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a b s t r a c t

A highly selective and sensitive phosphate sensor has been fabricated by constructing a crystal disk con-
sisting of variable mixtures of aluminium powder (Al), aluminium phosphate (AlPO4) and powdered
copper (Cu). The membrane sensor exhibits linear potential response in the concentration range of
1.0 × 10−1 to 1.0 × 10−6 mol L−1. The proposed sensor also exhibits a fast response time of <60 s. Its detec-
tion limit is lower than 1.0 × 10−6 mol L−1. The electrode has a long lifetime and can be stored in air when
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not in use. The selectivity of the sensor with respect to other common ions is excellent.
© 2010 Elsevier B.V. All rights reserved.
otentiometry
etermination of phosphate

. Introduction

Phosphate levels in freshwaters have increased in the past 50
ears, which may have a negative effect on aquatic ecology and
ater quality. Studies show that leaching of phosphate ions as small

s 10 �g L−1 from agricultural land can contribute to eutrophica-
ion [1]. Thus, monitoring of phosphate ions is very important. The

ain methods for determination of phosphate ions in real samples
re ion chromatography and spectrophotometric methods such as
olybdenum blue and indirect lanthanum chloranilate methods

2].
The development of novel sensors for fast, accurate, sensitive

nd selective determination of phosphate species is of great inter-
st due to its existence in clinical, environmental, agricultural
nd medical systems. Recently, a number of hydrogen phosphate
embrane sensors based on different ion carriers such as dialkyl

nd diaryltin derivatives, uranyl salophen, vanadyl salen, vanadyl
alophen, bis-thiourea and modified calixarene have been reported
3–6].

Ion sensitive electrodes provide a convenient and quick ana-

ytical technique for the estimation of specific ions in solutions.
t makes them very attractive for applications where the sample

ay be turbid or colored as the case is in many environmental
amples. The construction and use of ion sensitive electrodes is

∗ Corresponding author. Tel.: +27 12 4298716; :fax: +27 12 4298549.
E-mail address: Tafesf@unisa.ac.za (F. Tafesse).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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simple. They are usually cheap and produce results that are accu-
rate and reproducible in short time [7,8]. Ion-selective electrodes
(ISEs) are membrane-based electrodes that measure a specific ion
in an aqueous solution. When the membrane of the electrode is in
contact with a solution containing the specific ion, a voltage, depen-
dent on the level of that ion in solution, develops at the membrane.
The voltage develops in relation to an internal or external Ag/AgCl
reference electrode. The ISEs measure for the specific ion concen-
trations directly. Ion-selective electrodes usually have two types of
membranes:

i. Solid polymer membrane: The membrane is a porous plastic
disk, permeable to the ion exchanger but impermeable to water.
It allows the sensing cell to contact the sample solution.

ii. Solid state membrane: Consists of thin crystal disk which serves
as an ionic conductor. The voltage developed between the sens-
ing and reference electrodes is a measure of the concentration
of the reactive ion being measured. As the concentration of the
ion reacting at the sensing electrode varies, so does the voltage
measured between the two electrodes.

As described in the Nernst equation, ISE response is a linear
equation: E = Eo + m(ln a) where E is the measured voltage, Eo is

the standard potential for the combination of the two half cells,
m is the slope, ln is natural log, and a is the activity of the mea-
sured ion species. Assuming the ionic strength is fairly constant,
the Nernst equation may be rewritten to describe the electrode
response to the concentration, C, of the measured ionic species:
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Fig. 1. The effect of media on the performance of the electrode.

time which elapses between the instant when an ISE and a reference
electrode are brought into contact with the sample solution [9]. The
response time obviously is dependent on concentration change.
In this study, the dipping method that gives static response was
employed. The potential values were measured for each concen-

Table 1
Average Nernstian slopes for different phosphate sensitive electrodes.

Composition Average slope (10−6 R2
492 F. Tafesse, M. Enemchukwu

= Eo + m(ln C). A graph of the natural log of concentration (ln C) vs.
otential (V) can be plotted which is linear. The method for deter-
ining the concentration of the phosphate anions using our solid

tate ISEs is based on the above principles. There are very few elec-
rodes in the literature for the determination of phosphate ions.

ost of them use polymer membrane technology. The electrodes
helf life and robustness to enable experimenters for use in environ-
ental samples is found to be unsatisfactory. Hence we embarked

n the production of solid state membrane disk that is selective to
hosphate ions at ambient temperatures and environmental con-
itions. The electrodes are easy to prepare, easy to handle and have
long life time. The present paper describes the preparation and

esting of a new potentiometric phosphate sensitive electrode as
nalytical tool for use in environmental monitoring.

