Potential response of various metal ion-selective electrodes
based on (bpenH:) as ionophore.

Composition (%) Slope )
Linear Range [M]
PVC (mg) Ionophore (mg) Additive (mg) Plasticizer (mg) (mV/decade)
1 30 5 5(0A) 60 (AP) 8.1 1.0x10%-1.0x10"
2 30 5 5 (0A) 60 (DBP) 9.1 1.0x10*-1.0x 10"
3 30 5 5 (NaTPB) 60 (0-NPOE) 24.8 1.0x10°-1.0x10"
4 30 5 5 KTpCIPB 60 (0-NPOE) 29.1 1.0x10°-1.0x10"
5 30 5 3 KTpCIPB 62 (0-NPOE) 28.1 1.0x10°-1.0x 10"
6 30 3 5 KTpCIPB 62 (0-NPOE) 26.8 1.0x10*-1.0x10"
7 30 1 5 KTpCIPB 64 (0-NPOE) 23.1 1.0x10*-1.0x10"
8 30 - 5 KTpCIPB 65 (0-NPOE) 18.5 1.0x10*-1.0x 10"
9 30 5 5(0A) 60 (0-NPOE) 17.2 1.0x10*-1.0x10"
10 28 5 5 KTpCIPB 62 (0-NPOE) 293 1.0x10°-1.0x10"
11 30 5 5 KTpCIPB 60 (DBP) 20.5 1.0x10*-1.0x 10"
12 30 5 5 KTpCIPB 60 (AP) 19.9 1.0x10%-1.0x 10"
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Figure 2. Effect of pH of the test solutions on the potential response of
the Mn”" ion- selective electrode.
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Figure 3. Dynamic response of membrane electrode for step changes in

concentration (low to high) of Mn™". (a) 1.0 x 10 * M, (b) 5.0 x 10 * M,
(€) 1.0 x 10°M, (d) 5.0 10> M, (e) 1.0 x 10> M, (f) 5.0 x 10,

Mn"? concentration from 1.0 x 10 to 5.0 x 10> M (low-to-
high). The actual potential versus time traces is shown in Fig. 3.
As can be seen, the electrode reaches the equilibrium response
ina very short time of about < 15 s. To evaluate the reversibility
of'the electrode, a similar procedure with opposite direction was
adopted. The measurements were performed in the sequence
of high-to-low sample concentrations and the results are shown
in Fig. 4. It is shown that the potentiometric response of the
electrode is reversible and had no memory effect.”
Potentiometric selectivity. The potentiometric selectivity
coefficients of the electrode (Kﬁﬁng) towards different cationic
species were determined by [UPAC recommended matched
potential method™ at a 1.0 x 10" concentration of interfering
ions. The resulting selectivity coefficients summarized in
Table 2 indicates that the sensor is selective for Mn'” ion in
presence of interfering ions. As can be seen for most ions used
(KKE%,M) values were of the order of 10> or smaller, indicat-
ing that they would not significantly disturb the functioning of
the Mn"? ion-selective electrodes. However, Zn*", Cu*", Ni*" and
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Figure 4. Dynamic response characteristics of the Mn” -electrode
for several high-to-low sample cycles.

Table 2. Selectivity coefficients of various interfering cations

M™ K%Z*,M

Na' 52x107
Mg™ 47x10°
cu™ 1.0x 10"
cr’ 75%107
K 92x 107
NG 1.8x 107
Ni** 22x10"
Pb** 6.8 %107
cd* 1.0x 10"
Zn*" 32x10"
ca* 6.3 %107
Se*t 8.6x 107

Table 3. Trend of changes of electrode performance with temperature

Temperature Slope o .
C) (mV/decade) E’ (mV) Linear range (M)
20 28.6 59.8 1.0x10°-1.0x 10"
30 30.9 68.3 1.0x10°-1.0x 10"
40 34.6 77.2 1.0x10°-1.0x 10"
50 36 86.4 1.0x10°-1.0x 10"

Cd* have relatively higher values and may cause interference at
higher concentrations.

Effect of temperature. The trend of changes of electrode per-
formance with temperature, at test solution temperatures 20, 30,
40 and 50 °C for the Mn'” electrodes are represented in Table 3.
The electrode exhibits good Nernstian behavior in the tempera-
ture range (20 - 50 °C). The standard cell potentials, (Ece), were
determined at different temperatures from the respective calib-
ration plots as the intercepts of these plots at pMn2+: 0, and
were used to determine the isothermal temperature coefficient
(dE°/dt) of the cell with the aid of the following equation **:



Manganese(Il) lon-Selective Membrane Electrode

90 320
£ Eceny

80+ * E(elec.) 4315
S S
E E
= 70 4310 =
w ur

60 |- 1305

50 . L - 300

-10 0 10 20 30

t-25

Figure 5. Variation of standard potential of the cell and the electrode
with changes of test solution temperatures.