. Materials and methods

.1. Apparatus and reagents

A Metrohm 781 pH/ion meter has been used for potential mea-
urement and Ag/AgCl reference electrode was used as the external
eference electrode. All reagents used were of analytical grade and
ere used without further purification. Measurements were made

t ambient room temperature (23 ± 5 ◦C).
Paul Weber 30 hydraulic press attached to Edward (EDM2) high

acuum pump was utilized in the preparation of pellets.

.2. Preparation of solid state electrodes

Aluminium powder (Al), aluminium phosphate (AlPO4) and
owdered copper (Cu) were mixed in various ratios so that the total
eight was 0.5 g. The mixture was mixed well in mortar and pes-

le and transferred into a die and placed in the hydraulic press for
0 min at a pressure of 7000 atm. A 99% pure copper wire (1 mm in
iameter) with a coil at the end was connected to the pellets using
n epoxy resin. The pellets were 13.55 mm in diameter and were
xed to a glass tube with the same dimension. To obtain a good
ealing the epoxy resin was applied to the edges of the tube from
he inside and outside.

.3. Conditioning of the electrode

Similar electrodes having the same composition were separately
ept in air, in distilled water and in 1 × 10−3 mol L−1 solution of
a2HPO4·7H2O and used to measure a standard phoshate solution
t a pH of 7. The results are shown in Fig. 1. The electrode that was
mmersed in 1 × 10−3 mol L−1 solution of Na2HPO4·7H2O for about
h showed quicker response and better regression for all the exper-

ments conducted. Hence our protocol involves immersing the air
tored electodes in 1 × 10−3 mol L−1 solution of Na2HPO4·7H2O for
bout 6 h prior to use. The electrodes have been in use for about 3–4
imes a week and have not deviated from their regression value in
he past 12 months. The surface of the electrodes was polished with
soft paper before conditioning.

. Results and discussion

.1. Effect of electrode composition

Membrane composition affects the sensitivity and selectivity of

he phosphate sensitive electrode produced as above. Measure-

ents were made in standard solutions comprising dihydrogen
nd monohydrogen phosphates in such a way that a buffer solu-
ion with the desired pH is obtained. For the purpose of this work
everal electrodes with varying compositions of Al, Cu and AlPO4
Fig. 2. Calibration curves for the phosphate sensitive electrodes of different com-
positions.

were made. The electrodes potential responses were measured in
the Pi concentration ranges of 10−6 to 10−1 mol L−1. The calibra-
tion curve was obtained by plotting the potential readings against
log[Pi]. Fig. 2 and Table 1 summarize the calibration curve studies
for some of the electodes fabricated. The electrode with the compo-
sition of 25% AlPO4, 25% Cu and 50% Al was chosen for this study as it
depicted analytical stability and better sensitivity in the phosphate
concentration range under investigation. The Nernestian slope was
found to be about 40 mV.

3.2. Response time of the electrode

The conventional IUPAC definition of response time for ISE is the
to 10−1 mol L−1)

10% AlPO4 + 10% Cu + 80% Al 34.4 ± 1.8 0.9447
15% AlPO4 + 15% Cu + 70% Al 35.8 ± 1.2 0.9814
20% AlPO4 + 20% Cu + 60% Al 37.6 ± 1.1 0.9956
25% AlPO4 + 25% Cu + 50% Al 39.6 ± 1.4 0.9964
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bly. Further study in the use of the electrode to monitor chloride is
Fig. 3. The dependence of response time with concentration.

ration change after 0 (point of electrode immersion in solution),
0, 60, 90, 120, 150 and 180 s when Pi concentration was changed
anging from 1 × 10−6 to 1 × 10−1 mol L−1. The response was found
o be stable in about 60 s. The dependence of response time with
hange of concentration of phosphate species is depicted in Fig. 3.

.3. Effect of pH and ionic strength

In dilute aqueous solution, phosphate exists in four forms. In
trongly basic conditions, the phosphate ion (PO4

−3) predominates,
hereas in weakly basic conditions, the hydrogen phosphate ion

HPO4
−2) is prevalent. In weakly acid conditions, the dihydrogen

hosphate ion (H2PO4
−) is most common. In strongly acid con-

itions, aqueous phosphoric acid (H3PO4) is the main form. For
neutral pH (pH 7.0), only H2PO4

− and HPO4
−2 ions are present

n approximately equal amounts. Our standard phosphate solu-
ions at specific pH were prepared by mixing the monohydrogen
nd dihydrogen phosphates applying the Henderson–Hasselbalch
quation: pH = pKa + log([HPO4

2−]/[H2PO4
−]). The speciation dia-

ram of phosphates with respect to pH is shown below [10].
Ion selective electrodes measure the concentration of ions in

quilibrium at the membrane surface. In dilute solutions this is
irectly related to the total number of ions in the solution but at
igher concentrations, inter-ionic interactions between all ions in
he solution (both positive and negative) tend to reduce the mobil-
ty and thus there are relatively fewer of the measured ions in
he vicinity of the membrane than in the bulk solution. Thus the

easured voltage is less than it would be if it reflected the total
umber in the solution and this causes an erroneously low esti-
ate of the concentration in samples with a high concentration

nd/or a complex matrix. The activity coefficient is always less than
ne and becomes smaller as the ionic strength increases; thus the
ifference between the measured activity and the actual concen-
ration becomes higher at higher concentrations. This effect causes
wo main problems in ISE measurement. Firstly, when construct-
ng a calibration graph using concentration units, the line is seen to
urve away from linearity as the concentration increases (it remains
traight, up to the highest concentrations if activity units are used).
hus, if concentration units are used, it is necessary to measure
any more calibration points in order to define the curve more

recisely and permit accurate interpolation of sample results. Sec-
ndly, it is most likely that the sample solutions will contain other

ons in addition to the ion being measured and the ionic strength
f the samples may be significantly higher than that of the stan-
ards. Thus there will be an incompatibility between the calibration

ine and the measured samples leading to errors in the interpo-
ated results [11]. The complete Nernst equation is composed of
nta 83 (2011) 1491–1495 1493

Nernst factor, sensitivity factor and selectivity factor. If one does not
consider the sensitivity and selectivity factors (i.e. assuming 100%
sensitivity and selectivity), the Nernst equation can be written as:
E = E0 + RT/nF. R/F can be replaced by 0.198 called the Nernst factor.
The factor 0.198T/n will ideally give a value of 59 mV for a mono-
valent ion. The Nernst equation can be modified by the sensitivity
of the electrode S/100%. Similarly the selectivity of an electrode is
never 100%. Other ions may interfere. Hence selectivity factor has
to be included to account for the interfering ions. Our ISE is able
to detect both the monohydrogen and dihydrogen phosphate ions
which exist in the solution in accordance with the speciation dia-
gram given above. Hence the value of n in the Nernst equation may
be calculated by considering the concentration of the two species.
For example at a pH of 7.0, 62% of the dihydrogen phosphate and
38% of the monohydrogen phosphate anions are presumed to exist
in the solution giving rise to a calculated n value of about 1.4. Hence
the ideal Nernstian slope is expected to be 0.198T/1.4 which pro-
duces a value of 42 mV. The effect of pH on the response of the
electrode in the calibration curve studies was undertaken by vary-
ing the pH from 4 to 9. The results showed no change in potential
for the electrode under consideration. Since the solutions contain
different compositions of the monohydrogen and dihydrogen phos-
phate anions in the different pH’s, it is indicative of the fact that the
electrode is sensitive to both anions without any particular pref-
erence. Hence the measurement obtained correlates to the total
phosphate species in the solution. If activity was directly propor-
tional to concentration, the ISE response would be linear. If there is
no ionic strength buffer, increasing the concentration changes the
ionic strength, which changes the activity coefficient, which drives
the activity away from the concentration, and, therefore, the ISE
response becomes non-linear with concentration. Previous inves-
tigators have employed the use of 0.1 M NaNO3 in order to keep the
ionic strength constant [8]. The effect of a change in ionic strength
brought about by the concentrations of phosphate species in our
working solution is evident. However the effect of this change on
the total electrode potential was found to be less important at solu-
tion concentration less than 10−2 mol L−1. Hence in this study no
attempt was necessitated to keep the ionic strength constant as the
main aim of our investigation is to produce robust phosphate sensi-
tive electrodes that may be used in environmental samples without
the need for ionic strength control.