EZent = Ecett 2500) + (AE°/dt)cenr (t = 25) (1)

Plot of Ecen versus (t—25) produced a straight line, as shown
in Fig. 5.

The slope of this line was taken as the isothermal temperature
coefficient of the cell. It amounts to 0.00089 V/°C. The stan-
dard potentials to the SCE were calculated using the following
equation:

Efigiig,cl, = 0.241 - 6.6 x 10 (t - 25) )

The values of the standard potentials of Mn “-electrode were
calculated at the different temperatures from the following rela-
tionship:

Egell + Ex?eﬁ = EglecA (3)

Plot of Egiec. versus (t — 25) gave a straight line, as shown in
Fig. 5. The slope of the line was taken as the isothermal tem-
perature coefficient of the Mn *-electrode. It amounts to 0.00023
V/°C. The small values of (dE°/dt)cens and (dE°/dt)eiec. reveal the
high thermal stability of the electrode within the investigated
temperature range.

Determination of stability constant and thermodynamic para-
meters. Potentiometric titrations were performed to measure
the complexation behavior of (bpenH») with Mn”" directly in
mixed aqueous solution of water and dioxane. Using the exp-
erimental set-up described in,> a salt solution (1.0 x 10 ° M) was
titrated with a solution containing the ligand (1.0 x 107 M). The
activity of uncomplexed cation [Mn”"]in solution is calculated
from the measured potential E according to the following equa-
tion:

[Mn>] = Cy x 10”775 (4)

where E;is the potential between the Mn *-electrode and the
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reference electrode before titration. The constant D is defined
as:

i 2.303RT __ 59.16 (m
nF n

D= V) Q)

Since the total concentrations of the cation Cy and ligand
Crare known, the concentration of the complex, [MnL2+], can
be expressed as:

[MnL*] = Cy — [Mn”] (6)
The concentration of free ligand [L] is:
[L]=Ce- [MnL*'] (7

As ligand (bpenHy) is added, the concentration of Mn”" is
expected to change due to complex formation. The accompanied
potential changes from Ci/Cy ratio were measured and used
to calculate the stability constant for 1: 1 complex as 99040.21
(i.e. log K¢=4.996) at 25 °C.

The Isochore-Vanthoff equation is used to obtain the ther-
modynamic parameters such as AG®, AH® and AS° of the com-
plex in water solution.

d InK¢ = - [d(1/T)] AHR (8)

The slope of a graph of InKyvs. 1/T gives AH’ (AH’ is almost
constant over a small range of temperature). AG® and AS° could
be calculated from -RTInK;= AG® = AH" - TAS’ equation. The
results obtained are for AG®, AH and AS° are-28499.5 J.mol ",
63494 J.mol ' and 308.7 J.mol ' K", respectively. More nega-
tive value of AG® indicates more interaction between cation and
ligand.

Analytical application. The proposed electrode was success-
fully applied to the determination of Mn'"? ions in tablet and
syrup by standard addition method. An electrode was immersed
into a sample of 10 cm’ with unknown concentration (Cy) and the
equilibrium potential of E, was recorded. 0.1 cm’ of 1.0 x 10° M
of Mn"? standard was then added into the testing solution and
the equilibrium potential of E, obtained. From the potential
change of AE (E: - E) the concentration of the testing sample
was determined using the following equation:

o C.V, o
X —
(V, +V, )10 5y,

Where C, and C are the Mn"? concentration of test and the
standard samples respectively, Vi and V; are the corresponding
volumes, S is the slope of the electrode response, and AE the
change in potentia1.26 In the determination of Mn " in multiple
vitamins with minerals tablet and Minadex tonic syrup, the
electrode showed almost identical behavior. The results are
given in Table 4.
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Table 4. Results of determination of Mn”" in different samples

Amount of real Founded by standard
Sample -1 addition method
sample (molL ) (molL_l)
M1_11t1ple vitamins with 637 x 10 6.28 x 107
minerals tablet
"Minadex tonic 138x10° 1.43x10°

“Made in England. "Made in USA.

Conclusion

The membrane sensor incorporating (bpenH>) as an iono-
phore can be used to determine Mn " in the wide working con-
centration range. The main advantages of this sensor are its
simplicity of preparation, short conditioning time, wide dyna-
mic range, Nernstian behavior, low detection limit, good selec-
tivity and reasonable long-term stability and low cost. The
sensor shows a wide pH range, an adequate shelf life, a fast
response time and good stability constant of complexion Mn "
with (bpenHs). The selectivity of the electrode towards Mn " is
quite good over other cations. The proposed sensor was success-
fully applied to direct determination of Mn ' in real samples.
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