3.4. Interference studies for various cations and anions

All ion sensitive electrodes are sensitive to some other ions to
some extent. For many applications these interferences are insignif-
icant (unless there is a high ratio of interfering ion to primary ion)
and can often be ignored. In some extreme cases, however, the elec-
trode is far more sensitive to the interfering ion than to the primary
ion and can only be used if the interfering ion is only present in
trace quantities or even completely absent. Hence it is important
to study the effects of all other ions in the medium. The response of
an ion selective electrode is the potential developed as a function
of the ionic activity of the species in solution. Hence when activity
increases the electrode potential is expected to become more pos-
itive if the electrode is sensing a cation and more negative if it is
sensing an anion. As can be seen from Table 2, no appreciable inter-
ference was observed for most of the ions studied. The electrode
is found to be sensitive to chloride and hydroxide ions apprecia-
under investigation. Determination of both chloride and phosphate
ions simultaneously using our electrode for environmental samples
is also under investigation. It is generally accepted that the slope of
ion sensitive electrodes increase by about 2 mV/decade with each
10 ◦C rise in temperature [12,13].
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Table 2
The effect of interfering ions on the electrode response (the standard phosphate solution is 1 × 10−2 mol L−1 constituted from 62% monohydrogen and 38% dihydrogen
phosphates. The interferent species were also 1 × 10−2 mol L−1before mixing).

Interferent solution 10 mL
standard + 90 mL
H2O

10 mL
standard + 10 mL
interferent + 80 mL
H2O

10 mL
standard + 20 mL
interferent + 70 mL
H2O

10 mL
standard + 30 mL
interferent + 60 mL
H2O

10 mL
standard + 40 mL
interferent + 50 mL
H2O

KBr −287.9 −296.7 −303.1 −310.2 −315.8
KCl −280.1 −434.1 −459.2 −475.4 −483.5
KI −296.5 −299.3 −309.5 −306.7 −303.5
KCN −261.0 −357.7 −424.3 −466.1 −491.2
KOH −253.0 −258.8 −273.1 −480.1 −579.2
KNO3 −210.4 −234.8 −218.0 −213.1 −206.5
NaCl −282.6 −451.1 −483.0 −503.2 −521.2
NaOH −263.2 −266.4 −293.0 −535.4 −644.2
NaF −231.5 −253.5 −252.3 −231.4 −265.0
NaI −236.4 −251.2 −264.1 −266.4 −265.1
Na2SO4 −226.5 −218.0 −209.1 −209.4 −208.5
Na2CO3 −213.7 −232.1 −216.0 −202.7 −217.8
CaCl2 −268.1 −401.0 −454.9 −473.7 −480.1
Ca(NO3)2 −267.7 −273.7 −266.2 −279.8 −288.5
Ca(OH)2 −214.3 −306.3 −386.2 −570.8 −1061.2
CaCO3 −236.0 −252.0 −271.9 −248.0 −238.0
MgSO4·7H2O −254.2 −242.0 −208.9 −200.6 −203.9
MgCl2·6H2O −245.4 −490.4 −526.5 −553.8 −563.3
Mg(NO3)2·6H2O −287.7 −216.5 −202.6 −198.7 −191.8
Zn(CN)2 −256.0 −253.6 −254.6 −255.2 −259.8
ZnSO4·7H2O −203.1 −181.7 −186.6 −186.9 −188.4
Zn(NO3)2·4H2O −189.9 −166.4 −168.0 −170.8 −171.8
CuSO4 −195.0 −86.8 −19.5 −10.1 −2.5
Cu(NO3)2 −221.7 −119.5 −89.4 82.4 89.5
CuCl2·2H2O −210.6 −321.7 −389.0 −461.0 −479.7
CoCO3·xH2O −230.4 −278.4 −260.5 −240.0 −243.8
Co(NO3)2·6H2O −234.9 −200.2 −216.8 −234.7 −248.9
CoCl2·6H2O −212.6 −429.1 −474.4 −493.5 −510.0
Ni(NO3)2·6H2O −243.0 −250.1 −244.9 −249.8 −258.1
NiCl2·6H2O −251.0 −415.8 −445.9 −477.7 −491.2
NaNO3 −215.1 −212.8 −208.2 −219.1 −225.4
Pb(NO3)2 −206.2 −113.5 −135.5 −143.2 −177.3
AgNO3 −241.0 −127.0 35.2 161.4 182.4
V2O5 −237.6 −216.4 −186.7 −125.1 −53.6
BaCl2·2H2O −235.8 −381.0 −455.9 −492.8 −519.2
HgCl2 −211.5 −391.2 −453.0 −457.9 −460.8
NH4Br −308.0 −296.8 −299.6 −303.8 −311.7
NH4Cl −261.4 −334.9 −410.7 −433.2 −465.5
NH ClO −260.9 −282.4 −286.6 −295.1 −298.0
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KClO3 −230.8 −245.3
Na4P2O7·10H2O −192.0 −191.3

. Conclusion

Phosphorus (P) loss from agricultural soils has been shown to
e a major contributor to anthropogenic eutrophication of surface
aters [14]. Among the strategies which have been investigated

o counter this problem are source measures which decrease the
isk of P being mobilised and transported from the source [15,16].
hese source measures have included various soil amendments
o increase the soil’s capacity to retain P, mostly due to their Fe,
l or Ca content [17]. More precise knowledge on the available
hosphorous is mandatory to counteract the ill effects of excess
hosphorous in the aquatic environment. Ideally a hand held device
hat can easily estimate the amount of phosphates in the effluents
s required for quick monitoring of the phosphates. Measurement
f phosphate has been of tremendous interest in recent decades.
hosphate is an essential nutrient for plants, and its measurement
as been used to control fertilizers applied to maximize crop yield
nd quality in hydroponics and agriculture, or to control undesired

rowth of the algae and other aquatic vegetation to prevent the
utrophication of natural water bodies. Thus, due to the importance
f phosphate and the protection of the global environment, there
s a need in the development of simple and compact phosphate
ensor. Our work tries to address the problems outlined above.

[
[

−280.1 −299.8 −329.1
−187.7 −184.7 −182.4

Acknowledgements

This work was supported in part by grants from NRF-IRDP and
graduate research and fellowship funds from the chemistry depart-
ment, university of South Africa. We gratefully acknowledge the
assistance rendered to us by Prof. S.O. Paul of UNISA. The Ecotoxi-
cology flag ship project in the Department of Chemistry, UNISA, is
also acknowledged.

References

[1] P.J. Johnes, A.L. Heathewaite, Water Res. 26 (1992) 1281–1287.
[2] S.A. Glazier, M.A. Arnold, Anal. Chem. 63 (1991) 754–759.
[3] J.K. Tsagatakis, N.A. Chaniotakis, K. Jurkschat, Helv. Chim. Acta 77 (1994)

2191–2196.
[4] M.B. Golivand, M. Rahimi-Nasrabadi, M.R. Ganjali, M. Salvati-Niasari, Talanta

73 (3) (2007) 553–560.
[5] M. Fibbioli, M. Berger, F.P. Schmidtchen, E. Pretsch, Anal. Chem. 72 (2000)

156–160.
[6] S. Nishizawa, T. Yokobori, R. Kato, K. Yoshimoto, T. Kamaishi, N. Teramae, Ana-
lyst 128 (2003) 663–669.
[7] M. Mascini, G.G. Guilbaut, Biosensors 2 (1986) 147–172.
[8] G. Somer, S. Kalayci, I. Basak, Talanta 80 (2010) 1129–1132.
[9] R.P. Buck, E. Lindner, Pure Appl. Chem. 66 (1994) 2527–2536.
10] http://www2.iq.usp.br/docente/gutz/Curtipot.html (accessed 05.10.10).
11] C.C. Rundle, http://www.nico2000.net/book/Guide1.html (accessed 30.09.10).



[

[

F. Tafesse, M. Enemchukwu / Tala

12] E.M. Zahran, V. Gavalas, M. Valiente, L.G. Bachas, Anal. Chem. 82 (2010)
3622–3628.

13] E. Lindner, K. Toth, E. Pungor, Dynamic Characteristics of Ion Selective Elec-
trodes, CRC Press, Boca Raton, FL, 1988.

[
[
[
[

nta 83 (2011) 1491–1495 1495

14] T.C. Daniel, A.N. Sharpley, J.L. Lemunyon, J. Environ. Qual. 27 (1998) 251–257.
15] D.M. Nash, D.J. Halliwell, Aust. J. Soil Res. 37 (1999) 403–429.
16] A. Sharpley, H. Tunney, J. Environ. Qual. 29 (2000) 176–181.
17] M.K. Zhang, Z.L. He, P.J. Stoffella, D.V. Calvert, Soil Sci. 167 (2002) 759–770.


	Fabrication of new solid state phosphate selective electrodes for environmental monitoring
	Introduction
	Materials and methods
	Apparatus and reagents
	Preparation of solid state electrodes
	Conditioning of the electrode

	Results and discussion
	Effect of electrode composition
	Response time of the electrode
	Effect of pH and ionic strength
	Interference studies for various cations and anions

	Conclusion
	Acknowledgements
	References


